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Preface

Some 15 years ago, as the authors were all working at a high-volume vascular 
surgical center of the Beth Israel Deaconess Medical Center in Boston, there 
was a realization that patients undergoing vascular surgery present the anes-
thesiologist with a unique set of challenges. These patients are usually elderly 
with a host of cardiac, cerebrovascular, renal, and metabolic comorbidities, 
which are usually expected to get worse either transiently or permanently 
with the insult of the major vascular surgery. Meeting the challenges is not 
only a lofty goal for the anesthesiologists involved, but also is a requirement 
predicated on the covenant relationship that the anesthesiologists have with 
the patients. And doing so requires comprehensive understanding of the 
pathophysiology and anatomy of the disease processes, the surgical tech-
niques used to address the ailments, and the spectrum of anesthetic medica-
tions and monitoring modalities.

This book represents our best attempt to bring together these components 
that need to be understood in order to properly meet the challenges of caring 
for a complex vascular patient with a disease of the aorta and its major 
branches. We have brought together the expertise and experience of some of 
the best surgical, medical, and anesthetic minds on the subject. This book is 
intended for cardiac anesthesiologists, cardiovascular surgeons, intensivists, 
nurse anesthetists, residents, and fellows of these respective specialties who 
are involved in the care of aortic surgical patients. Recent developments in 
aortic surgery such as endovascular surgery make the older textbooks on this 
subject obsolete.

Chapters include anatomical description of aorta, pathogenesis of acute 
aortic syndrome, preoperative evaluation, detailed description of aortic sur-
gery and anesthesia for specific aortic procedures (ascending aorta, arch, 
descending aorta, endovascular surgery, trauma, and surgery for congenital 
aortic pathologies). Intraoperative echocardiography and cerebral monitoring 
have gained importance in cardiac surgery in recent years and separate chap-
ters describe these monitoring techniques. Two chapters are devoted to spe-
cific organ protection (spinal cord and renal protection) since organ 
dysfunction is a major cause of mortality and morbidity after aortic surgery. 
The book ends with a concise description of postoperative care. Overall, this 
is a complete textbook on aortic anesthesia, which will serve as a reference 
for those involved in the care of aortic surgical patients.
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This book would not have been possible without the support of the editors 
of Springer publishers, Brian Belval, Shelley Reinhardt, and Catherine 
Paduani, for which we are most grateful. We are also indebted to Joanna 
Perey, editorial assistant, and to Rebecca McArdle, our coach and develop-
ment editor at Springer, for their undying support. We are thankful to all the 
authors for their significant contributions. We are thankful to Christopher 
Edwards and Shaw Kristin for their help with the artwork.

We hope that this book will help you to offer better care for aortic surgical 
patients.
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1Applied Anatomy of the Aorta

Jagan Devarajan and Balachundhar Subramaniam 

A clear understanding of the functional anatomy 
of the aorta allows the anesthesiologist to provide 
optimal perioperative care to patients who 
undergo surgical procedures involving the aorta. 
This chapter describes the anatomy of the aorta 
with relevance to preoperative preparation, intra-
operative surgical, anesthetic, and hemodynamic 
management, and maintenance of organ perfu-
sion in the perioperative period.

Anatomy

The aorta is the major blood vessel that carries 
oxygen and metabolic nutrients to the entire body 
through its series of branches. The aorta  originates 
from the base of the left ventricle and ascends for 
a short distance as the ascending aorta, which 
then arches toward the left forming the arch of 
aorta (Fig. 1.1). The arch of aorta then continues 
as the descending thoracic aorta, which runs in a 
relatively straight course anterior to the vertebral 
column (Fig. 1.2). The descending thoracic aorta 
becomes the abdominal aorta at the level of the 
aortic hiatus of the diaphragm anterior to the 12th 
vertebral body (T

12
). The abdominal aorta termi-

nates opposite the lower border of L
4
 by dividing 

into the right and left common iliac arteries.1

The ascending aorta is about 3.2 cm in  diameter 
and narrows slightly to 2.72–2.84 cm at the arch of 
aorta. It measures 2.51–2.55 cm in diameter at the 
level of the descending thoracic aorta and narrows 
down progressively as it gives rise to several 
branches and measures 1.75 cm in  diameter at its 
terminal branching level. The aforementioned val-
ues are for males and are greater than corresponding 
values for females by 0.25–0.30 cm at all levels.2 
These diameters are important, as aneurysms are 
defined in relation to the normal size at correspond-
ing levels.3 An aortic aneurysm is a permanent aor-
tic dilatation of at least 1.5 times the diameter of the 
expected normal value. Sixty-five percent of aneu-
rysms affect the abdominal aorta, with the remain-
ing 35% in the thoracic aorta.3 In fact, abdominal 
aortic aneurysms are present in more than one in 20 
men who are above 65 years of age when screened 
by ultrasound.4 Ten percent of aortic aneurysms are 
present in both the thoracic and abdominal aorta.5

Ascending Aorta

The ascending aorta commences at the upper part 
of the base of left ventricle at the level of third 
costal cartilage and is about 5 cm in length. It 
courses upward, anteriorly and to the right, to con-
tinue as the arch of aorta and runs parallel to the 
axis of the heart. It has three small dilatations 
called the aortic sinuses or sinuses of Valsalva, 
which are situated opposite to the cusps of aortic 
valve (Fig. 1.3).
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J. Devarajan and B. Subramaniam

The proximal half of the ascending aorta is 
situated within the pericardium along with the 
pulmonary artery (Fig. 1.1). The two coronary 
arteries arise from this part of aorta. The right 
coronary artery arises from the right anterior aor-
tic sinus and the left coronary artery, which is 
larger than the right, from the left anterior aortic 
sinus and divides into the anterior descending and 
the circumflex branch. They both originate at the 
commencement of the aorta immediately above 
the attached margins of the semilunar valves.

The incidence of coronary artery anomalies 
varies from 0.46% to 5.64% in adults undergoing 
coronary angiography.6 There are variations in the 
number, shape, and location of the ostia or origins 

of the coronary arteries. Some of these anomalies 
are benign variants while others could lead to 
myocardial ischemia/infarction, cardiac arrhyth-
mias, and sudden death.7 When they are identified 
during childhood in conditions such as the tetral-
ogy of Fallot or transposition of great vessels, 
they may dictate varying surgical approaches. 
The left coronary artery can originate from the 
right coronary artery in children with tetralogy of 
Fallot. If the left coronary artery or the left ante-
rior descending artery arises from the right sinus 
of Valsalva, its subsequent course between the 
aorta and pulmonary artery makes it more prone 
to compression causing myocardial ischemia or 
even sudden death in young individuals (Fig. 1.4). 

Fig. 1.1 Ascending and arch of aorta (Permission from reference 56)

2



1 Applied Anatomy of the Aorta

They may originate higher in the sinus and, dur-
ing root replacements, this could lead to potential 
obstruction or impedance. High takeoffs could 
lead to acute angles, ostial ridges, and an intramu-
ral course resulting in myocardial ischemia. The 
presence of a single coronary ostium poses addi-
tional challenges with the  arterial switch repair. 
Arterial switch mortality has historically been 
increased in the presence of a single coronary 
ostium, possibly attributed to kinking, stretching, 
or thrombosis of the reimplanted artery.

Many of the clinical manifestations of aortic 
dissection can be explained by anatomy of the 
ascending aorta. If aortic dissection progresses in 
a retrograde manner and involves the aortic valve, 
it presents with acute aortic regurgitation,8 and 
acute myocardial ischemia or infarction may result 
due to coronary occlusion.9 The right  coronary 

artery is most commonly involved, which can 
 subsequently lead to complete heart block.10 
Because the initial part of the ascending aorta 
is surrounded by the pericardium (Fig. 1.1), 
complications such as hemopericardium11, cardiac 
tamponade, and sudden death12 can occur owing 
to rupture of the dissecting aorta or aneurysm into 
the pericardial space. If the pericardial sac is filled 
with blood, it can compress the right atrium, the 
pulmonary artery, and the adjoining part of the 
right ventricle.13

Arch of Aorta

The arch of aorta begins at the level of the second 
sternocostal joint on the right side as a continua-
tion of the ascending aorta, and arches toward the 

Fig. 1.2 Course of descending aorta in the mediastinum (Permission from reference 57)
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left in front of the trachea forming the descending 
thoracic aorta at the level of the body of the fourth 
thoracic vertebra. Its upper border is usually 
about 2.5 cm below the superior border of the 
manubrium sternum. There is narrowing of the 
lumen of aorta between the origin of the left sub-
clavian artery and the attachment of ligamentum 
arteriosum known as aortic isthmus, which is fol-
lowed by a dilatation known as aortic spindle. 
There are three branches given off by the arch of 
aorta: the innominate, the left common carotid, 
and the left subclavian artery (Fig. 1.1).

The incidence of aortic arch anomalies is 
approximately 1–3% of congenital cardiac defects, 
among which the double aortic arch and the 
 right-sided aortic arch constitute 40% and 30%, 
respectively.14 Usually the aorta arches toward the 
left side, but sometimes it passes over the root of 
the right lung and passes down on the right side of 
the vertebral column, a condition known as a 
right-sided aortic arch (Fig. 1.5).15 In such cases, 
all the thoracic and abdominal  viscera are trans-
posed.16 Occasionally, the aorta in patients with a 
right-sided aortic arch may cross over to the left 

Fig. 1.3 Aortic root and components. Aortic sinuses of Valsalva seen from outside (a). Aortic sinuses seen from inside 
of the aorta (b). Aortic valve cusps in short axis orientation (c)
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1 Applied Anatomy of the Aorta

side in front of the vertebral column and descend 
on the left side; it is then known as a circumflex 
aortic arch. A right-sided aortic arch with mirror 
imaging of branches alone does not produce 
symptoms; however, a right-sided aortic arch is 
associated with a 98% incidence of congenital 
cardiac abnormalities, which dictate symptoms.17 
Rarely, a right-sided aortic arch may be associated 
with Kommerell diverticulum, which may cause 
compression of esophagus or trachea.18

Occasionally, there may be two aortic arches, 
one on each side, which may form a complete 
ring and encircle trachea and esophagus and can 
cause respiratory and/or feeding difficulties. 
There may be lack of luminal continuity between 
the ascending and descending thoracic aorta, and 
this condition is known as an interrupted aortic 
arch.19 This discontinuity may be complete or it 
may be spanned by an atretic fibrous band20 and 
is present in 1% of critically ill neonates with 
congenital heart disease.

Fig. 1.4 Image of anomalous origin of the left coronary 
artery from the right coronary sinus. The artery courses 
between aorta and pulmonary artery, which can lead to 
compression and myocardial ischemia. RCA – Right 
 coronary artery; LAD – Left anterior descending artery; 
CX – Circumflex artery (Redrawn with permission from 
www.radiologyassistant.nl, Date accessed 05/15/2010)

Fig. 1.5 Right-sided aortic arch

5
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Coarctation of the aorta is a congenital abnor-
mality that is characterized by marked stenosis or 
complete obliteration of the lumen of the aorta at or 
just below the attachment of ligamentum arteriosum. 
It is important to know21 the site of the coarctation 
in order to decide the site of invasive arterial blood 
pressure monitoring because the preductal and 
postductal arterial pressures can be very different.

Clinical manifestations of the above rare 
 congenital anomalies vary from an asymptomatic 
incidental finding in adolescents and adults to 
respiratory stridor in neonates.15,22 Less severe 
manifestations include recurrent nonspecific 
respiratory tract infections, wheezing, recurrent 
cough, or pneumonia. Esophageal symptoms 
such as  dysphagia or vomiting are usually elic-
ited rather than being reported.23

The arch of aorta is a common site for 
 aneurysmal dilatation and knowledge of the 
 anatomical relations of the arch helps to explain 
different clinical manifestations that may ensue. 
The sternum and rib cartilages can become 
eroded by the impingement of the aortic arch 
aneurysm as it projects forward. It can present as 
a pulsating mass on the front of the chest, above 
the manubrium. Aneurysms of arch of aorta can 
compress the adjacent trachea and bronchi, which 
may result in tracheal tugging, stridorous breath-
ing, dyspnea, and platypnea.24,25 Compression of 
the bronchus and lung may also result in atelecta-
sis or compressive pneumonia. Very rarely the 
aneurysm can burst into the lung, trachea, and/or 
bronchi, causing hemoptysis.26 Preoperative 
imaging should be reviewed in patients with 
symptoms for the safety of airway management. 
Involvement of the esophagus, producing dys-
phagia, is not uncommon and has frequently 
been mistaken for an esophageal stricture; or 
rarely the aneurysm may burst into the esopha-
gus, resulting in a fatal hemetemesis. Compression 
of the superior vena cava or the innominate vein 
is possible, causing venous engorgement of the 
face, right arm, and anterior chest wall. 
Congestion of the brain can manifest as head-
ache, vomiting, or vertigo. An aneurysm can per-
forate into the superior vena cava, resulting in an 
arteriovenous aneurysm. This condition mani-
fests as sudden onset of dyspnea, intense conges-
tion of the face and upper part of the body, and is 

accompanied by a palpable thrill and a continu-
ous humming murmur over the sternum, loudest 
during systole. Similar symptoms may be seen 
when an aortic aneurysm erodes into the pulmo-
nary artery.27

Several nerves can be injured during aortic 
surgical procedures or compressed by the patho-
logic diseases of aorta. While right recurrent 
laryngeal nerve is well away from the aorta lying 
close to right subclavian artery, the left recurrent 
laryngeal nerve winds closely around the arch 
(Fig. 1.1) and, when compressed28 or injured, can 
give rise to hoarseness of voice.29 Postoperative 
vocal card paralysis has been reported in 21–32% 
of patients after thoracic aortic surgery.30–32 
Other nerves that are likely to be at risk for injury 
 during aortic surgery include phrenic nerve 
 (diaphragmatic paralysis) and vagus nerve. The 
arch of aorta is also closely related to the supe-
rior cervical sympathetic ganglion, and Horner’s 
 syndrome may result from either dissection or 
aneurysmal dilatation compressing the nerves.33

Sometimes many of the physical signs of an 
aortic aneurysm may be simulated by a simple 
benign condition causing a hyperdynamic circu-
lation due to the nature of highly distensible elas-
tic aorta, without any true aneurysmal dilatation. 
This presentation is called a dynamic dilatation 
of the aorta and may be benign. Young people 
with aortic regurgitation and athletes with hyper-
trophied hearts, patients with Graves’ disease or 
with marked anemia may have a throbbing pulsa-
tion above the suprasternal notch mimicking an 
aneurysm of the aortic arch.

The innominate artery is the largest branch of 
the arch of the aorta, and is 4–5 cm in length. It 
divides into the right common carotid and right 
subclavian arteries at the level of the right sterno-
clavicular joint. The subclavian arteries continue 
as the axillary arteries and supply the upper limbs. 
The close anatomical relationship between bra-
chial plexus and axillary artery is important 
because this artery is increasingly used for arte-
rial cannulation in aortic surgery. The common 
carotid arteries divide into the external and inter-
nal carotid arteries at the level of the upper border 
of the thyroid cartilage. The external carotid 
arteries supply the exterior of the head, the face, 
and the greater part of the neck, whereas the 

6



1 Applied Anatomy of the Aorta

internal carotid system supplies the majority of 
structures within the cranial and orbital cavities. 
Though the branches of subclavian and carotid 
vessels are  not encountered directly during aortic 
surgery,  internal mammary artery should be pre-
served for current or future coronary bypass 
procedure.

It is also important to understand the blood 
supply of the brain, which comes from two 
sources: anterior circulation from internal 
carotid artery of both sides and posterior circu-
lation (vertebrobasillar system) originating from 

subclavian artery on each side. They form a rich 
network of anastomoses called circle of Willis 
inside the cranium and supply the brain 
(Fig. 1.6). Circle of Willis may be incomplete in 
significant number of patients. During repair of 
aortic arch with hypothermic circulatory arrest, 
perfusion through both carotid arteries is advis-
able in such patients. In patients with dominant 
left vertebral artery, incomplete intracranial 
communications or occlusion of right vertebral 
artery, perfusion through left subclavian artery 
is also required.

Fig. 1.6 Circle of Willis at the base of the brain (Permission from reference 57)
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Endovascular aortic stents are commonly uti-
lized in the treatment of aortic pathology involv-
ing proximal descending thoracic aorta. Left 
subclavian artery may be occluded by proximal 
end of endograft since it allows gain of proximal 
landing zone up to 2 cm. Left subclavian artery 
supply the left upper limb, contributes to the 
posterior circulation of the brain and circle of 
Willis, and also contributes to the spinal cord 
blood supply. Because of rich collateral circula-
tion, occlusion of left subclavian artery may be 
well tolerated. However, in patients with domi-
nant left vertebral artery, separate origin of verte-
bral artery from arch, left internal mammary 
artery pedicle graft, left upper limb dialysis 
access and in patients with documented post-
endograft ischemia, subclavian–carotid artery 
bypass should be performed. Preoperative com-
puterized tomographic angiographic scan or 
intraoperative angiography can be utilized to 
define the anatomy of arch vessels and branches.

Descending Aorta

The descending thoracic aorta is contained within 
the posterior mediastinum (Fig. 1.2). It begins at the 
lower border of the fourth thoracic vertebra where 
it is continuous with the arch of aorta. The junction 
of the relatively mobile aortic arch and relatively 
fixed descending aorta is the common site for trau-
matic rupture of aorta. Descending aorta starts on 
the left side of the vertebral column and becomes 
anterior to the vertebral column at its termination. 
The esophagus lies on the right side of the aorta in 
the upper part; but in the lower thorax, it is in front 
of the aorta and moves to the left side of the aorta 
closer to the diaphragm (Fig. 1.7). This anatomical 
relationship is important to understand, as this will 
dictate the imaging of the descending thoracic aorta 
with transesophageal echocardiography.

Branches from the descending aorta are 
mainly divided into parietal and visceral. Visceral 
branches are distributed to the pericardium, the 

Fig. 1.7 Relationship of esophagus to thoracic aorta. Anterior view (a). Posterior view (b) (Permission from reference 58)
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bronchi, the esophagus, and the mediastinum. The 
parietal branches are the intercostal, subcostal, and 
superior phrenic arteries. The intercostal arteries 
play a role in the reinforcement of blood supply to 
the spinal cord, which is considered in detail below.

There are usually nine pairs of intercostal arter-
ies, which originate from the posterior aspect of the 
descending aorta corresponding to the lower nine 
intercostal spaces. A branch from the costocervical 
trunk of the subclavian artery  supplies the first two 
spaces. Because the right intercostal arteries origi-
nate from left side of the thorax, they take a longer 
course and pass across the vertebral body posterior 
to the esophagus, the thoracic duct, and the vena 
azygos, and are covered by the right lung and 
pleura. The left intercostal arteries run backward 
on the sides of the vertebra and are covered by the 
left lung and pleura. The remainder of the course of 
the intercostal arteries is similar for both sides.

Each artery divides into an anterior and a 
 posterior ramus. The anterior ramus gives rise to 
cutaneous, muscular, and mammary branches. 
The anterior ramus crosses the intercostal space 
medial to the angle of the rib. For this reason, 
when performing pleurocentesis, the procedure 
should never be performed near the midline poste-
rior to the angle of rib. The posterior midscapular 
line is a common site for pleural aspiration. The 
intercostal artery along with the vein and nerve are 
located in the upper part of the intercostal space in 
the intercostal groove from axilla forward onto 
anterior chest wall (Fig. 1.2). Hence, the puncture 
site for an intercostal drain should be just above 
the upper border of rib to avoid injury to the neu-
rovascular bundle. Intercostal nerve blocks are 
performed at the angle of the rib due to many 
advantages at this position. It avoids dural punc-
ture and palpation of rib as the landmark is easier. 
Moreover, the subcostal groove at this location is 
wider thereby minimizing the chances for pleural 
injury. The lateral branch of the intercostal nerve 
will be effectively blocked at this point. The pos-
terior ramus gives off a  spinal branch, which enters 
the spinal cord through the intervertebral foramen 
and is distributed to the medulla spinalis and its 
membranes and the vertebra.

Complex symptoms may arise from aneurys-
mal dilatation of the descending thoracic aorta due 

to its inherent location and relation to different 
structures. Aneurysms generally enlarge backward 
toward the left side of the vertebral column, causing 
resorption of vertebral bodies and chronic back 
pain.34,35 It can cause compression of the intercostal 
nerves causing pain, in the corresponding  
dermatomes. It can also compress or displace the 
heart causing arrhythmias. This part of the aorta 
also affects the esophagus and can cause dysphagia 
or hematemesis due to rupture or communication 
with the esophagus.36 Aneurysms can burst into 
the pleural cavity causing hemothorax37,38 or into 
the posterior mediastinum causing hemomediasti-
num resulting in exsanguinations and/or compres-
sion of mediastinal structures.39,40 Aneurysms from 
the descending aorta can potentially compress the 
left main bronchi, which would result in coughing 
and/or bronchiectasis.41 This should be kept in 
mind at the time of insertion of double lumen 
endotracheal tubes. Reviewing the preoperative 
imaging (e.g., computerized tomographic angiog-
raphy) would be helpful in choosing the correct 
side of double lumen tube placement. Symptoms 
of asthma have been reported due to compression 
of left pulmonary plexus.

Abdominal Aorta

The abdominal aorta begins at the aortic hiatus of 
the diaphragm, in front of the lower border of the 
T12 vertebra, and ends at L4, dividing into the 
two common iliac arteries. It diminishes rapidly 
in size, due to many large branches coming off 
before termination, as mentioned above. Apart 
from the terminal branches, it gives rise to both 
parietal and visceral branches (Fig. 1.8). Visceral 
branches are unpaired and paired. The unpaired 
ones are the celiac, the superior mesenteric, and the 
inferior mesenteric arteries and the paired 
branches are the renal, the middle suprarenal, and 
the gonadal arteries. Parietal branches are the 
inferior phrenic, the lumbar, and the middle sacral 
arteries. It is important to know the territory and 
site of origin of these lateral lumbar branches 
during reimplantation in aortic surgery.

The celiac artery is a short thick trunk, about 
1.25 cm in length, which arises from the front of 
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the aorta, just below the aortic hiatus of the dia-
phragm, and divides into three large branches, the 
left gastric, the hepatic, and the splenic, which 
supply the stomach, the liver, and the spleen, 
respectively. Celiac axis coverage may be necessary 
with endografts and is well tolerated if the celiac 
artery is small and superior mesenteric artery is 
large enough to provide collaterals to the celiac 
system. Just below the celiac branch, the supe-
rior mesenteric artery arises that supplies the 
whole length of the small intestine, except the 

superior part of the duodenum; it also supplies 
the cecum and the ascending part of the colon and 
about one-half of the transverse colon. The rest of 
the intestines and rectum are supplied by the infe-
rior mesenteric artery, which is smaller than the 
superior mesenteric artery and is originating 3–4 
cm above the terminal division of the aorta into 
the common iliac arteries. The above anatomical 
points help us to understand the risk of periop-
erative intestinal ischemia during aortic surger-
ies. The middle suprarenal arteries are lateral 

Fig. 1.8 Branches of abdominal aorta. Adapted with permission from57
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branches, which arise at L1 and supply suprare-
nal glands where they also anastomose with the 
renal and the inferior phrenic arteries. The renal 
arteries are also lateral branches, which arise at 
L1 and supply each kidney. The right renal artery 
is longer than the left, due to the left-sided posi-
tion of the aorta, and the left renal artery is some-
what higher than the right. A pair of gonadal 
arteries arises from the aorta just below the renal 
arteries and supply testes or ovaries.

The abdominal aorta divides at the level of body 
of the fourth lumbar vertebra, into the two terminal 
common iliac arteries. Each is about 5 cm in length, 
passes downward and laterally, and divides oppo-
site the intervertebral space between the L5 and S1 
into two branches, the external iliac and hypogas-
tric arteries, the former continuing as femoral 
artery nourishing the lower extremity and the latter 
supplying the viscera and parietes of the pelvis.

The abdominal aorta is closely related to the 
celiac plexus, splanchnic nerves, and lumbar nerves, 
which explains the different kinds of pain42,43 
experienced by patients with abdominal aortic 
aneurysm (AAA). It causes two types of pain:
 1. Fixed constant back pain due to pressure or dis-

placement of the celiac and splanchnic nerves
 2. Sharp lancing, radicular pain in the loins, tes-

tes, lumbar areas, and lower limbs due to com-
pression of the lumbar plexus

The aneurysm causing the latter type of pain stands 
more at risk of rupture into or behind the peritoneal 
cavity. Aneurysms of the abdominal aorta usually 
arise either at its upper part close to or involving the 
celiac arteries or at its lower part near the aortic 
bifurcation. When an aneurysm arises from the 
anterior aspect of the aorta near the celiac trunk, it 
forms a pulsating tumor in the left hypochondrium 
or epigastric regions,  sometimes causing nonspe-
cific symptoms of  dyspepsia or constipation. It can 
compress the common bile duct causing jaundice.44 
Aortic aneurysm has been reported to rupture into 
the esophagus or stomach causing aortoesophageal 
or aortogastric fistula,45–47 into the vena cava caus-
ing aortocaval fistula48 and into the left renal vein 
causing aortorenal fistula.49 The importance of 
knowing the extent of the aneurysm, involvement 
of the renal arteries, and the relation of the neck of 
the aneurysm cannot be overemphasized in  planning 
for endovascular repair of aortic aneurysms.

Anatomy of the Blood Supply  
to the Spinal Cord

A thorough understanding of the anatomy of the 
blood supply to the spinal cord50 is essential in 
order to be aware of and assess the risks of spi-
nal cord ischemia and decide the ways to pre-
vent potential neurological damage after aortic 
surgery.51 The spinal cord is very finely bal-
anced between its blood supply and metabolic 
demand. Any disturbance can lead to ischemia. 
The blood supply of the spinal cord is derived 
from three longitudinal arteries: one anterior 
and two posterolateral arising from verte-
brobasillar system and reinforced by various 
segmental arteries at every level of spinal cord 
(Fig. 1.9).

Fig. 1.9 Segmental blood supply of the spinal cord 
(Modified and reprinted with permission from reference 59)
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Longitudinal Arteries

After giving rise to the anterior spinal branches, 
both vertebral arteries unite to form the basilar 
artery at the base of the medulla oblongata.  
The single anterior spinal artery formed by the 
union of two anterior spinal branches runs in the 
anterior median sulcus. The site of formation of 
the  anterior spinal artery varies and is anywhere 
between C1 and C6. The posterior spinal arteries 
originate from the posterior inferior cerebellar 
artery and are duplicated through the entire spinal 
cord. There is usually a rich network of arborizing 
smaller arteries and arterioles interlinking these 
arteries across the midline along the posterior 
aspect of the spinal cord. Though there is an exten-
sive linking between the two posterolateral spinal 
arteries, there is scarce communication between 
the posterior and the anterior spinal arteries. 
However, there is a constant cruciate anastomosis 
at the conus medullaris between the anterior and 
the posterior systems. The longitudinal arteries 
are the main source of blood supply for the upper 
cervical cord. Anterior spinal artery supplies ante-
rior two-third and posterior spinal arteries supplies 
posterior one-third of the spinal cord. Beginning 
with lower cervical level, the above longitudinal 
spinal arterial system needs reinforcement by a 
varying number of segmental medullary and 
radicular arteries to supply the cord.

Segmental Arteries

Segmental arteries supplying the spinal cord orig-
inate from the subclavian or vertebral arteries (in 
the cervical region), intercostal and lumbar arter-
ies (thoracolumbar region), and from the branches 
of hypogastric artery (internal iliac artery) in the 
sacral region. The intercostal and lumbar arteries 
arise in pairs from the posterolateral aspect of 
the aorta. Dorsal spinal branch of these paired 
arteries gives origin to radicular and medullary arter-
ies, which supply the nerve roots, ganglion, and 
the spinal cord (Fig. 1.10). The human neonate 
has the greatest abundance of blood vessels. 
However, as a child grows and matures, many 

paired radicular arteries at each vertebral level 
involute, and the adult is left with only a few 
radicular arteries that reinforce the blood supply 
to spinal cord. Between C8 and T9, there are very 

Fig. 1.10 Spinal cord blood supply. Spinal branch of pos-
terior intercostal artery originates in pairs on the back of 
aorta, supplies the nerve roots, ganglion, and the spinal cord 
(a). Anterior segmental medullary artery is the main source 
of blood supply for anterior spinal cord at thoracolumbar 
spinal cord (b). Adapted with permission from60
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few intercostal arteries providing anterior seg-
mental blood supply; therefore, this part of spinal 
cord is vulnerable to ischemic injury. Unlike ante-
rior medullary branches,  posterior segmental 
medullary branches that reinforce the posterior 
spinal arteries are small, numerous, and evenly 
distributed. The largest anterior segmental med-
ullary branch of posterior intercostal artery 
(known as arteria radicularis magna (ARM) and 
the artery of Adamkiewicz) is the main source of 
blood supply for the lower two-thirds of the spi-
nal cord and lumbar enlargement. It has a charac-
teristic hairpin bend. The most common site of 
the origin of ARM is T10, usually on the left. In 
15% of patients, it originates between T5 and T8, 
75% between T9 and T12, and 10% between L1 
and L2. Knowledge of the level of origin of the 
ARM and the other large radicular arteries is crit-
ical to help in the determination of perioperative 
strategies for the prevention of paraplegia52 after 
open and endovascular aortic surgery. Advanced 
imaging techniques such as magnetic resonance 
angiography (MRA) can help in the visualization 
of collateral blood supply to the spinal cord pre-
operatively. Presence of collaterals is associated 
with stable spinal cord function intraoperatively 
and absence of collaterals increases the chances 
of neurologic dysfunction postoperatively.53

Pelvic Circulation

Pelvic blood supply to the distal spinal cord is 
derived from the lumbar, iliolumbar, and lateral 
sacral arteries, which anastomose with anterior 
spinal and other segmental vessels such as artery 
of Adamkiewicz. Iliolumbar and lateral sacral 
arteries are branches of posterior division of inter-
nal iliac artery (Fig. 1.9). Distal source of spinal 
cord is critical when the artery of Adamkiewickz 
is compromised by the disease or surgical proce-
dure or if it arises high in the spinal cord.54,55 Pelvic 
circulation is the main source of distal spinal cord 
blood supply intraoperatively with aortic cross 
clamping and distal aortic perfusion. Augmentation 
of blood pressure perioperatively preserves blood 
flow through these collaterals and prevents the 
development of neurological deficits.

Key Notes

 1. Understanding the anatomical basis of the 
disease process of aorta is the primary step 
and essential for the anesthesiologists involved 
in the care of aortic surgical patients.

 2. Aorta is anatomically divided into aortic 
root, ascending aorta, arch of aorta, descend-
ing thoracic, and abdominal aorta.

 3. Congenital anomalies of coronary arteries 
and aortic arch may be detected as an acci-
dental finding in the adults or can present in 
children as an associated anomaly with other 
congenital heart diseases.

 4. Anatomical relationship of aorta with other 
intrathoracic contents dictates symptoms of 
the diseases of aorta such as aneurysms.

 5. Brain is supplied by both internal carotid and 
vertebrobasillar circulation, which form a rich 
network of anastomosis inside the cranium 
(circle of Willis).

 6. Proximal ascending aorta is contained in the 
pericardium. Bleeding originating from this 
portion may cause cardiac tamponade. 
Bleeding from arch of aorta and descending 
aorta may present as mediastinal hematoma 
or left pleural effusion.

 7. The junction of arch and descending aorta 
is the site for many disease process: patent 
ductus arteriosus, coarctation of aorta, and 
traumatic rupture of aorta.

 8. Anesthesiologists should be aware of the rela-
tionship of descending thoracic aorta and esoph-
agus to accurately interpret the images obtained 
with transesophageal echocardiography.

 9. Preoperative imaging and intraoperative 
angiography should be done to evaluate 
carotid, vertebral, left subclavian, major inter-
costal arteries and branches of abdominal aorta 
before endovascular stenting procedures.

 10. Spinal cord blood supply is derived from lon-
gitudinal network (vertebrobasillar system) 
and segmental arteries (branches of subcla-
vian, vertebral, intercostal, lumbar, and sacral 
arteries). Interruption by stenting, cross 
clamping, or embolization may result in 
paraplegia.
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Acute aortic syndrome is a modern term that 
describes the acute presentation of patients with 
characteristic “aortic” pain caused by one of the 
life-threatening thoracic aortic conditions includ-
ing aortic dissection, intramural hematoma, and 
penetrating atherosclerotic ulcer (Fig. 2.1). This 
entity involves acute lesions of the aorta involving 
the tunica media and can be distinguished by their 
etiopathogenesis and characteristic appearance 
using various diagnostic imaging modalities. 
Recent advances in imaging techniques and ther-
apeutic interventions have increased awareness of 
these pathological conditions and emphasized the 
importance of early diagnosis and treatment.

Definition and Epidemiology

Acute aortic syndrome includes five classes of 
 aortic disease (Table 2.1).1 While being distinct 
pathological processes, there is the possibility of 
progression from one entity to another (Fig. 2.2). 
Each of these processes also shares the Stanford 
classification that defines the location and extent of 
aortic involvement. Stanford type A begins in the 
ascending aorta, while type B originates distal to 
the left subclavian artery to involve the  descending 
thoracic aorta (Fig. 2.3). This classification system 

is popular since it directs different management 
strategies and correlates with patient prognosis. 
Aortic dissections can also be classified as acute or 
chronic, depending on whether the dissection is 
less or greater than 2 weeks old.

Aortic Dissection

Classic aortic dissections (class I) are the most 
common cause of acute aortic syndromes (70%). 
Aortic dissection is the most common aortic 
catastrophe occurring two to three times more fre-
quently than abdominal aortic rupture. The exact 
incidence is unknown but studies quote it to be 
2.6–3.5 per 100,000 person-years.2 Information 
gathered from the International Registry of Acute 
Aortic Dissection (IRAD) shows that two thirds 
of patients are male with a mean age of 63. 
Women are affected less often and present at a 
mean age of 67. Patients with dissections involv-
ing the ascending aorta tend to present at a 
younger age (50–55 years) than those with dis-
sections of the descending aorta (60–70 years).

Table 2.2 outlines multiple risk factors for the 
development of aortic dissection with hyperten-
sion being the most common predisposing factor 
(72%). Following this is a history of atherosclero-
sis (31%), cardiac surgery (18%), and Marfan’s 
syndrome (5%). Younger patients (<40 years of 
age) who present with aortic dissection most often 
have associated Marfan’s syndrome, a bicuspid 
aortic valve or a history of aortic surgery.3
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Pathologically, classic aortic dissections 
(class I) are characterized by an intimal tear with 
separation of the aortic media into two layers, the 
inner two thirds and outer one third. This separa-
tion extends for a variable distance in both 
 circumferential and longitudinal fashion. The 
vast majority of dissections originate from inti-
mal tears in the ascending aorta within several 
centimeters of the sinuses of Valsalva where tor-
sional movement of the aortic annulus provokes 

additional downward traction in the aortic root 
and increases longitudinal stress in that segment 
of aorta. The other common site for an intimal 
tear to originate is in the descending aorta just 
distal to the origin of the subclavian artery at the 

Fig. 2.1 Classification of acute aortic syndromes (Reprinted with permission from Berger F et al.30)

Table 2.1 Classification of acute aortic syndrome

Class I – Classic aortic dissection
Class II – Intramural hematoma
Class III – Localized dissection, intimal tear without 
extensive intimal flap formation, localized bulge in the 
aortic wall
Class IV – Penetrating aortic ulcers
Class V – Iatrogenic or post-traumatic dissection

Fig. 2.2 Progression of one type of acute aortic syndrome 
to another type
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site of the ligamentum arteriosum. Tears occur in 
the isthmus area because of increased tension at 
the union of the relatively mobile aortic arch with 
the fixed descending thoracic aorta. From this 
point, blood under pressure extends the dissec-
tion in an antegrade direction although retrograde 
extension is also possible, thus forming a false 
lumen and double channel aorta. A further reen-
trance tear allows blood to circulate in the false 

lumen and communicate with the true lumen. 
Reentry tears are often located in the abdominal 
aorta, iliac arteries, or other aortic branches. 
These small communications, normally less than 
2 mm in diameter,  represent intercostal and 
 lumbar  arteries severed by the dissection pro-
cess.4 The true lumen is most often the smaller of 
the two and is surrounded by calcifications if 
present. The false lumen is located along the 
outer curve of the aortic arch and from the aortic 
isthmus, a dissection adopts a spiral route involv-
ing the left border of the descending thoracic 
aorta and the left posterior region of the infradia-
phragmatic and infrarenal aorta (Fig. 2.4). From 
there, a  dissection may involve any branches of 
aorta including the arch vessels, the left intercos-
tal, renal, and iliac vessels, most often, it is the 
left renal and iliac artery which are involved. 
The celiac, superior  mesenteric, and right renal 
arteries usually  communicate with the true lumen. 
Dissections rarely extend to the common femoral 
arteries.

Class III dissections are characterized by the 
presence of an intimal tear without a flap or 
hematoma formation. Patients often present with 
the classic symptoms of dissection and may have 
associated aneurysms, aortic regurgitation, or 

Fig. 2.3 Types of acute 
aortic syndromes based on 
the site of aortic involve-
ment (Reprinted with 
permission from 
Springer4)

Table 2.2 Risk factors for aortic dissection

Long-standing hypertension
Male
Advanced age
Prior cardiac surgery
Known aortic aneurysm or prior dissection
Cardiac catheterization/surgery
Connective tissue disorders

Marfan’s syndrome
Ehlers−Danlos syndrome
Bicuspid aortic valve
Coarctation of the aorta
Hereditary thoracic aortic disease

Vascular inflammation
Deceleration injury
Cocaine
Peripartum
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pericardial effusion. Imaging techniques such as 
CT, MRI, or TEE may fail to detect this type of 
dissection since each of these modalities depends 
on the presence and identification of an intimal 
flap or true and false lumen for diagnosis. 
Aortography may show an eccentric bulge in the 
aorta, which should raise the suspicion of this 
class of dissection. Treatment is similar to that 
for classic aortic dissection.1

Class V aortic dissections are caused by 
 traumatic or iatrogenic injury. Traumatic dissec-
tions are described in detail in another chapter. 
Iatrogenic aortic dissections may result from 

 cardiac surgery, percutaneous coronary interven-
tions, or endovascular procedures. Dissections 
resulting from cardiac surgical procedures may 
occur during the procedure, early in the postop-
erative period, or their presentation may be 
delayed for years.5,6 The incidence varies between 
0.12% and 0.35% of cardiac surgeries, but the 
mortality is high unless recognized early. Injury 
to the aorta can occur at the site of cross-clamp 
placement, cannulation and decannulation, aorto-
tomy, cardioplegic cannulation, or aortocoronary 
anastomosis. Preexisting atherosclerotic or con-
nective tissue disease, increased aortic diameter, 
previous heart surgery, a history of hypertension 
and elevated CPB pressures are all risk factors. 
There is a growing concern of an increased inci-
dence of aortic dissection following off-pump 
coronary artery bypass grafting compared to on-
pump CABG related to the application of a side-
biting clamp under higher blood pressure and 
pulsatility.7 Intraoperative TEE and epiaortic 
ultrasound may help in the prevention and 
early  diagnosis of this potentially lethal compli-
cation. Type A dissections have been reported 
after  diagnostic coronary angiography (0.01%) 
and other percutaneous interventions (0.03%).8,9 
Isolated coronary artery dissections and localized 
aortic dissections (less than 40 mm of ascending 
aortic involvement) can be treated with intracoro-
nary or aortic stenting. However, a failed stenting 
procedure or progression of a dissection must be 
surgically treated. Retrograde type A dissections 
after endograft placement for type B dissections 
have been reported with an incidence of 10–27%.10 
The presentation may be acute or delayed for sev-
eral months. Various etiological factors include 
wire and sheath manipulation in the arch, repeated 
balloon dilatations, oversizing of grafts, injury to 
a diseased aorta at the margin of inflexible grafts, 
and progression of disease unrelated to stent 
grafting. Surgical replacement with tube grafts is 
recommended in these patients and mortality is 
high (27%). Other procedures associated with an 
increased risk of aortic dissection include the 
insertion of intra-aortic balloon pumps, percuta-
neous angioplasty, and stenting for coarctation of 
the aorta.11

Fig. 2.4 CT reconstruction of a type A dissection follow-
ing graft placement in the ascending aorta. The dissection 
that extends into the descending aorta demonstrates how 
the defects spiral around the aorta
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Intramural Hematoma

Aortic intramural hematomas (IMH) account for 
up to 20% of all cases of AAS and represent a 
variant of dissection characterized by the absence 
of an intimal flap, reentrant tear, or double 
 channel with false lumen flow. IMH often occur 
in patients with severe atherosclerotic disease in 
which penetrating aortic ulcers or atherosclerotic 
plaques rupture causing intimal injury with blood 
entering the media. In patients with mild or no 
atherosclerosis, spontaneous rupture of the vasa 
vasorum may initiate aortic wall degeneration, 
which leads to hematoma formation in the aortic 
wall, splitting of the medial layer, and dissection 
formation without an intimal tear (Class II).12 
Patients in the first group tend to be older and 
have coexisting coronary and peripheral vascular 
disease. Absence of intimal tears is not manda-
tory in the diagnosis of IMH since small com-
munications may be seen indicating rupture as a 
decompressing mechanism.13 The presence of 
large intimal erosions or deep ulcer-like lesions 
in the intima is associated with a progressive dis-
ease course and poor outcome.14

IMH evolution is difficult to predict (Fig. 2.5). 
In some cases, the hematoma does not change in 
size. Resolution occurs in fewer than 10% of 
cases, but is more likely with less hematoma and 
aortic wall thickness.2 When an IMH resolves, a 
localized aneurysm may develop because of a 
weakened media and remodeling, requiring close 
surveillance. Progression of IMH may lead to 
weakening and disruption of the intimal layer 
causing a classic dissection. Progression to dis-
section has been shown to occur in 16–47% of 
patients with IMH.15 A few patients may demon-
strate IMH and dissection in different segments of 
aorta, known as a hybrid case. Increasing aortic 
diameter (>50 mm) causing aneurysm formation 
is a poor prognostic factor associated with IMH.16 
In addition, increased permeability of the aortic 
wall may lead to pericardial or pleural  effusions 
or a mediastinal hemorrhage. Most effusions will 
resolve. However, large and progressive fluid 
accumulations are an ominous signs. Weakening 
of the adventitial layer may lead to aortic rupture, 
while a contained rupture from disintegration of 
the outer medial layers with intact adventitia is 
not uncommon.17 Similar to aortic dissections, the 

Fig. 2.5 Evolution of 
intramural hematoma 
(Reprinted with permis-
sion from Springer4)

21



C.M. Wells and K. Subramaniam

most common underlying condition associated 
with IMH is hypertension.

Penetrating Aortic Ulcer

The term penetrating atherosclerotic ulcer (PAU) 
describes a condition in which ulceration of an 
atherosclerotic lesion penetrates the intima and 
extends into the media, eroding the inner elastic 
layer of the aortic wall. The reason why most ath-
erosclerotic ulcers do not penetrate the internal 
elastic lamina and few penetrate the media and 
adventitia is not clear. PAUs are focal lesions 
most often located in the descending thoracic 
aorta, which correlates with a greater disease bur-
den in that region. These patients tend to be older 
with severe systemic atherosclerosis but without 
connective tissue diseases. Multiple PAUs are 
often found in a single patient. Imaging of PAU 
most often reveals extensive atherosclerosis with 
severe intimal calcification and plaque. A crater 
or extravasation of contrast is often visualized.18

Occasionally, PAU may progress (Fig. 2.6). 
This may precipitate a localized, intramural hem-
orrhage following progressive erosion and rupture 
of the vasa vasorum.19 Further penetration to the 
adventitia may lead to the formation of a saccular 
aneurysm or pseudoaneurysm.20 Symptomatic 
ulcers with signs of deep erosion are more prone to 
aortic rupture.21 In rare cases, PAU may lead to 
aortic dissection, but those dissections arising from 

a PAU tend to be less extensive and  demonstrate a 
thick, calcified static flap in a location atypical for 
entrance tears. Longitudinal spread of aortic dis-
sections arising from PAU is limited by medial 
fibrosis and calcification.20

Acute Expanding Aneurysms

Also included in many discussions of acute aortic 
pathology are symptomatic aortic aneurysms 
which may represent impending rupture. The 
acute expansion of an aortic aneurysm accounts 
for a significant number of patients who present 
with the sudden onset of chest pain. As aneu-
rysms increase in size, the dilatation results in 
greater wall tension and a more rapid rate of 
expansion. In addition, aneurysms may be associ-
ated with progressive dissections, IMH, or PAU, 
all of which cause weakening of the aortic wall.

Etiopathogenesis

The physiopathological mechanism that precipi-
tates the appearance of each of these entities var-
ies somewhat; however, both acquired and genetic 
conditions share an underlying pathology that 
involves breakdown of the intimal layer and 
weakening of the aortic media, both of which 
lead to higher wall stress. In addition, it is 
 common for there to be progression from one 

Fig. 2.6 Evolution of 
penetrating aortic ulcers 
(Reprinted with permis-
sion from Springer4)
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type of lesion to another and some patients may 
concurrently manifest multiple types of lesions.

Hypertension and Mechanical Forces

The most common risk factor for aortic dissec-
tion is hypertension. Chronic exposure of the 
aorta to high pressures leads to intimal thicken-
ing, fibrosis, calcification, and extracellular fatty 
acid deposition. The extracellular matrix also 
undergoes accelerated degradation, apoptosis, 
and elastolysis. Both mechanisms lead to intimal 
weakening and medial degeneration.22 At any site 
where there is tissue thickening and fibrosis, there 
is compromise of nutrient and oxygen supply to 
the arterial wall. Eventually, there is necrosis of 
smooth muscle cells and fibrosis of elastic tissue 
in the vessel wall. The resulting stiffness increases 
the risk of aortic pathology when exposed to the 
chronic trauma of arterial hypertension.

Genetic Predisposition

Marfan’s syndrome, Ehlers–Danlos syndrome, 
familial forms of aortic aneurysm and dissection, 
as well as bicuspid aortic valve are genetic condi-
tions that predispose patients to develop an acute 
aortic syndrome and correlate with earlier 
 presentations. Among these, Marfan’s syndrome 
is the most prevalent connective tissue disorder 
with an incidence of one in 7,000. The underly-
ing defect is a mutation on the fibrillin-1 gene, 
which results in defective fibrillin in the extracel-
lular matrix.22

Ehlers–Danlos syndrome is another inherited 
connective tissue disorder characterized by tissue 
fragility. The familial form of aortic disease has 
been localized to mutations on the fibrillin-1 
gene, similar to Marfan’s syndrome. Characteristic 
to each of the different genetic disorders is a sim-
ilar pathophysiology that includes a dedifferenti-
ation of vascular smooth muscle cells and 
enhanced elastolysis of aortic wall components. 
In addition, increased expression of metallopro-
teinases promotes fragmentation of elastic tissue 
in the medial layer.22

Matrix Metalloproteins

The matrix metalloproteins are a group of  proteins 
whose primary function is to degrade extracellu-
lar matrix. Patients with thoracic aortic disease 
have been shown to have increased levels of these 
enzymes, which favor proteolysis within the aor-
tic wall. There are still many unanswered ques-
tions related to the role these enzymes play in 
AAS; however, they may serve as a marker for 
aortic pathology or their inhibition may slow the 
progression of disease.23

Clinical Presentation

AAS is characterized clinically by “aortic pain,” 
most often in a patient with a coexisting history 
of hypertension. The early recognition of pain 
associated with progressive aortic lesions is of 
paramount importance. Table 2.3 lists various 
presenting symptoms and signs of AAS and 
Table 2.4 lists the most common associated con-
ditions. The characteristic findings listed may 

Table 2.3 Presenting features of acute aortic syndrome

Chest pain – abrupt, severe, tearing, radiating
Anterior pain or radiation to neck – associated with 
ascending aorta
Radiation to back or abdomen – associated with 
descending aorta
Syncope or cerebrovascular accident
Hypertension – SBP > 150 mmHg
Shock or tamponade
Diastolic murmur
Pressure differential in upper extremities
Pulse deficits
End-organ ischemia

Table 2.4 Comorbid conditions associated with acute 
aortic syndrome

History of hypertension
Smoking
Known coronary artery disease
Thoracic or abdominal aortic aneurysm
Peripheral arterial disease
Prior stroke
Chronic renal insufficiency
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vary or be absent, emphasizing the necessity of a 
high level of suspicion in order to avoid diagnos-
tic delays and poor outcomes.

The pain caused by PAU and IMH is similar to 
classic aortic dissection. The various types of 
AAS cannot be reliably differentiated on clinical 
grounds alone. Aortic pain is described as 
severely intense, acute, tearing, throbbing, and 
radiating.24 In contrast to the increasing intensity 
of dull cardiac pain, AAS is described as being 
more abrupt and at maximal intensity from the 
onset. In addition, 4.5% of patients deny having 
any pain on presentation.25 Pain located in the 
anterior chest and neck is related to involvement 
of the ascending aorta and may be easily con-
founded with that of ischemic syndromes. Back 
and abdominal pain may indicate that there is 
involvement of the descending aorta. Syncope 
may be the presenting symptom in up to 20% of 
cases and is associated with a proximal dissec-
tion. The onset of syncope or central neurologi-
cal deficits indicates probable complications such 
as obstruction of cerebral vessels, cardiac tam-
ponade, or activation of cerebral baroreceptors. 

Other presenting features of AAS may include 
 end-organ ischemia or pulse deficits.3 Two types 
of distal visceral organ malperfusion are described 
(Fig. 2.7). In static obstruction, the dissection 
flap enters the origin of the branch and encroaches 
on the lumen. If there is no reentry, then the true 
lumen will be narrowed to cause ischemia. In 
dynamic obstruction, the flap  prolapses and 
obstructs the origin of the vessel without entering 
the vessel. Static and dynamic obstruction may 
be combined to contribute to branch obstruction.

Diagnostic Evaluation

As diagnostic modalities have improved over the 
past 2 decades, the awareness of AAS has 
increased significantly. PAU and IMH were virtu-
ally unknown in the prior era of aortic imaging by 
aortography. These disorders were not classified 
as being distinct entities until the mid-1980s. 
In the current era of three-dimensional, high- 
resolution imaging by computerized tomography 
(CT),  magnetic resonance (MR) imaging, and 

Fig. 2.7 Types of visceral 
organ malperfusion with 
aortic dissections 
(Reprinted with permis-
sion from Springer4)
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 transesophageal echocardiography (TEE), these 
two disorders have become increasingly recog-
nized. The sensitivity and specificity of different 
imaging techniques and their comparison are 
given in Table 2.5.26 The goals of diagnostic 
imaging in patients with suspected AAS are con-
firmation of the diagnosis, classification and type 
of aortic pathology, tear localization, and identifi-
cation of signs indicating the need for emergent 
intervention (pericardial, mediastinal, or pleural 
hemorrhage).2 Additional information includes 
arch and branch vessel involvement. Each imag-
ing modality has distinct advantages (Table 2.6) 
and most patients require multiple imaging stud-
ies to diagnose and characterize the underlying 
aortic pathology.27

Electrocardiogram

An ECG is an important first diagnostic test 
 performed for all patients presenting with acute 
chest pain, whether typical or atypical for an 
acute aortic syndrome. The differentiation of 
AAS from acute coronary syndrome (ACS) is 
important; however, it must be remembered the 
ACS may occur as a result of AAS.

Chest Radiography

While rapid imaging plays a crucial role in the 
diagnosis of AAS, the role of chest radiography 
has become limited, especially for conditions 

Table 2.5 Results of meta-analysis – diagnostic accuracy of different imaging modalities for suspected aortic  dissection 
(Reprinted with permission from American Medical Association16)

Imaging  
technique

Number  
of studies Sensitivity Specificity

Positive  
likelihood ratio

Negative  
likelihood ratio

TEE 10 98 (95–99) 95 (92–97) 14.1 (6.0–33.2) 0.04 (0.02–0.08)
Helical CT  3 100 (96–100) 98 (87–99) 13.9 (4.2–46.0) 0.02 (0.01–0.11)
MRI  7 98 (95–99) 98 (95–100) 25.3(11.1–57.1) 0.05 (0.03–0.10)

Data reported with 95% confidence intervals. Likelihood ratios greater than 10 and less than 0.1 are considered strong 
evidence to confirm or ruling out the diagnosis of aortic dissection

Table 2.6 Comparison of imaging modalities (Reproduced with permission from Oxford University press and the 
primary author Professor Raimund Erbel56)

TTE/TEE CT MRI Angiography IVUS
Sensitivity ++ ++ +++ ++ +++
Specificity +++ ++ +++ ++ +++
Classification +++ ++ ++ + ++
Tear localization +++ − ++ + +
Aortic regurgitation +++ − ++ ++ −
Pericardial effusion +++ ++ ++ − −
Mediastinal hematoma ++ +++ +++ − +
Side branch 
involvement

+ ++ ++ +++ +++

Coronary artery 
involvement

++ − + +++ ++

X-ray exposure − ++ − +++ −
Patient comfort + ++ + + +
Follow-up studies ++ ++ +++ − −
Intraoperative 
availability

+++ − − (+) (+)

TTE/TEE – transthoracic/transoesophageal echocardiography; CT – computed tomography; MRI – magnetic resonance 
imaging; IVUS – intravascular ultrasound
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confined to the ascending aorta. In a study of 216 
patients over a 6-year period, the sensitivity for 
aortic disease was 64%, with a specificity of 86%. 
The sensitivity for lesions of the ascending aorta 
was 47%, while that for disease involving distal 
aortic segments was 77%.28 A chest X-ray may 
show widening of the aortic contour, displaced 
calcification, aortic kinking, or opacification of 
the aortopulmonary window (Fig. 2.8a and b).

Computerized Tomography (CT)

When AAS is suspected based on clinical presen-
tation and an acute coronary syndrome has been 
excluded, cardiac-gated, contrast-enhanced mul-
tidetector CT angiography is nearly 100% sensi-
tive and specific in the diagnosis, differentiation 
and staging of AAS.29 Modern CT machines have 
up to 64 rows of detectors, and this enables them 
to generate multiple simultaneous images with a 
slice thickness of less than 1 mm. Multidetector 
CT is also extremely fast with spiral imaging 
of the entire thorax can be done in a single 

 breath-hold, which eliminates respiratory motion 
artifact. Cardiac gating is done to avoid artifacts 
produced because of the imaging being obtained 
during different phases of cardiac cycle. CT 
allows for a complete diagnostic evaluation of the 
thoracic aorta, including the lumen, aortic wall, 
and periaortic region. Both unenhanced and 
enhanced images are valuable. Unenhanced scans 
depict intramural hematoma (crescent shaped or 
circumferential wall thickening) and thrombosis 
of the false lumen. Contrast-enhanced imaging 
allows demonstration of an intimal flap, which is 
the most reliable finding in the diagnosis of dis-
section (Fig. 2.9a and b). Contrast differences 
between arterial and venous phase can help 
 differentiate true and false lumens. Interestingly, 
it can be difficult to differentiate an aneurysm 
with thrombus from a dissection with a throm-
bosed false lumen. Intimal calcifications are 
 displaced by a false lumen in the latter case.30

The diagnosis of IMH and PAU are also highly 
accurate with CT.31,32 The diagnosis of PAU is 
made by the demonstration of an outpouching 
of the aortic wall with rough edges (Fig. 2.10). 

Fig. 2.8 PA (a) and lateral Chest X-Rays (b) demonstrating a dilated thoracic aorta and widened mediastinum
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The ulcer is usually surrounded by extensive ath-
erosclerotic plaques. CT imaging of the aorta 
should include the iliac arteries for possible endo-
vascular intervention and aortic arch branches to 
evaluate the extent of dissection and possible 
neurological complications. Other benefits of CT 
are its availability and noninvasiveness. The 
major drawbacks of CT are the exposure to large 
doses of ionizing radiation and contrast agents.29 
In addition, CT does not offer the capability to 
assess for aortic insufficiency or involvement of 
the coronary arteries.

Magnetic Resonance Imaging (MRI)

MRI is a valuable diagnostic tool for the diagno-
sis of acute aortic syndrome. MRI can be highly 
accurate even without the use of contrast. 
Although MRI has the highest sensitivity and 
specificity for the detection of all forms of aortic 
pathology and provides superior anatomic detail 
when compared to other imaging modalities, it is 
limited by availability, expense, and patient 
restrictions such as pacemakers, aneurysm clips, 
or other metal devices. Prolonged scanning time 
and limited access to unstable patients are other 
limitations. For these reasons, MRI is not a 
widely used tool (<5% of patients in IRAD)3 
(Fig. 2.11).

Fig. 2.9 Contrast-enhanced chest CT clearly depicting a type A dissection. The intimal flap is seen in the ascending 
and descending aorta (a) as well as the aortic arch (b)

Fig. 2.10 CT reconstructions demonstrating PAU of the 
arch and descending aorta as indicated by arrows
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Echocardiography

Transthoracic echocardiography (TTE) can be 
used as screening tool for the diagnosis of AAS 
of the proximal aorta. TTE is useful in the rapid 
evaluation of aortic insufficiency, pericardial 
tamponade, arch vessel involvement, and left 
ventricular systolic function. Hemodynamically 
unstable patients in whom TTE has shown peri-
cardial effusion to be present should be taken to 
the operating room for airway stabilization and 
further TEE evaluation. Thus, cardiac surgeons 
rely on echocardiography more than other 
 imaging modalities including CTA in emer-
gency situations.33 A TEE can be done while 
the surgeon simultaneously prepares to open 
the chest.

Transesophageal echocardiography (TEE) is 
highly sensitive and specific in diagnosing tho-
racic aortic pathologies. The only limitation is in 
the distal ascending aorta and proximal arch 
which are not clearly visualized by TEE in 

most patients. Evaluation of the aortic valve and 
 suitability for repair can be done with TEE. 
The diagnosis of an IMH is characterized by 
 crescentric aortic wall thickening, the absence of 
an  intimal flap and a lack of false lumen color 
flow typical of dissection. The primary limiting 
factor in the use of TEE is the requirement for a 
skilled echocardiographer to be immediately 
available to perform and interpret results in emer-
gency situations.29 A further detailed description 
of TEE examinations for aortic pathology is 
described elsewhere in this textbook.

Aortography

Since the development of newer, noninvasive 
imaging modalities, there has been a shift away 
from invasive techniques for imaging the aorta. 
Traditionally, aortography had been the gold 
standard for the diagnosis of aortic dissection. Its 
primary limitations include its invasive nature 
and further risk of intimal damage, the use of 
contrast agents, as well as limited visualization of 
thrombosed dissections, IMH, and occluded 
branch vessels. The specificity for diagnosing 
aortic dissection is >95%, but the sensitivity only 
averages 90%.2 Intravascular ultrasound (IVUS) 
with high-frequency transducers (8–10 MHz) has 
been used to complement conventional angiogra-
phy in the diagnosis of acute dissection. IVUS 
probes are advanced through guidewire and guid-
ing catheters under fluoroscopy to evaluate the 
aorta from inside and provide useful information 
about the vessel wall and pathology.

Management

Once there is a suspicion of AAS, patients should 
be rapidly stabilized and transported to a tertiary 
care center with adequate aortic surgical and 
endovascular surgical expertise. It is there that 
further imaging and management should take 
place. Figure 2.12 provides an algorithm for the 
rapid evaluation and treatment of patients 
 presenting with a suspected AAS.29,34

Fig. 2.11 MRI of the chest showing a descending aortic 
dissection
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Although the treatment of AAS remains a ther-
apeutic challenge, diverse surgical and percutane-
ous strategies continue to evolve. There are many 
factors that affect management decision as listed 
in Table 2.7. One third of the mortality associated 
with AAS is the result of end-organ failure, which 
emphasizes the importance of early intervention. 
The goal of treatment is to prevent the progres-
sion of the disease and its lethal complications.

The initial management of all patients with 
AAS involves pain relief and aggressive blood 
pressure control. In normalizing the blood pres-
sure, the goal is to reduce the force of left ven-
tricular ejection (dP/dt), which is the primary 
cause of dissection extension and aortic rupture. 
Beta-blockers are the preferred agents because 
they not only reduce systemic pressure but also 

lower heart rate. For most patients, the goal is a 
systolic pressure between 100 and 120 mmHg 
and heart rate <60 bpm or the lowest tolerable 
levels that provide adequate cerebral, coronary, 
and renal perfusion. Less is known about the role 
of calcium channel blockers for patients who are 
b-blocker intolerant, but they should reduce 
blood pressure without causing reflex tachycar-
dia. If neither of the above agents is adequate to 
control the blood pressure, vasodilators may be 
added. However, they should never be used as an 
initial form of therapy before starting b-blockers 
because of the reflex tachycardia and increase in 
the force of left ventricular ejection leading to 
increased aortic wall stress.

Type A Aortic Dissection

Acute ascending aortic pathology (acute dissec-
tion, IMH, and PAU) should be treated as a surgi-
cal emergency because of the possible risk of 
life-threatening complications including aortic 
rupture, pericardial tamponade, and high early 
mortality (Fig. 2.13). Surgery is also aimed 
to relieve aortic regurgitation and reestablish 
 coronary and branch vessel perfusion. Acute type 
A dissection has a mortality rate of 1–2% per 
hour during the first hours of symptom onset and 
without surgical treatment, the mortality rate is 
20% by 24 h, 30% by 48 h, 40% at 1 week, and 
50% at 1 month.35 Even with surgical treatment, 

Table 2.7 Patient factors affecting management 
decisions

Disease location – type A or B
Retrograde extension into the arch and/or ascending 
aorta
Rupture or impending rupture
Site of entry and reentry
Involvement of side branches
Branch origin from true or false lumen
Risk of end-organ damage
Complications – rupture, coronary occlusion, aortic 
insufficiency, neurological
Diameters of the true and false lumens
Areas of normal vessel for stent-graft placement

Fig. 2.13 Management of 
acute aortic dissection 
(Reprinted with permis-
sion from Springer4)
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the mortality rate is as high as 10% by 24 h and 
20% at 1 month.36,37

Aortic arch and descending thoracic intimal 
tears are seen in 20–30% of patients with type A 
dissection and if left untreated predisposes to 
later distal reoperation.38,39 Patients who require 
partial or total arch replacement with reconnec-
tion of supraaortic vessels to the graft must often 
undergo deep hypothermic circularoty arrest with 
antegrade or retrograde cerebral perfusion. If a 
dissection extends into the descending thoracic 
aorta, an elephant trunk extension of the arch 
graft is an option.40 In a later procedure, the ele-
phant trunk portion of the graft may be connected 
to the distal descending aorta, a tubular graft or 
endovascular graft. There are reports of endovas-
cular repair of the ascending aorta in highly 
selected patients, but this has most often been for 
the purpose of temporizing symptoms and pre-
venting disease progression before a more defini-
tive open repair could be performed. It is most 
often not possible due to the anatomic restrictions 
of securing the graft in the ascending aorta. The 
placement of stent grafts has been applied to treat 
aortic branch occlusions in both type A and B 
acute aortic dissections. In type A dissections 
with visceral malperfusion, treatment of the leak-
ing aorta and aortic valve take precedence over 
visceral malperfusion. However, patients with 
prolonged limb or bowel ischemia may be 
 unsuitable for proximal aortic surgery, and endo-
vascular treatment to restore perfusion to critical 
organs is recommended.

Type B Aortic Dissection

Uncomplicated Type B Dissection

Medical management (analgesics and antihyper-
tensive therapy) still remains the main stay of 
therapy for patients with uncomplicated type B 
disease. It is safe to treat these patients medically 
with close follow-up for ischemic complications, 
disease progression, or aneurysmal enlargement. 
In a group of 384 patients with type B dissec-
tions, 73% were treated medically with a 10% 
 in-hospital mortality. Long-term survival is 
60–80% at 5 years.3 Surgical repair has not been 

shown to improve outcomes in this group of 
patients. Recently, a completed randomized study 
(Investigation of stent grafts in patients with type 
B aortic dissection-INSTEAD) examined the use 
of endografts versus medical therapy in uncom-
plicated dissections. The results did not show any 
survival benefit at 2 years.41

Complicated Type B Dissections

Complicated type B aortic disease is differentiated 
by the presence of a distal malperfusion  syndrome 
or rapid disease progression. Indications for inter-
vention are similar to those for type A  diseases; 
the prevention of life-threatening complications 
such as organ or limb ischemia, aneurysm expan-
sion and risk of rupture, periaortic blood collec-
tion, intractable pain, aneurysm expansion or 
uncontrolled hypertension. The  mortality rate for 
open surgical repair (graft replacement, fenestra-
tion, or bypass procedures) is 30–35% and even 
higher with the presence of visceral malperfu-
sion.42,43 Aortic endovascular grafting may be par-
ticularly beneficial in this group and has shown 
improved mortality rates (16%). The goals of 
endograft treatment include reconstruction of the 
aortic segment containing the entry tear, induction 
of thrombosis in the false lumen, and the 
 reestablishment of flow in the true lumen and 
branches.44 In one series, false lumen thrombosis 
was achieved in 85–100% of patients.

An additional benefit of stent grafts is the abil-
ity to relieve dynamic and combined static and 
dynamic obstructions successfully in compli-
cated acute type B dissections.45,46 Static obstruc-
tions are relieved by placing the graft in the 
branch vessel and dynamic obstructions may 
benefit from stents in the true lumen. Endografts 
have also been used in patients with retrograde 
type A dissection with intimal tear in the descend-
ing aorta to induce false lumen thrombosis.47 
Surgical treatment may be the only option in 
patients with failed endografts or patients unsuit-
able for this less-invasive technique.

With either surgical, endograft, or medical 
management, the risk of further dissection is 
never eliminated. Therefore, close, regular moni-
toring, most likely with CT imaging, is necessary 
to assess for progression or complications.
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Intramural Hematoma

Type A Disease

The recommended treatment for patients with 
Type A IMH is prompt surgical intervention. 
Proximal IMH are independently associated with 
potential progression to dissection, aneurysm, 
and rupture as well as poor clinical outcomes.17 
The risk of a nonsurgical approach to type A IMH 
demonstrates an early mortality of 55%  compared 
with 8% following surgical repair.17 However, for 
patients with significant comorbidities and 
uncomplicated type A IMH (no dissection or inti-
mal tear, thickness less than 11 mm, aortic diam-
eter less than 50 mm), medical treatment with 
follow-up imaging and timed surgical interven-
tion has been recommended.

Type B Disease

The management of IMH involving the descend-
ing aorta is similar to that recommended for type 
B dissections. The current literature supports 
medical management. However, if complications 
arise (ulceration, expansion, and dilatation), 
endograft placement may be considered although 
limited data exists. Endografts may cause erosion 
of the intima during the acute phase. IMH of the 
descending aorta have been associated with an 
in-hospital mortality rate of 10%, similar to that 
of type B aortic dissection, further emphasizing 
the importance of correct diagnosis and proper 
treatment.

Penetrating Aortic Ulcers

There are multiple important factors to identify 
when diagnosing PAU. One must determine the 
number (single or multiple), location (type A or 
B), and associated complications (IMH, dissec-
tion, pseudoaneurysm, and rupture). Type A PAU 
should be treated surgically. Medical therapy is 
indicated in stable patients with type B PAU.48 
Very few centers advocate any surgical interven-
tion in uncomplicated type B patients because 
there is a high risk of organ failure and poor 

 prognosis due to the high likelihood of extensive 
 atherosclerotic disease. For patients with symp-
tomatic or progressive disease, focal PAU in the 
descending aorta are ideal targets for endograft 
placement. In a meta-analysis of 58 patients from 
13 studies, complete sealing of the ulcer was pos-
sible in 94% of patients. Neurologic complica-
tions were present in 6% and the in-hospital 
mortality rate was 5%.49 Long-term results are 
not known at this time.

Natural History and Prognosis

The outcomes of patients treated for AAS have 
improved significantly, although there still 
remains a high mortality rate in the acute phase. 
Table 2.8 lists predictors of in-hospital death.50 
Early clinical suspicion and greater surgical 
expertise appear to be the most important factors 
in reducing mortality.

Type A aortic dissections are highly lethal. 
Overall, mortality at 1 month is 20% with and 
50% without surgical treatment for type A dis-
sections. The risk of death is higher if there are 
complications of pericardial tamponade, involve-
ment of the coronary arteries causing acute myo-
cardial ischemia, or a malperfusion syndrome. 
Age greater than 70 has been identified as an 
independent risk factor for hospital death for 
acute type A dissection. Shock, hypotension, and 
tamponade are other risk factors for increased 
mortality.37

For type B dissections, the overall mortality 
rate is 10% with medical treatment. Circulatory 
shock and visceral ischemia predispose to a 
higher mortality in type B dissection.51

Table 2.8 Predictors of in-hospital death

Age >70
Abrupt onset of pain
Hypotension/cardiac tamponade/shock
Abnormal EKG
Kidney failure
Pulse deficits
Iatrogenic cause
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Following the acute-phase, mid- to long-term 
survival depends not only on the underlying 
 aortic disease but also other comorbidities. In 
patients with surgically corrected type A dissec-
tions, survival differences were based on the 
presence or absence of distal false lumen flow. In 
one study, the absence of a false lumen was 
achieved in 53% of patients compared to 10–20% 
in most series. In patients with absent false lumen 
flow, the survival was 85% at 6 years compared 
to 62% in patients with persistent false lumen 
flow.37 At 10 years, the survival rate was 44% for 
corrected type A dissections compared to 32% in 
medically treated type B dissections.51 The pri-
mary reasons for higher, long-term mortality in 
type B dissections were aneurysmal expansion 
and rupture. Dilatation in the descending aorta 
was greater in medically treated type B dissec-
tions compared to operated type A dissections. 
Dilatation occurs at a faster rate in patients with 
false lumen flow when compared to absent false 
lumen flow in type B dissections.52 Junoven et al. 
described rupture in 18% and rapid expansion 
requiring surgery in 20% of patients with type B 
dissection at 3 years.53 The impact of early endo-
vascular treatment on the long-term survival of 
type B dissections is yet to be determined.

In patients with type A IMH, Kaji et al.54 
reported that surgery was required in 43% of 
patients during the acute phase and, among those 
discharged without surgery (57%), complete res-
olution occurred in 40% of patients. Type B IMH 
has a better long-term prognosis than type B dis-
sections with 5-year survival reported between 
43% and 90%.17,55 Close follow-up with imaging 
techniques is recommended in patients undergo-
ing medical treatment to look for complications 
(dilatation, pseudoaneurysm formation, and 
dissection).

Prevention and Follow-Up

At a time when there is an increasing elderly 
 population, the awareness of such conditions as 
AAS is likely to continue to rise. This is due to 
improvements in diagnostic modalities, longer 

life expectancy, and longer exposure to elevated 
blood pressure. In order to best treat these 
patients, continued improvements in diagnostic 
imaging and therapeutic strategies are necessary, 
and a focus on surveillance and prevention will 
further reduce the morbidity and mortality asso-
ciated with aortic pathology.

One possibility for the surveillance of patients 
at risk for the development or progression of 
AAS is the development of biomarkers, which 
would enable serum diagnosis. In addition, this 
would provide a fast and economic means of dif-
ferentiating patients who present to the emer-
gency room with chest pain. Possible markers 
currently include an assay for circulating smooth 
muscle myosin heavy chain protein, soluble elas-
tin fragments and acute-phase reactants such as 
C-reactive protein, fibrinogen, and D-dimer.

All patients with a known aortic disease 
require close surveillance following discharge. 
Lifelong treatment of hypertension is required 
and regular assessments of the aorta should be 
performed at 1, 3, 6, 9, and 12 months as well as 
every 6–12 months thereafter, depending on the 
aortic size. The most important findings on imag-
ing are aortic diameter, signs of aneurysm forma-
tion, and hemorrhage at surgical anastamosis or 
stent-graft sites. The close follow-up emphasizes 
the fact that aortic disease progression is not easy 
to predict. Repeated surgery is required in 
12–30% of patients due to extension or recur-
rence of dissection, aneurysm formation, graft 
dehiscence, aortic insufficiency, or infection.26

Conclusion

Significant advances have been made in the diag-
nosis and management of acute aortic dissections 
over the past 2 decades. These advancements 
have led to a better understanding of aortic pathol-
ogy and led to the discovery of variants that are 
collectively termed acute aortic syndrome. 
Despite a persistent level of uncertainty in the 
diagnosis and management of this lethal disorder, 
advances are being made and patient outcomes 
are improving.
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Key Notes

 1. The clinical progress of patients with AAS is 
unpredictable. A high level of suspicion is 
required for early diagnosis and crucial for 
patient survival.

 2. The most common risk factor for AAS is 
hypertension, with men being affected more 
often.

 3. Any mechanism that causes intimal damage 
and leads to weakening of the medial layers 
of the aortic wall can result in dissection, 
IMH, or PAU.

 4. Acute aortic dissection, the most common 
etiology of AAS, is characterized by an inti-
mal tear which is often preceded by medial 
wall degeneration or cystic medial necrosis.

 5. IMH, a variant of aortic dissection, originates 
from a disruption of the vasa vasorum within 
the media. They are treated similar to dissec-
tions and have a similar prognosis.

 6. PAU is associated with atherosclerotic dis-
ease and can lead to dissection or perfora-
tion. Both IMH and PAU are found most 
often in the descending aorta.

 7. AAS may present in many ways. Most often 
there is the sudden onset of severe, sharp 
chest pain or back pain.

 8. Type A aortic dissections are associated with 
high mortality rates and without surgery, 
30-day mortality exceeds 50%.

 9. Uncomplicated type B dissections have a 
30-day mortality of 10% and may be man-
aged medically. Complications require surgi-
cal intervention or endovascular stenting.

 10. CT, MRI, and TEE are all accurate in the 
diagnosis of AAS.

 11. The initial treatment of all patients with AAS 
is blood pressure control in order to decrease 
the force of left ventricular contraction and 
lower the risk of dissection extension or rup-
ture. Beta-blockers are the preferred first-line 
agent to achieve a systolic pressure <120 
mmHg and heart rate <60 bpm.

 12. Surgery is the definitive treatment of type A 
acute aortic pathology. The goal is to prevent 
life-threatening complications such as aortic 
rupture or pericardial tamponade.

 13. Medical therapy with b-blockers and 
 antihypertensive agents is the recommended 
therapy for patients with uncomplicated type 
B aortic dissection, IMH, or PAU.

 14. The advent and incorporation of less-invasive 
endovascular treatments has opened up new 
perspectives in the treatment of acute aortic 
disease and continued advances will result in 
improved patient outcomes.
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Each year in the USA, nearly 30 million patients 
are estimated to undergo noncardiac surgery, and 
about one third of these patients have coronary 
artery disease (CAD) or risk factors for CAD.1 
About one million of those patients have perioper-
ative cardiac complications that result in more than 
$20 billion in health-care expenditures.1 The cur-
rent standards for preoperative cardiac evaluation 
of these patients are the guidelines published by 
the American College of Cardiology (ACC) and 
the American Heart Association (AHA), initially 
in 19962 and updated in 20023 and again in 2007.4 
These guidelines were developed based on a review 
of the then-available literature and the opinions of 
experts from the disciplines of anesthesiology, car-
diology, electrophysiology, vascular medicine, 
vascular surgery, and noninvasive cardiac testing.

The latest guidelines provide a five-step 
 algorithm for stratifying patients’ risks and triag-
ing patients to surgery or cardiac evaluation. For 
aortic surgery, Step 3 of the algorithm, which 
asks whether the proposed surgery is a low-risk 
surgery, is irrelevant, so that the guidelines may 
be reduced to four steps. Aortic surgeries and 
other major vascular surgeries are classified as 
high risk for the purpose of the guidelines, mean-
ing that these surgeries are generally associated 

with 5% or greater risk of adverse cardiac events 
in the perioperative period.4 The remaining four 
steps consider (1) whether the operation is emer-
gent, (2) whether the patient has any acute car-
diac conditions, (3) whether the patient has good 
functional capacity without symptoms, and (4) 
what clinical risk factors or comorbidities the 
patient brings to surgery. Consideration of how 
recently the patient has had a favorable cardiac 
evaluation or therapeutic cardiac intervention 
such as coronary revascularization is no longer 
deemed necessary in the latest guidelines.3,4

Step 1 of the guidelines is to consider if the 
surgery is emergent. If the proposed surgery is 
emergent, the patient should be taken to the opera-
ting room (OR) without any delay for preopera-
tive cardiac evaluation. Any necessary cardiac 
evaluation may be performed either intraopera-
tively with, for instance, the use of transesopha-
geal echocardiography or postoperatively, after 
the patient survives the emergent operation.

If the proposed surgery is not emergent, then in 
Step 2, one considers whether the patient has any 
acute cardiac conditions. These used to be called 
major clinical predictors in the earlier  versions of 
the guidelines. Examples of acute cardiac condi-
tions include unstable coronary syndromes, acute 
(<1 week) or recent (<1 month) myocardial infarc-
tion (MI), decompensated congestive heart failure 
(CHF), significant arrhythmias, and severe valvu-
lar diseases. Significant arrhythmias include a 
high-grade AV block, a newly recognized ven-
tricular tachycardia, or atrial fibrillation with a 
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rapid ventricular response. Severe valvular 
 diseases are exemplified by severe aortic stenosis 
with a gradient >40 mmHg or aortic valve area 
<1.0 cm2 or severe mitral stenosis symptomatic of 
progressive dyspnea on exertion, exertional pre-
syncope or syncope or heart failure. If the patient 
has acute cardiac condition(s), then it is advised 
that they are managed or addressed before the 
patient is taken to the OR.

Step 4 of the guidelines considers whether the 
patient has good functional capacity without car-
diac symptoms. A patient has poor functional 
capacity if he or she is unable to perform activities 
of greater than four metabolic equivalents (METs) 
without becoming symptomatic of chest pain or 
shortness of breath. One MET is the resting meta-
bolic rate or the amount of oxygen consumed 
while sitting at rest, which is 3.5 mL/kg/min. 
Examples of activities that require less than four 
METs include driving (2 METs), cooking (2.5 
METs), bowling (2–4 METs), walking for exer-
cise at 5 km/h or less (<3.3 METs), raking leaves 
(3–4 METs), and golfing while riding a cart (2–3 
METs).5 Example of activities that require more 
than four METs include walking at 7 km/h (5.3 
METs), walking up stairs (4.7 METs), snow shov-
eling (5.1 METs), and washing windows (4.9 
METs).5 If the patient does not have a poor func-
tional capacity, then no further cardiac workup is 
recommended before taking the patient to the OR.

Step 5 considers the presence of clinical risk 
factors, which used to be called the intermediate 
clinical risk factors in earlier guidelines. These 
factors are stable angina, history of MI more than 
1 month ago or Q waves on EKG, compensated 
CHF, diabetes mellitus, chronic renal insuffi-
ciency with serum creatinine greater than 2 mg/
dL, and history of cerebrovascular disease. All 
other risk factors such as advanced age and 
hypertension do not figure into the triage deci-
sion. If the patient has none of the clinical risk 
factors, no further cardiac evaluation is indicated. 
If the patient has three or more clinical risk fac-
tors, noninvasive cardiac testing may be per-
formed, if it will change management. When the 
patient has one or two clinical risk factors, it is 
up to the clinician to decide for or against any 
additional workup, if it will change management. 

For aortic surgery, the entire guidelines on 
 preoperative cardiac evaluation may be summa-
rized as follows:

If the operation is emergent, go to the OR.•	
If the patient has an acute cardiac condition, •	
manage it before going to the OR.
If the patient has good functional capacity or •	
has no clinical risk factors, go to the OR with-
out further workup.
If the patient has clinical risk factors, addi-•	
tional cardiac workup may be considered, but 
only if it will change management.

The key phrase in considering preoperative car-
diac workup before aortic surgery is “if it will 
change management.” The ACC/AHA guidelines 
do not specify how to change management. Rather 
the task is left up to the clinician to weigh the ben-
efits and risks based on available literature and 
make clinical decisions. In the remaining chapter, 
we examine what value noninvasive cardiac test-
ing may bring, what, if any, the role of prophylac-
tic revascularization may be, and what changes in 
management may be considered perioperatively.

Noninvasive Cardiac Testing

Noninvasive cardiac tests assess myocardial 
 function or perfusion. Tests of myocardial  systolic 
function include transthoracic echocardiography 
and radionuclide scanning, in which the left ven-
tricular ejection fraction (LVEF) is often reported 
as if it were the sine qua non of myocardial func-
tion. While a few small studies6,7 have reported a 
correlation between preoperative LVEF and peri-
operative cardiac events, larger series have gener-
ally found that echocardiographic measurement of 
a low LVEF might be specific of cardiac complica-
tions, and thus, have a high negative predictive 
value (i.e., when the EF is not low, cardiac compli-
cations are unlikely), but is not a sensitive indicator, 
so it has a low positive predictive value (i.e., even 
when the EF is low, cardiac complications are still 
infrequent).8 In a position paper, the American 
College of Physicians recommends against nonin-
vasive assessment of resting LVEF by radionuclide 
angiography or transthoracic echocardiography to 
predict perioperative cardiac risk.9
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Many patients who have a clinical diagnosis of 
CHF and normal systolic function might have dia-
stolic dysfunction.10 A detailed assessment of dia-
stolic function can be provided by echocardiography, 
and a scoring system has been proposed.11 But so 
far no studies have demonstrated the prognostic 
value of preoperative diastolic dysfunction in non-
cardiac surgical patients. Information obtained 
from preoperative echocardiography may change 
management in cases of (a) a murmur detected on 
preoperative physical examination that might indi-
cate significant aortic or mitral stenosis, (b) a previ-
ously unrecognized pathologic murmur that might 
necessitate antibiotic prophylaxis, and (c) physical 
examination suggestive of previously unrecognized 
significant left ventricular dysfunction.12

Noninvasive tests of myocardial perfusion 
might be classified by the type of stress applied to 
elicit transient and reversible ischemia or by the 
mode of detecting the ischemic area.13 Stress can 
be applied by exercise (e.g., treadmill, sitting or 
supine bicycle, or handgrip), by a pharmacologic 
agent that increases chronotropy and inotropy 
(e.g., dobutamine, atropine), or by a pharmaco-
logic agent that can cause malredistribution of 
coronary blood flow (e.g., dipyridamole, adenos-
ine). A significant fraction of the high-risk popu-
lation cannot exercise to an adequate level and 
will require pharmacological stress testing. An 
ischemic event might be suggested or detected by 
the patient’s reporting of symptoms, appropriate 
ECG changes (horizontal or downsloping ST seg-
ment depression of ³0.1 mV or ST elevation of 
³0.15 mV in two contiguous leads14), reversible 
wall motion abnormalities on echocardiography, 
or reversible perfusion defects on radionuclide 
imaging with thallium or technetium.

Dobutamine stress echocardiography (DSE) 
and dipyridamole thallium imaging (DTI) have 
high negative predictive values that approach 100% 
but have low positive predictive values that are gen-
erally less than 20%.15 The likelihood ratio of a 
positive test, which indicates how much the odds of 
a cardiac event increase when the test is positive, is 
computed as (1 − sensitivity) / specificity, whereas 
the likelihood ratio of a negative test, which 
 indicates how much the odds of a cardiac event 
decrease when the test is negative, is computed 

as (1−sensitivity) / specificity. For a test to be 
 considered to be useful in risk stratification, the 
likelihood ratio of a positive or negative test should 
be greater than 10 or less than 0.2, respectively, 
because these numbers indicate a substantial change 
in risk from the pretest level.15 While the likelihood 
ratios of negative DSE and DTI are often good, the 
likelihood ratios of positive tests are usually much 
less than 10, so these tests might not yield any use-
ful information for risk stratification.15

Furthermore, in a review of 85 patients,16 even 
when DSE was obtained in accordance with the 
ACC/AHA guidelines, the test was positive in 
only 4.7% of the patients. Thus, even when the 
guidelines are followed, not only is it unlikely 
that the stress test will be positive, but even when 
the test is positive, the likelihood of an adverse 
event is too low for the test to be considered to be 
discriminating in most circumstances.

Rather, the study by Lee et al.17 suggests that 
simple consideration of clinical risk factors might 
be sufficient in risk stratification. Lee et al. first 
identified six clinical factors that predicted major 
cardiac complications in a derivation cohort of 
2,893 patients undergoing elective noncardiac 
 surgery. These factors were (1) high-risk surgery, (2) 
history of CAD, (3) history of cerebrovascular dis-
ease, (4) history of CHF, (5) preoperative use of 
insulin, and (6) preoperative serum creatinine 
greater than 2 mg/dL. The authors then validated 
the six factors in a validation cohort of 1,422 
patients, in whom the cardiac event rates with 0, 1, 
2, or ³3 of the six risk factors were 0.4%, 0.9%, 7%, 
and 11%, respectively. Therefore, patients who have 
two or more risk factors can be considered to be at 
high risk. The key point is that these risk factors can 
usually be ascertained without subjecting the patient 
to any noninvasive or invasive cardiac testing.

Risk Modification by Perioperative 
Medical Therapy

Patients who have suspected or known CAD can 
undergo major noncardiac surgery with reduced 
cardiovascular complications when they are 
given b-adrenergic blockade perioperatively.18–20 
Poldermans et al.20 studied 112 high-risk patients 

39



K.W. Park

undergoing elective abdominal aortic or infrain-
guinal vascular surgeries who had new reversible 
wall motion abnormalities during  preoperative 
DSE. The patients received bisoprolol or placebo 
perioperatively, starting at least a week before sur-
gery. Bisoprolol was continued for 30 days, as 
long as the heart rate remained above 50 beats per 
minute and the systolic blood pressure was above 
100 mmHg; additional doses of intravenous meto-
prolol was titrated perioperatively if the heart rate 
exceeded 80 beats per minute. Bisoprolol reduced 
30-day mortality from 17% to 3.4% and nonfatal 
MI from 17% to 0%. The benefit of perioperative 
bisoprolol lasted until at least 2 years after sur-
gery.21 The beneficial effect of perioperative 
b-adrenergic blockade has been demonstrated not 
only with bisoprolol,20,21 but also with atenolol,18,19 
esmolol,22 labetalol,23 oxprenolol,23 and meto-
prolol,24 so it might be a class effect rather than 
particular to a specific b-adrenergic blocking 
agent. More important than which agent is used 
might be how it is used. Raby et al.22 advocated 
using a b-adrenergic blocking agent to keep the 
heart rate 20% below each patient’s ischemic 
threshold (i.e., the lowest heart rate at which the 
patient has been  demonstrated to experience myo-
cardial ischemia). Such a regimen was shown to 
be beneficial in a small cohort (n = 26) of patients 
undergoing vascular surgery. Tailoring the dose of 
the b-adrenergic blocker to each patient might be 
logical, but no rationale for choosing a target rate 
20% below the ischemic threshold has been pre-
sented. Furthermore, in many patients the isch-
emic threshold is not known. A reasonable rule of 
thumb might be that the anesthesiologist should 
use a b-adrenergic blocker perioperatively to 
achieve a heart rate that is lower than the known 
or suspected ischemic threshold without causing 
inadequate levels of coronary or cerebral perfu-
sion pressure.

The importance of maintaining end-organ per-
fusion pressures during perioperative b-adrenergic 
blockade and titrating the dose to effect was 
highlighted during the recent POISE trial.25 The 
POISE trial was a large international multicenter 
study that randomized 8,531 patients to receive 
extended-release metoprolol or a placebo, start-
ing 2–4 h before a major noncardiac surgery and 

continued for 30 days. As might have been 
expected, the cardiovascular outcome was better 
in the study group, with reductions in the com-
posite of cardiovascular death, MI, or cardiac 
arrest (5.8% vs. 6.9%, P = 0.0399) and MI (4.2% 
vs. 5.7%, P = 0.0017). However, all-cause mor-
tality was increased in the metoprolol group 
(3.1% vs. 2.3%, P = 0.0317), as was the inci-
dence of stroke (1.0% vs. 0.5%, P = 0.0053). 
Many of the strokes were ischemic and believed 
to be due to hypotension. In view of the POISE 
trial, recommendations regarding perioperative 
b-blockade may need to be revised.26 Certainly, 
patients who have been on a b-blocker previ-
ously should be continued on the medication 
perioperatively, since the risk of withdrawal may 
be significant.27 For patients with known CAD or 
at high risk for it, b-blockade may be indicated 
for long-term myocardial protection regardless 
of the surgery. However, in patients in whom 
CAD or its risk is recognized shortly before sur-
gery, the POISE trial certainly brings to question 
the advisability of starting a b-blocker de novo 
immediately preoperatively. If a b-blocker is to 
be started, it needs to be started as much prior to 
surgery as possible, so that the clinician can 
titrate the dose up to the desired endpoint with-
out adverse effects.

Reduction of perioperative cardiac complica-
tions with b-adrenergic blockade means that the 
positive predictive value and the likelihood ratio 
of a positive result for any preoperative cardiac 
test are also reduced. Boersma et al.28 reanalyzed 
the patient population (n = 1,351) screened for 
Poldermans et al.’s study.20 Important clinical 
predictors of adverse cardiac outcome in this 
population were age ³70 years, current or prior 
angina pectoris, history of MI, history of CHF, or 
history of cerebrovascular accident. Among 
patients who had less than three clinical risk fac-
tors, b-adrenergic blockade lowered the periop-
erative cardiac complication rate from 2.3% to 
0.8%; the results of DSE had no significant addi-
tional prognostic value. Among patients who had 
three or more clinical risk factors and perioperative  
b-adrenergic blockade, cardiac event rates dif-
fered significantly depending on the result of 
DSE (2% for a negative result vs. 10.6% for a 
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positive result). This difference was mostly 
accounted for by those who had evidence of 
extensive ischemia (i.e., five or more ischemic 
segments), in whom the cardiac complication 
rate was 36%, whereas patients who had fewer 
ischemic segments (one to four) had a 2.8% com-
plication rate, which is not significantly different 
from that of patients who had a negative test. 
Thus, with anticipated use of perioperative 
b-adrenergic blockade, a stress test such as DSE 
might be indicated if the patient has three or more 
clinical risk factors such as those identified by 
Boersma et al.28 or Lee et al.,17 but even then a 
positive result might have prognostic value only 
if it shows evidence of diffuse CAD.

Stain use has been shown to be beneficial in 
primary and secondary prevention of cardiovas-
cular events in nonsurgical settings.29 In addition, 
several retrospective and prospective studies 
demonstrated the beneficial effect of statins in 
reducing perioperative cardiovascular complica-
tions.30–34 In a retrospective review of pharmacy 
records of 780,591 patients undergoing major 
noncardiac surgery and surviving at least into the 
second postoperative day, those who received a 
lipid-lowering agent had a lower postoperative 
mortality than the control group after propensity 
matching (2.18% vs. 3.15%, P < 0.001).30 The 
number needed to treat with a statin to prevent 
one postoperative death ranged from only 30 for 
those with four or more of the clinical risk factors 
of Lee et al.17 to 186 for those with none of the 
factors. Similar benefits of statins have been 
noted in retrospective reviews of vascular or 
 aortic surgical patients.31–33 In a prospective ran-
domized trial of 100 vascular patients, of whom 
56 were aortic surgical patients, the patients were 
randomized to receive either atorvastatin or a pla-
cebo for 45 days, regardless of their serum cho-
lesterol levels.34 They underwent the surgery an 
average of 30 days after randomization and were 
followed for 6 months for primary endpoints of 
cardiac death, MI, unstable angina, or stroke. The 
event rate was much lower in the statin group 
(8.0% vs. 26.0%, P = 0.031).

In addition to b-blockers and statins, there may 
be other classes of medications that may  potentially 
lower perioperative cardiovascular complications. 

Medications being investigated include those that 
act on the rennin−angiotensin− aldosterone (RAA) 
axis,35 Na+−K+ exchange inhibitors,36 or caspase 
inhibitors,37 but definitive evidence of benefits 
from these is currently lacking. In a small study of 
22 patients undergoing infrarenal aortic surgery, 
Licker et al. randomized them to receive either 
enalapril or a placebo immediately before aortic 
cross-clamping.38 The treatment group experi-
enced a smaller reduction in cardiac output and 
glomerular filtration rate with aortic cross-clamp-
ing and a significantly higher creatinine clearance 
on the first postoperative day. Such a study is sug-
gestive of benefits of modulating the RAA axis, 
but larger studies are needed.

“Prophylactic” Coronary 
Revascularization?

The value of a positive preoperative stress test 
might lie in the identification of (a) prohibitively 
high-risk patients, leading to cancellation of the 
proposed noncardiac surgery; or (b) patients 
amenable to therapeutic maneuvers with 
reduction in risk of the noncardiac surgery. 
Revascularization by percutaneous transluminal 
coronary  angioplasty (PTCA) with or without 
stenting or by coronary artery bypass graft sur-
gery (CABG) might confer a long-term, symp-
tom-free survival benefit in a subset of patients 
who have CAD39–42; however, the pathophysiol-
ogy of perioperative MI differs somewhat from 
that of an MI in a nonoperative setting in that ath-
erosclerotic plaque rupture and subsequent 
thrombus formation is not as important, and the 
significance of an imbalance in the myocardial 
oxygen supply:demand ratio (such as occurs with 
tachycardia) is greater in the perioperative 
period.15 To triage the patient for coronary revas-
cularization prior to noncardiac surgery to reduce 
the perioperative cardiac risk of the latter surgery, 
three conditions should be satisfied: (1) the com-
bined risk of coronary angiography and coronary 
revascularization should not exceed the risk of 
the proposed noncardiac surgery performed with-
out revasculari zation; (2) coronary revasculariza-
tion should significantly lower the cardiac risk of 
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the  subsequently performed noncardiac surgery, 
with the magnitude of risk reduction preferably 
greater than the risk of coronary angiography 
and revascularization; and (3) the recovery time 
from coronary revascularization should be short 
enough that the proposed noncardiac surgery, 
especially if it is urgent, is not unduly delayed. 
When these conditions are not met, any indicated 
revascularization can be performed after the non-
cardiac surgery.

Regarding the first two conditions, Mason 
et al.43 performed a decision analysis study in 
1995 using the then-available literature data to 
compare the strategy of proceeding directly to 
major vascular surgery without any workup (strat-
egy A) to that of coronary angiography  followed 
by selective coronary revascularization before 
vascular surgery (strategy B). If CAD is found to 
be inoperable, cancellation of vascular surgery 
(strategy B-1) or proceeding with vascular sur-
gery nonetheless (strategy B-2) were the options. 
They found that the overall mortality of strategy 
A (3.5%) would be lower than that of strategy B-2 
(3.8%) and comparable to that of strategy B-1 
(3.4%), and that the nonfatal MI or stroke rate as 
well as the cost of care would be lower with strat-
egy A (5.0%) than with strategy B-1 (6.7%) or 
B-2 (7.0%).

Comparing more recent data, the national aver-
age mortality rate from CABG in the USA was 
about 2.5% in 2001.44 The mortality rate was 
higher if the surgery was accompanied by valve 
replacement, emergent, non-primary surgeries 
(i.e., redo surgeries), in women, or in the elderly. 
Survivors of CABG who then underwent noncar-
diac surgery were reported to have a mortality of 
1.7%.45 These numbers can be compared with the 
data of Poldermans et al.,20 which showed that 
patients who have positive preoperative DSE who 
undergo high-risk surgery could have a relatively 
low 30-day mortality rate of 3.4% and a nonfatal 
MI rate of 0% with the perioperative use of a 
b-adrenergic blocker in the absence of revascular-
ization. These numbers would compare favorably 
to the sequential mortality of CABG and then 
noncardiac surgery in survivors of CABG. Thus, 
except possibly in patients who have three or more 
clinical risk factors and DSE (or a similar test) 

showing extensive CAD, the strategy of  proceeding 
with vascular surgery with optimal medical ther-
apy might be favored over that of prophylactic 
coronary revascularization, unless there is some 
other reason for getting revascularization.

A direct comparison of different strategies was 
accomplished by McFalls et al.,46 who randomized 
510 vascular surgical patients with an angiogram-
proven CAD and at an increased risk for cardiac 
complications to either prophylactic revasculariza-
tion by angioplasty or coronary artery bypass sur-
gery or medical therapy only. There was no 
significant difference in 30-day perioperative mor-
tality or morbidity or in long-term  mortality after a 
median follow-up of 2.7 years between the study 
groups. The main difference between the groups 
was that those who were revascularized had a 
delay from randomization to vascular surgery. At 
least for patients with stable cardiac symptoms, it 
appears that a strategy of revascularization is not 
supported prior to vascular surgery.

A third prerequisite for prophylactic coronary 
revascularization is that its benefit should be real-
ized in such a time frame that the proposed non-
cardiac surgery is not unduly delayed. Posner 
et al.47 reported that the risk of adverse cardiac 
outcomes after noncardiac surgery might be 
reduced by prior PTCA, but only if the interval 
between PTCA and the noncardiac surgery was 
more than 90 days. Furthermore, Kaluza et al.48 
noted that if noncardiac surgery is performed 
within 40 days of PTCA with a stent, the risk of 
stent thrombosis and death in the perioperative 
period might be prohibitively high (eight deaths 
[six from MI and two from major bleeding com-
plications] in 40 patients, or 20% mortality in 
their report). Typically, ticlopidine and aspirin are 
started 3–5 days before PTCA with stenting and 
continued for 14–30 days depending on the risk of 
stent thrombosis. The risk of stent occlusion drops 
off sharply after the initial 30 days. Major surgery 
might be associated with activation of the proco-
agulant system, and the risk of stent occlusion 
might be increased by surgical stresses. What 
might have been adequate antiplatelet therapy in 
the nonsurgical period might not prove to be ade-
quate during the perioperative period. Thus, 
undergoing a major noncardiac  surgery during the 
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early post-stenting period poses a significant 
dilemma in that discontinuation of the antiplatelet 
therapy increases the risk of stent thrombosis and 
MI, whereas its continuation (with or without an 
additional anticoagulant regimen such as heparin) 
increases the risk of major bleeding complica-
tions. If the patient gets a drug-eluting stent or 
intracoronary brachytherapy, the risk period for 
in-stent thrombosis may extend as long as a year 
or longer.49 Thus, the available data suggest that if 
the proposed aortic surgery cannot be delayed for 
30–40 days after PTCA with a bare metal stent or 
up to a year after a drug-eluting stent or intracoro-
nary brachytherapy, prophylactic revasculariza-
tion by PTCA might not be recommended to 
reduce the cardiac risk.

Regarding the early post-CABG period, Reul 
et al.50 reported a 2.7% cardiac death rate (overall 
mortality 3.9%) in 255 patients who had simulta-
neous CABG and peripheral vascular surgery, a 
2.2% cardiac death rate (overall mortality 3.6%) 
in 279 patients who had a CABG then peripheral 
vascular surgery 5 days to 3 weeks after CABG 
within the same hospitalization, and a 0% cardiac 
death rate (0.2% overall mortality) in 559 patients 
who had a CABG then a peripheral vascular sur-
gery during a subsequent hospitalization 1 month 
to 10 years after CABG. In Breen et al.’s review, 
patients undergoing aortic or peripheral vascular 
bypass surgeries within 1 month of CABG 
(n = 36) had a much higher 30-day mortality rate 
that case-matched controls (20.6% vs. 3.9%, 
P < 0.005).51 These data suggest that if the patient 
requires noncardiac surgery that cannot be 
delayed 30 days or longer and also has indica-
tions for coronary revascularization, performing 
coronary revascularization by PTCA or CABG 
might not result in improved short-term survival.

Patients with Valvular Stenosis

In the ACC/AHA guidelines,4 a severe valvular 
stenosis is considered to be an acute cardiac con-
dition and should lead to consideration of delay 
or cancellation of the proposed noncardiac sur-
gery, so that the acute cardiac condition can be 
managed. One may consider echocardiography, 

cardiac catheterization, or possible valve surgery. 
As in the case of patients who have CAD, the 
decision analysis for patients who have a signifi-
cant valvular stenosis should consider the relative 
risks and benefits of the strategy of proceeding 
directly to noncardiac surgery versus the strategy 
of diagnostic workup and therapeutic interven-
tions for the valvular abnormality followed by the 
noncardiac surgery. The initial diagnostic workup 
of transthoracic echocardiography carries negli-
gible risks and might provide valuable infor-
mation regarding the aortic valve and, to a lesser 
extent, the mitral valve. Better delineation of the 
mitral valve might require transesophageal 
echocardiography. Any additional intervention 
with angiography and valve surgery carries 
 significant mortality and morbidity risks  (mortality 
of about 6% for mitral valve replacement and 
3.5% for aortic valve replacement in 200144).

In the management of patients who have a sig-
nificant valve disease who present for major vas-
cular surgery, it is important that the clinician be 
aware of the pathophysiologic implications of the 
disease and manage the patient accordingly rather 
than necessarily subjecting the patient to correc-
tive intervention before the vascular surgery. 
O’Keefe et al. reported on their experience with 
48 patients who had severe aortic stenosis (AS; 
mean valve area 0.6 cm2) who were not candi-
dates for (or refused) aortic valve replacement 
and who needed noncardiac surgery.52 There was 
only one cardiac event with no deaths for a com-
plication rate of about 2%, which compares 
favorably with the 3.5% average mortality rate 
for aortic valve replacement reported for 2001 by 
the Society of Thoracic Surgeons.44 More recently, 
Raymer and Yang compared 55 patients who had 
significant AS (mean valve area 0.9 cm2) with 
case-matched controls who had similar preopera-
tive risk profiles other than AS who were under-
going similar surgeries.53 Cardiac complication 
rates were not significantly different between the 
groups. Thus, patients who have severe AS can 
undergo indicated noncardiac surgery safely pro-
vided that the presence of severe AS is recog-
nized and they receive intensive intraoperative 
and perioperative care with full knowledge of the 
implications of AS.
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Data are lacking regarding patients who have 
severe mitral stenosis or severe valvular regurgi-
tation who undergo noncardiac surgery without 
prior valve surgery. In case reviews of patients 
who had severe idiopathic hypertrophic subaortic 
stenosis, there was a relatively high incidence of 
postoperative CHF (10–17%), but not MI or car-
diac death.54,55

Key Notes

 1. The American College of Cardiology (ACC) 
and the American Heart Association (AHA) 
have published guidelines for preoperative 
evaluation. As applied to aortic surgeries, the 
guideline effectively consists of four steps to 
consider the urgency of the operation, the pres-
ence of an acute cardiac condition, the patient’s 
functional capacity, and comorbidities.

 2. For emergent surgeries or for patients with 
good functional capacity or no clinical risk 
factors, no additional cardiac workup is needed 
preoperatively. If the patient has an acute car-
diac condition, it should be managed preoper-
atively. With clinical risk factors and poor 
functional capacity, additional cardiac workup 
may be considered if it will change periopera-
tive management.

 3. Noninvasive cardiac tests assess myocardial 
function or perfusion. Both measurement of 
the systolic function (such as the left ventricu-
lar ejection fraction) and assessment of perfu-
sion by stress testing have generally shown a 
high negative predictive value, but a low posi-
tive predictive value. While a negative test is 
highly predictive of a nonevent, a positive test 
does not necessarily imply a positive cardiac 
event with surgery. Simple consideration of 
clinical risk factors may identify patients at 
risk, without these tests. Rather than in simple 
risk stratification, certain noninvasive tests 
may have value in identification and quantifi-
cation of stenotic valvular diseases and in iden-
tification of patients with prohibitive risks.

 4. Perioperative cardiac risks may be modified 
by using b-adrenergic blockade and/or statins. 
b-adrenergic blockade must be titrated so that 

perfusion pressures of end organs such as the 
brain are not compromised.

 5. In patients with nonacute cardiac conditions, 
“prophylactic” revascularization by either 
bypass surgery or angioplasty with or without 
stenting does not appear to reduce the cardiac 
risk of a subsequent noncardiac vascular sur-
gery, compared to maximal medical therapy 
alone.

 6. Patients undergoing major vascular surgery 
after a recent coronary stenting may be at high 
risk for in-stent thrombosis or major hemor-
rhage, depending on how the antiplatelet ther-
apy is managed perioperatively. This risk 
period may be 30–40 days after a bare metal 
stent and a year or longer after a drug-eluting 
stent or coronary brachytherapy. Similarly, the 
first month after coronary bypass surgery may 
represent a high-risk period.

 7. Although severe aortic stenosis is considered 
an acute cardiac condition warranting preop-
erative management according to the ACC/
AHA guidelines, retrospective data suggest 
that patients with severe aortic stenosis can 
undergo noncardiac surgery with comparable 
risks to those without it.
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Introduction

An ideal imaging technique should be able to 
confirm the diagnosis of aortic disease, classify the 
nature of aortic pathology [classic dissection ver-
sus intramural hematoma (IMH)], define the 
extent of aortic involvement (ascending, arch, and 
descending), and evaluate for associated compli-
cations. The diagnostic test should be sensitive, 
specific, and highly accurate. Diagnostic testing 
should be readily available to be done as quickly 
as possible considering the early high mortality of 
acute aortic disease (1% per hour in the first 48 h). 
It should also be able to provide additional infor-
mation, which impacts the patient’s immediate 
management and long-term outcome such as 
myocardial ischemia, aortic valve (AV) regurgita-
tion, cardiac tamponade, reentry tears, and aortic 
branch vessel involvement.

Echocardiography is readily available, accu-
rate, and provides additional useful information 
about aortic valve, coronary artery, and branch 
vessel involvement. The aorta can be imaged using 
four different ultrasound approaches, namely, tran-
sthoracic echocardiography (TTE), transesopha-
geal echocardiography (TEE), epiaortic ultrasound 
(EUS), and intravascular ultrasound (IVUS). Each 
has its utility in the perioperative period.

TTE

TTE is performed with a handheld transducer held 
against the surface of the chest. TTE images the 
aortic root and ascending aorta in the parasternal 
long-axis imaging plane from the intercostal 
spaces on the left and right side of the sternum 
(Figs. 4.1 and 4.2). The ascending aorta and arch 
are imaged in the suprasternal long axis by placing 
the transducer above the sternal notch or clavicle 
(Fig. 4.3). Apical views and subcostal windows 
are used to image aortic root and descending aorta 
(Figs. 4.4–4.6).

TTE is completely a noninvasive procedure. 
Patients suspected of having aortic pathology 
should undergo TTE first, and all possible data 
should be obtained. This often provides impor-
tant clues to the diagnosis.1–3 TEE exam can then 
be focused to confirm and assess the extent of the 
pathology along with the morphological features 
that impact management. TTE and TEE should 
be used in complementary manner. TTE can be 
used to diagnose dissection (Fig. 4.7), provide 
information on the extent of dissection (descend-
ing aorta, arch, and ascending aorta), aortic valve 
morphology, and regurgitation (Fig. 4.8), and 
identify the signs of leaking and ruptured aneu-
rysm (pericardial and pleural effusion). Regional 
wall motion abnormalities (RWMA) can be eval-
uated by TTE, which will indirectly point to cor-
onary artery involvement by dissection. TTE also 
provides important clues to the involvement of 
innominate and left carotid vessels in selected 
patients, which are difficult to assess by TEE.
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Fig. 4.1 Transthoracic parasternal long axis view

Fig. 4.2 Transthoracic parasternal long axis view
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Fig. 4.3 Suprasternal long axis showing the arch vessels

Fig. 4.4 Apical and subcostal windows imaging aortic root and descending aorta
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The sensitivity and specificity of TTE for 
 detecting aortic dissection are 75% and 90%, 
 respectively, when adequate images are obtained.4 
The sensitivity is 78–100% for ascending aortic dis-

section and 31–50% for descending thoracic aortic 
dissection.5 TTE is technically difficult because of 
the ultrasound impedance induced by chest wall and 
lungs. Imaging is of poor quality in patients with 

Fig. 4.6 Apical and subcostal windows imaging aortic root and descending aorta

Fig. 4.5 Apical and subcostal windows imaging aortic root and descending aorta



514 Role of Echocardiography in Aortic Surgery

Fig. 4.7 TTE images with arrows showing descending aortic dissection and aortic regurgitation

Fig. 4.8 TTE images with arrows showing descending aortic dissection and aortic regurgitation
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obesity , chest deformity, and emphysema (Fig. 4.9).1 
Intimal flap may be difficult to  differentiate from 
fluid in transverse sinus, catheter in right ventricular 
outflow tract, and calcified aortic root by TTE.6 In 
older patients and in patients with atherosclerotic 
disease, the aorta becomes increasingly tortuous, 
displacing the aorta deeper into the chest cavity to 
prevent optimal imaging from the anterior chest 
wall.7 Therefore, TTE alone may not provide a 
definitive diagnosis in aortic diseases.

TEE

Owing to the closeness of the esophagus to the 
aorta, the use of multiplane high-frequency TEE 
transducers can produce excellent high-resolution 
images of the entire aorta through multiple 
unobstructed  windows. Multiple  studies8–23 have 
documented the accuracy,  sensitivity, and speci-
ficity of TEE in the diagnosis of aortic pathology 
(>97%) (Table 4.1). Indications for the use of 
TEE in aortic pathology  and procedures are 
defined by American Society of Echocardiography/
Society of Cardiovascular Anesthesiologists 
(Table 4.2). The most important limitation of 
TEE is the blind spot of distal ascending and 
proximal arch visualization, where the trachea 

and left main stem bronchus pass in between the 
esophagus and aorta (Fig. 4.10). As a result, a 
dissection limited to these areas could be missed 
by TEE alone, but fortunately occurrence of 
such a localized dissection is rare.24 Positive 
 computerized tomographic (CT) diagnosis of 
aortic dissection is rare when initial TEE exami-
nation ruled out the dissection.

Fig. 4.9 Poor quality of TTE imaging in a patient with morbid obesity

Table 4.1 Sensitivity and specificity for transesophageal 
echocardiography in diagnosis of aortic dissection

Study Sensitivity Specificity

Moore et al.9  88 N/A
Hashimoto et al.10 100 100
Ballal et al.11  97 100
Adachi et al.12  98 N/A
Simon et al.13 100 100
Erbel et al.14  99 N/A
Nienaber et al.15  98  77
Laissy et al.16  86  94
Bansal et al.17  97 N/A
Keren et al.18  98  95
Vignon et al.19  91 100
Pepi et al.20 100 100
Nishino et al.21  86  75
Sommer et al.22 100  94
Evangelista et al.23  99 100
Chirillo et al.24  98  97
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Detailed TEE examination after anesthesia 
induction and muscle relaxation is helpful to rule 
out aortic dissection when preoperative CT and 
TTE were inconclusive. If the diagnosis is still 
doubtful, EUS can be utilized after sternotomy to 
rule out the diagnosis of dissection. EUS imaging 
also provides information of the TEE blind spot.  

Localized dissection of the TEE blind spot can 
occur due to iatrogenic reasons such as aortic 
cross clamping and cannulation. Demertzis et al.25 
reported an intraoperative localized dissection of 
distal ascending aorta and aortic arch diagnosed 
by EUS but missed in post-bypass TEE examina-
tion after ascending aortic replacement.

An important advantage of TEE is its rapid 
 performance in a wide variety of clinical 
 environments such as emergency department, inten-
sive care units, and operating rooms. In acutely ill 
patients at risk for hemodynamic collapse with 
needs for hemodynamic monitoring and infusion of 
medications, a bedside TEE is preferable to other 
imaging methods. TEE also eliminates the need for 
contrast agent and x-ray exposure required for CT 
and aortography and avoids the time delays and 
practical difficulties associated with magnetic reso-
nance imaging (MRI).

At the University of Pittsburgh medical center, 
patients with suspected acute aortic syndromes 
arriving at the emergency department are initially 
evaluated, and the choice of the diagnostic test is 
decided based on the clinical condition and 
 hemodynamic stability of the patient. Patients who 
are hemodynamically unstable or with a full  stomach 

Table 4.2 Indications for TEE during aortic surgery

Category I indications; Supported by strongest 
evidence or expert opinion: 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 settings)
•    Preoperative use in unstable patients with suspected 

thoracic aortic aneurysm, dissection, or disruption 
who needs to be evaluated quickly

•    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 (can 
occur with aortic cross clamping, rupture of the 
aneurysm, dissection, etc.)

•    Intraoperative assessment of aortic valve involve-
ment in repair of aortic dissection with possible 
aortic valve involvement

•    Intraoperative use in aortic valve repair (valve 
sparing aortic surgery)

Category II indications; Supported by weaker evidence 
and expert consensus: TEE may be useful in improving 
clinical outcomes in these settings and is often 
indicated depending on individual circumstances, but 
appropriate indications are less certain
•    Preoperative assessment of patients with suspected 

acute thoracic dissections, aneurysms, or disruption
•    Perioperative use in patients with hemodynamic 

disturbances
•    Surgical procedures in patients with increased risk of 

myocardial ischemia, infarction, and hemodynamic 
disturbances

•   Evaluation of regional myocardial function
•    Intraoperative assessment of aortic valve  

replacement
•   Intraoperative detection of air emboli
•    Intraoperative detection of aortic atheromatous 

disease or other sources of aortic emboli
•    Intraoperative use during repair of aortic dissections 

without aortic valve involvement
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 assessment of 
repair of thoracic aortic injuries

Reprinted with permission from American Society of 
Anesthesiologists and Lippincott Williams and Wilkins 
(Reference 104).

Fig. 4.10 Relationship of distal ascending aorta and 
proximal arch to esophagus and trachea/left main 
bronchus (Reprinted with permission from Taylor & 
Francis group (Reference 7))
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undergo TEE examination in the operating room 
after safe induction of  general anesthesia and  airway 
protected with the endotracheal tube. Topical anes-
thesia and intravenous sedation are utilized in a 
small number of stable patients with suspected dis-
section. This can be done either in the emergency 
room or in the intensive care unit. In many of these 
stable patients, CT angiography has replaced TEE 
as the diagnostic test of choice nowadays.

TEE in Conscious Subjects

Though institutional practices may vary, anesthe-
siology consultation is occasionally requested to 
perform TEE in conscious patients with suspected 
aortic dissection. Anesthesiologists should be 
aware of the safety precautions, preparation, and 
performance of TEE in conscious subjects.

Preparation

Informed consent explaining the risks and benefits 
of the procedure is obtained. Patients are explained 
about the mild abdominal discomfort and sensa-
tion of gagging during the procedure. Airway and 
suction equipment, induction medications, muscle 
relaxants, and emergency medications such as 
vasodilators, beta-blockers, vagolytics, and anti-
arrhythmics should be available. IV access and 
monitoring devices (EKG, invasive or noninvasive 
blood pressure, and pulse oximetry) are estab-
lished. Nasal oxygen is administered. Midazolam 
2 mg IV can be given in young, anxious, and 
hypertensive patients with dissection.

Procedure

Adequate topical anesthesia cannot be overempha-
sized since it is usually the deciding factor in 
patient discomfort that determines the success in 
passing the transducer. Patients are positioned in 
left lateral decubitus position with head flexed for 
the procedure. Bite block is required, and TEE 
probe is unlocked and tip should be straight during 
insertion. TEE probe is inserted in the midline 

over the back of the tongue into the throat, and 
patient is instructed to swallow which will usually 
allow smooth passage of the probe. Procedure 
should be stopped if there is any resistance or 
severe gagging is encountered. Esophageal exami-
nation is done before advancing the probe gently 
through the gastroesophageal sphincter (usually 
40 cm from teeth) for transgastric imaging. Upper 
esophageal views are done at the end because of 
the discomfort associated with the probe location.

In intubated patients, the TEE probe insertion 
is done in the supine position. The probe is posi-
tioned behind the endotracheal tube and gently 
advanced. Slight resistance is always encountered 
at upper esophageal sphincter level. Head flex-
ion, movement of the head toward side, and for-
ward pull of the mandible are helpful maneuvers 
to assist in the passage of the probe. In difficult 
cases, direct laryngoscopy and esophageal intu-
bation can be achieved.

Precautions and Complications

TEE is minimally invasive and complications are 
very infrequent. Cardiac arrhythmias (atrial and 
ventricular arrhythmias, bradycardia, or heart 
block) and airway complications (vomiting, 
 aspiration of gastric contents in unintubated 
patients, laryngospasm, and bronchospasm) can 
happen during the procedure. Hemodynamic 
response to probe insertion and manipulation 
should be prevented in patients with aortic disease. 
A hypertensive response leading to rupture of the 
aneurysm and dissection can be lethal.26,27 
Adequate local anesthesia, intravenous sedation, 
and drugs (vasodilators and beta-blockers) prevent 
catastrophic events in awake subjects. Adequate 
depth of anesthesia should be ensured in intubated 
patients to prevent the hypertensive response to 
probe insertion. Compression of esophagus and 
weakening of its wall by thoracic aneurysms may 
predispose to injury, perforation, and fistula for-
mation during TEE examination. Preoperative 
imaging studies should be reviewed to look for 
compression of esophagus before TEE probe 
insertion. If resistance is encountered, procedure 
should be abandoned. EUS can be utilized in such 
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patients. Rarely, insertion of the TEE probe in 
patients with giant thoracic aortic aneurysms may 
cause compression of mediastinal structures. 
Tracheal compression and airway obstruction from 
insertion of the TEE probe has been reported in 
patients with giant aortic pseudoaneurysm and dis-
section of ascending aorta.28

Echocardiographic Anatomy

The thoracic aorta is divided into three segments 
by specific anatomic landmarks. The ascending 
aorta originates with the aortic valve and ends at 
the origin of the innominate artery. The ascend-
ing aorta is further divided into the aortic root 
and the tubular ascending aorta. The aortic root is 
comprised of the aortic annulus, the aortic valve 
leaflets, and the sinus of Valsalva and is referred 
to as the aortic valve complex. A discrete area of 
narrowing, known as the sinotubular (ST) 
 junction, marks the end of the aortic root. The 
normal dimensions are given in Table 4.3.29 ST 
junction effacement occurs with age. The tubular 
ascending aorta can be described as proximal and 
distal using the pulmonary artery crossover as 
the reference. The aortic arch begins at the origin 
of the innominate artery and ends at the aortic 
isthmus directly opposite to the origin of the left 
subclavian artery. The arch gives rise to the great 
vessels at its superior margin. The descending 
thoracic aorta begins at the ligamentum arterio-
sum and ends at the aortic hiatus at the dia-
phragm. The descending thoracic aorta is loosely 
defined by its relationship to the esophagus. The 
esophagus and the aorta change positions in the 
chest in a twisting and turning fashion, which 
influences the optimal imaging of the aorta 
(Fig. 4.11). The proximal descending aorta lies 
anterior to the esophagus in the chest (probe 
15–20 cm from the incisors), the mid descending 

aorta is directly lateral to the esophagus (probe 
30–35 cm from incisors), and the distal descend-
ing aorta is directly posterior to the esophagus 
(probe 45 cm from incisors). The echocardiogra-
pher should take this into consideration while 
designating the aortic wall as anterior, posterior, 
medial, and lateral to locate the pathology. In 
lower esophageal views, the anterior wall will be 
shown in the superior aspect of the image close 
to the transducer and the posterior wall away 
from the transducer. In the upper esophageal 
views, the wall close to the transducer will be 
posterior and the wall away from the transducer 
will be the anterior wall. It is important to label 
and document the transducer depth with the 
images taken in the echocardiographic examina-
tion of the aorta. The improper registration of 
depth is an obvious disadvantage compared to 
other imaging modalities such as CT and MRI.

Aortic Dimensions

The aortic diameter is largest at its origin and 
tapers in size at the descending level till bifurca-
tion in the abdomen.29,30 The overall dimensions 
(length and diameter) of the aorta are dependent 
on the body habitus (Table 4.4). Intima and 
media are combined as the inner layer and 
adventitia as the outer layer, represented as two 
rings in short axis. The inner layer is homoge-
nous and moderately echogenic. Adventitia is 
thick, most echogenic, and is less homogenous 
and blends into adjacent chest structures. 
Measurements should be done from inner edge 
to inner edge. The aorta expands slightly during 
systole and measurements should be done at  
the same point in the cardiac cycle. The aorta is 
 circular in the short axis, and the diameter is 
measured anteroposterior and right to left 
direction. Anteroposterior and superoinferior 
dimensions are measured in longitudinal planes. 
Inaccuracy in dimensions can arise from oblique 
or off-axis imaging. In the short axis, an oblique 
view may make the aorta oval leading to overesti-
mation of the diameter. In the long axis, the diam-
eter may be underestimated by off-axis imaging 
failing to cut through the center of aorta.

Table 4.3 Aortic root dimensions (cm) at end-diastole

Aorta Mean (SD) Range

Annulus 1.9 (0.2) 1.4–2.6
Sinus of Valsalva 2.8 (0.3) 2.1–3.5
Sinotubular junction 2.4 (0.4) 1.7–3.4
Ascending aorta 2.6 (0.3) 2.1–3.4
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TEE Views of the Thoracic Aorta

TEE examination of the aorta starts with the probe 
in the midesophageal position and multiplane rota-
tion to 30–60° to image aortic valve in short axis 

(Fig. 4.12). All three aortic valve cusps are exam-
ined for mobility and abnormalities (fusion of 
cusps, coaptation defects, calcification, and bicus-
pid and unicuspid valves). Intimal dissection flap 
involving the aortic valve cusps can also be appre-
ciated. Slight anteflexion of the probe tip brings 
the imaging plane through the sinuses of Valsalva 
and the ostia of both coronary arteries. Color 
Doppler flow in short axis is used to detect the 
presence and location of aortic regurgitation jet in 
relation to the aortic valve cusps. Coronary artery 
flows should also be assessed by color flow.

From the midesophageal aortic valve short 
axis (ME AV SAX), rotate the multi-plane angle 

Fig. 4.11 Relation of esophagus and thoracic aorta from thoracic inlet to diaphragmatic hiatus (Modified from  
Freeman103 with permission from Mayo Foundation for Medical Education and Research. All rights reserved)

Table 4.4 Aortic average diameter (mm) according to 
body image

Aortic segment Small Medium Large

Ascending 28 32 39
Aortic arch 28 32 39
Descending 21 27 33
Diaphragmatic 20 26 33
Suprarenal 16 22 29
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Fig. 4.12 Midesophageal aortic valve short axis and ME long axis

Fig. 4.13 Midesophageal aortic valve short axis and ME long axis

to between 120° and 160° until the long axis view 
(ME AV LAX) of the aortic valve develops 
(Fig. 4.13). The aortic root (aortic annulus, sinus 
of Valsalva, and sinotubular junction) and the 

proximal ascending aorta appear on the right side 
of the image. Aortic valve cusps (the right cusp in 
the  bottom, left or noncoronary cusp above) are 
once again examined for calcification, restricted 
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mobility , and excessive mobility or prolapse. 
Intimal flap, its origin, extension, and its relation 
to the aortic valve cusps and the coronary ostia 
should be documented. Color flow Doppler can 
also be used to assess the severity of aortic regur-
gitation in this view. Aortic root dimensions are 
measured and compared with the table of normal 
values.

From ME AV LAX, reduce the multiplane 
angle to 100–120° and pull the probe out slightly. 
A long axis of the ascending aorta is obtained, 
and a short axis view of the right PA is also seen 
posterior to the aorta (Fig. 4.14). Both walls of 
the aorta are examined for calcification, athero-
mas, and dissection flaps. Ascending aortic 
 diameter is also measured at the level of PA and 
compared with the normal values.

From ME ascending aortic LAX, the probe is 
rotated to 30° to obtain the ascending aorta in 
short axis (Fig. 4.15). An upright view of the 
main pulmonary artery with the right PA and the 
SVC can also be seen in this view. The probe is 
moved up and down to scan the short axis of 
 different segments of the ascending aorta. As a 
rough guide, the aortic diameter should be the 
same as that of the pulmonary artery.

After midesophageal views, the probe is 
advanced into the stomach and the deep trans-
gastric long axis view is obtained (Fig. 4.16). In 
this view, the whole ascending aorta and aortic 
arch coursing around the pulmonary artery may 
be visualized at the depth of 24 cm. With minor 
manipulations (extreme anteflexion and rotat-
ing the transducer between 0° and 15°) of the 
probe, the takeoff of the innominate artery can 
be visualized. To improve image quality, it may 
be necessary to increase the overall gain and 
frequency.

Rotation of the probe through 180° so that 
the transducer faces the posterior aspect of the 
esophagus at a depth of field between 4 and 
6 cm enables visualization of the descending 
thoracic aorta. Reducing the gain and sector 
depth enables the detailed imaging of the wall 
of the aorta. The probe is withdrawn into the 
lower esophagus with the probe at 0°. Aorta is 
seen in short axis at 0° and in longitudinal axis 
at 90° (Fig. 4.17a & b). In the longitudinal view, 
the proximal segment is on the right, and the 
distal segment is on the left. The probe is with-
drawn in 3–5 cm increments with a slight clock-
wise rotation to keep the aorta in the center of 

Fig. 4.14 ME ascending aorta long axis and short axis
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Fig. 4.15 ME ascending aorta long axis and short axis

Fig. 4.16 Deep transgastric long axis view
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the image. The probe is withdrawn till the aortic 
arch appears in the long axis with the distal arch 
to the right and the proximal arch to the left 
(Fig. 4.18). The left subclavian artery can be eas-
ily seen by rotation of the plane to 90° (Fig. 4.19). 
With further counterclockwise rotation of the 

probe, two other  brachiocephalic vessels can be 
visualized. Visualization of the innominate 
artery is the most difficult because of its loca-
tion in the blind spot. Even in experienced 
hands, visualization is possible in only 40% of 
patients.7

Fig. 4.17 (a and b) Descending aorta short axis and long axis
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Patients with aortic disease have frequent coex-
istence of other valvular disease or coronary artery 
disease. It is important to perform a  comprehensive 
TEE examination to scan for associated abnormal-

ities. For example, regional wall motion changes 
may indicate associated coronary artery disease. 
Mitral valve disease is frequently associated with 
aortic disease of Marfan syndrome (MS).

Fig. 4.18 (a and b) Upper esophageal aortic arch long axis and short axis
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Artifacts in Aortic TEE

Reverberations are secondary reflections that occur 
along the path of a sound pulse and are a result of 
the ultrasound bouncing in between the structure 
and another reflecting surface. Reverberations 
appear as multiple equally spaced echoes on the 
display. These closely spaced reverberations 
merge and appear as a solid line directed away 
from the transducer. This is known as a comet tail 
or ring down artifact. Descending thoracic aorta 
is the common site for reverberation artifacts 
(Fig. 4.20).

A mirror image (Fig. 4.20) is a refraction 
 artifact and is created when the sound reflects off 
a strong reflector and redirected toward a second 
structure. This redirection causes a replica or 
 second copy of the structure to incorrectly appear 
on the image. Mirror artifact is always located 
deeper than real structure. A commonplace again 
is the descending aorta and is referred to as a 
double barrel aorta. A mirror image artifact may 
also appear in color Doppler.

Ultrasound beams projected by the transducer 
in a divergent manner (other than the central 
beam) can result in images when they encounter 
a strong specular reflector. Side lobe artifacts are 
commonly caused by calcification of the aortic 
root, the aortic valve, and the sinotubular  junction 
(Fig. 4.21), but can also arise from fatty 
 infiltration of the crista terminalis or an infusion 
catheter in the superior vena cava. In the 
 ascending aorta, this creates an impression of 
false  dissection. False dissections in the ascend-
ing aorta can also be caused by linear artifacts 
related to aorta–lung interface, anterior wall of 
left atrium, and a pulmonary artery catheter. 
Linear artifacts are more common when the 
 aortic diameter is larger than the left atrial 
diameter. Color Doppler with  normal homoge-
nous color on both sides of the linear echo and 
artifact movement with motion of the originating 
 structure on M-mode can be used to recognize 
these linear artifacts.

Near-field clutter arises from complex and 
nonuniform energy distribution in the portion of 

Fig. 4.19 Double barrel aorta and reverberation artifact
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the sector adjacent to the transducer. This leads to 
 limited visualization of structures adjacent to 
the probe as commonly encountered with the 
descending  aortic wall close to the probe. This 

can also be encountered with epiaortic imaging 
without fluid interface (Fig. 4.22). High-frequency 
probes improve the visualization close to the 
probe.

Fig. 4.20 Side lobe artifact (arrow)

Fig. 4.21 Pericardial effusion (arrow) mimicking dissection



64 K. Subramaniam and B. Subramaniam

Utility of TEE in the Diagnosis  
of Classic Aortic Dissection

Aortic dissections are classified into two types: 
Type A involves the ascending aorta, whatever 
the extension or the site of intimal tear. Type B 
involves the descending aorta with extension into 
the abdominal aorta or the aortic arch.

Intimomedial Flap

Dissection results in cleavage of medial layer 
into the inner two-third and the outer one-third. 
An intimal flap consists of the inner two-third of 
the media with the intimal layer. An intimal flap 
is linear, thin and intraluminal, mobile, and echo-
genic. It divides the aortic lumen into true and 
false lumens (Fig. 4.23). Mobility is correlated 
with mortality.31 Increased mobility is also 
observed around the site of intimal tear.

Intimal Tear

The dissection begins at the intimal tear. Tear 
appears as a discontinuity in the intimal flap 
(Fig. 4.24). Sixty-five percent of dissections 
originate in the ascending aorta, 20% in the 
descending thoracic aorta, and 10% in the aortic 
arch.32 The vast majority of dissections originate 
from the ascending aorta, within several centi-
meters above the sinuses of Valsalva, since torsion 
movement of aortic annulus provokes additional 
downward traction in the aortic root and 

Fig. 4.23 True lumen (TL) and false lumen (FL) of ascending aortic dissection

Fig. 4.22 Near-field clutter (arrow) with epiaortic imag-
ing. Anterior wall of aorta is not seen
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increases the longitudinal stress in the segment 
of the aorta. The other common site for the inti-
mal tear is in the descending aorta just distal to 
the origin of the subclavian artery at the site of 
the ligamentum arteriosum. Tears occur in the 
isthmus area because of increased tension at the 
union of mobile aortic arch with the descending 
thoracic aorta, which is quite fixed. From this 
point, the dissection usually proceeds in ante-
grade direction, though retrograde extension is 
possible. Color flow will indicate flow through 
the intimal tear between true and false lumens. 
Flow can be bidirectional in 75% of patients.33 
Pulse wave Doppler may show the pressure gra-
dient of 10–25 mmHg between the true and false 
lumens.34 Primary entry tear identification is 
important since the resection of primary tear 
during surgical repair and inclusion of primary 
tears in the endograft exclusion procedures 
reduces the incidence of late reoperation. 
Primary tears could be multiple or in some cases 
may be located in the TEE blind spot. Successful 
identification of the primary tear is more 
 successful in type B dissections (90%) than type 
A dissections (83%).35

Reentry Tears

Multiple communications between true and 
false lumen exists on careful screening of the 
entire aorta. Some represent entry sites with 
flow from the true toward false channel and 
others will be exit sites or have bidirectional 
flow. The reentry tear is usually located in the 
abdominal aorta, iliac arteries, or other aortic 
branches. These small communications, less 
than 2 mm in diameter, could represent the 
ostia of the intercostal or lumbar arteries that 
have been severed by the dissecting hema-
toma.36 Color flow will also identify these mul-
tiple small communications in the descending 
aorta between true and false lumens (Fig. 4.25). 
Location of reentry tears can be documented 
with the probe depth from incisors, which will 
be useful for postoperative follow-up. Reentry 
of the dissection is a predisposition for chronic 
false lumen perfusion with no tendency to 
thrombus formation. Absent flow, spontaneous 
echo contrast, and thrombus formation in the 
false lumen after surgical or endovascular aortic 

Fig. 4.24 Intimal tear (arrow) of ascending aorta
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Fig. 4.26 Absent color flow and spontaneous echo contrast in false lumen (arrow)

repair (EVAR) are good prognostic factors 
(Fig. 4.26).33,37,38 Ergin et al.37 reported absence 
of false lumen flow distal to operated type A 
dissection in 53% of patients while other stud-
ies achieved obliteration of flow in false lumen 

in only 10–30% of patients.39,40 Mohr-Kahaly 
et al. found persistence of flow in the false 
lumen in 71% of postoperative patients versus 
82% of their medically treated patients in all 
types of dissection.34

Fig. 4.25 Color flow through reentry tear in the descending aorta
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True and False Lumens

Echocardiographic differentiation is given in 
Table 4.5 (Figs. 4.23 and 4.24). Intimal flap and 
the flow in true and false lumens on either side 
of the flap are highly sensitive features of dis-
section. With large entry tears, flow in the 
nearby segments of the false lumen may have 
the same direction and timing as the true lumen 
flow.41 With small or more distal entry tears, 
false lumen flow is less similar to true lumen 
flow and peak velocity may occur later in the 
cardiac cycle representing delay of flow into the 
false lumen. On occasions, when the dissecting 
canal has no reentry tear and ends in a cul- 
de-sac, the flow in the false channel can be 
antegrade and retrograde.42 Spontaneous echo 
contrast and partial thrombosis  are seen in sites 
away from entry or reentry tears where the high 
velocity flow keeps these changes from 
occurring.

A thickening of the aortic wall in excess of 
15 mm has also been used as a sign of dissection, 
suggesting thrombosis of a false channel, which 
makes intimal flap difficult to recognize. Strict 
adherence to this criterion will minimize 
 false-positive results.43 False lumen thrombosis 
should be differentiated from aneurysm with 
thrombus formation, IMH, atherosclerotic ulcer 
with thrombosis, vascular mass, and finally 
coarctation or prior surgical repair. It is not 
uncommon for patients suspected of dissection to 
have these vascular pathologies involving tho-
racic aorta.44 False lumen thrombosis will have a 

smooth  intimal border or displaced intimal calci-
fication compared to aneurysmal thrombus, 
which will have irregular border.13

Aortic Valve Involvement in Aortic 
Dissection (Fig. 4.27)

Aortic valve (AV) involvement is common in 
 aortic dissection (40–76%). There are several 
mechanisms by which aortic valve can be affected 
by the dissection process: aortic  dilatation lead-
ing to incomplete valve closure, abnormal aortic 
annulus because of MS or  annuloaortic ectasia, 
diseased aortic valve (degenerative or bicuspid 
valve), prolapse of valve leaflets caused by exten-
sion of dissection to valve attachment, and 
 prolapse of the intimal flap into the aortic annulus 
(Figs. 4.28 and 4.29). Various degrees of aortic 
incompetence may be associated (Fig. 4.30).

Defining the mechanism of AV involvement 
by TEE is important in devising the surgical 
plan.45 Valve replacement is required in diseased 
valves (e.g., bicuspid valve with calcification). 
Valve replacement is also preferred in MS with 
diseased annulus or annuloaortic ectasia because 
of limited durability of valve repair in these 
patients. A valve-sparing operation is possible in 
all other mechanisms of valve involvement. 
In one series, preservation of the native aortic 
valve was possible in 86% of type A dissections 
with excellent results.46

TEE is superior to all other modalities in the 
assessment of aortic valve in dissections. TEE is 

Table 4.5 Echocardiographic differentiation of true and false lumens

True lumen False lumen

Size Smaller Large
Cardiac cycle Expands during systole Flap moves toward false lumen during systole
Velocity of blood flow High and aliasing Low
Direction of flow Systolic antegrade Antegrade systolic, delayed late peak or retrograde
Spontaneous echo contrast/
thrombus

Absent Thrombus/spontaneous echo contrast may be present

IV echo contrast washout Faster Slower
Thin cobweb like echos Absent Indicate residual strands of media joining intimal 

flap to outer wall of the false lumen especially in 
descending aorta
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also utilized to assess the severity of residual aortic 
regurgitation in the post-bypass period if a valve 
repair is attempted (Figs. 4.31 and 4.32).

Coronary Artery Involvement

TEE can be used to diagnose occlusion of 
 coronary artery by intimal flap or extension of 
dissection into the coronary artery (Fig. 4.33). 
Right coronary artery involvement is more com-
mon because of the common location of intimal 

tear in the ascending aorta on the right side and 
progression of the dissection along the right lateral 
region of the ascending aorta. Left coronary artery 
involvement indicates extensive dissection.

In one series, one or both coronary arteries were 
noted to be involved in 21% of patients with dis-
section by surgical documentation.10 An adequate 
view of the proximal coronary artery and ostia was 
obtained in 88% of the left main and 50% of the 
right coronary artery in these patients. TEE identi-
fied the involvement of coronary arteries in 86% of 
cases, while EKG changes were seen only in 33% 
of patients. Only 29% of patients with coronary 
artery involvement develop clinical myocardial 
infarction.

Development of new regional wall motion 
abnormalities on TEE can point to the involve-
ment of coronary arteries in aortic dissection. 
RWMA may also be caused by coronary artery 
disease, which has been found to be associated 
with 43% of patients of aortic dissection in one 
series. Delaying the aortic repair for obtaining 
coronary angiography has not been shown to be 
beneficial. Three-fourths of patients underwent 
a bypass procedure for coronary artery involve-
ment in dissections rather than for associated 
CAD.47 On the other hand, patients presenting 
with chest pain and undergoing coronary 
 arteriography for acute coronary syndrome 
actually can have acute aortic syndrome. TEE 
is also used to confirm flows through proximal 
coronary arteries in the post-bypass period 
(Fig. 4.34).

Branch Vessel Involvement

Aortic Arch

Progression of dissection from the ascending 
aorta to the arch occurs in the larger curvature of 
the arch where the arch branches originate. 
Arch  vessels can be involved with dissection, 
disinsertion, obstruction of the artery ostium, or 
compression by false lumen. The innominate and 
the left common carotid arteries are more 
 frequently involved than the left subclavian artery. 
TEE can localize the left subclavian  arteries in 

Fig. 4.27 Various mechanisms of aortic valve involve-
ment and regurgitation in aortic dissection: (a) dilatation 
of aortic root and sinotubular junction, (b) diseased aortic 
valve, (c) flap causing prolapse of the aortic valve, and (d) 
prolapsing intimal flap into the valve (Reprinted with 
permission from Taylor & Francis Group (Reference 7))
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Fig. 4.28 Type C aortic valve involvement by intimal flap (arrow)

Fig. 4.29 Type D aortic valve involvement by aortic dissection

100% of patients (Fig. 4.35). With an experienced 
echocardiographer  and multiplane probes, TEE 
can rule out involvement of the innominate and 
left carotid arteries in some patients.33 The knowl-

edge of great vessel involvement may not modify 
the  surgical approach and the arch and branch 
vessels can be examined during the operation.44 
TTE and EUS can be  utilized to evaluate the arch 
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Fig. 4.30 Severe aortic regurgitation with aortic dissection demonstrated by color flow Doppler

Fig. 4.31 Color flow Doppler of ME long axis and short axis showing residual AI after aortic valve repair
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Fig. 4.32 Color flow Doppler of ME long axis and short axis showing residual AI after aortic valve repair

Fig. 4.33 Coronary artery involvement by dissection flap

vessel involvement and identify the intimal tears 
in the blind spot of TEE. Missing the intimal tears 
in the arch and  replacing only the ascending aorta 
will result in continuous flow into the false lumen 
(Fig. 4.36).

Visceral Ischemia

Intraoperative TEE is not usually used to evaluate 
the abdominal organ ischemia because of obvi-
ous limited visualization of branch vessels. CT 
angiography is typically done preoperatively to 
evaluate the renal and mesenteric arteries. 
Intraoperative assessment of renal and spinal 
cord blood flow has been evaluated in isolated 
clinical trials.48,49 This is very insensitive, time 
consuming, difficult, and impractical in the busy 
operating environment.

TEE assessment of celiac and superior mesen-
teric blood flow has been studied by Orihashi 
et al.48,50 TEE provided real-time dynamic and 
 continuous intraoperative information in their 
case series of 24 patients. It is technically chal-
lenging to diagnose mesenteric ischemia by TEE, 
but may be a promising tool. This may be useful 
in patients undergoing emergency surgery with-
out preoperative imaging studies and in patients 
with  unexplained metabolic acidosis complicat-
ing intraoperative management of both type A  
and B dissections.
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Fig. 4.34 Color flow of proximal left (a) and right (b) coronary arteries
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Ruptured and Leaking Dissections

Rupture of intrapericardial portion of the aorta 
(the ascending aorta till the origin of the main 
pulmonary artery) will result in rapid deterioration 
from cardiac tamponade. For type A dissections, 

death is caused by intrapericardial rupture and 
cardiac tamponade in 80–90% of cases. For type 
B dissections, rupture causes 60–70% of deaths. 
Hemomediastinum is produced in cases of aortic 
arch rupture and a left hemothorax in rupture of 
the descending thoracic aorta. Echocardiographic 
signs of bleeding include pericardial and pleural 
effusions (left), widening of the oblique sinus 
with soft tissue echoes indicating hematoma, 
hazy echoes in the transverse sinus, and compres-
sion of right pulmonary artery and superior vena 
cava.51 Increased blood flow velocity or color 
flow turbulence in the pulmonary artery may 
indicate compression by a hematoma. Mediastinal 
hematoma is characterized by an increased dis-
tance between the esophagus and the anterome-
dial wall of the aorta or increased distance 
between the posterolateral wall and the left vis-
ceral pleura measured at the level of the isthmus 
(Fig. 4.37).52

Pericardial collection can be readily recog-
nized by external apical views on TTE and 
may obviate the need for TEE in the interest of 
moving the patient emergently to the operat-
ing room. TEE can then be done for detailed Fig. 4.35 Involvement of subclavian artery by dissection 

(arrow)

Fig. 4.36 Intimal tear in the aortic arch
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evaluation of dissection process after the patient 
arrives in the operating room and is hemody-
namically stabilized.

Late Complications

Patients with previously operated type A dissec-
tions and medically treated type B dissections 
can present to the operating room with complica-
tions. Progressive dilatations are more common 
in nonoperated type B dissections than operated 
type A dissections.36 Enlargement of the false 
lumen leads to a dissecting aneurysm and makes 
the definition of the outer boundary difficult. 
Aneurysmal enlargement should be dealt with 
urgently, as the chances of rupture are very high. 
In a series of 50 type B medically managed 
 dissections, 20% had rapid expansion and 18% 
had rupture at 3 years. Complications are more 
common with aortic diameter more than 40 mm 
and persistent false lumen flow.53 Uncontained 
rupture into the pleural space and the mediasti-
num causes sudden death. Ruptures contained by 
aortic adventitia result in a pseudoaneurysm and 
hematoma formation. Both dissecting aneurysms 

and pseudoaneurysms can be identified by TEE. 
Contrast injection is helpful in diagnosing rup-
ture and extravasation into the surrounding 
tissues.

Among previously operated type A dissec-
tions, abnormalities may develop in both oper-
ated and nonoperated segments. Dilation of 
noncontiguous, nonoperated aortic segments 
develops in 17% of patients with prior acute type 
A dissections.54 Screening of progressive disease 
by imaging can potentially prevent rupture and 
redissection. When recurrent chest pain and 
hemodynamic instability occurs, redissection 
should be considered, and TEE can define new 
pathologic abnormality and extent. The images 
should be compared with previous TEE images at 
the time of surgery and discharge.

Pseudoaneurysm formation can occur in 
7–25% of patients with composite grafts such as 
Bentall procedure secondary to hemorrhage at a 
suture line dehiscence (Fig. 4.38). Blood between 
the graft and aortic wall can create supravalvular 
aortic stenosis. Both of these complications can 
be detected and delineated by TEE.55 Color flow 
Doppler will demonstrate blood flow into echo 
free space between graft and aortic wall.

Fig. 4.37 Mediastinal hematoma (arrow)
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Fig. 4.38 (a and b) Pseudoaneurysm formation at the aortic root after Bentall’s procedure

Mitral Regurgitation

Mitral regurgitation (MR) in aortic disease 
could be the result of wall motion changes 
related to coronary artery involvement, ventric-
ular dilatation induced by aortic insufficiency, 

or a result of an underlying disorder such as MS 
(Fig. 4.39). Mitral valve involvement in MS 
(annular dilatation, annular calcification, and 
prolapse) is either isolated or associated with 
fusiform aneurysms.56 Evaluation of the mecha-
nism of MR is important in planning for surgi-
cal repair/replacement versus no intervention. 
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Post-bypass evaluation is equally important 
after repair or if the decision was made to leave 
the MR alone.

Intramural Hematoma

Intramural hematoma (IMH) represents 15–30% 
of all aortic syndromes. In one series, IMH 
involved the ascending aorta in 48%, the aortic 
arch in 8%, and the descending aorta in 44% of 
patients.57 IMH can occur in patients with severe 
atherosclerosis in whom penetrating aortic ulcers 
or atherosclerotic plaque rupture could be the 
 initiating factor. In patients with mild or no 
 atherosclerosis, spontaneous rupture of vasava-
sorum may initiate aortic wall degeneration, 
which eventually leads to a hematoma in the aor-
tic wall and splitting of aortic wall layers and 
dissection formation without intimal tear.58 
Patients in the first group tend to be older and 
associated with coronary and peripheral vascular 
disease. Aortic insufficiency is rare. By TEE, 
intimal flap, reentry tears, or false lumen flows 
are not detectable unlike classic dissection 

(Fig. 4.40).59 There is a controversy regarding 
intimal tears in IMH. Some consider that finding 
an intimal tear precludes the diagnosis while 
others feel that IMH may be associated with inti-
mal tears (small  communications representing 
intimal rupture). Aortic wall normally measures 
3–4 mm in  thickness. Crescentric or circular 
thickening more than 5 mm with symptoms suf-
fices for the diagnosis of IMH.60 Echolucent 
areas or echo free space within the thickened 
aortic wall can also be  demonstrated in some 
patients. This may represent a pool of low blood 
flow that comes from the aortic lumen through 
tiny intimal ruptures or the ostia of intercostal or 
lumbar arteries that have been severed by hema-
toma. Echolucency is not a poor prognostic 
sign.61 The presence of fluid extravasation (peri-
cardial and pleural effusion and periaortic medi-
astinal hemorrhage) is a  frequent finding in IMH 
compared to classic  dissections.62 Large and pro-
gressive increases in effusion are ominous signs. 
IMH should be differentiated from dissection 
with false lumen thrombus, atherosclerotic aor-
tic wall thickening, and aneurysmal dilatation 
with intramural thrombus. TEE is superior to 

Fig. 4.39 ME long axis view showing aneurysm of sinus of Valsalva (arrow) with mitral disease and regurgitation in 
a patient with Marfan syndrome (double arrow)
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other techniques in demonstrating smooth intimal 
wall in IMH compared to all other disease pro-
cesses.60,61 The sensitivity and specificity of TEE 
in diagnosing IMH is 90% and 99%, respec-
tively.63 Although the studies that compare the 
diagnostic sensitivity and specificity of imaging 
techniques do not exist, their diagnostic  accuracy 
does not appear to be significantly different. 
Surgical intervention is recommended in patients 
with type A IMH because ascending aortic 
involvement is an indicator of disease progres-
sion. Localized dissection, aneurysm formation, 
and rupture are sequel of IMH. Predictors of dis-
ease progression include maximum aortic diam-
eter greater than 50 mm, rapid aortic enlargement, 
aortic wall thickness > 11 mm, large and repeti-
tive fluid collection in the chest, localized dis-
section (Fig. 4.41), and presence of an associated 
penetrating ulcer or an ulcer-like projection in 
the involved segment.64-66 All these should be 
looked for when you are presented with IMH 
and other imaging techniques like CT and MRI 
should be utilized in the decision-making 
process.

Penetrating Aortic Ulcers

This term describes the condition in which ulcer-
ation of an aortic atherosclerotic lesion penetrates 
the internal elastic lamina into media (Fig. 4.42). 
Patients are older and usually do not have con-
nective tissue diseases. Most of the PAU occur in 
the descending aorta. The main handicap is that 
there is no imaging diagnostic technique that can 
document the disruption of internal elastic lam-
ina. Vilacosta et al. evaluated the role of TEE in 
the diagnosis of PAU and concluded that TEE 
can recognize these ulcers and complications 
associated with them.67 TEE may reveal an ulcer-
ative plaque that projects deep into the medial 
wall layer, frequently with spontaneous contrast 
at the site. Color flow may demonstrate flow into 
the ulcer. PAU can be the precursor for IMH, 
dissection, adventitial rupture, or contained 
rupture with pseudoaneurysm formation, and all 
of these can be demonstrated by TEE.67 They do 
not develop pericardial effusion, valvular 
 insufficiency, or  cardiovascular compromise but 

Fig. 4.40 Intramural hematoma with echolucency (double arrow) of ascending aorta
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may accumulate blood in the mediastinal and 
pleural space.

TEE features of dissections secondary to PAU 
have distinctive features from classic dissections; 

the dissections are short, being limited by the 
fibrosis and calcification of atherosclerosis. They 
occur commonly at the mid or distal descending 
aorta unlike classic dissections. The intimomedial 

Fig. 4.42 Figure illustrating penetrating aortic ulcers (Reprinted with permission from [Springer publishers] 
reference 31)

Fig. 4.41 Intramural hematoma progressing to dissection (double arrow) in the ascending aorta
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flap is thick, calcific, and static. The true lumen is 
larger than the false lumen and the dissection can 
take retrograde direction.67 Medical therapy may 
be indicated in stable patients. Few centers advo-
cate surgical therapy because of the frequent late 
complications.

Echocardiographic Evaluation  
of Aneurysms

Sinus of Valsalva Aneurysms

The etiology is usually congenital but can occur 
with cystic medial degeneration, MS, endocardi-
tis, or a penetrating injury. A weakness in the aor-
tic media at its junction with annulus fibrosis is 
thought to be the cause of the congenital aneu-
rysms of the sinus of Valsalva. Abnormal dilata-
tion of one or more of the sinuses gives windsock 
appearance in the midesophageal aortic valve 
short axis view. This typical appearance of an 
extended aneurysm channel is not seen in acquired 
aortic fistulas. They occur most commonly in the 
right coronary sinus (69%) and the noncoronary 
sinus (26%) (Fig. 4.43a) but can be seen in the left 
coronary sinus (5%). Other congenital cardiac 
diseases may be associated (bicuspid valve, VSD, 
ASD, pulmonic stenosis, and PDA). Patients are 

asymptomatic until the aneurysm ruptures into 
the right atrium or the right ventricle. Rupture will 
result in echocardiographic evidence of RV over-
load. Color Doppler will show a swirling flow 
pattern in an intact aneurysm and a high-velocity 
turbulent flow pattern in the ruptured aneurysm 
(Fig. 4.43b). The aortic valve is morphologically 
normal. Aortic valve prolapse and aortic incom-
petence may be associated. Compression of adja-
cent structures like RVOT, LVOT, and tricuspid 
valve (with varying degrees of tricuspid regurgita-
tion) may be seen. A ventricular septal defect and 
conduction abnormalities may result.

Acquired aneurysms differ from congenital 
aneurysms in that they are often associated with 
dilatation of the ascending aorta, involve more 
than one sinus, may rupture into the pericardium 
or other cardiac chambers (endocarditis).7 ME 
LAX view is especially useful in the diagnosis 
(Fig. 4.39).

Role of Intraoperative TEE in Aortic 
Aneurysm Surgery

The threshold for operations in asymptomatic 
patients includes an aortic diameter twice normal 
or an absolute aortic diameter of more than 5.5 cm 
and rapid growth (growth rate > 5 mm/year). 

Fig. 4.43 (a) Congenital sinus of Valsalva aneurysm 
(arrow) shown in transgastric long axis view (b) Rupture 
(arrow) of noncoronary sinus of Valsalva into the right 
atrium with turbulent color flow through the rupture 

(arrow) Acknowledgement: Dr. Wilfred Lewis MD, 
Department of Anesthesiology, North share Medical cen-
ter, Salem Hospital, Salem, MA
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Surgery is indicated for lower aortic diameters 
(4.5–5 cm) in patients with MFS, bicuspid aortic 
valve and in patients presenting for aortic valve sur-
gery because of aortic stenosis or regurgitation.68,69

Intraoperative TEE can confirm the nature (true 
vs. false), location, extent, shape, size, and etio-
pathogenesis of aortic aneurysms and the presence 
of associated complications such as  dissection and 
mural thrombus (Fig. 4.44). All this information 
may be available to the surgeon by preoperative 
imaging (CT/MRI or aortography) in elective sur-
gical patients. There could be a variation in the 
measurements between CT imaging and TEE with 
TEE being less than CT measurements and vari-
ability increases with an increase in the diameter 
of the aneurysms. In few patients, aortic aneurysm 
may be an accidental finding detected by intraop-
erative TEE during another cardiac surgery such 
as coronary artery bypass grafting. Most surgeons 
will replace the aorta more than 4.5 cm in diame-
ter. Between 4 and 4.5 cm, several factors such as 
age, expected survival, prolongation of CPB time, 
and requirement of DHCA with associated mor-
bidity and mortality have to be considered for sur-
gical  decision-making. This finding also influences 

the site of aortic cannulation even if the surgeon 
decides to leave the aneurysm alone. In recipients 
of heart transplantations, a finding of ascending 
aneurysms may influence the donor surgeon to 
take extra length of the ascending aorta along with 
the donor heart.

However, the most important use of intraopera-
tive TEE is the assessment of the aortic valve and 
the aortic root to evaluate the feasibility of aortic 
valve repair and perform post-bypass assessment 
of the repaired valve for residual regurgitation.

In case of aortic pseudoaneurysms, TEE can fur-
ther define the origin, etiology, extent and  contents 
in the pseudoaneurysms. TEE can  distinguish 
pseudo from true aneurysms by defining the narrow 
neck of the pseudoaneurysm by two-dimensional 
and Doppler technology ( bidirectional blood flow 
through the connecting neck between the aorta and 
the pseudoaneurysm). The pseudoaneurysmal sac 
may expand during systole and collapse during 
diastole. Intraluminal spontaneous echo contrast, 
thrombus, or infective vegetations (mycotic aneu-
rysms; Fig. 4.45) can be observed in the pseudoan-
eurysms. Pseudoaneurysms arising from the 
anterior or posterior wall should be defined, as the 

Fig. 4.44 Aneurysm of the aorta with mural thrombus formation (arrow)
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anterior pathology is more prone for rupture dur-
ing  sternotomy. Compression of the  surrounding 
structures such as the pulmonary artery, the right 

ventricular outflow tract, and the superior vena cava 
by a huge pseudoaneurysm can be noticed by TEE 
(Fig. 4.46).70,71 Free rupture into the mediastinum 

Fig. 4.45 Mycotic aneurysm of the ascending aorta filled with infective material (arrow)

Fig. 4.46 ME bicaval view showing compression of right atrium and superior vena cava by huge pseudoaneurysm of 
ascending aorta (arrow)
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and fistula with other cardiac structures such as 
the right atrium, the right ventricle, and the pul-
monary artery may be seen.72–74 It may be difficult 
to obtain regular TEE views in cases of a huge 
pseudoaneurysm displacing the cardiac struc-
tures. Associated findings such as  dissection, ath-
erosclerotic ulcer, and infective endocarditis of 
the valves and vegetations will help in the identi-
fication of the etiology. Finally, TEE is a helpful 
tool to guide catheter-based treatments such as 
endograft and Amplatzer® septal occluder device 
for aortic pseudoaneurysms.75

Infectious Endocarditis Involvement 
in Aortic Root

Infections from the aortic and mitral valve may be 
associated with periannular thickening  indicating 
abscess formation (thickness > 10 mm). Mitral 
aortic intervalvular fibrosa may be involved. 
Abscesses appear as homogenous echodense 
thickening by TEE (Fig. 4.47). Cavitation and 
echolucency occur later (Fig. 4.47). Rupture into 
the aortic root causes pseudoaneurysm with to 
and fro Doppler color flow signals (Fig. 4.48). 

Fistula formation between the aortic root and the 
left atrium should be looked for by TEE in such 
cases (Fig. 4.48). TEE is more sensitive and spe-
cific than TTE for detection of periaortic compli-
cations with infective aortic valves. Perivalvular 
echo findings are associated with higher periop-
erative and long-term morbidity and mortality.

Traumatic Aortic Injuries

Thoracic aortic trauma is common after severe 
deceleration injuries. Aortic isthmus is involved 
in 90% of cases presenting to the operating room. 
TEE is highly sensitive (91%) and specific 
(100%).76,77 TEE findings are important in plan-
ning management. Intimal tears and intramural 
localized hematoma can be managed medically. 
Subadventitial disruption and pseudoaneurysm 
formation should be treated either by  endo vascular 
or surgical  management as appropriate. Active 
bleeding with increasing mediastinal hematoma 
or obstruction by thick flap (pseudo-coarctation) 
requires immediate surgery or endovascular surgery. 
TEE characteristics  of traumatic subadventitial 
disruption differ from aortic  dissection (Table 4.6) 

Fig. 4.47 Infective endocarditis with periannular aortic abscess (arrow) formation. Echolucency (double arrows) 
indicate cavity formation in the abscess



834 Role of Echocardiography in Aortic Surgery

Table 4.6 TEE Characteristics of traumatic aortic injury

Aortic trauma Dissection

Site Isthmus Ascending, arch, descending any site
Flap Highly mobile, contains both intima 

and media (3–5 mm)
Thin (intima + 1/3 media), less mobile

Flap Runs oblique and vertical through the 
lumen

Runs parallel to the lumen

Aortic contour Deformed, asymmetric None
Aortic diameter Preserved Symmetrically enlarged
Entry, reentry tears Absent Present
Thrombus in false lumen Absent May be present
Mediastinal hematoma Present May be present
Flow velocities Similar on either side of the flap Differential velocities
Mosaic pattern around the lesion Present Absent

Fig. 4.48 Color flow (arrow) indicating fistula formation between periannular aortic abscess and left atrium

(Fig. 4.49). TEE cannot be utilized in patients 
with severe edema from facial and  mandibular 
fractures and in patients with unstable neck 
trauma.

Coarcation of Aorta

Coarctation presents as the narrowed segment of 
the aorta below the origin of the subclavian 
artery in TEE with color flow turbulence and 

increased velocity at the stenotic level (Fig. 4.50). 
It is difficult to align the continuous wave 
Doppler to stenotic segment and measure the 
pressure gradient  across the stenosis in TEE 
views. TTE suprasternal views can estimate 
pressure gradient reliably. It is also possible to 
observe collateral flow by TEE. Associated car-
diac anomalies should be looked for in the peri-
operative TEE examination (ventricular septal 
defect, bicuspid aortic valve, patent ductus arte-
riosus, mitral stenosis, or regurgitation). Patent 
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ductus  arteriosus can be diagnosed by TEE and 
its size and blood flow can be assessed. Systemic 
blood flow to pulmonary blood flow ratio can be 
calculated. Persistent distension of the left 
side of the heart during bypass may be an indi-
cation to look for and rule out patent ductus 
arteriosus.

Iatrogenic Aortic Injury

Iatrogenic injuries to the aorta can be caused by 
intraluminal balloon pump insertion, stenting, 
and aortic cannulation and decannulation for car-
diopulmonary bypass (Fig. 4.51). TEE guided 
instrumentation can prevent these injuries. 
Routine examination of the aortic wall and lumina 
after any instrumentation should be done to detect 
these injuries early. Localized dissection and 
embolization are the main injuries. TEE is used 
as guide to cannulate the true lumen in patients 
with dissection either from the femoral artery or 
from the ascending aorta. Flow in true lumen is 
observed by TEE after cannulation to confirm the 
position of the arterial cannula.

Echocardiography for Endovascular 
Aortic Surgery

TEE

Intraoperative TEE is a very useful adjunct in 
patients undergoing thoracic aortic endoluminal 
surgery. TEE is an attractive intraoperative imaging 
modality in addition to the standard imaging tech-
nique of “angiography” used to deploy the 
stents.78–80 TEE helps minimize contrast exposure 
for fluoroscopy. TEE has been shown to be useful 
in deployment of stents for various types of lesions 
(dissections, aneurysms, and traumatic aortic 
injury) located in the descending thoracic aorta, the 
aortic arch, and the ascending aorta.81,82 Visualization 
of lesions in the blind spot (distal ascending aorta 
and proximal arch) is limited (Fig. 4.52). Other dis-
advantages are possible discomfort due to the con-
tinuous esophageal imaging and thereby 
necessitating general anesthesia, which could have 
been avoided in some if not all. The associated 
complications with TEE  placement should be rec-
ognized and cared for. Although TEE probe by 

Fig. 4.49 Traumatic aortic disruption. Note the thick flap running vertically inside aortic lumen
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Fig. 4.50 Coarctation of 
aorta (a) with  
turbulent flow across the 
coarctation (b)

itself could play the role of a landmark and help the 
surgeon to optimize stent position and deployment, 
it interferes with fluoroscopic examinations 
(Fig. 4.53). Therefore, TEE is used in between flu-
oroscopic imaging to avoid interference.

IVUS

Intravascular ultrasound (IVUS) is used by the 
endovascular surgeons to aid fluoroscopy in 
endograft procedures for aneurysms, dissections, 
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and traumatic disruptions. An IVUS probe (8–10 
MHz probe for aorta) is introduced through the 
endovascular sheath to study the endoluminal 
aspect of the aorta (Fig. 4.54a and b). Imaging is 
displayed in the fluoroscopy screen and used to 
compare and correlate the findings of fluoros-
copy (Fig. 4.55). IVUS can delineate intralumi-
nal pathology, assess landing zones, locate branch 
vessels, and allow measurements for stent size 
selection83 (Fig. 4.56a). IVUS can also assess the 
accuracy of endograft deployment, degree of 
device expansion, and stent apposition of the 
prosthesis to the vessel wall83 (Fig. 4.56b).

TEE and Pre-stent Deployment Phase

The first purpose of TEE examination is to confirm 
the diagnosis of thoracic aortic disease (aneu-
rysm, dissection, and traumatic aortic injury) for 
which endovascular therapy is planned. TEE also 
helps with exact lesion localization, sizing of the 
lesion, and the choice of the landing zones as it 
can delineate the presence of calcifications, com-
plex atheromatous plaques, and intraluminal 

thrombus.31 TEE also has the ability to locate 
large intercostal arteries so that their exclusion by 
the graft can be avoided and occlusion can be 
detected early if it occurs. However, their visual-
ization is not consistent. Finally, a comprehensive 
cardiac and valvular function can be evaluated 
and monitored continuously during the procedure 
since most of these patients have severe concomi-
tant cardiac disease.

Stent Deployment Phase

TEE can help place guidewires and endo-
vascular delivery sheath. This is an extension of 
skills  routinely used by the intraoperative 
echocardiographer  during the management of 
minimally invasive cardiac surgery. In the longi-
tudinal view, the catheter delivery device can be 
visualized only in precise planes. The short axis 
view is more useful to visualize positioning of 
these devices. The  stent-graft delivery system is 
distinguished from the guidewire by differences 
in echogenicity and thickness.80 The stent-graft 
can be differentiated from the delivery system by 

Fig. 4.51 Iatrogenic dissection of proximal aortic arch (arrow) by aortic cannulation (double arrow)
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Fig. 4.52 TEE views of distal ascending aorta and proximal arch are limited by interposition of trachea and left 
bronchus

the unique echogenic pattern and shadow from 
the metallic stent.80 TEE has the ability to visual-
ize the undeployed stent-graft in relation to the 
normal and diseased aorta and ensure that the 
endograft bridges the diseased aortic segment 
(Fig. 4.57a–d).

Several complications due to intraaortic manip-
ulations can happen during this phase. Extensive 
instrumentation in the aorta can lead to disruption 
of atherosclerotic plaques or intraluminal 
 thrombus resulting in stroke. TEE helps in avoid-
ance of such complications during  instrumentation. 

TEE guidance prevents the unintentional entry of 
the wires and stent introducer into the pseudoan-
eurysm and false lumen of dissections.84,85 Intimal 
dehiscence and iatrogenic dissections can be 
 diagnosed early by TEE.86,87

Post-deployment Phase

Immediately after stent deployment, TEE con-
firms the placement of endograft across the dis-
eased aorta. Both proximal and distal ends and 
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the endoluminal side of the graft should be 
inspected. It is not uncommon to see some debris, 
small clots, or spontaneous echo contrast on the 
endoluminal side, and these are the consequence 
of decreased aortic flow due to induced hypoten-
sion during deployment. Malpositioning of the 
endograft with the aorta and mal-alignment of 
the two endografts diagnosed with TEE can lead 
to early  interventions.88,89 Color flow is utilized to 
detect endoleaks. Balloon inflation to optimize 
the degree of contact between the stent and aortic 
wall or to treat the mal-aligned grafts is done 
using TEE guidance.31

Detection of Endoleaks

An endoleak occurs when there is persistent 
blood flow into the aneurysmal sac or the excluded 
portion of the aorta.90 Color flow Doppler helps 
detect the leaks from the central aorta into the 
excluded diseased aorta.80 Device migration, 
malposition, or mal-alignment is associated with 
endoleaks. A persistent leak into the aneurysmal 
sac causes endotension and has the potential to 
expand and rupture.91 Leaks can be antegrade 
(from the  proximal and distal ends of the aortic 
endograft) or retrograde (aneurysmal sacs can fill 

via the branches such as the intercostal arteries). 
Endoleaks are not always visualized by CT or 
angiography.92

Definition of Endoleaks and Endotension
The definitions and the management of endoleaks 
and endotensions were agreed upon (103)  
in a multidisciplinary consensus conference. 
Endoleaks and endotensions were classified in 
this consensus conference (Table 4.7).93 A type I 
endoleak is usually treated with an additional 
graft in the proximal or the distal end. It poten-
tially leads to persistent blood flow and increased 
endotension. Not all endoleaks lead to endoten-
sion. However, there is no clinical way to mea-
sure endotension. A retrograde flow into the 
aneurysmal sac from a patent collateral branch 
vessel leads to type II endoleaks. These leaks 
tend to resolve spontaneously. Type III leaks 
which result from graft defects are usually treated 
with a covered stent. Graft porosity, otherwise 
known as type IV, is a diagnosis by exclusion of 
an identifiable source of leaks. Pulse wave 
Doppler-aided quantification of endoleak velocity 
helps to discriminate true leaks from porosity.  
A minimum peak velocity of 50 cm/s is the sug-
gested cutoff.94 Endoleaks are termed primary if 

Fig. 4.53 Fluoroscopic image of endovascular stent 
deployment. TEE may interfere with fluoroscopy so the 
probe has to be withdrawn intermittently

Table 4.7 Classification of endoleaks

Type Description

I Attachment site leak
A Proximal leak
B Distal leak
C Iliac occluder (seen with abdominal 
aneurysms)

II Branch leaks
A To and fro simple flow from branch vessel 
into the aneurismal sac
B Complex flow through two or more branch 
vessels into aneurismal sac

III Graft defect
A Midgraft hole
B Junctional leak or graft disconnection
C Other mechanism (failure from suture holes)

IV Graft wall porosity

Classification of endoleaks (From Swaminathan,105 with 
permission.)
EVAR endovascular aortic repair, AAA abdominal aortic 
aneurysm
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occurring within 30 days of stent deployment as 
opposed to secondary leaks, which are seen later.95

Utility of TEE in Endoleak Detection
The importance of TEE in evaluating endoleaks 
has been described.78,79 Color flow Doppler has 
been found to be sensitive in detecting endoleaks 
even when angiography fails to detect the smaller 
ones. Angiography may miss the small dye quan-
tity or may be at an off angle. Presence of sponta-
neous echo contrast within the aneurysmal sac 
may also be the first suggestion of an endoleak. 
Presence of a dynamic echocardiographic “smoke” 

is very different from the static one. A dynamic 
smoke often implies a leak. In 22 consecutive 
patients undergoing thoracic aortic stent place-
ments, TEE has been shown to have increased sen-
sitivity and specificity in identifying endoleaks.79 
Intraoperative TEE provides additional informa-
tion and improves immediate and late procedural 
results by detecting endoleaks.96 TEE has also 
been shown to detect perigraft leakage, which was 
not previously identified during the intraoperative 
fluoroscopy.97 Contrast-enhanced ultrasound has 
been shown to detect endoleaks, particularly when 
other modalities fail.98

Fig. 4.54 Intravascular ultrasound instrument (a) inserted through the femoral endovascular sheath (b) to study the 
aortic intraluminal pathology
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Fig. 4.55 Endovascular suite screens showing fluoroscopic images, intravascular ultrasound, and vitals monitor

Fig. 4.56 (a and b) Intravascular ultrasound image of traumatic intimal flap (arrow) and the image after endovascular 
stenting (b)
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Comparison of TEE with Other Modalities 
for Endoleak Detection
A comparison of angiography, TEE and intravas-
cular ultrasound (IVUS) was done to evaluate 
their ability to guide stent-graft implantation. 
TEE was superior to IVUS and angiography in 
endoleak detection.99 Guidewire position over the 
entire length of the disease aorta was documented 
more frequently by TEE and IVUS compared to 
angiography.100 The entry site of dissection was 
better identified with TEE and IVUS. The proxi-
mal leaks were identified well by TEE leading to 
additional graft placement. TEE, by its multi-
plane visualization and versatility, was superior 
to angiography in detection of endoleaks espe-
cially at the left carotid and the left subclavian 
branch takeoffs. TEE provides additional incre-

mental information to angiography in safe place-
ment of stent-grafts.99 In patients with extension 
of aneurysm/dissection into the abdominal aorta, 
IVUS was found to improve stent-graft place-
ment along with angiography. TEE has a limited 
role in abdominal aortic aneurysm (AAA)/dis-
section management with stent/grafts.100 TEE 
assessment of endoleak and thromboexclusion 
had a sensitivity of 100% and specificity of 100% 
and was identical to that of postoperative com-
puted tomography or angiography.101

TEE Guided Algorithm for Stent 
Placement in Aortic Dissection
Rocchi et al.102 developed a TEE-based algo-
rithm (Fig. 4.58) to assess the outcome and 
guide  intraoperative decision-making in patients 

Fig. 4.57 The use of TEE in endovascular stenting. (a) 
Guidewire within aortic lumen. Descending aortic long 
axis (b) and short axis (c) showing the endovascular stent 

bridging the traumatic intimal flap (arrow) of thoracic 
aorta (d) shows TEE image after endovascular stent 
deployment (arrow)
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 undergoing endovascular surgery for aortic dis-
section. TEE was used to identify the guidewire 
in the true lumen first. Following the stent 
implantation, TEE was used to check stent 
expansion and false lumen exclusion. Presence 
of a smoke in the excluded portion of the aorta 
was the initial marker of good outcome. If there 
was no smoke, color Doppler examination was 
done at a low scale of 25 cm/s (enhanced sensi-
tivity to low velocity blood flow). Presence of 
endoleaks and new additional intimal tears were 
treated with additional stents. Peri-stent leaks 
with pulsed Doppler velocity ³ 50 cm/s were 
treated with  further balloon dilatations. If they 
did not disappear, further stent implantation was 
done. Flows with pulsed-wave Doppler velocity 

less than 50 cm/s were designated as Early 
Dacron porosity and identified as a positive out-
come. In patients with entry intimal tears close 
to the left subclavian artery, the artery was visu-
alized before and after stent placement with aor-
tic arch imaging at 70°; pulsed-wave Doppler 
and color Doppler were used to ensure patency 
of the left subclavian artery. Procedural success 
was defined by predischarge spiral CT showing 
a complete exclusion of the false lumen with 
thrombosis and absence of antegrade flow. 
Persistent of flow in the false lumen in the 
abdominal aorta was not considered as a proce-
dural failure.

TEE and IVUS cannot completely replace 
fluoroscopy. They are useful adjuvants for  thoracic 

TEE monitoring of guidewire advancement in the true Iumen

Stent implantation

TEE spontaneous echo-contrast effect in false Iumen

Yes No

TEE color-Doppler examination

Further balloon dilatations

Disappearance of leaks

Yes No

Further stent implantation

Exclusion of false Iumen

(Exclusion of false Iumen)

Yes No

SURGERY

(Pulsed-Doppler
velocity < 50 cm/s)

(Pulsed-Doppler
velocity ≥ 50 cm/s)

(Scale reduced to 25 cm/sec for
enhanched sensitivity to slow blood flow)

Early Dacron porosity Peri-stent leaks

POSITIVE OUTCOME

“New” distal
intimal tears

Fig. 4.58 TEE-based 
algorithm for evaluation of 
outcome after endovascular 
surgery for aortic dissections 
(Reprinted from reference 
(102) with permission from 
Elsevier)
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endoaortic surgery as they can confirm the diag-
nosis, assist in the stent-graft placement, assess 
the adequacy of isolation of pathology, and detect 
endoleaks.

Key Notes

 1. Echocardiography is invaluable in the preop-
erative assessment, intraoperative manage-
ment, and postoperative follow-up of aortic 
diseases.

 2. Sensitivity and specificity of transesophageal 
echocardiography is comparable to other mod-
ern imaging modalities (CT angiography and 
MRI scanning).

 3. Echocardiography is the modality of choice 
for the evaluation of hemodynamically unsta-
ble aortic surgical patient.

 4. Echocardiography is the method of choice for 
the evaluation of aortic valve in aortic patholo-
gies and assessment of aortic valve after repair 
of aortic valve is a category 1 indication for 
intraoperative TEE.

 5. Echocardiography is also helpful in the evalu-
ation of coronary arteries, branch vessels, and 
other complications such as tamponade or 
leaking aneurysms.

 6. TEE and IVUS are very useful in defining 
intimal pathology, guiding the endograft 
placement and also evaluation for endoleaks 
when used in combination with fluoroscopy 
during endovascular aortic surgery.
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Introduction

There is a strikingly uniform histopathology (cys-
tic medial degeneration) inherent to most all dis-
eases affecting the proximal thoracic aorta, and 
this pathology imparts a disruption of the struc-
tural integrity of the aortic wall giving rise to aneu-
rysm formation, dissection, or rupture – the final 
common pathway of untreated proximal thoracic 
aortic disease. It is important to fully understand 
the clinical modes of presentation of proximal tho-
racic aortic disease as the surgical management 
and timing of intervention vary accordingly. 
Patient comorbidity, extent of thoracic aortic 
reconstruction required, and timing of surgery, all 
impact morbidity and mortality following proxi-
mal thoracic aortic surgery. The extent of recon-
struction is predicated on the condition of the 
aortic root and the aortic valve, the presence of an 
underlying connective tissue disorder, the life 
expectancy of the patient, the desired anticoagula-
tion status, the need for associated cardiac proce-
dures, as well as surgeon experience. The ultimate 
outcome of patients undergoing these proce-
dures depends on thorough preoperative surgical 

 planning; meticulous myocardial, cerebral, and 
spinal cord protection; precise operative technique; 
and dutiful postoperative care. Thoracic aortic sur-
gery is complex and mandates a seamless interac-
tion between surgeons and cardiac anesthesiologists 
to ensure optimal patient outcomes.

History

Abnormal dilatation of arteries was observed by 
Egyptian physicians dating back to 1550 BC, as 
illustrated in the Ebers Papyrus. Galen in the sec-
ond century AD presented a detailed description 
and coined the term “aneurysm.” Later, Antyllus 
differentiated between traumatic and degenera-
tive aneurysms.1 Ambrose Pare described a rup-
tured thoracic aortic aneurysm and concluded 
that “the aneurysms which happen in the internal 
parts are incurable”.2

Surgical repair of aneurysmal disease of the 
thoracic aorta began after Oschner’s report of a 
successfully resected aneurysm of the descend-
ing aorta in 1944.3 Cooley performed the first 
repair of an ascending aortic aneurysm in 1950.4 
Initially, repair of thoracic aneurysms was lim-
ited to select saccular aneurysms that were ame-
nable to clamping at the base of the aneurysm 
followed by resection and lateral aortorrhaphy. 
Crafoord described the first resection of an aortic 
coarctation with end-to-end anastomosis in 1945.5 
The introduction of aortic homografts allowed 
excision of fusiform and large saccular aneu-
rysms not amenable to lateral resection. Gross 
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pioneered the use of homografts to restore aortic 
continuity after resection of aortic coarctation.6 
Cooley and DeBakey later reported the first use 
of an allograft for replacement of the thoracic 
aorta for aneurysmal disease.7

The modern era of thoracic aneurysm surgery 
was ushered by the development of cardiopulmo-
nary bypass (CPB) and synthetic prosthesis for 
vascular replacement. The first successful 
replacement of the ascending aorta with the use 
of extracorporeal circulation was reported by 
Cooley and DeBakey using an aortic allograft in 
1956.8 The development of the knitted Dacron 
prosthesis for vascular replacement by DeBakey 
and colleagues allowed easier access to a usable 
graft for aortic replacement.9

As materials and techniques improved, more 
extensive repairs became possible. Starr in 1963 
performed the first replacement of the supracoro-
nary ascending aorta with separate mechanical 
aortic valve replacement.10 This was followed by 
replacement of the aortic root and ascending 
aorta with a composite valved-graft conduit by 
Bentall and De Bono in 1968.11 New surgical 
approaches and the development of cerebral and 
spinal cord protective strategies now allow rou-
tine replacement of the aortic arch and thoracoab-
dominal aorta with good outcomes.12

Spectrum of Aortic Disease 
and Clinical Presentation

A true aortic aneurysm is defined as vascular 
dilation of 50% or greater relative to normal 
diameter when all three layers of the aortic wall 
(intima, media, and adventitia) remain intact. In 
contrast, a pseudoaneurysm (false aneurysm) is a 
contained vascular disruption – contained by tis-
sues or scar that surrounds the vessel – such that 
a contained vascular outpouching is present that 
does not contain all three of the normal layers of 
the vessel wall.13 It is reported that isolated tho-
racic aortic aneurysms are more common in the 
ascending thoracic aorta and aortic arch (40%) 
than in the descending thoracic aorta (31%), but 
patients frequently have aneurysms in both loca-
tions (29%).14 The mean age at the time of diagnosis 

ranges from 59 to 69 years. Men are typically 
diagnosed at a younger age, and there is a 2:1 to 
4:1 male predominance.15 Initially, thoracic aor-
tic aneurysmal disease is asymptomatic and is 
often identified incidentally after imaging for 
unrelated conditions. As an aneurysm progres-
sively enlarges, compression or elongation of 
adjacent structures can lead to the development 
of symptoms. The most common presenting 
symptom is dull pain, but hoarseness secondary 
to stretching of the recurrent laryngeal nerve, 
stridor from tracheal compression, dyspnea from 
compression of the lung, and plethora and edema 
due to SVC compression are also presenting 
symptoms. Some patients may develop conges-
tive heart failure due to associated aortic valve 
regurgitation. Not infrequently, the aneurysm 
wall weakens to the point of dissection or disrup-
ture giving rise to an entirely different and more 
dramatic presentation: acute severe chest or back 
pain, neurologic impairment indicative of stroke 
or spinal cord ischemia, plethora or cardiovascu-
lar collapse.12 Tearing retrosternal pain radiating 
to the back often suggests proximal aortic origin 
and back pain localized in the interscapular region 
may indicate descending aortic involvement. The 
four predominant clinical entities can present in 
this acute fashion include aortic disruption, aortic 
dissection, intramural hematoma (IMH), and 
penetrating aortic ulcer (PAU).16–19

Prevalence and Incidence

The incidence of thoracic aortic aneurysms has 
increased over time; population studies from 
Olmsted County, Minnesota revealed an estimated 
incidence of 5.9 cases per 100,000 person-years 
from 1951 to 1980 and 10.4 cases per 100,000 
person-years from 1980 to 1994. The rise in inci-
dence is believed to be due to an aging population 
and better diagnostic testing (CT scan).14,20 In a 
study of 58,405 autopsies performed in Malmo, 
Sweden from 1958 to 1985, the prevalence of 
uncomplicated thoracic aneurysm, aneurysmal 
dissection, and thoracic aortic rupture increased 
with age with most cases found in patients older than 
60 years of age. A total of 484 thoracic aneurysms 
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were encountered for a prevalence of 829 per 
100,000 autopsies. An aortic catastrophe was the 
direct cause of death in 293 cases (58%), dissec-
tion was encountered in 216 cases (44.7%), and 
rupture in 63 cases (13%).21

Etiology and Pathogenesis

Risk factors associated with the development of 
thoracic aortic aneurysms include smoking, 
hypertension, atherosclerosis, bicuspid aortic 
valve, genetic disorders of the connective tissue 
like the Marfan, Ehlers−Danlos, and Loeys−Dietz 
syndromes, as well as a family history of the less-
well-characterized familial thoracic aortic aneu-
rysm/dissections.15,22 The ascending aorta differs 
from the abdominal aorta in structure, biochemis-
try, and cell biology. The ascending aorta has a 
thinner intima, thicker media, and more medial 
lamellar units compared to the abdominal aorta. 
It also has significantly higher elastin and collagen 
content and a lower collagen-to-elastin ratio.23 
Most of the elasticity and tensile strength of the 
aorta is derived from its medial layer composed 
of elastin, collagen, smooth muscle cells, and 
ground substance.24 A small degree of elastic 
fiber fragmentation with subsequent increase in 
ascending aorta diameter is normally associated 
with aging.25 However in patients with ascending 
aortic aneurysms, the aortic wall shows extensive 
structural remodeling of the extracellular matrix 
including fragmentation of elastic fibers, loss of 
vascular smooth muscle cells, loss of myocyte 
function, and accumulation of a basophilic amor-
phous material, characteristic of cystic medial 
degeneration.26 Weakening of the aortic wall and 
loss of elasticity result in aortic dilation. The law 
of Laplace dictates greater wall tension with 
increasing aortic diameter, and, as a result, larger 
aneurysms tend to have a higher rate of growth. 
As aortic diameter increases, the risk for aortic 
catastrophe also increases.

The Marfan syndrome is an autosomal-dominant 
connective tissue disorder associated with muta-
tions in the Fibrillin-1 (FBN1) gene located in 
chromosome 15q21.1.27,28 Abnormalities in 
fibrillin, one of the major structural components 

of the elastic fiber, result in fiber disruption and 
histologic findings consistent with cystic medial 
degeneration at an early age.29 Patients with the 
Marfan syndrome frequently have cardiovascu-
lar involvement. Seventy-five to eighty-five per-
cent of patients have annuloaortic ectasia 
(dilation of the aortic sinuses, annulus, and prox-
imal ascending aorta). Aortic valve incompe-
tence is frequently seen, and its severity is 
directly related to the degree of aortic root dila-
tion.30,31 Mitral valve prolapse with mitral regur-
gitation is seen in 41% of patients with the 
syndrome but only 14% of patients progress to 
severe MR.32 Patients with the Marfan syndrome 
have an abbreviated life expectancy with 60–80% 
of deaths caused by aortic rupture, acute conges-
tive heart failure from valvular incompetence, or 
acute aortic dissection.33

Ehlers−Danlos syndrome is attributed to various 
defects in the synthesis of type III collagen. Type 
IV Ehlers−Danlos accounts for 15% of cases and 
is characterized by vascular rupture with or with-
out dissection. The abdominal aorta is frequently 
affected, the thoracic aorta and its branches are 
less frequently involved.34 Loeys−Dietz syndrome 
also involves the thoracic aorta; affected patients 
have mutations in the transforming factor B 
receptors and present with craniosynostosis, cleft 
palate, congenital heart disease, arterial aneu-
rysms, and mental retardation.35 Patients affected 
with nonsyndromic familial thoracic aortic aneu-
rysm/dissection (TAAD) have an 11–19% chance 
of having a first-degree relative affected with 
thoracic aortic aneurysm. TAAD is inherited in 
an autosomal dominant fashion, and there have 
been four different genes identified so far in 
affected families. The underlying genetic hetero-
geneity of TAAD is reflected in the phenotypic 
variability with respect to age of onset, progres-
sion, penetrance, and association with additional 
cardiac and vascular features.22

Bicuspid aortic valve (BAV), the most com-
mon congenital cardiac abnormality, is present in 
0.5–1.5% of the population. It is inherited in an 
autosomal dominant fashion with variable pene-
trance, with a 3:1 male preponderance.36 BAV is a 
heterogeneous disease with respect to mode of valve 
failure and thoracic aortic involvement. BAV 
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patients have an increased prevalence of thoracic 
aortic aneurysm that ranges from 35% to 80%; this 
wide variability depends on the type and age of the 
population studied, the size criteria, and the aortic 
location sampled.37 BAV patients have a ninefold 
increase in risk of aortic dissection when compared 
to tricuspid aortic valve patients.38 The exact 
mechanism that explains the high prevalence of 
TAA and increased dissection risk is still unclear. 
Hemodynamic flow abnormalities that increase 
sheer and wall stress in the greater curvature of the 
mid ascending thoracic aorta might be partially 
responsible, especially in patients with higher 
degrees of valve dysfunction.37 However, when 
compared with patients with tricuspid aortic valves 
with similar degrees of valve dysfunction, the rela-
tionship still persists.39 Evenmore, the presence of 
aortic dilation in the absence of significant hemo-
dynamic dysfunction of the valve has been well 
documented.40 The fact that enlargement of the 
BAV aorta continues even after valvular replace-
ment with subsequent development of aneurysm 
and dissection points to an underlying structural 
abnormality of the aorta.41-43 There is ample evi-
dence that BAV patients with aneurysmal degen-
eration and dissection have an aortopathy 
characterized by decreased fibrillin content and 
increased proteolytic enzyme activity with histo-
logic findings compatible with cystic degeneration 
of the media.36,44,45

Natural History

Untreated aneurysms of the thoracic aorta are 
highly lethal. Larger aneurysms have a substan-
tial risk of aortic catastrophe: rupture or dissec-
tion. In non-operated patients, the 5-year survival 
ranges from 13% to 39%. Rupture of the aneu-
rysm occurs in 42–70% of patients and is the 
most common cause of death. The rate of rupture 
and death is highest in the setting of aneurysmal 
dilatation of a previous dissection.20,46,47 The risk 
of rupture or dissection is clearly correlated with 
a larger aneurysm size. The risk of rupture or dis-
section for ascending aortic aneurysms greater 
than 6 cm is 36.2%, and for descending thoracic 
aneurysms greater than 7 cm, it is 47.1%.48

Dissection involving the ascending aorta 
carries a very high mortality. A substantial pro-
portion of patients die before receiving medical 
attention. In a recently reported autopsy series, 
21% of patients died prior to hospital admission.49 
The great majority (90%) of these patients not 
treated surgically die within 3 months, mostly 
from rupture of the dissection.49,50 In a recent 
report from the International Registry of Aortic 
Dissection (IRAD) of 289 patients with type A 
aortic dissection, the 81 patients that received 
only medical management had a 30-day mortal-
ity of 58% compared to 26% for those that were 
managed operatively.51 The development of peri-
cardial tamponade is an ominous sign; the hospi-
tal mortality for patients that presented with 
tamponade in IRAD was 40% for surgically 
treated patients and 92% for nonoperative 
patients.52 In the USA, the reported mortality 
rates of patients undergoing surgical repair of 
type A aortic dissection from several single-center 
experiences vary from 10% to 30%, this variability 
might be explained by differences in case mix, 
referral patterns, and center experience.

The risk of development of aortic catastrophe is 
not equal for all aneurysms. There are several fac-
tors known to influence aneurysm growth and pre-
dispose to a higher risk of complications. Patients 
with a strong family history of rupture or dissec-
tion, patients with a prior dissection, and patients 
with saccular aneurysms are an increased risk of 
aortic catastrophe.15,53 Patients with the Marfan 
syndrome also have an accelerated aneurysm 
growth and tend to rupture or dissect at smaller 
diameters.54 Patients with BAV and TAA have 
been found to have a greater rate of growth and 
present at an earlier age when compared to patients 
with thoracic aortic aneurysm and a tricuspid aor-
tic valve, but rupture and dissection do not neces-
sarily tend to occur at smaller aortic diameters.55

Indications for Operation

Rupture and dissection are clear indications for 
emergent operation. Rupture of an ascending aor-
tic aneurysm will occur within the pericardial 
space resulting in pericardial tamponade and 
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death if not surgically treated. Development of 
pain in the absence of documented rupture or dis-
section should also prompt surgical repair, as 
development of pain can be a prodrome for 
impending rupture or dissection.

Most patients diagnosed with a thoracic aneu-
rysm are actually asymptomatic. It is important 
to understand that the goal of elective surgical 
intervention is to improve long-term survival by  
preventing the development of an aortic catastro-
phe. A careful risk−benefit analysis should be 
considered in each case. For a patient to benefit 
from aneurysm repair, the risk of death and dis-
abling complications associated with surgery must 
be less than the cumulative risk of aortic rupture, 
dissection, or death associated with ongoing aneu-
rysm growth. Operative risk is specific to each 
individual patient and may also change with the 
surgeon and institutional experience. It is impor-
tant to state that not every patient with a thoracic 
aortic aneurysm should have an operation when 
the risk of surgery, given the patient’s comorbidi-
ties and underlying life expectancy, exceeds the 
perceived benefits of it.

Aneurysm size is the most important predictor 
of the risk of aortic rupture or dissection. Coady 
and associates at Yale University established the 
relationship of aortic catastrophe to aneurysm 
size. In the Yale series, the combined yearly rate 
of rupture, dissection, or death in patients with 
ascending aortic aneurysms between 5 and 6 cm 
in diameter was 11.8%, and it rose to 15.6% for 
aneurysms greater than 6 cm in diameter.54,56 The 
median size at which rupture or dissection 
occurred was 6 cm for ascending aorta and 7 cm 
for the descending aorta. The authors reported 
that the size at which the risk−benefit ratio 
favored surgery was 5.5 cm for ascending aorta 
and 6.5 cm for descending aorta in their series. 
Other authors have advocated indexing measured 
aneurysm size to expected aortic size according 
to body surface area and age as a more reliable 
indicator of rupture or dissection risk.57 A sim-
pler index, the “aortic size index,” which is the 
maximum aortic size divided by body surface 
area, was recently correlated to adverse aneurysm 
outcomes. An index of >4.25 cm/m2 conveyed a 
yearly rate of rupture, dissection, or death of 

20%, an index between 2.74 and 4.25 carried an 
8% yearly risk of adverse events.58 However, size 
is not the only indicator of aortic complication 
risk; recent data released from the IRAD revealed 
that 59% of 591 patients that presented with a 
type A dissection had an aortic diameter less than 
5.5 cm, and 40% presented with an aortic diameter 
less than 5 cm.59

Some subsets of patients show exaggerated 
aneurysm growth which sets them at a higher risk 
of aortic complications in a shorter time frame. 
The average growth rates for patients with ascend-
ing aortic aneurysms in large reported series vary 
from 0.10 to 0.32 cm/year and there seems to be 
a large variability in growth rate among patients 
in all studies. Some aneurysms seem to remain 
stable, while others tend to have a rapid growth 
rate.48,60,61 It has been well demonstrated that the 
growth rate is higher at larger aneurysm sizes and 
that patients with ascending aortic aneurysms 
have a lower growth rate compared to patients 
with aneurysm of the aortic arch and the descend-
ing aorta. Other factors that have been associated 
with a greater rate of expansion include a history 
of prior dissection, tobacco use, diastolic hyper-
tension, COPD, bicuspid aortic valve, as well as 
both syndromic and nonsyndromic associated 
thoracic aortic aneurysms.15,48,53,55,61–63 As a result, 
growth rate of an aneurysm must be examined in 
the context of each individual patient. A rate of 
expansion of greater than 1 cm/year is a well-
accepted indication for intervention.

There are subgroups of patients with aortopa-
thy that leads to a severely weakened aortic wall. 
These patients have a higher incidence of aortic 
catastrophe at smaller aneurysm sizes. In patients 
with prior dissection, patients with the Marfan 
syndrome, and patients with a strong family his-
tory of aortic dissection, elective aneurysm repair 
at smaller sizes is justified46,48

Some patients present with hemodynamically 
significant aortic valve dysfunction and ascending 
aorta dilation. Approximately a third of patients 
with severe AR and an ascending aorta > 4 cm 
that undergo isolated AVR go on to develop aor-
tic dissection or subsequent aneurysmal enlarge-
ment in the following 5 years.64,65 Aortic valve 
geometry and function is progressively impaired 
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by ongoing aortic root aneurysm growth, and 
there is emerging evidence that the functional 
outcomes of aortic valve-sparing root replace-
ment techniques may fare better when aneurysms 
are repaired at smaller sizes before evolving aor-
tic cusp pathology limits their reparability.

In summary, asymptomatic thoracic aneurysms 
should be intervened upon an elective basis once 
the risk of aortic catastrophe outweighs the risk of 
surgery. The timing of repair is influenced by ini-
tial aortic aneurysm size, growth rate, etiology of 
the aneurysm, need for other cardiac surgery pro-
cedures, desire for valve-sparing procedures, 
patient size, age, associated comorbidities, and 
both surgeon and institutional experience. It is 
reasonable to recommend repair when the ascend-
ing aortic diameter exceeds 5 cm as the risk of 
aortic catastrophe starts to go up  significantly 
beyond this point. Exceptions include patients 
with intrinsic weakening of the aortic wall such as 
prior dissection or those with syndromic and non-
syndromic thoracic aortic aneurysms, and these 
should often be repaired earlier. In patients with 
aortic valvular indications for surgery, a dilated 
ascending aorta should usually be replaced if over 
4.5 cm or even if over 4 cm when there are other 
substantive risk factors present given the rapid 
rate of continued dilatation in this subset of 
patients. An annual growth rate of 1 cm or greater 
is also an accepted indication for TAA repair. 
Symptomatic aneurysms should be repaired rather 
urgently to avoid imminent aortic catastrophe. 
Patients presenting with aortic dissection or rup-
ture should be emergently repaired.

Preoperative Imaging

Contrast CT is the most common modality used 
to determine precise aneurysm size, extent, and 
location of aortic involvement. A CT angiogram 
of chest, abdomen, and pelvis provides excellent 
resolution of the entire aorta including the aortic 
bifurcation as well as axillary, subclavian, iliac, 
and femoral vessels. Cross-sectional imaging is 
important to delineate areas of aortic calcifica-
tion, luminal thrombus, atheromatous plaques, 

and dissection to help direct cannulation sites. 
CTA may be unsuitable for patients with dye 
allergies or those with tenuous renal function.66 
Magnetic resonance angiography with gadolin-
ium enhanced (MRA) also provides excellent 
three-dimensional images of the entire aorta and 
can be used as an alternative for patients with 
iodinated contrast allergies.67 In patients with 
poor renal function, gadolinium may not be a 
good alternative as it can induce nephrogenic 
systemic fibrosis.68

Transthoracic echocardiography is used to 
evaluate aortic root and ascending aorta anatomy, 
ventricular morphology, ventricular systolic and 
diastolic function, regional wall motion abnor-
malities, and valvular pathology. It is useful in 
predicting the dimensions of the sinotubular junc-
tion, coronary sinuses, and aortic annulus as well 
as the number, characteristics, and function of the 
aortic cusps. It is crucial to accurately understand 
the mechanism of valvular regurgitation and the 
characteristics of regurgitation jets. The severity 
of aortic regurgitation should be carefully docu-
mented, as even mild degrees of regurgitation 
will influence the conduct of these operations.

Operative Approach

Choice of Procedure

The choice of procedure performed depends on 
the extent of aneurysmal disease, the underlying 
pathology, the patient’s age, the patient’s comor-
bidities and expected long-term survival, the 
 status of the aortic valve, the desire to avoid anti-
coagulation or to avoid a reoperation, and the sur-
geon and institutional experience. Patients with 
degenerative isolated ascending aortic aneurysm 
may only require replacement of the ascending 
aorta from the sinotubular junction to the proxi-
mal aortic arch. Patients with aneurysms of the 
ascending aorta and aortic root (annuloaortic 
ectasia) will usually need both ascending aortic 
and aortic root replacement. If the distal ascend-
ing aorta or the proximal aspect of the aortic arch 
are involved the repair is often best performed 
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with an open distal (i.e., unclamped) aorta under 
conditions of hypothermic circulatory arrest. 
In this case, the lesser curvature of the aortic arch 
is resected, and the distal anastomosis is per-
formed in an open fashion – the so-called hemi-
arch reconstruction. Patients with extensive 
involvement of the aortic arch warrant total aortic 
arch replacement under hypothermic circulatory 
arrest conditions.

Incisions

Most patients with pathology of the aortic valve, 
aortic root, ascending aorta, and aortic arch are 
usually approached via a median sternotomy. 
The sternotomy may be extended into the neck 
along either sternocleidomastoid if more cephalad 
 exposure is needed. For young patients  undergoing 
extensive reconstructions of ascending, arch, and 
descending aorta in a single stage, a bilateral tho-
racosternotomy (clamshell) incisions can be used 
to offer better exposure to the descending thoracic 
aorta from an anterior approach.

In the reoperative setting it is important to 
minimize the possibility of injury to the right 
ventricle or great vessels upon reentry. A CT scan 
of the chest can help delineate the anatomy to 
anticipate the degree of difficulty of reentry. Most 
patients can safely undergo reentry via resterno-
tomy unless an aneurysm or pseudoaneurysm is 
stuck to the sternum, in which case exposure of 
peripheral vessels for cannulation prior to sterno-
tomy is prudent. A small subset of patients at 
very high risk of aortic injury on reentry may 
require remote institution of CPB (femoral or 
axillary) and cooling prior to sternotomy. 
Institution of CPB prior to sternotomy is gener-
ally undesirable because it significantly length-
ens the time on CPB and may invoke bleeding 
complications.

Cannulation

The cannulation strategy is dictated by the extent 
of repair needed, the intended strategy for cerebral 

protection, the quality of the aorta and peripheral 
vessels, as well as the urgency of the clinical pre-
sentation. Arterial cannulation can be performed 
centrally on the distal ascending aorta/proximal 
arch or peripherally via the femoral or axillary 
arteries. When cannulating centrally, a bolus of 
300 u/kg of heparin is given before cannulation. 
Axillary artery cannulation is easiest when per-
formed before sternotomy; a bolus of 5,000 units 
of heparin is used during instrumentation of the 
artery, with full heparinization given after sterno-
tomy is performed. In cases that require establish-
ment of peripheral CPB prior to sternotomy, full 
heparinization is required.

Aortic cannulation can be safely performed 
when the aorta is free of atheromatous disease. In 
most patients the anterior or anteroinferior sur-
face of the arch is the preferred location for can-
nulation. In some patients an aneurysm itself can 
be cannulated directly if there is no atheroma or 
intraluminal clot; this cannulation site is usually 
resected along with the aneurysm specimen and 
the graft used for replacement is cannulated after 
a period of hypothermic circulatory arrest. In 
patients with poor aortic quality, an alternative 
site for cannulation is indicated. Right axillary or 
subclavian artery cannulation is now commonly 
used in these patients and in patients that are 
undergoing complex repairs that may require an 
extended period of moderate or deep hypother-
mic circulatory arrest to facilitate antegrade 
 cerebral perfusion via the right carotid as a neu-
rocerebral protection strategy. The subclavian 
artery can be cannulated directly, or an 8–10 mm 
silo graft sewn end to side to the artery allows 
continued distal upper extremity perfusion and 
has been associated with a lower vascular com-
plication rate. Femoral artery cannulation is also 
used safely by many centers. Femoral cannula-
tion may be particularly useful for hemodynami-
cally unstable emergent cases when there is little 
time for axillary cannulation or in redo cases 
when CPB must be established in response to or 
for prevention of a reentrant injury.

Venous cannulation is typically performed via 
the right atrium with a two-stage venous cannula. 
If retrograde cerebral perfusion is planned, the 
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superior vena cava is cannulated separately, and a 
bridge is placed between the arterial inflow tub-
ing and the superior vena cava tubing, or alterna-
tively the SVC cannula can be attached to the 
cardioplegia line. In cases with hemodynamic 
instability, femoral venous cannulation may be 
used to establish CPB after which central right 
atrial or bicaval cannulation can be converted if 
drainage is inadequate.

General Conduct of Operation

After full heparinization, arterial and venous 
 cannulation, and placement of cardioplegia can-
nulas, CPB is established. For patients requiring 
hypothermic circulatory arrest (HCA), systemic 
cooling is initiated shortly after placement on 
CPB. The cross-clamp is then placed at the 
distal ascending aorta and fastidious myocardial 
 protection ensured with antegrade and/or retro-
grade  cardioplegia. The proximal aortic recon-
struction (e.g., aortic root replacement) is begun 
during systemic cooling in order to minimize total 
CPB time. When temperature and time of cooling 
are adequate for neurocerebral protection and 
HCA, the arch portion of the repair is completed. 
Following arch reconstruction, arterial perfusion 
is reinstituted. Rewarming is initiated and atten-
tion is returned to the completion of the proximal 
portion of the reconstruction and reestablishment 
of aortic continuity. This operative sequence of 
events provides the most efficient use of CPB 
time. When the patient’s core temperature has 
returned to 36°C, and hemostasis is adequate, the 
patient is weaned from CPB.

Neurocerebral Protection

Neurologic complication following proximal 
aortic reconstruction can manifest as either a 
stroke or transient neurologic dysfunction. These 
phenomena are secondary to either embolic 
events or cerebral ischemia secondary to hypop-
erfusion or inadequate neurocerebral protection 
following a period of circulatory arrest. Strategies 
to minimize neurologic injury focus on minimizing 

embolic phenomena, maintenance of adequate 
neurocerebral perfusion during periods of CPB, 
and reduction of cerebral metabolism with sys-
temic cooling during periods of circulatory arrest. 
Maneuvers aimed at reduction of embolic phe-
nomena include careful intraoperative screening 
for aortic atherosclerotic debris, calcium deposits 
or thrombus using TEE and/or epiaortic ultra-
sound, appropriate selection of cannulation site, 
avoidance of cross-clamping these hostile aortic 
territories, minimal dissection of arch aneurysms 
prior to circulatory arrest, complete exclusion 
and excision of the diseased aortic arch, and 
removal of debris and air using retrograde cere-
bral perfusion.

The primary method that has been used effec-
tively to lower cerebral oxygen and metabolic 
demand and reduce ischemic injury is the estab-
lishment of deep cerebral hypothermia. Additional 
pharmacologic adjuncts that decrease neuronal 
activity (barbiturates) or limit cerebral edema 
(mannitol and steroids) may play a role. Deep or 
profound hypothermia (cerebral temperature 
12–18°C) allows a brief period of time (approxi-
mately 20 min) to safely complete open aortic 
arch repairs in the absence of any brain perfusion. 
The incidence of neurologic injury increases 
exponentially with periods of HCA exceeding 
30 min. Most hemiarch reconstructions can be 
safely accomplished in this short time frame. 
However, more complex total aortic arch recon-
structions require longer periods of neurocerebral 
protection than can be facilitated by HCA alone.

In order to improve neurocerebral protection 
beyond what HCA alone can achieve and to 
reduce the degree of systemic cooling necessary 
to achieve adequate neurocerebral protection, a 
variety of adjunctive perfusion strategies have 
been developed:

Retrograde cerebral perfusion (RCP) via the •	
SVC and internal jugular veins maintains con-
tinuous and uniform cerebral cooling during 
HCA while also facilitating retrograde flushing 
of particulate debris and air from the brachio-
cephalic circulation during open arch surgery.
Antegrade cerebral perfusion (ACP) via direct •	
catheterization of the carotid arteries provides 
continuous regional arterial perfusion during 
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systemic circulatory arrest and maintains 
adequate oxygen and nutrient delivery to the 
brain. This strategy has allowed safe straight-
forward arch reconstructions at moderate 
hypothermia 23–28°C and, in combination 
with deep HCA, has allowed for quite extended 
periods of safe systemic circulatory arrest 
(>60 min) with maintenance of adequate neu-
rocerebral protection.
Selective antegrade cerebral perfusion (SACP) •	
has referred to unilateral brain perfusion via 
right axillary or subclavian artery perfusion in 
combination with proximal innominate arte-
rial occlusion. This strategy relies on an 
assumed or demonstrated intact circle of Willis 
to provide contralateral hemispheric protec-
tion. SACP can be combined with direct cath-
eterization of the left carotid artery to provide 
bilateral hemispheric antegrade perfusion.

Surgical Techniques

Ascending Aorta Aneurysm Repair

Determination of the proximal and distal extent 
of ascending aortic replacement is predicated on 
the surgeon’s ability to completely excise the 
aneurysmal aorta with or without a cross-clamp 
in place, the quality of the aorta adjacent to the 
aneurysm (connective tissue abnormality, no 
atheromatous debris, or calcifications) to which 
each anastomosis will be completed, and the 
ability of the patient to tolerate the extent of the 
operation. Strict adherence to myocardial and 
neurocerebral protection throughout aortic recon-
struction is fundamental to the conduct of these 
operations. Patients with moderate or severe 
aortic regurgitation will require cardioplegic 
induction via retrograde delivery to prevent 
cardiac ejection upon initial aortotomy. Following 
aortotomy, direct coronary ostial delivery of ante-
grade cardioplegia can then occur. Relying only 
on retrograde cardioplegia in these circumstances 
may result in inadequate protection of the right 
ventricle and should be avoided. Adequacy of 
repeated administration of cardioplegia at regular 
intervals to maintain an asystolic cardiac arrest 

can be monitored by electrocardiogram and 
continuous septal myocardial temperature probe 
when cold cardioplegia is used. With isolated 
ascending aortic aneurysm, the aorta is typically 
transected at the sinotubular junction, and a 
braided or woven polyester graft is sewn to sino-
tubular junction of the aortic root. The aneurysm 
is then excised either to the aortic cross-clamp or 
to the proximal and/or hemiarch if circulatory 
arrest is planned. With excision of the aneurysm, 
care is taken to avoid injury to the right pulmo-
nary artery which is adherent to the posterior wall 
of the aneurysm. The distal anastomosis is com-
pleted using either the same graft as used for the 
proximal or a separate graft that is then trimmed 
and sewn to the proximal graft. The decision of 
whether to use one or two grafts for the aortic 
replacement is based on establishing a normal 
curvature to the ascending aorta so that the graft(s) 
do not kink. Following completion, the neo-
ascending aorta is vented to remove all air from 
the left side of the heart; the cross-clamp is 
removed, and the patient weaned from CPB. For 
patients in whom the aneurysm involves the distal 
ascending aorta and proximal aortic arch, the dis-
tal anastomosis is performed with an open tech-
nique under a brief period of hypothermic 
circulatory arrest with or without antegrade or 
retrograde cerebral perfusion (Fig. 5.1).69 Once 
the distal anastomosis is completed, upper and 
lower body perfusion is reinitiated by cannulating 
the graft itself. The patient is rewarmed and 
the proximal portion of the reconstruction 
completed.
Some patients with ascending aorta aneurysm 
have dilation involving the sinotubular junction 
but otherwise normal aortic root anatomy. Central 
aortic regurgitation that results from a lack of 
central coaptation of the aortic cusps is common 
in these patients. Reduction of the sinotubular 
junction diameter with an appropriately sized 
graft can restore aortic root geometry allowing 
appropriate cusp coaptation thus eliminating 
aortic regurgitation in this situation.70 Freedom 
from moderate to severe AR of 80%, freedom 
from severe AR of 98%, and freedom of reopera-
tion of 97% at 10 years of follow-up have been 
reported with this technique.71
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Patients with ascending aortic aneurysm, no 
dilatation of the aortic root but with concomitant 
aortic valve pathology can be treated by combin-
ing aortic valve replacement with isolated ascend-
ing aortic replacement. This approach is not 
generally used in patients with connective tissue 
disorders or those with dilation of the aortic root 
since progressive dilation of the unreplaced aortic 
root segment may result in future rupture or dis-
section and the need for subsequent reoperation.

Surgical Options for Aortic Root 
Aneurysms

Aortic root replacement strategies include the 
composite mechanical valved conduit, a biopros-
thetic valved conduit, a stentless porcine xenograft, 
a homograft, the pulmonary autograft, and a valve-
sparing aortic root replacement with or without 
aortic valve repair. The type of aortic root replace-
ment planned may depend on the indication for 
the procedure, the age of the patient, the desire 
for avoiding anticoagulation, the  hemodynamic 

profile, or the anticipated degree of difficulty and 
need of a future reoperation.

Mechanical valved conduits are extremely 
durable but have a higher thromboembolic risk 
than other choices and mandate the use of lifelong 
anticoagulation yielding its associated bleeding 
risk. Bioprosthetic valved conduits do not require 
long-term anticoagulation, but the valves have a 
limited durability often imparting the risk 
of reoperation. Stentless porcine xenografts, 
homografts, and pulmonary autografts are techni-
cally more demanding operations and also have 
more limited durability than mechanical valved 
conduits but have superb hemodynamic charac-
teristics. Homografts are often used in cases of 
aortic root endocarditis when there is destruction 
of the aortic annulus because they can be tailored 
to accommodate annular reconstruction and in 
some cases they may have a lower risk of endo-
carditic recurrence than other options. Pulmonary 
autografting is popular in younger patients with 
its excellent hemodynamic profile but subjects the 
patient to a risk of reoperation for both the replaced 
pulmonic and aortic roots. Valve-sparing aortic 

Fig. 5.1 Hemiarch reconstruction. For patients in whom 
the aneurysm involves the distal ascending aorta and 
proximal aortic arch, the distal anastomosis has to be 
 performed with an open technique under a brief period of 
deep hypothermic circulatory arrest (DHCA). Once 

DHCA is established, the aneurysm is resected including 
the lesser curvature of the aortic arch; the anastomosis is 
then performed with a graft that is beveled to replace the 
portion of resected arch (Used with permission from 
Coselli et al. 69)
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root replacement can be the most technically dif-
ficult, but this strategy can offer the potential for 
long-term durability without the need for antico-
agulation and is becoming increasingly popular.

Prefabricated Aortic Root Replacement

Following aortic transection, the noncoronary 
sinus is excised and both main coronary arteries 
are dissected and coronary buttons created to 
facilitate their orthotopic transfer. The aortic valve 
is excised and the annulus debrided of any cal-
cium deposits. The annulus is then appropriately 
sized and a preassembled valved conduit consist-
ing of a polyester graft with either a mechanical or 
bioprosthetic valve housed within the leading 
edge of the graft. Bioprosthetic valved conduits 
are not currently commercially available but can 

be fabricated at the time of surgery by sewing a 
porcine or bovine pericardial valve into a polyes-
ter graft to create such a valved conduit. Valved 
conduits are typically implanted using an intraan-
nular suture technique with everting mattress 
sutures placed around aortic annulus from the aor-
tic to ventricular aspect, then through the valve 
sewing cuff. The valved conduit is lowered into 
position and the sutures are tied in place. The cor-
onary buttons are tailored to include a small ring 
(3–4 mm) of aortic sinus around each coronary 
ostia. A circular opening is created on the graft, 
precisely located to allow easy, tension-free ortho-
topic transfer of first the left then the right coro-
nary button onto the graft. Hemostasis is tested by 
delivering cardioplegia down the graft (this man-
uever also helps determine the site of implantation 
of the right coronary button.) The distal aortic 
anastomosis is completed last (Fig. 5.2).72

Fig. 5.2 Composite aortic root replacement. The aneu-
rysm is transected at the ascending aorta and at the level of 
the sinotubular junction. The aneurysm is excised; then 
the aortic cusps are resected. The aortic sinuses are dis-
sected to the level of the aortic annulus. The noncoronary 
sinus is excised followed by excision of the left and right 
sinuses with creation of coronary buttons. The aortic 
annulus is appropriately sized. A preassembled commer-
cially available mechanical valved conduit is selected. 

Everting 2-0 Ethibond mattress sutures are placed on the 
aortic annulus leaving the needles in place; the sutures are 
then placed through the ring of the composite valved con-
duit. (a) The valved conduit is lowered into position and 
the sutures are tied in place. (b) The left coronary button 
is implanted into an openings created on the graft. The 
distal aortic anastomosis is completed followed by implan-
tation of the right coronary button (Used with permission 
from Downing and Kouchokos72)
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Implantation of stentless xenograft aortic roots 
follows the same guideline as for valved conduits 
with one exception: the coronary button transfer. 
The porcine xenograft aortic root have coronary 
sinus anatomy that differs from the human with 
respect to the position of the right coronary 
ostium such that the angle relative to the central 
point of valve cusp coaptation between the left 
and right coronary ostia is only 90–110° com-
pared to the human which is typically 130–170°. 
This can be accommodated by either more exten-
sive coronary button mobilization combined with 
clockwise rotation of the xenograft 15–20° or by 
counterclockwise rotation of the xenograft 120° 
with implantation of the native right coronary 
button to the porcine noncoronary sinus rather 
than the right coronary sinus.73

Pulmonary Autograft

Pulmonary autograft transfer for aortic valve 
replacement was first described by Donald Ross 
in 1967 as a subcoronary implantation technique 
and later as a full root replacement technique.74,75 
The pulmonary autograft has a number of advan-
tages including freedom from anticoagulation, 
improved hemodynamics relative to prosthetic 
valves, and continued growth of the autograft 
with time in children. The primary disadvan-
tages include the technical difficulty of the oper-
ation and the conversion of single-valve disease 
into two-valve disease with its associated 
replacement of the pulmonary valve. The Ross 
procedure is contraindicated in patients with 
known connective tissue disorders in whom the 
propensity for aneurysmal dilation of the 
autograft is inherent. The Ross operation is most 
commonly used in young patients with aortic 
stenosis in whom long-term anticoagulation is 
not desired.76 Patients with large aortic root 
aneurysms with associated aortic regurgitation 
may not be ideal candidates for pulmonary 
autografting because dilation of the aortic annu-
lus may create too distinct a size mismatch rela-
tive to the pulmonary autograft, and many of 
these patients have an underlying aortopathy 
that may also affect the pulmonary autograft 

once transferred, for example, bicuspid aortic 
valve patients.

Initially the conduct of Ross procedure is 
 similar to any root replacement. However, the 
first step is to ensure that the pulmonary valve is 
normal and appropriate for transfer. The main 
pulmonary artery (PA) and valve are harvested 
by transverse transection of the PA at its bifur-
cation. It is then dissected out posteriorly. Injury 
to the left main coronary artery, left anterior 
descending, and first septal perforator must be 
avoided. The dissection continues close to the 
PA until the septal musculature is encountered. 
While looking through the pulmonary valve into 
the right ventricle, the surgeon identifies a point 
below the pulmonary annulus to perform a trans-
verse ventriculotomy directed by a right-angle 
clamp passed through the valve into the right 
ventricular outflow tract. The right ventricle is 
divided 3–4 mm below the annulus. The right 
ventricular musculature is divided and the har-
vest of the  pulmonary autograft is completed 
from anterior to posterior. Next, a transverse aor-
totomy is made above the origin of the right 
coronary artery (RCA). The left and right coro-
nary buttons are tailored and mobilized. The aor-
tic root and valve are excised. The autograft is 
correctly positioned by placing the posterior 
sinus of the pulmonary valve as the new left cor-
onary sinus. Three interrupted sutures are placed 
between the nadir of the pulmonary sinuses and 
the nadir of the aortic sinuses to secure this ori-
entation. The proximal suture line is then com-
pleted with either running or interrupted sutures. 
Each coronary button is transferred as with 
other root replacement techniques. More recently, 
 surgeons have also wrapped the pulmonary 
autograft with prosthetic graft material or cre-
ated a tubularized autograft by placing the 
autograft within a polyester graft prior to implan-
tation in order to prevent subsequent autograft 
dilatation. Following root replacement, the aor-
tic cross-clamp is removed, and a pulmonary 
homograft or other bioprosthesis is sutured to 
the right ventricular outflow tract avoiding injury 
to the septal coronary arteries. The distal end of the 
homograft is then anastomosed to the transected 
pulmonary artery trunk.



1115 Operative Techniques in Surgery of the Proximal Thoracic Aorta and Aortic Arch 

Valve-Sparing Root Reconstructions

Patients with aortic root aneurysm or dissection 
and aortic cusps that are either normal or amenable 
to repair may be candidates for root replacement 
with valve preservation. Two distinct strategies 
were first described as the “remodeling” and 
“reimplantation” techniques by Yacoub and David, 
respectively.77,78 Valve features that preclude a 
valve-sparing approach to root replacement 
include significant cusp calcification, fibrosis or 
sclerosis and severely elongated cusps with large 
stress fenestrations as are found in large root aneu-
rysms with associated long-standing severe aortic 
regurgitation. Transesophageal echocardiography 
is the primary tool used to assess the aortic valve 
at the time of surgery. A detailed evaluation of the 
dimensions of the aortic annulus, aortic sinuses, 
and sinotubular junction and of the character and 
quality of the aortic cusps should be obtained. 
The number of cusps, their thickness, the quality 
of their free margins, the excursion of each cusp, 
and the line and height of their coaptation should 
be carefully interrogated. The direction and size of 
the regurgitant jets should be clarified to help 
direct aortic valve repair maneuvers.

Remodeling Technique
The technique of root remodeling was introduced 
by Sarsam and Yacoub in 1979.77 The aorta is 
transected approximately above the sinotubular 
junction at a level. The three aortic sinuses are 
excised leaving behind a small rim (3–5 mm) of 
aortic tissue attached to the aortic annulus to allow 
a cuff of aorta to which a tailored graft will be 
attached. Right and left coronary buttons are also 
created for subsequent implantation in a fashion 
identical to any root replacement. An appropri-
ately sized graft is chosen based on the desired 
diameter of the sinotubular junction and three 
longitudinal incisions are created in the proximal 
end of the graft corresponding to the anatomic 
location of the three aortic valve commissural 
attachments. These create three tongues of graft 
that are then rounded off to facilitate sewing the 
edge of each tongue to the corresponding residual 
sinus segment aortic cuff along the aortic annulus. 
The commissural posts are suspended in the graft, 

the scalloped end of the graft is attached to the 
residual cuff of the aortic root just above the valve 
attachment site with a running suture. The coro-
nary buttons are transferred to their respective 
neoaortic sinus. The distal end of the graft is 
sutured to normal ascending aorta (Fig. 5.3).79 
Advantages of this procedure include the use of a 
single suture line for proximal attachment, and 
there is creation of neoartic sinuses that may 
impart less stress on the aortic cusps. Disadvantages 
include a higher incidence of bleeding from the 
proximal graft attachment site, and the aortic 

Fig. 5.3 Valve-sparing aortic root replacement-remodeling 
technique. The aorta is transected approximately 2 cm above 
sinotubular junction at a level where the ascending aorta is 
of normal caliber. The three aortic sinuses are excised leav-
ing behind a small rim (5 mm) of tissue attached to the aortic 
annulus preserving aortic cusps attachment. Right and left 
coronary buttons are also created. Three longitudinal inci-
sions are created in the proximal end of the graft corre-
sponding to the anatomic location of the three commissural 
posts. The commissural posts are suspended in the graft; the 
scalloped end of the graft is attached to the remnants of the 
aortic root above the valve leaflets with a running 4-0 
Prolene suture. The coronary buttons are reimplanted in 
their respective neoaortic sinus. The distal end of the graft is 
sutured to normal ascending aorta recreating aortic root 
anatomy (Used with permission from Patel et al.79, p 192)



112 E. Gongora and T.G. Gleason

annulus is not fixed within the graft so the annulus 
is susceptible to subsequent dilation portending 
the development of aortic regurgitation. In 
Yacoub’s series of 158 patients, the freedom from 
aortic valve replacement at 10 years was 89%,  
but 33% of patients had some degree of aortic 
regurgitation at latest follow-up.80

Reimplantation Technique
The reimplantation technique was developed by 
David in 1988.78 This technique also involves 
excision of the aortic root, preservation of the 
valve, and reimplantation of the coronaries. In 
this case, the entire aortic valve and annulus 
structure is reimplanted inside a graft that is 
attached to and around the aortic annulus. The 
graft encircles the aortic annulus preventing 
 subsequent annular dilation. The aorta is simi-
larly transected, the aortic sinuses are excised 
 completely, and the coronary buttons are pre-
pared. Next, the annulus itself is circumferentially 
dissected away from the surrounding structures to 
allow placement of a graft just below the annular 
plane. A polyester graft is then affixed to the left 
ventricular outflow tract (LVOT) by placing sub-
valvular horizontal mattress sutures out of the 
LVOT and through the graft. Care is taken to 
avoid passage of these needles through the con-
duction system. The valve commissures are then 
resuspended into the neo-root to the appropriate 
height, and a second running suture is used to dis-
tinctly secure the aortic annulus and small resid-
ual cuff of aorta to the inside of the graft. The 
commissural resuspension sutures are then tied 
down, and a neosinotubular junction is fashioned 
above the commissures. The coronary buttons are 
then orthotopically transferred (Fig. 5.4).81 The 
two proximal suture lines of this technique sig-
nificantly minimize bleeding at this level. Aortic 
annular fixation by the graft is expected to pre-
vent future annular enlargement to allow better 
long-term valve function. However, this opera-
tion is technically difficult and requires longer 
CPB time compared to the remodeling technique. 
Since the aortic valve is resuspended inside the 
tubular graft, there has been concern about 
increased stress on the aortic cusps due to the lack 
of aortic sinuses. Consequently, some surgeons 

have advocated new techniques aimed at decreas-
ing the stress on the cusps: tailoring of the con-
duit by pleating the graft and creating neo-sinuses, 
using grafts with one premade sinus (Valsalva 
graft), or using a two-graft technique in which the 
root graft is larger than the distal graft allowing 
billowing sinuses at the level of the root.81-83 Early 

Fig. 5.4 Valve-sparing root replacement-reimplantation 
technique. The aorta is transected, the aortic sinuses are 
excised and the coronary buttons are prepared. Each com-
missural post is tagged with a 4-0 Prolene suture used for 
future fixation inside the graft. A graft is selected. A row 
of 3-0 Ethibond subvalvular horizontal mattress sutures 
are placed from the left ventricular outflow tract below the 
nadir of the aortic cusps exiting the outside the remnant of 
the aortic annulus, following the natural scallop of the 
valve. The subvalvular sutures are attached to the graft; 
the commissural post sutures are then placed inside the 
graft and the subvalvular sutures are then tied. The com-
missural post sutures are secured to the graft at the desired 
height to allow proper geometry of the root and valve 
competency. A second running 4-0 Prolene is used to 
secure the remnant of the aortic annulus to the inside of 
the graft. Then the left coronary artery is reimplanted, and 
the distal anastomosis to the ascending aorta is completed 
followed by reimplantation of the right coronary button 
(Used with permission from Gleason81)
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laboratory data and clinical  indicate better flow 
dynamics with the creation of sinuses,84,85 but 
long-term data is currently unavailable.

Valve-sparing aortic root replacement with aortic 
valve reimplantation is currently the technique 
favored by most thoracic aortic surgeons.86 In 
David’s series, the freedom from moderate or 
severe aortic insufficiency at 10 years was 94 ± 4%; 
the freedom from aortic valve replacement at 
10 years was 95 ± 3%. Independent predictors of 
death included age >65 years, advanced func-
tional class, and ejection fraction <40%.87 The 
reimplantation technique has been used in patients 
with Marfan syndrome and bicuspid aortic valves 
with comparable mid- and long-term results.88-91

Aortic Arch Aneurysms

Total aortic arch replacement (TAAR) is a 
 challenging and technically difficult operation 
that requires meticulous attention to end-organ 
protection in order to achieve good outcomes. 
Techniques have evolved over time with the goal 
of minimizing global cerebral ischemia during the 
period of mandatory circulatory arrest and to avoid 
embolic events of air or atheromatous debris asso-
ciated with manipulation of the head vessels. As 
many TAAR will require a period of circulatory 

arrest that exceeds 30 min, most surgeons have 
adopted techniques that allow ongoing cerebral 
perfusion during the arrest period. Either direct 
cannulation of the carotids or selective antegrade 
cerebral perfusion using the right axillary artery as 
inflow supplemented with cannulation of the left 
carotid artery can be used for to achieve this goal.

TAAR was first reported by Griepp in 1975.92 
During a period of hypothermic circulatory arrest, 
the aortic arch is opened and excised leaving an 
island of aorta containing the three arch vessels 
taking care to avoid injury of the left vagus, recur-
rent laryngeal, and phrenic nerves. The distal 
anastomosis is completed with an end-to-end 
anastomosis between a prosthetic graft and the 
proximal descending aorta. An opening of ade-
quate size is created on the greater curve of the 
graft to allow reimplantation of the island of aorta 
containing the arch vessels end to side. The graft 
is then recannulated and cerebral and total body 
perfusion is reinitiated. The proximal anastomo-
sis is completed, and, after rewarming, the patient 
is weaned from CPB (Fig. 5.5).93 As experience 
with the technique accrued, it was clear that 
cerebral ischemic times invariably exceeded 30 
min and that neurologic injury was common.  
A direct correlation between neurologic injury 
and the circulatory arrest time was established.94

Fig. 5.5 Total aortic arch replacement – classic repair. The 
aortic arch aneurysm is dissected. During a period of circu-
latory arrest, the aneurysm is opened and excised leaving 
an island of aorta containing the three arch vessels. The 
distal anastomosis is completed with an open end-to-end 
anastomosis between a prosthetic graft and the descending 

aorta. An opening of adequate size is created on the graft to 
allow reimplantation of the island of aorta containing the 
arch vessels. The graft is then recannulated, and cerebral 
and total body perfusion is reinitiated. The proximal anas-
tomosis is completed followed by rewarming and separa-
tion from CPB (Used with permission from Galla93, p 326)
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In 1994, Ergin and Griepp described the “arch 
first” technique.95 With this technique the surgical 
approach to the arch aneurysm was similar with 
creation of an island of aorta housing the brachio-
cephalic branches, but the sequence of the anasto-
moses performed while under circulatory arrest 
was modified. First, the island of arch vessels was 
anastomosed end to end to a distinct “arch” graft 
allowing early reinitiation of upper body perfu-
sion at the completion of this anastomosis. While 
still on lower body circulatory arrest an open distal 
end-to-end anastomosis was then performed with 
a separate graft to the descending aorta  followed 
by completion of the proximal  anastomosis. 
The arch graft was then anastomosed end to side 
to the ascending-to-descending graft using either a 
 side-biting clamp or a brief second period of 

 circulatory arrest. The patient is then rewarmed 
and separated from CPB (Fig. 5.6).93

In an effort to further reduce embolic neuro-
logic injury, more aggressive techniques of TAAR 
have evolved that include transection of the arch 
vessels approximately 2 cm from their origin in 
the arch. In theory, at this point the vessels are usu-
ally more pliable with less atherosclerotic disease. 
The arch vessels are then separately reimplanted 
into specially devised branched grafts. Spielvogel 
has popularized the use of the trifurcation graft 
technique. In this approach, right axillary cannula-
tion is used to allow selective cerebral perfusion. 
During circulatory arrest, the arch aneurysm is 
resected as previously described, a trifurcated 
graft is used to separately reimplant each one of 
the head vessels with sequential  reinitiation 

Fig. 5.6 Total aortic arch replacement – “arch first” 
repair. The aortic arch aneurysm is dissected. During a 
period of circulatory arrest, the aneurysm is opened and 
excised leaving an island of aorta containing the three 
arch vessels. The island of arch vessels is reattached “first” 
to an “arch” graft allowing early reinitiation of upper body 
perfusion at the completion of this anastomosis. While 
still on lower body circulatory arrest, an open distal 

 end-to-end anastomosis to the descending aorta is then 
performed with a separate graft. The proximal anastomosis 
is then completed. The “arch” graft is then anastomosed 
end to side to the ascending to descending graft using 
either a side-biting clamp or a brief second period of 
DHCA. Full body perfusion is reestablished. The patient 
is then rewarmed and separated from CPB (Used with per-
mission from Galla93, p 327)
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Fig. 5.7 Total aortic arch replacement – trifurcated graft 
repair. This technique uses right axillary arterial inflow for 
CPB. The aortic arch aneurysm is dissected. During a 
brief period of DHCA, the aneurysm is opened and 
excised. The arch vessels are transected approximately  
2 cm from their origin in the arch and antegrade selective 
cerebral perfusion is initiated. Using the “arch first” 
 concept, each arch vessel is separately reimplanted into a 
specially constructed trifurcated graft. Complete  antegrade 

cerebral perfusion is reinitiated. While still on lower body 
circulatory arrest an open distal end-to-end anastomosis to 
the descending aorta is then performed with a separate 
graft. The proximal anastomosis is then completed. The 
“arch” graft is then anastomosed end to side to the ascend-
ing to descending graft using either a side-biting clamp or 
a brief second period of DHCA. Full body perfusion is 
reestablished. The patient is then rewarmed and separated 
from CPB (Used with permission from Galla93, p 328)

of perfusion to each brachiocephalic artery 
(Fig. 5.7).93,96,97 Kasui described replacement of 
the total arch using individual branch vessel grafts 
that each come off the primary arch graft in an 
anatomic fashion. Antegrade  cerebral perfusion is 
immediately established with  perfusion catheters 
inserted into each of the brachiocephalic branches. 
An open distal anastomosis is performed end to 
end between a special four branch graft and the 
descending aorta allowing establishment of lower 
body perfusion though the fourth branch of the 
graft. Next, the left subclavian is reimplanted and 
perfused. Finally, the left carotid and innominate 
are reimplanted into the remaining two branches 
and the remaining proximal reconstruction com-
pleted (Fig. 5.8).79,98

For patients with extensive involvement of 
the ascending, arch, and proximal descending 
thoracic aorta (so-called mega-aorta syn-
drome), there are two general approaches. The 
first involves a two-stage approach in which 
the first-stage operation addresses the aneurys-
mal area at greatest risk followed by repair of 
the area of lesser risk at a second-stage opera-
tion. Usually the ascending aorta and the arch 
are repaired first through a median sternotomy, 
followed by repair of the descending aorta 
through a thoracotomy incision at a later date.99 
The “elephant trunk” technique, first described 
by Borst in 1983, is a modification of the open 
distal anastomotic technique where the graft 
used for the anastomosis is invaginated into itself 
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Fig. 5.8 Total aortic arch replacement – Kazui’s tech-
nique. During a brief period of HCA, the arch aneurysm 
and origin of the arch vessels are completely resected with 
establishment of antegrade cerebral perfusion with perfu-
sion catheters inserted into each one of the head vessels. 
An open distal anastomosis is performed end to end 
between a special four branch graft and the descending 

aorta followed by establishment of lower body perfusion 
though the fourth branch of the graft. Then the left subcla-
vian is separately reimplanted and perfused followed by 
the left carotid and innominate arteries. After all the arch 
vessels are implanted, total body perfusion is resumed and 
the proximal anastomosis is completed during rewarming 
(Used with permission from Patel et al.79, p 193)

and introduced inside the descending aorta, the 
distal anastomosis is performed, and then the 
invaginated portion of the graft is retrieved 
from the aorta and used for the arch and ascend-
ing aorta reconstruction. At the second stage of 
the repair, the elephant trunk is retrieved and 
utilized to perform the proximal anastomosis 
of the descending aortic replacement simplify-
ing  dissection and avoiding possible injury to 
adjacent structures (Fig. 5.9).69,100 Unfortunately, 
up to one third of patients do not return for 
their  second-stage operation, and the additive 
mortality for the two procedures and the inter-
val wait approaches 20%.99 Consequently, 
Kouchoukos suggested a single-stage repair for 
extensive aortic aneurysms using a bilateral  

thoracosternotomy (or “clam-shell”) incision. 
Arterial inflow is established with right axillary 
artery cannulation, under DHCA and selective 
cerebral perfusion; the aneurysm is completely 
resected, and the arch vessels are reimplanted 
into a three-branched graft with initiation of 
antegrade cerebral perfusion. The distal end of 
the graft is passed underneath the pedicle of 
the left phrenic nerve. The graft is then anastomo-
sed to the distal descend ing aorta followed 
by reinitiation of total body perfusion. The patient 
is then rewarmed while the proximal anastomosis 
is performed (Fig. 5.10).101,102 Great care must 
be given to ligation of all bronchial and intercostal 
arteries emanating from the replaced segment 
of descending aorta.



Fig. 5.9 The “elephant 
trunk” anastomotic technique. 
The graft used for the 
anastomosis is invaginated 
into itself and introduced 
inside the descending aorta; 
the distal anastomosis is 
performed. The invaginated 
portion of the graft is 
retrieved from the aorta and 
used for arch and ascending 
aorta reconstruction. At the 
second-stage repair of the 
descending aorta, the 
segment of 5–8 cm of graft 
left inside of the descending 
aorta is retrieved and utilized 
to perform the proximal 
anastomosis (Used with 
permission from Coselli 
et al.69, p 263)

Fig. 5.10 Single-stage total 
aortic replacement through a 
bilateral thoracosternotomy 
incision. Arterial inflow is 
established with right axillary 
artery cannulation; under 
DHCA and selective cerebral 
perfusion, the aneurysm and 
origin of the arch vessels are 
completely resected. Using 
the “arch first” concept, the 
arch vessels are reimplanted 
into a three-branched graft 
with initiation of antegrade 
cerebral perfusion. The distal 
end of the graft is passed 
underneath the pedicle of the 
left phrenic nerve. The graft 
is then anastomosed to the 
distal descending aorta 
followed by reinitiation of 
total body perfusion. The 
patient is then rewarmed 
while the proximal portion of 
the operation is performed 
(Used with permission from 
Kouchoukos103)
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Introduction

Disease of the ascending aorta is always a serious 
development in any patient. The nature of the 
 disease and the severity of the particular disease 
will typically determine whether the patient 
will ultimately have to proceed with immediate 
 surgical intervention or observation and medical 
management.

Surgery of the ascending aorta is very  complex. 
Anesthesia delivery for these patients requires 
strict attention to detail to ensure preservation of 
the patient’s system functions while providing 
the ideal surgical working environment for the 
successful repair of the aorta. This requires a very 
close collaboration and meticulous communica-
tion between the surgical and the anesthesiology 
teams.

Common diseases of thoracic aorta requiring 
ascending and arch surgery include aneurysms 
and dissections (Fig. 6.1). Inflammatory arteritis 
and infectious diseases of aorta are other indica-
tions for thoracic aortic surgery. A basic knowl-
edge of pathology of the diseases affecting 
ascending aorta and arch of aorta is essential for 
anesthesiologists practicing anesthesia for aortic 
surgery.

Aneurysmal Diseases  
of Thoracic Aorta

The dimensions of the aortic root and ascending 
aorta show considerable variability in normal 
populations. Nomograms have been developed 
for adolescents and adults that account for age 
and body surface area.1 For example, 2.1 cm/m2 
has been considered as the upper limit of aortic 
sinus of Valsalva. Aortic dilatation is considered 
an increase in diameter above the norm for age 
and body surface area, and an aneurysm has been 
defined as a 50% increase over the normal diam-
eter. Aortic aneurysm is also defined as a twofold 
increase of the transverse diameter of the aorta 
compared with normal aortic segment. In patients 
with diffuse aneurysms, aortic diameter can be 
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Fig. 6.1 Surgical exposure showing acute type A dissec-
tion involving ascending aorta
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compared with the size pulmonary artery. 
Normally, their diameters are equal.

True aneurysm has all the layers of aorta in 
its wall. Among the thoracic aortic aneurysms, 
51% involve ascending aorta, 38% descending 
aorta, and the remaining 11% in aortic arch.2 
Pathologically, damage occurs in the aortic 
tunica media layer, which results in weakening 
and dilatation of the aortic wall. In addition to 
enlarged diameter, the aorta also increases in 
length causing distortion and tortuosity of dis-
tal and affected segments.

Based on the shape of the aneurysmal sac, 
aneurysms can be classified into saccular, fusi-
form, and cylindrical (Fig. 6.2). Fusiform aneu-
rysms have symmetric dilatations of the aortic 
lumen and the aneurysm sac is in direct continu-
ity with normal aorta. The enlargement can be 
eccentric and may involve considerable lengths 
to produce cylindroid aneurysms. Mural throm-
bus can be seen lining the aneurysmal wall. 
Saccular aneurysms are spherical protrusions or 
outpouching of aorta and connect to the true 
lumen of tubular aorta, traumatic and mycotic 
aneurysms are typical examples.

Cystic medial degeneration is the most common 
reason for ascending aortic aneurysms. This is 
characterized by depletion of smooth muscle cells 

and elastic tissue leading to fragmentation and 
weakening of aortic wall resulting in aneurysm for-
mation. A group of hereditary connective tissue 
disorders result in aortopathy that can account for 
at least 20% of aortic aneurysms. Marfan syndrome 
(MFS), Ehler–Danlos syndrome (EDS), familial 
aortic dissecting aneurysms, adult polycystic kid-
ney disease, and Turner syndrome are a few of the 
disorders associated with aortopathy.

MFS serves as prototype for the chronology of 
hereditary disorders. It is an autosomal dominant 
disorder with an incidence of 1 in 7,000 caused 
by more than 100 mutations involving fibrillin-1 
gene. Cardiovascular manifestations are given in 
Table 6.1. Complications of aortopathy such as 
rupture and dissection are responsible for 80% of 
deaths in MFS with average age of death in the 
fourth and fifth decades. Although the risk of  
dissection increases as the aortic diameter 
increases, aortic dissection can occur with 
 normal-sized aortas. It is difficult to predict which 
patients are prone for dissection, but a positive 
family  history is a strong predictor. Other fea-
tures of MFS include arachnodactyly, scoliosis, 
pectus  excavatum, eye abnormalities, spontane-
ous  pneumothorax, and emphysema. MFS type 2 
is associated with central and peripheral aortopa-
thy, cerebrovascular and peripheral arteriopathy, 
congenital heart disease, and neoplastic disorders. 

Fig. 6.2 Classification based on the shape of the aneurysm

Table 6.1 Cardiovascular manifestations of Marfan 
syndrome

Aortopathy
Dilatation of aortic root due to stretch of sinus of 
valsalva
Dilatation of proximal aorta with abnormal elastic 
properties (decreased distensibility, increased stiffness, 
and increased pulse wave velocity)
Aortic dissection (predominantly type A)
Aortic valve
Mega valve cusps
Floppy aortic valve
Aortic valve prolapse
Bicuspid aortic valve
Aortic valvular regurgitation
Mitral and tricuspid valve
Floppy mitral and tricuspid valve
Mitral/tricuspid valve prolapse
Mitral/tricuspid regurgitation
Mitral annular calcification
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Compared to non-MFS patients, valve-sparing 
operations are less successful because of subse-
quent development of degeneration and regurgi-
tation of the valve. Composite graft replacement 
of the aortic root and ascending aorta remains the 
gold standard for MFS patients. Additional late 
aortic operations may be needed.

Annuloaortic ectasia refers to aortic annular 
and ascending aortic dilatation. The histopatho-
logic changes seen are similar to those seen with 
medial necrosis. Like MFS, this disorder is asso-
ciated with reduced life expectancy.

Bicuspid aortic valve (BAV) is the most com-
mon congenital cardiac malformation. BAV is 
associated with aortic dilatation, aortic dissection, 
coarctation of aorta, and interrupted aortic arch. 
Hence, BAV is considered as a disease of the 
entire aorta. Aortic dilatation occurs even without 
valve stenosis and regurgitation. Most patients 
develop stenosis or regurgitation, and they are at 
increased risk for infective endocarditis.

Atherosclerotic aneurysms usually affect the 
abdominal aorta severely, and thoracic aortic 
involvement is less extensive unless the patients 
have diabetes, previous aortitis, and hyperlipi-
demias. Atherosclerosis and the attendant weak-
ening of the aortic media may eventually lead to 
aneurysmal dilation in some patients while others 
develop heavy calcification and obstructive dis-
ease. However, atherosclerosis may be super-
imposed on aneurysm of any etiology.

Hypertension is the most prevalent risk factor 
found in patients with aortic aneurysms and  aortic 
dissections.3 Other etiological factors for aortic 
aneurysms include poststenotic dilatation due to 
aortic stenosis, postsurgical trauma, and inflam-
matory and infective mycotic aneurysms.

Aortic Pseudoaneurysms

Pseudoaneurysms of the aorta involve disruption of 
at least one layer of the vessel wall with containment 
by the remaining vessel wall layers or by surrounding 
mediastinal structures. Pseudoaneurysms of aorta 
may result from aortic pathology such as dissec-
tion, penetrating atherosclerotic ulcer, intramural 

hematoma, trauma, infections, ruptured aneurysms, 
and more commonly, postoperative following car-
diac surgery.4–10 Spontaneous rupture with pseudo-
aneurysm formation has also been reported.11

Common sites for postoperative pseudoaneu-
rysms are the aortic cross-clamp, aortotomy, prox-
imal bypass graft anastomosis, aortic  cannulation, 
cardioplegia needle, and aortic vent sites (Fig. 6.3). 
After aortic surgery, pseudoaneurysms can form 
at implantation site of coronary arteries, proximal 
graft anastomotic site, and, least commonly, at 
distal graft anastomotic site. Pseudoaneurysms 
have been reported as late as 21 years after previ-
ous cardiac surgery. Pseudoaneurysms can present 
as cardiogenic shock after rupture.

Inflammatory Aortic Disease

Syphilis was the main cause of inflammatory 
aortitis until the early part of twentieth century  
when aortitis was linked with other diseases. 

Fig. 6.3 CT reconstruction showing pseudoaneurysm 
arising from ascending aorta
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Anesthesiologists may occasionally be involved with 
care of patients with such diseases, and knowledge of 
the diseases is essential. Inflammatory aortitis can be 
classified into infective and noninfectious aortitis.

Infectious Aortitis

Pre-existing atherosclerotic disease, intraluminal 
thrombus of aneurysmal disease, and aortic trauma 
(iatrogenic or traumatic) all act as nidus for aortitis 
in the presence of bacteremia. Infectious endo-
carditis, vegetations, and intravenous drug abuse 
may be associated. Salmonella, streptococcus, and 
staphylococcus are frequently isolated organisms. 
Focal saccular aneurysm formation and wall thick-
ening occur in atypical locations of the aorta. The 
aorta may be normal in adjacent areas or there may 
be intraaortic debris.12 Aortic aneurysm develops 
mostly in ascending aorta.

Syphilis generally involves ascending aorta and 
arch. Lesions consist of calcifications and pseudo-
aneurysm formation with the thrombus. Aortic 
insufficiency (29%) and coronary ostial stenosis 
(26%) with wall motion changes/myocardial isch-
emia are associated features. Tuberculosis can also 
cause aortitis and aneurysms of the aorta.

Noninfectious Aortitis

Takayasu arteritis is a primary chronic inflamma-
tory occlusive aortitis involving aortic arch,  thoracic 
and abdominal aorta. Aneurysm formation has 
been reported. Involvement of origin of arch ves-
sels with thrombus formation is characteristic. 
Multisegmental involvement with normal areas in 
between is typical. Fibrosis and wall thickening 
may be mistaken for intramural hematoma or dis-
section by imaging techniques. Marked global 
decrease in aortic distensibility and concentric wall 
thickening are echocardiographic characteristics. 
Dilatation of aortic segments was observed in 37% 
and 48% in two different studies, respectively.13

Other inflammatory disorders such as Behcet’s 
disease, rheumatoid arthritis, ankylosing spon-
dylitis, Reiter’s syndrome, Kawasaki’s syndrome, 
and giant cell arteritis may also be associated 
with aortic pathology.

Preoperative Preparation

The goals of the preoperative evaluation in 
patients undergoing thoracic aortic surgery are: to 
accurately categorize the extent of aneurysmal 
disease, to define the type of repair needed, to 
evaluate patient’s characteristics that will have an 
impact on the execution of the surgical procedure, 
and, in the protection of end organs during sur-
gery, to recognize other cardiac conditions that 
may require concomitant surgical intervention, 
and to detect and optimize the comorbid status.

A thorough history and physical must be con-
ducted with detailed questioning regarding car-
diopulmonary status, renal and liver function, 
bleeding diathesis, cerebrovascular and periph-
eral vascular disease. All information regarding 
prior cardiac and aortic interventions must be 
obtained. It is also important to determine the 
current functional status of the patient. The phys-
ical examination must include detailed neurolog-
ical, cardiopulmonary, and peripheral vascular 
assessments. Laboratory studies should include a 
complete blood count, serum electrolytes, creati-
nine and estimated glomerular filtration rate, 
coagulation indices, and blood type and cross-
match to ensure availability of sufficient blood 
products for the intended procedure.

Coronary artery disease (CAD) must also be 
considered. Coronary angiography should be per-
formed in patients older than 50 years of age or 
younger patients with risk factors for CAD. 
Patients who require root, ascending aorta, or arch 
surgery may need to undergo coronary bypass 
grafting at the time of surgery. For patients with 
descending or thoracoabdominal aortic disease, 
coronary revascularization may have to be under-
taken prior to aneurysm resection depending on 
the severity of CAD. Limited CAD can be treated 
with angioplasty and stenting; however, the use of 
drug-eluting stents in this setting may be discour-
aged as the need for clopidrogel may complicate 
surgery.

Cerebrovascular and peripheral vascular dis-
eases are also relevant. In patients with either a his-
tory of prior cerebrovascular disease or previous 
stroke or transient ischemic attacks, a CTA or MRA 
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of head and neck vessels may be helpful in guiding 
neurocerebral protection strategies. Patients with 
carotid bruits, patients older than 65, and patients 
with severe peripheral vascular disease may benefit 
from Duplex examination of their carotids, as inter-
vention on a severely stenotic carotid may be war-
ranted prior to aortic aneurysm repair.

Renal function must be carefully assessed 
prior to surgical repair. The development of renal 
failure has a profound impact on patient’s out-
comes impairing early and late survival. All 
patients should be counseled as to the risks of 
developing renal failure and the potential need 
for hemodialysis postoperatively. In patients with 
moderate renal dysfunction, every effort must be 
taken to protect renal function before, during, and 
after surgery. Avoidance of nephrotoxic contrast 
material and nephrotoxic medications is para-
mount. Patients with severely decreased renal 
function or on hemodialysis have a significantly 
higher perioperative risk of morbidity and mor-
tality after complex aortic repairs.

In patients with history of chronic pulmonary 
disease, classification of disease severity is impor-
tant. Pulmonary function testing may help to 
identify patients who are at a substantially higher 
risk of developing postoperative pulmonary com-
plications. These patients may benefit from pre-
operative pulmonary rehabilitation. More simply, 
the use of incentive spirometry and pulmonary 
toilet techniques can be taught pre-operatively. 
Patients who are currently using tobacco should 
stop its use. Patients with chronic bronchitis and 
significant sputum production can be treated with 
preoperative antibiotics with surgery delayed.

Anesthetic Management

Discussion with the Patient

The procedure for repair of the ascending aorta 
and arch is very complex and fraught with much 
risk that needs to be discussed with the patient as 
length. Our surgical colleagues do discuss this 
with the patient, but it is the author’s opinion that 
the major risks should be discussed again with 
the patient. Emergency surgery of the ascending 

aorta and arch carries significantly higher 
morbidity and mortality that needs to be  
discussed frankly with the patient and/or their 
family making sure that they are aware of the risks.

Discussion should include, but need not be 
restricted to, the risk of death, major cardiac events, 
transfusion risks, the risk of respiratory failure 
requiring prolonged mechanical ventilation, and 
major neurologic complications. Studies have 
shown that the use of deep hypothermic circulatory 
arrest (DHCA) is a significant cause for postsurgi-
cal neurological defects, both transient and perma-
nent. Fleck and colleagues showed that irrespective 
of the use of retrograde cerebral perfusion, the dura-
tion of DHCA was most predictive of the postoper-
ative transient neurologic complications such as 
confusion, agitation, and delirium.14 They found 
that patients who underwent DHCA for greater than 
40 min as opposed to less than 30 min were placed 
at a 2.73 times greater risk.14 A study by Hagl in 
2001 suggested that antegrade cerebral perfusion, 
by selective cannulation of the carotid arteries, pro-
vided greater protection and increased the safe dura-
tion for DHCA to 40 min.15 The author has found 
that discussing these issues with the patient and 
their family has been especially helpful.

Planning

The anesthetic management of patients who pres-
ent for surgery of the ascending aorta and aortic 
arch can be exceedingly complex. The complex-
ity needs to be addressed in the planning and pre-
operative work-up phase to ensure that as many 
modifiable factors as possible are taken care of 
prior to the patients arriving in the operating 
room for their surgery. Extensive planning is 
often required. Planning should include a discus-
sion with the surgeon to clearly delineate the sur-
gical plan. Topics that should be discussed are: 
the monitors needed (e.g., site of invasive arterial 
pressure monitoring), the potential for blood 
transfusion, the use of antifibrinolytics, the use of 
adjunct medications for cerebral protection, per-
fusion adjuncts for cerebral protection, depth of 
hypothermia, and the plan for rewarming the 
patient after hypothermic arrest.
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Monitoring

Hemodynamic Monitoring

American Society of Anesthesiology (ASA) stan-
dard monitors are used. Electrocardiogram (leads 
II and V5) remains the gold standard for ischemia 
monitoring. Selection of the site for invasive 
 arterial monitoring should be considerate of  aortic 
cannulation and clamp site, surgical plan, and the 
disease process. Various approaches exist and are 
mostly guided by institutional preference. The 
author’s opinion is that central aortic pressure in 
the form of a femoral arterial line gives the most 
accurate arterial pressure, especially during 
rewarming phase (when residual vasospasm of the 
radial artery may cause the central arterial pres-
sure to be underestimated) and post cardiopulmo-
nary bypass (CPB) period when it is extremely 
important to be able to achieve precise blood pres-
sure control and avoid stress on the suture lines. 
Consideration has to be given to the surgical 
approach, as the surgeons may want to gain access 
for CPB through femoral arterial cannulation. 
Femoral arterial pressures reproduce central 
aortic pressures more reliably than brachial and 
radial pressures after CPB.16 However, brachial 
arterial pressures are more reliable than radial 
arterial pressures in patients undergoing CPB and 
are used in some institutions with acceptable risk.17

If upper limb arterial lines are used, left radial 
or brachial is accessed because right radial arterial 
line may read excessively high if the surgeons 
have utilized right subclavian artery for cannulation. 
This will occur when there is inadequate snaring 
of the distal limb of the artery. Of note is the fact 
that this may also lead to edema of the right arm 
postoperatively that resolves spontaneously. 
Alternatively, it may be entirely lost if the aortic 
cross-clamp is placed distal to the innominate 
artery origin. However, right radial arterial pres-
sure may be useful to monitor the perfusion pres-
sures of antegrade perfusion given through right 
axillary or subclavian artery under DHCA. In such 
situations, bilateral upper extremity or right radial 
with a femoral access is used. Right radial pressure 
is maintained at around 40 mmHg during ante-
grade perfusion. One great risk is the inadvertent 

placement of the arterial line of a  dissection patient 
into the false lumen. Invasive arterial pressure should 
be obtained at two different sites and correlated 
with noninvasive blood pressure cuff. It may be 
useful to remember that dissection process more 
often involves iliac artery on the left side. Common 
femoral artery is rarely involved.

All patients undergoing aortic surgery with 
DHCA have central venous access via a 9F cath-
eter with a pulmonary artery catheter placed in 
right jugular vein. Apart from monitoring central 
venous pressure, pulmonary artery pressures, 
cardiac output, and mixed venous saturations 
before and after CPB, superior vena caval (SVC) 
pressure is monitored during retrograde cerebral 
perfusion (RCP). This can be done either by a 
catheter in external jugular vein or by connecting 
the transducer to the introducer side port. SVC 
pressures are maintained between 15 and 
25 mmHg.18 Higher pressures may be associated 
with cerebral edema and neurological dysfunc-
tion. Multimodal neurophysiologic monitoring 
should be used to ensure safe delivery of RCP 
with higher SVC pressures (40 mmHg).19 
Pulmonary artery catheter is pulled back 3–5 cm 
during the DHCA to prevent the possibility of 
distal migration during cardiac manipulation and 
avoid perforation of pulmonary vasculature by 
the stiffening catheter (due to hypothermia).

Echocardiography

Transesophageal echocardiography (TEE) and 
epiaortic ultrasound (EUS) are indicated in aortic 
surgery for many reasons. TEE can confirm the 
preoperative diagnosis, detect new or underappre-
ciated lesions of the valves and other cardiac 
structures, assess the extent of aortic involvement, 
and give the surgical team aortic dimensions to 
help plan the surgery, especially if root replace-
ment is being considered. Aortic valve involve-
ment with regurgitation is common in patients 
with aneurysms and dissections (Fig. 6.4). With 
specific regard to aortic regurgitation, TEE allows 
detailed assessment of aortic root dimensions and 
cusp prolapse, calcification, sclerosis, perfora-
tion, fenestration, or disruption often indicating 
the feasibility of aortic valve repair. TEE also 
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allows assessment of the quality of the aorta, and 
may predict embolization risk with aortic cannu-
lation, retrograde arterial (femoral) perfusion, and 
intraaortic balloon pump placement. Epicardial 
ultrasound can also be utilized to determine the 
safe locations for cannulation.20 In patients with 
aortic disease, it is also important to obtain base-
line cardiac contractile function by TEE.

TEE is used to confirm the guidewire in the 
true lumen of aortic dissection and safely guide 
the placement of aortic cannula, as this will avoid 
false lumen cannulation and resulting cerebral 
malperfusion.21 In re-do aortic surgery where the 
grafts are close to the sternum and in patients 
with extensive dissection or giant aneurysm, TEE 
is used to guide femoral arterial cannulation and 
inferior vena caval cannulation. TEE is used to 
avoid hepatic venous cannulation and help place-
ment of cannula at SVC-right atrial junction. 
Right subclavian artery is exposed and a graft is 
sewn after full heparinization. Patient is placed 
on CPB and cooling is often begun immediately 
before sternum is opened in these patients.

In the post-bypass period, TEE is invaluable in 
the evaluation of the success of aortic surgery. 
Aortic graft is examined for laminar flow and any 
obvious leak around the graft. The aortic valve 
(native or prosthetic) is examined for gross abnor-
malities. Color flow Doppler is used to examine the 
aortic valve for paravalvular leak and residual AR 
(after valve repair) (Fig. 6.5). AR may be appreciated 

even during full CPB by color flow Doppler though 
quantification of AR should be done after separa-
tion from CPB. Left ventricular distension during 
CPB also gives clue about developing AR.

Coronary arterial and graft flows are evaluated 
especially after coronary reimplantation proce-
dures (Cabrol’s and Bentall procedure). TEE can 
identify developing mediastinal and periaortic 
hematoma, which may require reexploration on 
CPB (Fig. 6.6). Equally important is that TEE 
can be utilized to investigate the overall cardiac 
function, regional wall motion changes, and vol-
ume status after termination of CPB.

Cerebral Monitoring

Postoperative neurological dysfunction remains 
the most significant cause of postoperative 
 morbidity after otherwise successful major aortic 
 surgery and is devastating to the patient and sur-
gical team. This has major impact on overall costs 
of medical care for these patients and is an area of 
intense investigation recently. Advances in intra-
operative neuromonitoring technology bring 
newer methods (near-infrared spectrometry, tran-
scranial Doppler, and jugular venous saturation) 
into practice. Evidence-based guidelines are still 
not available though some form of neuromonitor-
ing is used by most institutions. Currently, at our 
institution, standard 12-lead electroencephalo-
gram (EEG) and somatosensory-evoked poten-
tials (SSEP) are used in most of the patients 
undergoing aortic arch surgery. Neurophysiologists 
help with intraoperative EEG and SSEP monitor-
ing and communicate significant changes during 
cooling and rewarming to the anesthesiologist 
and surgeon. Processed EEG using bispectral 
index (BIS) can be utilized as an alternative to 
standard EEG in emergency situations.

Temperature Monitoring

Temperature monitoring should be performed at 
multiple sites during aortic surgery involving 
DHCA. Nasopharyngeal or tympanic membrane 
temperature is used to monitor brain temperature. 
Core temperature is monitored by esophageal probe 

Fig. 6.4 Surgical exposure showing dissection flap involv-
ing the aortic valve
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Fig. 6.5 (a–c). Pre-bypass TEE image showing dissec-
tion of the ascending aorta with morphologically normal 
looking aortic valve (a). Eccentric aortic regurgitation was 

noted (b). Valve sparing aortic replacement was performed 
(c). Post-bypass TEE showed trace aortic regurgitation, 
which was left alone (d)

Fig. 6.6 (a and b). Post-bypass TEE showing blood collection in the oblique sinus behind left atrium (a) and periaortic 
hematoma (b)
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or pulmonary artery catheter. Bladder or rectal  
temperature is monitored to make sure that no  
significant gradient exists during rewarming. The 
perfusion team closely watches arterial perfusate 
and venous temperature. Monitoring of temperature 
from each site has its advantages and drawbacks.

Arterial perfusate temperature: This is the tem-
perature to which the brain is exposed during 
rewarming phase. Gradient between the actual 
perfusate temperature and target brain temperature 
(measured at different sites) during rewarming 
should not exceed 10°C and the absolute tempera-
ture of the perfusate should not exceed 36°C.22

Venous return temperature: This is a crude 
estimate of whole body temperature and mea-
sured in close proximity to the venous reservoir. 
Heat loss between the patient and reservoir in the 
tubings leads to underestimation of true venous 
temperature.23

Jugular bulb temperature: Temperature mea-
sured at this site closely approximates the arterial 
blood temperature and is always higher than that 
measured at other sites. This is the standard with 
which temperatures from other sites are com-
pared.24 This measurement requires an invasive 
procedure.

Pulmonary artery catheter temperature: 
Pulmonary artery catheter allows monitoring of 
blood  temperature, which correlates most closely 
with brain temperature during rapid cooling and 
rewarming and performed better than tempera-
ture measured from other sites.25,26 However, this 
can be confounded by the exposure of the heart to 
the room-air in open heart procedures, or by 
administration of cardioplegia.

Other sites: Nasopharyngeal temperature is con-
sidered a safe surrogate indicator of cooling.24 
However, this will underestimate the actual brain 
temperature during rewarming.24 Rewarming to 
the target nasopharyngeal temperature of 36°C 
may avoid overheating of the brain.22 Esophageal 
temperature is an alternative site for core temper-
ature measurement and the position of the probe 
is important during esophageal temperature mea-
surement so that it is not affected by myocardial 
topical cooling and cold cardioplegia.23 Tympanic 
membrane has the risk of perforating the eardrum. 

Rectal temperature is affected by the presence of 
feces and bladder temperature is dependent on 
urine flow.23 Bladder temperature is used in all 
patients as the indicator of total body rewarming. 
Rewarming to bladder temperature of 34–36°C 
helps in the prevention of the afterdrop.22

Monitoring for aortic surgical procedures on 
CPB with DHCA should include assessment of 
coagulation status at various time periods (preop-
erative, during CPB, post-bypass period, and 
postoperative in ICU). Monitoring for blood 
coagulation is described in the section on 
coagulopathy.

Induction and Maintenance

Induction method differs between elective and 
emergency ascending and arch of aortic surgery. 
Elective patients for aneurysm repair are induced 
just like any other cardiac surgery with careful 
watch on arterial blood pressure. Invasive arterial 
monitoring and large bore peripheral intravenous 
access (14 or 16F) are typically established 
before induction of anesthesia for both elective 
and emergency aortic surgery. Adequate blood 
products, preprepared inotropic and vasoactive 
medications should be available in the room.

Induction of general anesthesia can be a stress-
ful time especially in the patient with ascending 
aortic dissection and patients having symptoms of 
impending aneurysm rupture.27 Preferred induc-
tion agents are thiopental (3–5 mg/kg) and etomi-
date (0.3 mg/kg) depending on the basal blood 
pressure readings noticed on arterial pressure 
monitoring prior to induction. Care must be taken 
to avoid hypertension and tachycardia during 
intubation and laryngoscopy, both of which can 
cause aneurysm rupture. Rapid-acting narcotics 
such as fentanyl (5–10 mcg/kg) can be used to 
prevent hypertensive response, but the potential 
for significant hypotension should be recognized 
when they are combined with benzodiazepines in 
patients with hypovolemia and poor ventricular 
function. Care should be taken to avoid the poten-
tial for significant blood pressure decreases that 
may occur with combinations of the antihyperten-
sive medications and the anesthetic agents.
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After induction of anesthesia, two large bore 
central venous catheters (9F & 8.5F) are inserted 
either through double stick of right internal jugular 
vein or 9F in the internal jugular (to pass PAC) 
and 8.5F in the femoral vein (for volume infu-
sion). Alternatively, Advanced Venous Access 
(AVA) device with three large bore sidearms can 
be used. In patients requiring large volume infu-
sion (ruptured aneurysm and dissection), rapid 
volume infusion systems and cell-saver blood-
scavenging systems should be readily available.

Anesthetic maintenance can be achieved with 
balanced anesthetic technique using narcotics, 
benzodiazepines, and volatile anesthetics titrated 
to keep tight control of blood pressure. Requirement 
for anesthetics decreases after hypothermia, and 
overdosing of anesthetic drugs may cause vasodi-
latation and myocardial depression in the post-
CPB period. Processed EEG monitors such as BIS 
and patient state index (PSI) when used to titrate 
anesthetic drugs have a role to improve outcomes 
by preventing unnecessary anesthetic administra-
tion in the early post-CPB period.28 Large doses of 
narcotics are not needed since the aim is to pro-
mote rapid awakening, weaning, extubation, and 
neurologic assessment.29 Fentanyl 20–25 mcg/kg 
and midazolam 5–10 mg are typically adminis-
tered through the surgery.

Airway Management

Patients undergoing sternotomy for ascending 
aortic and arch surgery with CPB can be man-
aged with standard single lumen endotracheal 
tube. Involvement of distal arch and proximal 
descending thoracic aorta will require left lung 
isolation by endobronchial tube for access 
through lateral thoracotomy. Airway compres-
sion or deviation by a large aneurysm should be 
suspected in patients with wheezing, dry cough, 
dyspnea on exertion or in supine position and  
stridor. Thoracic aortic lesions can lead to dis-
tortion, deviation, and compression of trachea 
and the mainstem bronchus.30 Tracheomalacia 
and respiratory distress can be associated. 
Preoperative chest X-ray and computerized 
tomographic scans should be reviewed to rule 
out airway involvement (Fig. 6.7). Special 

 techniques such as fiber-optic intubation in a 
spontaneously breathing sedated patient in the 
upright position can be utilized in patients with 
airway compromise. The use of muscle relax-
ants may lead to airway obstruction and there-
fore are avoided if there is a significant airway 
compression and tracheomalacia.

Hemodynamic Management

Management of elective aortic surgery in the pre-
bypass period is quite similar to any other cardiac 
surgery. Patients presenting for emergency surgery 
for aortic dissection, intramural hematoma, or 
impending rupture are usually hypertensive with 
their blood pressure and heart rate needing to be 
aggressively controlled with infusions of esmolol 
(50–300 mcg/kg/min), labetalol (0.5–2 mg/min), 
or nicardipine (2–15 mg/h) to the target systolic 
blood pressure of 100–110 mmHg. Diltiazem can 
be used in patients with significant bronchospastic 
airway disease. Antihypertensive therapy with 
beta-blockers is indicated to decrease the velocity 
of left ventricular ejection (dP/dT), which will pre-
vent progression of dissection. If heart rate control 
with beta-blocker does not decrease the systolic 
blood pressure, vasodilators may be added. 
Vasodilators such as sodium  nitroprusside therapy 
given before beta-blockers cause tachycardia 

Fig. 6.7 Contrast chest CT showing tracheal deviation 
from huge thoracic aortic aneurysm
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 leading to increased velocity of ejection (dP/dT) 
and extension of dissection.

Other group of patients may present to the 
emergency repair with already compromised 
hemodynamics. Hemodynamic compromise 
may be the result of rupture and hemopericar-
dium (cardiac tamponade), severe aortic valve 
regurgitation, and coronary artery involvement 
(myocardial ischemia).27 Circulation and venti-
lation are supported until the surgical team 
places the patient on CPB. Securing the airway 
takes priority. Consideration should be given to 
the possibility of full stomach. Placement of 
central venous access and arterial access should 
be achieved quickly as the surgeon prepares to 
initiate CPB. Heparinization should be remem-
bered and communicated to the surgeon and 
perfusionist. Epinephrine, norepinephrine, mil-
rinone, and vasopressin have all been used to 
good effect to support patients preoperatively. 
Packed red cells and fluids are administered to 
maintain adequate intravascular volume hemat-
ocrit. Overaggressive treatment will precipitate 
hypertension and should be avoided. TEE probe 
is inserted to perform a fast and focused 
examination.

Management of DHCA and CPB is described 
elsewhere in detail. In the post-repair phase, the 
hemodynamics of the patient may continue to 
remain deranged due to the effects of long dura-
tion of CPB and aortic cross-clamp, residual 
effects of preoperative myocardial compromise, 
and inadequate protection of the myocardium. In 
many instances, the stunned myocardium requires 
inotropic therapy. Great care should be taken to 
avoid a hypertensive state during post-CPB, trans-
port, and in the immediate postoperative period. 
Propofol infusion can be titrated to prevent blood 
pressure rise and subsequent stress on the vascu-
lar suture lines during transport to intensive care 
unit (ICU) and early recovery period in ICU.

Coagulopathy

Patients who undergo repair of the ascending aorta 
and arch frequently develop a significant coagul-
opathy. Advanced age, renal failure, and insuffi-
ciency are risk factors for bleeding complications.31 

The reasons for coagulopathy are multifactorial 
and include platelet dysfunction, disruption of the 
coagulation cascade, hypothermia, fibrinolysis, 
inflammation, and systemic anticoagulation. The 
use of advanced antiplatelet and antithrombotic 
agents worsens the situation in these patients.

The effects of the extracorporeal circuit on 
platelets are multiple. Mechanical destruction 
and hemodilution decrease the number of plate-
lets. Functional abnormalities in platelet aggre-
gation result from contact with artificial surfaces 
of the bypass circuit.32 Von Willebrand Factor 
receptors, Glycoprotein IIb/IIIa receptor (fibrino-
gen) loss, and subsequent degranulation have 
been implicated, but it is also being recognized 
that hypothermia and heparin may play important 
roles in their dysfunction.33 Attempted methods 
to mitigate these effects include the use of 
heparin-bonded bypass materials, microfilters to 
remove aggregates, and the use of platelet func-
tion assays to determine platelet transfusion 
requirements.32

The role of hypothermia in the impairment of 
the coagulation system should not be underesti-
mated.34,35 The mechanism is felt to be the impairment 
of coagulation factors, platelet dysfunction, and 
activation of fibrinolysis. Below 30°C, the factor 
activity is severely affected with 0% activity for 
factors VIII and IX and 5% activity for factors II 
and VII at 25°C. Tests of coagulation performed at 
the blood temperature 37°C may mask the effects 
of hypothermia. An in vitro study of rotational 
thromboelastography has shown temperature-de-
pendent decrease in the function of the coagula-
tion system.36 The impairment in relevant measures 
was evident in all temperatures below 37°C.

The effects of the extracorporeal circuit on 
the coagulation cascade are well documented. 
Coagulation factors depletion occurs because of 
two reasons: dilution of factors in the pump prime 
and denaturation of coagulative proteins due to 
contact with artificial surfaces (e.g., cardiotomy 
suction). Bubble oxygenators were also a large 
source of this problem but have been eliminated. 
Reston et al. published that OPCAB had signifi-
cantly lower bleeding rates versus on-pump 
CABG. While this does not directly apply to aor-
tic surgery, it does illustrate the effect of the 
bypass system on coagulation.37 Evidence exists 
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that both the extrinsic and intrinsic pathways are 
activated. Factor XII, Factor IX, and tissue factor 
have all been heavily implicated as the trigger for 
the extrinsic pathway. Studies have shown high 
levels of tissue factor in blood suctioned from the 
pericardium. Elimination of cardiotomy suction 
has been shown to decrease platelet activation, 
thrombin generation, and even inflammation.32

Fibrinolysis is a homeostatic mechanism, which 
serves to limit clot growth. The fibrinolytic system 
is activated during CPB as a result of Factor XIIa in 
the intrinsic pathway in conjunction with tissue 
plasminogen activator (t-PA) and urokinase plas-
minogen activator (u-PA) of the extrinsic pathway.34 
Thrombin has also been implicated in releasing 
tissue-type plasminogen from the vascular endothe-
lium.35 The activation of t-PA is also enhanced with 
longer CPB times and intracardiac procedures. 
Antifibrinolytic agents have been used successfully 
in clinical practice to mitigate this effect.

The inflammation caused by CPB worsens 
coagulopathy by way of increased expression of 
tissue factor that occurs due to increased levels of 
mediators like interleukin 1, tumor necrosis factor 
(TNF), as well as endotoxin.38,39 Hemodilution 
due to prime volume may also account for the 
decrease in coagulation factors and platelet count.

The final factor in coagulopathy to be  discussed 
is the role of systemic anticoagulation. This is a 
topic that is still under much debate. It would 
seem obvious that systemic anticoagulation 
causes more bleeding. However, the traditional 
use of activated clotting time (ACT) to maintain 
level of anticoagulation may actually be increas-
ing bleeding complications despite the decreased 
use of heparin than those patients whose heparin 
dosing is controlled by heparin concentration 
monitoring (Hep-Con). Despotis et al. showed 
that Hep-Con controlled patients received 32% 
more heparin than the ACT-controlled patients 
but experienced less bleeding and less need for 
blood products.40,41 Patients controlled by Hep-
Con had better thrombin and fibrinolysis suppres-
sion as well as better maintenance of blood levels 
of coagulation factors. Another study in patients 
undergoing aortic surgery under deep hypother-
mic arrest has shown better suppression of throm-
bin and fibrinolytic system when higher doses of 

heparin are used with aprotinin as hemostatic 
agent.42 The effect of the thrombin will be to 
potentially make the platelets dysfunctional and 
therefore lead to more bleeding in the postopera-
tive period. It should be also recognized that 
higher doses of heparin might shield the coagula-
tion system from excessive thrombosis and fibrin-
olysis and, therefore, theoretically, decrease the 
amount of bleeding in these patients. The assump-
tion has to be that the heparin used intraopera-
tively is adequately neutralized with protamine 
after the termination of CPB.31

Apart from heparin concentration and ACT 
monitoring, patients during aortic surgery are 
monitored with point of care (POC) viscoelastic 
coagulation devices (thromboelastography (TEG, 
Haemoscope, Niles, IL) and rotational throm-
boelastometry (ROTEM, Pentapharm, Munich, 
Germany, and the Sonoclot Analyzer, and various 
platelet function monitors). POC tests are pre-
ferred over the traditional laboratory tests (e.g., 
prothrombin time, partial thromboplastin time, 
fibrinogen levels, and platelet counts) to monitor 
coagulation in the dynamic operating room  
environment. The advantages and limitations of 
POC coagulation testing are given in Table 6.2.

Among the viscoelastic POC coagulation stud-
ies, TEG is commonly used in USA while ROTEM 
is popular in Europe. TEG and ROTEM assess 
and display the viscoelastic clot formation under 
low shear conditions at all stages of developing 
and resolving clot.43 Though TEG and ROTEM 
tracings look similar, the terminology and values 
are different (Fig. 6.8). R time (clotting time in 
ROTEM) indicates initial clot formation. Alpha 
angle and clot formation time (k time in TEG) 
indicate rate of fibrin polymerization. Maximum 
amplitude (MA in TEG) or maximum clot  
firmness (MCF in ROTEM) reflects number and 
function of platelets and their interaction with fibrin. 
Amplitude of the TEG/ROTEM waveforms 30 and 
60 min after MA/MCF reflects fibrinolysis.

TEG and ROTEM are used in clinical cardiac 
surgical practice to predict the extent of post-CPB 
bleeding, to diagnose the cause of post-CPB 
bleeding and to evaluate the efficacy of hemostatic 
therapy.43 The data on positive predictive value of 
POC tests for excessive post-CPB bleeding are 
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not consistent but the negative predictive value is 
very high.44–46 Hence, in the presence of a normal 
POC test, inadequate surgical hemostasis is more 
likely the cause of excessive hemorrhage.

In patients undergoing surgery for acute type 
A aortic dissection, ROTEM-based coagulation 
management decreased transfusion of blood 
products, postoperative adverse events, and dura-
tion of mechanical ventilation and also shortened 
ICU stay and reduced secondary costs.47

Platelet dysfunction during aortic surgery may 
result from impairment of platelet activation, 
adhesion, aggregation, and release or platelet–fibrin 

interaction. ROTEM and TEG does not provide 
specific information on platelet function related 
to adhesion/aggregation. Verifynow system 
(Accumetrics, San Diego, CA, USA), Multiplate 
analyzer (Dynabyte, Munich, Germany), Platelet 
works (Helena laboratories, Beaumont, TX, 
USA), and Platelet Function Analyzer-100 (PFA-
100, DADE Behring, and USA) are some of the 
currently available monitors, which can be used 
to assess various platelet functions including 
aggregation. Monitoring of antiplatelet drugs 
(aspirin, clopidogrel, and glycoprotein receptor 
antagonists) is the main application of platelet 

Table 6.2 Point of care coagulation testing

Advantages over traditional lab tests
Less turnover time
Provides rapid diagnostic results (10–15 min) allowing appropriate targeted therapy
Whole blood can be used, No centrifugation required
Easy to use (disposable cartridges, cups, electronic pipette, and computer display of results), can be done in the 
operating room by anesthesiologists and anesthesia technologists
Testing possible at patient’s temperature
Sensitive in detecting fibrinogen function, fibrinolysis, platelet function, and platelet fibrin interaction
Diagnosis of hypercoagulable conditions possible
Limitations
Few studies evaluated the reliability, accuracy, validity, and reproducibility.
Age, gender, red cell mass, equipment, and activators used will alter the assay results and specificity
Lack of standardization
Inadequate quality control
Prone for errors when performed by nonlaboratory personnel, regular training required
Coagulation in the cuvette occurs in no-flow conditions so that the results have to be interpreted against the  
backdrop of clinical bleeding

Fig. 6.8 Typical waveforms 
of thromboelastography 
(TEG) and rotational 
thromboelastometry 
(ROTEM) (Reprinted with 
permission from Dr 
Gorlinger84)

135



A.W. Murray and K. Subramaniam

function monitors. It is not infrequent nowadays 
that patients present to elective and emergency 
aortic surgery while taking antiplatelet therapy. 
A pre-bypass platelet function analysis might be 
able to detect residual effect of antiplatelet drugs. 
Their utility in cardiac surgery is evaluated in 
limited clinical trials. The use of POC platelet 
function tests in the operating room and their effi-
cacy in reducing platelet transfusion need further 
investigation.

At author’s institution, Platelet works study is 
used to measure platelet function in the pre- and 
post-CPB periods. Platelet works measure plate-
let count before and after activation with an 
 agonist (ADP, collagen, or arachidonic acid). 
Nonfunctional platelets do not aggregate in the 
agonist tube and the difference between the basal 
platelet count and the count in the agonist tube 
indicates functional platelet number.48 Normal 
patients have more than 90% of their platelets 
functional. TEG and functional platelet count 
results are analyzed along with the surgeon’s 
assessment of clinical microvascular bleeding to 
guide platelet therapy.

Transfusion

Blood conservation strategies using preoperative 
autologous donation, intraoperative donation 
(acute normovolemic hemodilution), and cell 
savage can help avoid the use of homologous 
blood transfusion (HBT) in aortic surgery. 
Intraoperative blood salvage can also be done 
using automatic blood collection and washing 
equipment before and after CPB. During CPB, 
blood from cardiotomy suction can be autotrans-
fused directly or recycled using a cell-saving 
device. At the end of CPB, the blood remaining 
in the pump prime can be processed using ultra-
filtration and reinfused. In 61 patients undergo-
ing elective thoracic aortic surgery with deep 
hypothermic arrest, Shibata et al.49 using the 
above methods have shown avoidance of HBT in 
43% of their patients during the entire hospital 
stay. Patients who received HBT had prolonged 
intubation and higher infection rate though the 

direct cause–effect relationship could not be 
established. Svensson et al.50 used similar blood 
conservation program along with reinfusion of 
shed blood from chest tubes in 45 elective ascend-
ing aortic and arch operations. They could avoid 
in hospital HBT in 69% of patients and have 
shown shorter hospital stay and better functional 
dyspnea class on discharge in those patients. 
Going by these reports, blood conservation and 
avoidance of transfusion is possible in certain 
patients undergoing aortic surgery. Other group 
of high-risk aortic surgical patients in whom ane-
mia and coagulopathy requiring HBT cannot be 
completely avoided because of the reasons 
explained in the previous section. Measures 
should be taken to minimize the amount of blood 
products  transfused in these patients as the 
amount of blood transfused has a profound effect 
on morbidity and mortality. Apaydin et al.51 
showed that transfusion of greater than four units 
of blood was a predictor of mortality. Published 
guidelines by society of thoracic surgeons and 
society for cardiovascular anesthesiologists 
should be followed for perioperative blood trans-
fusion and conservation in these high-risk aortic 
surgical patients52 (Table 6.3). Preoperative iden-
tification of patients at high risk for bleeding and 
application of all blood conservation  measures in 
those patients are recommended as they account 
for majority of blood products consumed. Older 
age, preoperative anemia, preexisting coagulopa-
thy (congenital and acquired disorders), preop-
erative antithrombotic and antiplatelet drug 
intake, small body size, complex and redo sur-
gery with prolonged CPB duration, emergency 
surgery and patients with multiple comorbidities 
are a few of them.52 Multimodal approach using 
point of care testing and institutional transfusion 
algorithms help minimize the use of blood prod-
ucts in these patients.52

Given the rare transmission of viral diseases 
with blood transfusion, fears of acquiring those 
diseases should not limit the administration of 
indicated blood products.52 Practitioners should 
ensure that adequate blood products are available 
to be able to transfuse the patient promptly if he 
or she needs it. Extreme care needs to be taken to 
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ensure that there is no surgical source of bleeding 
before administration of blood products.

Antifibrinolytics

The topic of antifibrinolytics has been one of the 
great controversies in the anesthetic and surgical 
literature lately. The incidence of severe bleeding 
in the general cardiac surgery population is 
between 3.6%53 and 4.2%.53 Excessive chest tube 
output in ICU or cardiac tamponade may necessi-
tate re-exploration in the operating room. 
Re-exploration for bleeding is associated with 
adverse outcomes after cardiac surgery.54 An iden-
tifiable source of bleeding is found in only a minor-
ity of these patients. It is usually generalized 
“ooze” and this is then ascribed more to a medical 
cause of bleeding such as coagulopathy. CPB leads 
to activation of both the coagulation and fibrin-
olytic cascades. The consequence of this is a con-
sumptive coagulopathy, which manifests itself as 
uncontrollable bleeding with no clearly identifi-
able surgical source. Transfusion carries the risk of 
immunosuppression, disease transmission (albeit 
low), transfusion reactions, all of which may lead 
to increased morbidity and possibly mortality.

Antifibrinolytics are drugs employed to 
decrease the transfusion rate and the number 
of re-explorations in cardiac surgery (Class I 
evidence-based recommendation). Available 
drugs included e-amino caproic acid (EACA), 
tranexamic acid (TA), and aprotinin. EACA and 
TA are both lysine analogues that bind reversibly 
to plasminogen and plasmin and serve to inter-
fere with the ability of plasmin to convert fibrino-
gen to fibrin. These agents have been shown to 
reduce transfusion requirements and blood loss 
compared to placebo in aortic surgery patients.55–56 
Aprotinin functions differently in that it is a 
broad-spectrum serine protease inhibitor that 
actively prevents the conversion of plasminogen 
to plasmin. It also exhibits anti-inflammatory and 
anti-coagulant properties. It appears to block the 
coagulation cascade both at the intrinsic and the 
tissue factor pathway. It has also been suggested 
that the use of aprotinin has a platelet-sparing 

Table 6.3 Society of thoracic surgeons and society of 
cardiovascular anesthesiologists recommendation sum-
mary for blood transfusion and blood conservation in 
cardiac surgery

Preoperative
Discontinue antiplatelet medications (e.g. aspirin and 
plavix) before surgery to limit blood loss (Class IIa)
Recombinant erythropoietin to prepare for autologous 
blood donation and predonation of two units in carefully 
selected routine cardiac surgical patients (Class IIa)

Intraoperative
Acute normovolemic hemodilution is not unreasonable 
as a part of multimodal blood conservation approach 
(Class IIb)
Transfusion for hemoglobin levels less than 6 g/dl, 
Transfusion for Hemoglobin more than 6 g/dl is indicated 
depending on clinical situation (e.g.,cerebrovascular 
disease, diabetes, poor cardiac function, myocardial 
ischemia, critical end organ ischemia, active blood loss) 
(Class IIa)
Antifibrinolytics to reduce blood loss (Class I)
Maintenance of higher or patient-specific heparin 
concentrations during CPB to reduce hemostatic system 
activation, reduce platelet and coagulation proteins 
consumption for procedures with longer CPB duration 
(2–3 h) (Class IIb)
Retrograde autologous priming of CPB circuit  
(Class IIb)
Modified ultrafiltration in patients with significant prime 
volume (Class IIb)
Routine use of red cell saving is helpful except in patients 
with infection and malignancy (Class I)
Use of heparin-coated bypass circuits (Class IIb)
Topical sealants to assist in the highly complex aortic 
repair (dissection) (Class IIb)
Post bypass
Titrate protamine or empiric low-dose protamine  
(50% of total heparin dose) to achieve lower protamine--
heparin ratio at the end of CPB (Class IIb)
Desmopressin acetate to improve platelet function and 
attenuate excessive bleeding in uremia, CPB-induced 
platelet dysfunction, type I Von Willebrand Disease 
(Class IIb)
Recombinant factor VIIa concentrate for the management 
of intractable nonsurgical bleeding unresponsive to 
routine hemostatic therapy (Class IIb)

Postoperative
Therapeutic PEEP to reduce excessive postoperative 
bleeding (Class IIb)
Washing of shed mediastinal blood and reinfusion is not 
unreasonable (Class IIb)

Multimodal blood conservation approach (Class I Level  
A evidence)

A multimodality approach involving multiple stakehold-
ers, institutional support, enforceable transfusion 
algorithms supplemented with point-of-care testing, and 
all of the already mentioned efficacious blood conserva-
tion interventions will limit blood transfusion and provide 
optimal blood conservation for cardiac operations

Reprinted with permission from (Elsevier); Casati V et al.55
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effect for patients undergoing CPB57. Aprotinin’s 
efficacy and safety profile have always been 
questioned in the patient population for thoracic 
aortic surgery with DHCA.58-61

There are three studies in thoracic aortic surgi-
cal population with DHCA comparing lysine 
analogs (EACA in 2 studies and TA in one study, 
2 unpublished observations) with aprotinin. Eaton 
et al.62 in a study comparing aprotinin and EACA, 
reported equal efficacy for both these drugs, but 
only EACA was associated with renal dysfunc-
tion. Fontes et al.63 have also shown equal effi-
cacy for aprotinin and EACA. Our own database 
review at the University of Pittsburgh has shown 
that aprotinin patients received less blood prod-
ucts compared to tranexamic acid and aprotinin 
was associated with renal dysfunction after 
DHCA.64 All these studies are retrospective 
involving small sample size with the attendant 
limitations. The BART (Blood Conservation 
Using Antifibrinolytics in a Randomized Trial) 
study is a large prospective randomized study 
involving high-risk cardiac surgery and has 
shown that aprotinin produced modest reduction 
in massive bleeding but was associated with 
higher mortality.65 Since aprotinin has been with-
drawn from the market, the future clinical trials 
addressing the efficacy, dose response, and safety 
of lysine analogs should be conducted to have 
clear evidence-based recommendations.

The author’s current practice is the use of 
tranexamic acid that is administered in a similar 
dose to the dose used in BART study. The loading 
dose is 30 mg/kg IV administered after heparini-
zation for the patient and 2 mg/kg is added to the 
pump prime. The infusion is 15 mg/kg/h and this 
is continued until skin closure. TA dose should be 
reduced in renal insufficiency.

Implications for Cardio-Pulmonary 
Bypass

Cardio-pulmonary bypass is a necessity when 
attempting to do any open surgical repair of the 
ascending aorta and aortic arch. The specific aortic 
pathology may have important implications regard-
ing the method that is employed to provide CPB.

Cannulation Options

Main considerations include the use of central 
aortic cannulation or whether it would be best for 
a more peripheral location for arterial access. The 
factors that contribute to the decision to do a 
peripheral cannulation relate to the extent of the 
aneurysmal or atherosclerotic aorta. If there is 
insufficient space to place an aortic cross-clamp 
proximal to the origin of the right subclavian 
artery, then this may necessitate use of alternative 
arterial access. Any disease involving the arch will 
also generate consideration of alternative access.

Femoral and axillary arteries are commonly 
used peripheral cannulation locations. The advan-
tage of femoral cannulation is that it can be done 
percutaneously and rapidly66 Malperfusion can 
occur with femoral approach in cerebral circula-
tion and abdominal organs in patients with acute 
dissection. However, many believe that femoral 
cannulation is acceptable and yields very low 
complication rates as evidenced by a paper from 
Fusco and Colleagues.67 This retrospective review 
paper suggested the ease of femoral access and 
the achievement of good results as well as a very 
low rate of malperfusion consequences (2.5%) 
should make the femoral approach an appropriate 
approach. However, the femoral artery approach 
does risk the retrograde showering of any descend-
ing aortic debris to the cerebral circulation.

The axillary or subclavian artery, usually the 
right side, is a common choice because the left sub-
clavian is less desirable as it does not share circula-
tion with the left common carotid. Use of axillary 
cannulation avoids manipulation of the atheroscle-
rotic aorta and axillary artery, by itself, is seldom 
involved in severe atherosclerotic process. Axillary 
cannulation also allows for antegrade cerebral per-
fusion (Fig. 6.9a). Axillary cannulation is associ-
ated with improved neurologic outcomes.68–70

In patients with subclavian stenosis, the use of 
the axillary cannulation should be avoided as this 
will result in right arm overperfusion and edema. 
Axillary artery thrombosis and brachial plexopa-
thy are other concerns. In addition, the use of 
axillary cannulation may not be useful in the 
emergent cases. Flow restrictions created by the 
use of a narrow cannula into a narrow vessel may 
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also limit the flow that can be delivered and the 
patient of small stature will also present difficulty 
for this method. Axillary artery can be cannulated 
directly or perfused with a side graft sewn to the 
artery.71,72 The use of side graft avoids the prob-
lems of insufficient CPB flow because of the nar-
row vessel. Another concern regarding axillary 
cannulation is the risk that in the presence of axil-
lary dissection, an antegrade carotid dissection 
could be caused. The involvement of axillary 
artery in dissections is rare.

For procedures requiring DHCA in right lat-
eral decubitus position (for complex arch and 
descending thoracic aortic disease), bidirectional 
perfusion with femoral artery (for lower body) 
and another vessel (for head perfusion) is needed. 
Right axillary artery (cannulated with side graft 
in supine position before turning the patient to 
right lateral position)22, left subclavian, left axil-
lary, left common carotid, and ascending aorta 
are options for cerebral perfusion.73-75 Decision is 
made based on the involvement of these arteries 
in the aneurysmal disease process.

Several authors used central aortic cannulation 
for type A dissection repairs successfully.76-79 

Patients with aneurysm rupture, intramural hema-
toma, and false lumen thrombus are not candidates 
for central aortic cannulation. Aortic cannulation 
is achieved using Seldinger’s technique.80 A 
guide wire is passed into the true lumen and the 
position of the wire is confirmed in the true lumen 
with epiaortic ultrasound in the arch or with TEE 
in the descending aorta. Cannula is introduced 
over the wire and the position of the cannula is 
confirmed with echocardiography. After initia-
tion of CPB, flow in the true lumen is confirmed 
with color Doppler ultrasound.

Another less frequently used method, although 
its use dates back to the 1970s, that is starting to 
gain attention is the cannulation of the aorta via a 
cardiac apical cannula. This has been promoted as 
a safe, rapid, and reliable technique for gaining 
true lumen perfusion in patients with Type A aortic 
dissection. The inflow cannula is positioned across 
the aortic valve into the proximal ascending aorta. 
Positioning is confirmed by the trans-esophageal 
echocardiography. This technique is not useful in 
patients who have aortic stenosis where the can-
nula placement may either injure the valve perma-
nently or occlude aortic outflow entirely. The other 

Fig. 6.9 (a) Simplified technique for selective cerebral 
perfusion. Through the right axillary artery, the main pump 
provides a flow of 5 ml kg−1 min−1 for the right carotid artery 
while a second roller pump provides a flow of 5 ml kg−1 min−1 

for the left carotid system (Redrawn with permission from 
Elsevier publishers; Mazzola85). (b) Circuit for retrograde 
cerebral perfusion (Modified with permission from Wiley-
Blackwell Publishers; Bonser86)
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population where the use of apical cannulation is 
less desirable is patients with a previous sterno-
tomy where dissection can be very difficult.81

Cardiac Protection

The myocardium is always at risk during any 
procedure that will interrupt the normal perfusion. 
Repair of the ascending aorta and aortic arch is no 
different. In the event of a patient having significant 
aortic regurgitation, antegrade cardioplegia cannot 
be used due to the regurgitation into the left ven-
tricle with subsequent increase in oxygen demand 
in the setting of no perfusion. In these instances, the 
initiating dose of cardioplegia will be delivered in a 
retrograde fashion. Subsequent dosing may be 
delivered in a variety of ways including direct 
delivery into the coronaries via hand-held probe or 
alternatively small cardioplegia catheters can be 
placed in the coronary ostia. In both these instances, 
the delivery is antegrade. The direct cannulation of 
the coronaries carries a risk of developing ostial 
stenosis. The risks with relying only on retrograde 
cardioplegia are (1) that inadequate protection of 
the right ventricle and posterior interventricular 
septum, (2) traumatic injury to the coronary sinus, 
(3) difficult placement of and/or (4) dislodging of 
the catheter. Myocardial stunning is not uncommon 
after prolonged CPB and DHCA. We usually start 
epinephrine 0.02–0.05 mcg/kg/min in these cases 
before separation from bypass. The dose is titrated 
to ventricular function on TEE and cardiac output 
by PAC. Ventricular pacing may be required in few 
patients.

Cerebral protection

Institutions reporting low incidence of stroke 
(3%) and neurocognitive dysfunction (2.5%) after 
ascending aortic and arch surgery use multimodal 
operative protocol involving various chemical and 
perfusion strategies. One such protocol used in 
Cleveland Clinic is given in Table 6.4.82 The use 
of circulatory techniques has already been briefly 
mentioned in the preceding pages and detailed in 
the chapter on DHCA. The basic premise is to 

provide the brain with continuous supply of cold 
blood, thereby providing oxygen and nutrients in 
order to prolong the safe period of circulatory 
arrest needed to complete some of the more com-
plex repairs. Hypothermia and perfusion of the 
brain are the main cerebral protective strategies. 
Perfusion of the brain during DHCA can be 
achieved either by antegrade route through the 
right axillary artery (to the right common carotid 
artery) after clamping the innominate artery close 
to its origin, or by retrograde route through supe-
rior vena caval cannula (Fig. 6.9b).

A number of studies have looked at medicinal 
or chemical methods to protect the brain from 
malperfusion (as is created in the DHCA patient). 
Many medications have been studied and ulti-
mately there has not been any clear evidence to 
show that any of these work. Many have also not 
shown to harm and as a result their use varies. 
Barbiturates and steroids are probably the most 
widely used agents. Other agents that have been 

Table 6.4 Summary of operative protocol for ascend-
ing and aortic arch operations

All patients
Electroencephalogram silence
Temperatures less than 20°C
Head packed in ice
Mannitol prime and after arrest
Alpha-stat pH control
Leukoguard filter
CO

2
 flooding of field

Thiopental 5 mg/kg 5 min before arrest
Lidocaine 200 mg before arrest
Magnesium sulfate 2 g
Centrifugal pump
Membrane oxygenator
Closed circuit bag venous reservoir
Routine plasmapheresis before pump
Cell saver
Antegrade brain perfusion
Right subclavian cannulation or side graft
Innominate and carotid balloon occlusion (retrograde 
cardioplegia balloon occlusion catheter)
Pressure kept 40–60 mmHg
Sequential removal of catheters as arch anastomosis 
completed
Retrograde brain perfusion
Superior vena cava cannula
Snared below azygos vein
300–500 mL/min but less than 25–35 mmHg

Reprinted with permission from (Elsevier) Lars G 
Svensson.82
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used are lidocaine, aprotinin, acadesine, nimodipine, 
beta-blockers, and pegorgotein.83

Key Notes

 1. The repair of ascending aortic disease can be 
very complex with significant risk to the 
patient even in the event of a seemingly suc-
cessful repair. This warrants frank discussion 
with the patient’s family.

 2. Due to the complexity of the arterial repair 
work combined with the complexity of the 
CPB arrangements, a thorough understanding 
of the anatomy is necessary to adequately pre-
pare for the anesthetic planning.

 3. The complexity of the perfusion system, espe-
cially if cerebral protection is being used, must 
be understood. Extreme vigilance is necessary to 
ensure that the patient is protected at all costs.

 4. Management of the patient’s hemodynamic 
status can be very tenuous and unstable. All 
necessary medications should be ready for use 
prior to starting the procedure to facilitate 
rapid response to instability.

 5. Monitoring and protection of organ function 
(e.g., myocardial, cerebral, and renal) are inte-
gral aspects of successful aortic surgery.
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Cardiopulmonary bypass (CPB) and deep 
 hypothermic circulatory arrest (DHCA) are tech-
niques, which provide a bloodless field and 
enable the repair of complex congenital or 
acquired pathologies in cardiac surgery,1 as well 
as other conditions that require complete cessa-
tion of flow, for example, clipping of giant cere-
bral aneurysms.2 The protective effects of 
hypothermia have been known for centuries and 
possibly millenniums; however, the exact mecha-
nisms that allow the temporary suspension of ani-
mation remain to be elucidated. There is extensive 
evidence that transient periods of no-flow can be 
tolerated and that the duration of this safe period 
is related to the level of hypothermia. The practi-
cal conduct of CPB and DHCA is dictated by the 
underlying pathology and has become standard-
ized during recent decades. The compelling clini-
cal success of routine DHCA could be one of the 
reasons why limited effort has been made to fur-
ther facilitate the paramount protective effects of 
hypothermia, to extend the safe period, and to 
improve organ protection. Selective perfusion of 
the most vulnerable organs has been introduced 
into clinical practice only recently. Monitoring of 
the brain’s metabolism is still limited to experi-
mental settings. Current molecular tools also 
enable the investigation of the physiologic and 

biochemical changes that are responsible for the 
protection. Recently published studies in cardiac 
arrest showing beneficial effects of hypothermia 
applied even after ischemic insult have sparked a 
renewed interest in hypothermia research. We 
will review the current practice of DHCA, key 
mechanisms germane to hypothermic protection 
against ischemia-reperfusion injury, CPB perfu-
sion strategies before and after DHCA, the role of 
pharmacological adjuncts, and alternative meth-
ods of neuroprotection, and discuss future direc-
tions in research.

Historical Notes

Hypothermia at the dawn of the twenty-first 
 century represents a quite unique approach that 
has been tested for many clinical conditions. 
Although it may appear simplistic when com-
pared to other technologies used in the current 
medical environment, hypothermia has proven to 
be one of the most powerful tools in our arma-
mentarium to augment the outcome of some of 
the most severe insults. While the concept of 
therapeutic hypothermia has a rich history, we 
have yet to fully explore its potential and the 
mechanisms underlying its effects.

The interest in hypothermia dates back to 
Hippocrates who suggested topical cooling to 
prevent bleeding. Napoleon’s surgeon later 
observed that wounded soldiers that were put 
 farther from the fire died later than those closer 
to fire. In the 1930s, Fay used cooling for 
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 extremities in patients with tumors; in 1940, he 
described better-than-expected results of 
patients with severe traumatic brain injury kept 
hypothermic for 4–7 days. Hypothermia has 
been explored during the infamous Nazi experi-
ments on inmates of concentration camps. The 
breach of moral laws, along with persistent 
controversies over the scientific validity of the 
experiments, prevented the use of the acquired 
data in an ethical world.

The use of hypothermia in modern history 
dates back to the 1950s when elective moderate 
hypothermia (28–32°C) induced by surface cool-
ing during general anesthesia was used for brain 
and heart protection. This was supported by the 
experimental work of Bigelow et al. who pio-
neered modern hypothermic research.3 In 1950, 
he demonstrated protective effects of hypothermia 
during prolonged periods of ischemia compared 
to normothermic controls. Using surface cooling, 
he subjected dogs to total circulatory arrest for 
15 min under deep hypothermia (20°C), without 
apparent ill effect.4 Similar experiments using 
extracorporeal cooling via femoral–femoral shunt 
were carried out by Boerema et al.5 In 1953, Lewis 
and Taufic reported a successful repair of an atrial 
septal defect in a 5-year-old girl, using surface 
cooling to induce hypothermia (28°C) that allowed 
protection for a short period of no-flow (5.5 min).6 
The same technique was successfully used by 
Swan et al. in a series of patients.7 At the same 
time, CPB became clinically available and allowed 
complex cardiac surgery to flourish. Drew et al. 
used patient’s own lungs as an oxygenator, along 
with CPB to facilitate cooling and rewarming.8 In 
1960, Dubost et al. reported the use of profound 
hypothermia with circulatory arrest in cardiac sur-
gery.9 Kirklin et al. at Mayo Clinic reported in 
1961 results from 52 patients operated under 
DHCA, using either subject’s own lungs as an 
oxygenator, or extracorporeal oxygenation.10 
Initially, surface cooling was used almost exclu-
sively to induce deep hypothermia, especially in 
pediatric patients. CPB was used only after sur-
face cooling was applied to further decrease the 
temperature and for rewarming. Since the 1970s, 
CPB has been used for both cooling (core cool-
ing) and rewarming almost exclusively.

Hypothermic Cerebral Protection

Grades of Hypothermia

The level of hypothermia used in different  settings 
varies widely and there is no generally accepted 
range to describe various levels of hypothermia. 
In clinical practice, temperatures of 32–34°C are 
usually referred to as mild hypothermia, 28–32°C 
as moderate hypothermia, and below 28°C as 
deep hypothermia.11 Temperatures in the range 
from 15°C to 23°C are generally used in DHCA. 
In experimental work, even lower temperatures 
are explored, usually referred to as profound 
hypothermia (<15°C) or ultra-profound hypo-
thermia (<10°C).

Mechanisms of Hypothermic Cerebral 
Protection

The initial hypothesis that hypothermia works by 
decreasing oxygen consumption was explored in 
animal models in the 1950s. During the next 
decades, many other protective mechanisms of 
hypothermia have been identified.12 Deep hypo-
thermia used in cardiac surgery could employ dif-
ferent mechanisms than mild hypothermia used to 
improve outcome after cardiac arrest and other 
events. Hypothermia significantly alters tissue 
energy charges in individual organs.13 It alters 
gene14 and protein15-17 expression, protects against 
ischemia-induced apoptosis,18 attenuates free oxy-
gen radical production,19 and mitigates reperfusion 
injury. Hypothermia protects against  accumulation 
and release of excitatory neurotransmitters20 and 
Ca++ influx.21 The blood–brain barrier disruption is 
moderated by hypothermia.22 Vascular permeabil-
ity and capillary leakage are attenuated at mild to 
moderate levels of hypothermia; on the contrary, 
deep hypothermia is associated with plasma 
“skimming” and plasma leakage into interstitial 
space.23 The overall effect is probably a result of 
multiple mechanisms that may vary with the level 
and duration of hypothermia.

Brain is metabolically very active and respon-
sible for 20% of total body consumption. Oxygen 
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consumption (VO
2
) has been used historically as 

a measure of metabolic activity. Hypothermia 
reduces energy requirements, as reflected by 
decrease in VO

2
. The effect of temperature on 

VO
2
 is numerically expressed using van’t Hoff’s 

law, which relates the logarithm of a chemical 
reaction directly to temperature. The global 
effects of hypothermia on metabolism are defined 
by Q

10
, which represents the reaction rate differ-

ence for a 10°C temperature difference.
Initial studies in surface-cooled dogs sug-

gested Q
10

 of 2.7.3,24,25 Surface cooling combined 
with CPB-assisted core cooling in dogs yielded 
similar results, with Q

10
 of 2.8.26 The oxygen con-

sumption at the extremes of temperatures (5°C) 
was similar to oxygen consumption in hibernat-
ing species.27 Also, Q

10
 is not linear. In a canine 

model, brain Q
10

 was 2.23 between 37°C and 
27°C, was doubled to 4.53 between 27°C and 
14°C,28 and returned to 2.19 below 14°C.29 In a 
rat model, overall brain Q

10
 for temperatures 

38–28°C was 5.2, with a two-component 
response: Q

10
 was 12.1 in 38–30°C, and 2.1 in 

30–28°C.30 In vitro studies showed that there also 
exist differences in cerebral metabolic rate for 
oxygen (CMRO

2
) rates between white and gray 

matter. Young mammals usually survive deeper 
hypothermia than adults. This has been found to 
be true of many species of animals: that is, guinea 
pigs,31 rats,32 and dogs. Moreover, young animals 
tolerate the same degree of deep-body cooling for 
much longer periods than adults.

Those data suggest that Q
10

 varies between 
species, between age groups, and also between 
individual organs in one body. Hence, hypo-
thermia may confer different level of protection 
for the same organ between species, resulting in 
different outcomes despite similar insults.

It is important to acknowledge that oxygen 
consumption is not reduced to zero even at very 
low temperatures approaching the freezing point. 
The continuing metabolic activity is responsible 
for a tendency to spontaneously rewarm. This 
suggests that the “safe” period of DHCA is not 
infinite even at ultra-profound temperatures. 
Ehrlich et al. showed in pigs that metabolic activ-
ity was 50% of baseline values at 28°C, 19% at 
18°C, and 11% at 8°C.33 Steen et al. showed in 

dogs that cerebral metabolic rate decreases to 7% 
at 14°C.34 However, other studies indicate the 
reduction in CMRO

2
 is modest than reported ear-

lier. At 18°C, activity on electroencephalography 
(EEG) was still present, and CMRO

2
 was 39% of 

baseline questioning the safety of this temperature 
for prolonged periods of hypothermic arrest.35

Greeley et al. studied cerebral metabolic sup-
pression in neonates, infants, and children under-
going deep hypothermic arrest. Q

10
 was determined 

to be 3.65.36 At 18°C, based on this coefficient, 
safe period of DHCA was calculated as 39–65 min. 
Long-term follow-up of children after a repair of 
a congenital heart defect using DHCA indicated 
that neurodevelopmental outcomes were gener-
ally not adversely affected unless the duration of 
DHCA exceeded a threshold of 41 min.37

McCullough et al., in a human study of adult 
patients undergoing DHCA, quantified Q

10
 for 

cerebrum as 2.3. CMRO
2
 was 17% of baseline at 

15°C, and they predicted a safe duration of 
DHCA for 29 min at this temperature. It is sug-
gested currently that the duration of DHCA 
should not exceed 30 min at 12–15°C.38 Safe 
duration of circulatory arrest based on the reduc-
tion in CMRO

2
 at various hypothermic conditions 

is given in Table 7.1.

Profound Hypothermia and Hibernation

Animal experiments have shown that favorable 
outcome after even longer periods of DHCA (up 
to 3 h) can be achieved with profound or ultra-
profound hypothermia, with or without additional 
interventions.39–42 Newborn ground squirrels, nat-
ural hibernators, were able to survive up to 11.5 h 
of DHCA when supercooled to −4°C.43

Hibernation represents a naturally occurring 
phenomenon used by some species to overcome 
harsh winter conditions. It is a much more complex 
process than just hypothermia, which represents 
only one of the facets of this fascinating event. The 
research of hibernating species could provide some 
evidence that could be applied in DHCA and other 
conditions that utilize extreme temperature, for 
example, transplantation medicine. A single induc-
tion trigger that sets the cascade of actions  resulting 
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in hibernation remains to be characterized. 
Hibernation-induction triggers were used previ-
ously to induce hypothermia in natural hibernators. 
Plasma from hibernating woodchucks was used to 
induce hibernation in summer-active ground squir-
rels. Hibernation was also successfully induced 
with administration of delta-opioid agonist 
DADLE. Unfortunately, the same effect could not 
be reproduced in non-hibernators.

While profound hypothermia is tested in animal 
models, moderate hypothermia is also being used 
clinically to avoid extreme cooling, rewarming, 
and their associated complications.

Moderate Hypothermia and Aortic 
Surgery

Several studies addressed the potential of per-
forming complex procedures under moderate 
hypothermia, with or without antegrade cerebral 
perfusion (ACP), in order to shorten the CPB 
duration and prevent complications ascribed to 
deep hypothermia.

Favorable outcomes in aortic arch surgery can 
be achieved with short, moderate hypothermic 
circulatory arrest (<10 min) at 25–28°C without 
additional cerebral protection.44 In a follow-up 
study of 85 patients, this less-invasive approach 
yielded superior results when compared to “clas-
sic” DHCA technique combined with ACP in 
terms of postoperative mortality, neurologic com-
plications, renal failure, pneumonia, and length 
of an ICU and in-hospital stay. Of note, rapid 

rewarming in the moderate hypothermic 
 circulatory arrest group was initiated with a “hot 
shot” of preheated CPB priming to 40°C – with-
out apparent neurologic catastrophe. However, 
the no-flow time in the “classic” group was 
64 ± 13 min, while in the less-invasive group only 
21 ± 5 min.45 Superior results could be explained 
by shorter cerebral exclusion time, CPB time, 
and overall surgical duration. There is also a pos-
sible role of other protective mechanisms that 
were not accounted for in the original studies 
focused on the oxygen metabolism.

In a retrospective non-randomized study, 
Kamiya et al. have shown no difference in neuro-
logic outcome or complication rate in patients 
undergoing aortic arch repair performed at two 
different levels of hypothermia (23°C versus 
26°C) using hypothermic ACP in both groups.46 
Minatoya et al. used moderate hypothermia 
(26°C) with high flow rate hypothermic ACP 
(20 mL/kg/min) in radical aortic arch reconstruc-
tions. Mean duration of circulatory arrest was 
46 ± 13 min. No increase in neurological compli-
cations was noted compared to patients who were 
operated with DHCA at 16°C and ACP at 9 mL/kg/
min.47 To conclude, moderate hypothermia with 
or without ACP could be considered a viable 
option for aortic arch surgery with anticipated 
shorter circulatory arrest time. However, current 
experience with this method comes from a few 
single-center retrospective studies with limited 
postoperative follow-up and abridged neurologic 
assessment. Although it seems that using higher 
temperatures during hypothermic circulatory 

Table 7.1 Effect of temperature on cerebral metabolic rate

Temperature (°C) CMR (% baseline) Duration of safe CA (min) CMRO
2
 (mL/100 g/min)

37 100 5 1.48
32 70(66–74) 7.5(6.5–8) 0.82
30 56(52–60) 9(8–10) 0.65
28 48(44–52) 10.5(9.5–11.5) 0.51
25 37(33–42) 14(12–15) 0.36
20 24(21–29) 21(17–24) 0.20
18 17(20–25) 25(21–30) 0.16
15 14(11–18) 31(25–38) 0.11

CMR cerebral metabolic rate, CA circulatory arrest, CMRO
2
 cerebral metabolic rate for oxygen

Reprinted with permission from McGraw Hill Professional publications, Table reproduced from174.
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arrest is not inferior to “classic” DHCA,  especially 
when augmented by hypothermic ACP, further 
prospective randomized studies are needed to 
evaluate this approach. The protection of a spinal 
cord and other extracerebral organs in this setting 
becomes a key issue that needs to be addressed.

DHCA and Postoperative  
Neurologic Dysfunction

Increasing clinical experience has revealed that 
two distinct forms of neurological injury occur 
after DHCA. Traditionally, evaluation of neuro-
logical outcome was limited to reporting the inci-
dence of postoperative stroke related to ischemic 
infarcts due to particulate embolization. Though 
stroke is mainly related to embolization during 
aortic surgery, a higher incidence of stroke was 
also observed when DHCA was longer than  
40 min.48,49 More recently, the symptom complex 
defined as “temporary neurological dysfunction” 
(TND) was recognized as a functional manifesta-
tion of subtle and presumably transient brain 
injury, in comparison to “permanent neurologic 
dysfunction” (PND). Central nervous system 
injury is common even after cardiac surgery with 
CPB, but the incidence and severity of the impair-
ment decreases over time.50 Complex neurocog-
nitive testing using a battery of eight tests revealed 
that early poor performance after DHCA was a 
significant predictor of delayed poor perfor-
mance. DHCA of 25 min or more and advanced 
age were associated with memory and fine motor 
deficits and prolonged hospital stay.51 Thus, TND 
may not be a benign self-limited condition, but 
rather a clinical marker for insidious but signifi-
cant neurological injury associated with measur-
able long-term deficits in cerebral function.52

Brain injury after DHCA is related to ischemia 
and reperfusion. Cerebral ischemia is mediated 
by a complex biochemical process involving 
depletion of energy stores, anaerobic glycolysis, 
intracellular acidosis, accumulation of excitatory 
amino acids (glutamine), calcium influx, and 
finally structural cell damage.

Reperfusion injuries are related to the formation 
of oxygen free radicals, platelet aggregation, and 

neutrophil adhesion. Inflammatory mediators and 
vasoactive substances play an important role. 
Though the experimental studies are focused on 
reperfusion injury and its prevention, the clinical 
importance of this phenomenon is still not clearly 
established. Cerebral protection during vulnera-
ble ischemic period is the main goal of various 
surgical, anesthetic (pharmacologic), and perfusion 
measures during and after DHCA in aortic surgery.

DHCA and Extracerebral  
Organs Dysfunction

Deep hypothermia protects spinal cord, kidneys, 
liver, and other lower body organs against ischemia. 
Low incidences of paraplegia and renal failure have 
been reported with DHCA for extensive thoracoab-
dominal and arch of aorta reconstructions.53,54 
DHCA has been successfully used to avoid clamp-
ing and other CPB-related insults in thoracic and 
abdominal aortic surgery to protect kidneys in 
patients with history of kidney transplantation.55,56 
However, with increasing use of ACP for cerebral 
protection during moderate hypothermic circula-
tory arrest, protection of other organs such as 
kidney, spinal cord, and liver becomes a major con-
cern. Whole body perfusion (ACP with axillary 
cannulation and thoracoabdominal perfusion 
through femoral artery cannulation) has been 
successfully used for arch and thoracic aortic  
surgery with moderate hypothermia and is associ-
ated with lower rate of end-organ complications.57,58 
This technique requires clamping of distal aorta.

Temperature Management  
and Monitoring

The temperature changes associated with DHCA 
present a challenging situation. Brain tempera-
ture during cooling determines the safe conduct 
of DHCA and its duration. Rapid rewarming 
after arrest period with resulting higher cerebral 
 temperature is associated with adverse neuro-
logic sequelae. Thus, it is important to monitor 
 temperature from a site that closely approxi-
mates brain temperature during cooling and 
rewarming.
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Multiple temperature monitoring sites 
(nasopharyngeal, esophageal, pulmonary artery 
catheter, jugular bulb, tympanic membrane, blad-
der, and rectal) are used with variable success.59 
In the bypass circuit, both arterial inflow and 
venous return temperatures can be monitored. It 
is ideal to measure the temperature from more 
than one site since each site has its own inherent 
advantages and disadvantages.

Cooling

The ideal method, timing, and duration of cool-
ing remain to be elucidated in further trials. 
Central cooling is typically done slowly over 
30 min. During this phase of CPB, surgery on 
aortic root can be completed. Almond et al. 
showed that wide cooling gradients during rapid 
cooling were associated with brain damage.60 
This may be the result of uneven lowering of 
brain temperature. Rapid cooling may not produce 
uniform cooling of all organs of the body for 
adequate hypothermic protection. Rapid cooling 
also encourages the formation of gaseous micro-
emboli within the patient’s circulation. Active 
cooling to DHCA is continued until electrical 
silence on EEG is achieved or until jugular venous 
saturation reaches 95%.61

Adjuvants to central cooling are useful. 
Cooling blanket under the drapes, packing the 
head with ice, and lowering the room tempera-
ture to 18–20°C are used. DHCA caused an 
impairment of cerebral metabolism that was 
directly proportional to its duration, and recovery 
of metabolic function after 60 min of DHCA 
improved more than 50% if the head was packed 
in ice.12,62 Topical cooling with ice packs around 
the head during DHCA is a common practice in 
some institutions, while others feel this does not 
have any additional protective value with the cur-
rent practice of ACP and retrograde cold blood 
cerebral perfusion. Systems of continuous cool-
ing of the head during DHCA have been devel-
oped for better efficacy and found to be useful.63 
Surface cooling usually produces smaller tem-
perature gradients between sites, with rectal tem-
perature being lower than nasopharyngeal.64

Rewarming and Reperfusion

Several reports suggest that there may be a  certain 
benefit from a delayed rewarming. Ten minutes 
delay in rewarming after reperfusion following 
DHCA resulted in faster restoration of cerebral 
blood flow (CBF) to pre-bypass baseline levels.65 
The recirculation is initially started with a cold solu-
tion at low perfusion pressures (30–50 mmHg) 
instead of a “jump start” with a preheated oxygen-
ator. Attempts to increase the temperature quickly 
result in neurological injury and may not achieve 
whole body rewarming resulting in higher chance 
of developing post-bypass afterdrop. There is a high 
possibility of formation of gaseous microembolism 
within the heat exchanger during rapid rewarming.

Maintenance of adequate oxygen delivery, 
perfusion pressure, and normoglycemia are 
important in the prevention of reperfusion injury 
during this critical phase of deranged autoregula-
tion and increased cerebrovascular resistance. 
Vulnerable period can last 6–8 h after initiation 
of reperfusion.

Afterdrop

In the post-CPB period, the presence of core-
periphery temperature gradients because of inad-
equate warming of the periphery leads to 
redistribution of heat and afterdrop of the core 
temperature.66 Heat loss from the incisions is also 
partly responsible. Hypothermia inhibits coagula-
tion, induces shivering, increases myocardial 
workload, and reduces resistance to surgical infec-
tions. Forced air warming of the periphery and 
vasodilatation with sodium nitroprusside during 
rewarming reduce the afterdrop.67 Prolonged 
rewarming also decreases the afterdrop.

Deliberate Postoperative Hypothermia

Mild therapeutic hypothermia has been shown to 
be protective against cerebral ischemia in 
 multiple animal models68 and in cardiac arrest 
survivors.69,70 Of note, hypothermia has been ini-
tiated in a delayed fashion only after the insult. 

150



7 Deep Hypothermic Circulatory Arrest

Considering the fact that DHCA represents simi-
lar  ischemia-reperfusion insult, it could be spec-
ulated that postoperative mild hypothermia could 
also be beneficial in this setting. Current results 
suggest that postoperative hyperthermia in car-
diac surgery71 and DHCA72 is detrimental. In our 
dog model of prolonged exsanguination circula-
tory arrest followed by 60 min of asanguineous 
DHCA at 12°C, prolonged hypothermia (36 h) 
was required to achieve favorable neurologic 
outcome. Neurologic status of dogs subjected to 
only 12 h postoperative mild hypothermia later 
deteriorated and several dogs exhibited seizure 
activity.73 At this time, there is limited evidence 
that prolonged mild postoperative hypothermia 
after DHCA would be beneficial.

Cardiopulmonary Bypass 
Management

Pulsatile Flow

Postischemic endothelial dysfunction after 
DHCA tends to close the cerebral vasculature.74 
Pulsatile flow before and after DHCA may be 
useful in keeping the cerebral vascular bed open 
allowing better perfusion. Pulsatile perfusion 
produces less trauma to the blood, therefore, 
reducing blood viscoelasticity during CPB sup-
port before and after DHCA.75 Experimental 
 animal studies showed that cerebral vascular 
resistance was reduced, cerebral blood flow and 
cerebral metabolic recovery improved with pul-
satile flow after DHCA.76,77

pH Management Strategies

The optimal pH strategy in CPB and DHCA con-
tinues to be widely discussed and remains unre-
solved issue despite many experimental and 
clinical studies. Alpha-stat management is tar-
geted to maintain normal pH (7.40) and paCO

2
 

(40 mmHg) measured at 37°C and uncorrected 
for the actual temperature of the patient’s blood. 
The administration of the gas via the oxygenator 
is kept at levels appropriate for normothermia. 

Alpha-stat strategy is usually preferable on the 
cellular or enzyme level, including Na-K ATPase, 
lactate dehydrogenase, and phosphofruktokinase. 
This has been designated alpha-stat management 
because it maintains a constant buffering capac-
ity of alpha-imidazole, resulting in a relative 
respiratory alkalosis during hypothermia.78

In contrast, pH-stat management corrects to 
the temperature of the patient’s blood during 
hypothermia. pH-stat management produces a 
nearly constant pH of 7.4 at all temperatures. 
This results in a state of respiratory acidosis and 
hypercarbia, which translates into an increase in 
a CBF. This may offer some advantage to the 
brain oxygen metabolism in the setting of DHCA. 
On the contrary, pH-stat strategy may result in a 
“luxurious” perfusion that provides more oppor-
tunity for shedding of cerebral emboli. This may 
be one of the underlying mechanisms why 
 alpha-stat strategy appears to be more beneficial 
in adults, while pH-stat strategy is preferred in 
infants undergoing CPB.

The experimental work in intact animals sub-
jected to DHCA shows that the use of pH-stat 
results in higher CBF, better oxygen metabolism, 
energy restoration,79,80 and neurologic outcome 
after DHCA.81Possible mechanisms for this dif-
ference are (1) improved oxygen delivery and 
homogeneity of brain cooling before DHCA and 
(2) greater CBF and reduced reperfusion injury 
during rewarming. To identify which of these 
mechanisms is dominant, Hiramatsu et al. tested 
pH-stat or alpha-stat strategies in both cooling 
and rewarming phases in a piglet model, creating 
four groups: alpha/alpha, alpha/pH, pH/alpha, 
and pH/pH. CBF was greater with pH-stat than 
alpha-stat during cooling (56% ± 4% vs. 33% ± 2% 
of normothermic baseline values). Recovery of 
ATP levels in the initial 45 min of reperfusion 
was more rapid in group pH/pH compared with 
the other groups. Recovery of cerebral intracel-
lular pH in the initial 30 min was faster in group 
pH/pH compared with that in group alpha/alpha. 
This study suggests that there are mechanisms in 
effect during both cooling and rewarming phases 
before and after DHCA that could contribute to 
an improved cerebral outcome with pH-stat rela-
tive to more alkaline strategies.82 In a similar 
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fashion, Skaryak et al. tested various alpha-stat 
and pH-stat combinations during cooling before 
DHCA at 18°C or 14°C; for rewarming, alpha-
stat was used in all groups. At any given tempera-
ture, pH-stat strategy provided better suppression 
of CMRO

2
. The use of pH-stat strategy during 

initial cooling to 14°C followed by a switch to 
alpha-stat strategy just before arrest (for 5 min) 
resulted in better recovery of cerebral metabo-
lism after DHCA compared with the recovery 
with either strategy used alone.83

Study in adult pigs showed a decrease in CBF 
during cooling with alpha-stat compared to no 
change with pH-stat. In moderate hypothermia 
(31°C), brain O

2
 saturation was greater in alpha-

stat than in pH stat. However, cerebral oxygen-
ation was better in pH-stat during profound 
hypothermia at 15°C.84

During hypothermic (28°C) CPB for coronary 
artery bypass grafting (CABG), CBF was signifi-
cantly greater in the pH-stat group than in the 
alpha-stat group.85 Patients receiving alpha-stat 
management had less disruption of cerebral auto-
regulation during CPB, accompanied by a reduced 
incidence of postoperative cerebral dysfunction.86 
Several other studies indicate better neurologic 
outcome with alpha-stat in adult cardiac patients 
undergoing moderately hypothermic CPB.87,88

The effects of pH management in pediatric 
patients have been systematically investigated by 
the group from Children’s Hospital in Boston. In a 
retrospective study of 16 children with trans position 
of the great arteries and intact ventricular septum, 
alpha-stat strategy during rapid cooling (15 min) 
before onset of DHCA was associated with worse 
developmental outcome.89 These data challenged 
the notion that alpha-stat management is a superior 
strategy for organ protection during reparative 
operations in infants using DHCA. A follow-up 
randomized trial of pH-stat versus alpha-stat 
strategy  in infants undergoing DHCA showed that 
pH-stat was associated with lower postoperative 
morbidity, shorter recovery time to first EEG 
activity , and in selected subgroups shorter duration 
of intubation and intensive care unit stay.90

Surprisingly, another study from the same insti-
tution evaluating developmental and neurologic 
effects of alpha-stat versus pH-stat  strategies for 

DHCA in infants did not show any advantage of 
one method over another, but patient characteris-
tics were determined to be one of the important 
factors influencing outcome after surgery.91 
Recent advances in the molecular field allowed a 
more detailed insight into the mechanisms beyond 
the differences in pH management strategies. The 
data from a piglet model of DHCA showed that 
pH-stat strategy is associated with an increase in 
the phosphorylation and levels of proteins that 
play an important role in cell survival, without 
altering the level of the major pro-apoptotic 
protein. Based on those observations, pH-stat 
strategy may extend the “safe” period of DHCA 
by 15 min.92

Given the different pathologies in adult versus 
pediatric population, alpha-stat may be the pref-
erable method for the adults, protecting the brain 
from microemboli, while pH-stat may be 
 preferred in children to enhance the brain protec-
tion. Some experts also suggest the “crossover 
strategy” with initial cooling using pH-stat strat-
egy to allow rapid onset of brain cooling with the 
“luxury” perfusion, switching to alpha-stat at 
deeper levels before stopping the circulation and 
using alpha-stat for rewarming.

Oxygen Transport

At least seven mechanisms could potentially 
affect the transport and utilization of oxygen 
 during hypothermia: (1) changes in the metabolic 
rate, (2) changes in the solubility of oxygen, 
(3) acid–base strategy, (4) changes in the 
 oxygen–hemoglobin dissociation curve, 
(5) changes in the cardiac output or CPB flow, 
(6) changes in the concentration of hemoglobin, 
and (7) changes in the “critical pO

2
”.93

With decreasing temperature, P
50

 (the oxygen 
tension [PO

2
] at 50% hemoglobin saturation) 

decreases. This increase in hemoglobin affinity 
impairs oxygen transfer from hemoglobin to tis-
sues. Cooling from 37°C to 25°C results in 
decrease in P

50
 from 27 to 13 mmHg. Infants 

undergoing CPB at 17°C with alpha-stat strategy 
have P

50
 5 mmHg, and adults 7 mmHg. The oxy-

gen consumption decreases, too. On the contrary, 
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the solubility of oxygen in blood increases. At 
15°C, dissolved oxygen accounts for 2–17% of 
arterial oxygen content, depending on PaO

2
 and 

hemoglobin concentration. Under the condition of 
full-flow CPB at 18°C and paO

2
 > 180 mmHg, the 

cerebral metabolic rate for oxygen obtained from 
dissolved oxygen represents 77% ± 19%. Thus, the 
brain uses mostly dissolved oxygen during pro-
foundly hypothermic CPB.94 This finding opens a 
potential for alternative oxygen carriers that would 
more readily release oxygen to tissues or other 
solutions that may use just the dissolved oxygen to 
support cerebral oxygenation, thus overcoming 
the limitations associated with blood transfusions. 
The use of such a strategy is still experimental and 
a variety of solutions (Kreb’s solution,95 hypother-
mosol,96 and hetastarch97) have been tested in vari-
ous animal models. For example, replacement of 
the blood in the CPB circuit by Hextend-based 
solution (hematocrit < 1%) with additional electro-
lytes allowed survival after 120 min DHCA at 
2–4°C in dogs. However, no control group was 
studied in this experiment.97 Selective perfusion of 
the cerebral circulation with asanguineous solu-
tions also yielded mixed results.

The optimal strategy of oxygenation (normoxia 
vs. hyperoxia) during CPB before and after DHCA 
has been a subject of controversy. While high 
oxygen levels can provide an extra storage of fuel 
for the period of DHCA, reperfusion with high 
oxygen levels can trigger a massive release of free 
oxygen radicals that will further damage the isch-
emic tissue. Using a piglet model, Nollert et al. 
evaluated the effects of normoxia versus hyper-
oxia after 120 min DHCA at 15°C. Six hours after 
reperfusion, histologic examination revealed a 
significant increase in brain damage in the nor-
moxia group, especially in the neocortex and hip-
pocampus. Near-infrared spectroscopy suggested 
that the mechanism is hypoxic injury, which pre-
sumably overwhelmed any injury caused by 
increased oxygen free radicals.98

Hemodilution

Historically, the first priming solution for CPB cir-
cuit was whole blood.99,100 Hemodilution was later 

advocated to reduce transfusion  requirements.101 
The initial experience with 5% dextrose as prim-
ing solution also revealed a decrease in the number 
of clinical complications.102 The hemodilution 
strategy was deemed safe and well compensated 
by improved viscosity, especially in the presence 
of hypothermia.103,104 Clinically, it seemed that 
hematocrit below 30%, and sometimes as low as 
15%,105 was clinically well tolerated. The decrease 
in hematocrit is compensated with increased CBF. 
This mechanism allows to maintain normal cere-
bral metabolism even at extremely low hematocrit 
levels.106 However, it exposes the brain to a higher 
microembolic load.

Those physiologic changes led to an intrigu-
ing question, “what is the optimal hematocrit 
during hypothermia?” This dilemma is especially 
pertinent to the smallest of our patients who have 
small blood volume. The introduction of small-
volume oxygenators did not completely eliminate 
this problem. In light of the adverse effects linked 
to transfusion,107,108 a lower hematocrit seemed 
the lesser of two evils.

Surprisingly, few studies have challenged the 
safety of hemodilution. Since the 1990s, the 
group at Harvard addressed this issue systemati-
cally in both laboratory and clinical settings. In a 
piglet model of DHCA, they showed that extreme 
hemodilution (hematocrit <10%) during CPB 
may cause inadequate oxygen delivery during 
early cooling. The higher hematocrit with a blood 
prime was associated with improved cerebral 
recovery after DHCA.109

Experimental studies showed that cerebral 
microcirculation is impaired with hematocrit of 
10% versus 30%.110 Both higher hematocrit (30% 
vs. 20%) and higher colloid oncotic pressure with 
pentafraction improved cerebral recovery after 
DHCA in piglets. The higher hematocrit improved 
cerebral oxygen delivery but did not reduce total 
body edema. Modified ultrafiltration after CPB 
was less effective than having a higher initial 
prime hematocrit or colloid oncotic pressure.111  
A complex study comparing the effects of intra-
arrest temperature, hematocrit, and pH strategy 
in piglets showed that higher temperature, lower 
hematocrit level, more alkaline pH, and longer 
DHCA duration were predictive of more severe 
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histological damage to the brain. The higher 
 temperature  exacerbated the disadvantage of a 
lower hematocrit level and longer arrest times, 
but not pH strategy.112

Jonas et al. compared the effects of two differ-
ent levels of hemodilution on cognitive impair-
ment and hemodynamic instability in infants. 
Patients in the lower-hematocrit group (22%) 
versus higher-hematocrit group (28%) showed 
worse cardiac performance in the early postop-
erative course, and worse developmental outcome 
scores at 1 year.113 In a follow-up study from the 
same center, hemodilution to hematocrit levels of 
35% compared with 25% had no major benefits 
or risks overall among infants undergoing two-
ventricle repair using hypothermic CPB, as 
reflected by similar neurodevelopmental outcome 
at 1 year after the surgery.114 Combining data 
from those two aforementioned trials suggests 
that a hematocrit level at the onset of low-flow 
CPB of approximately 24% or higher was associ-
ated with higher Psychomotor Development 
Index scores and reduced lactate levels. Because 
the effects of hemodilution may vary according 
to diagnosis, age at operation, bypass variables 
such as pH strategy and flow rate, and other peri-
operative factors, this study could not ascertain a 
universally “safe” hemodilution level.115

Ultrafiltration is an alternative method to 
achieve desirable hematocrit while avoiding 
unnecessary transfusion. Skaryak et al. explored 
the effect of hematocrit on cerebral metabolism 
after DHCA in a neonatal piglet model. 
Hematocrit in the modified ultrafiltration group 
and transfusion group was targeted to >40% in 
the post-CPB period. Cerebral oxygen delivery 
after DHCA increased significantly above base-
line with ultrafiltration or transfusion and 
decreased below baseline in the control group. 
Cerebral metabolic oxygen consumption was 
impaired after DHCA in the control and transfu-
sion groups. After ultrafiltration, however, cere-
bral metabolic oxygen consumption increased 
significantly from baseline, indicating that the 
decrease in cerebral metabolism immediately 
after DHCA is reversible and may not represent 
permanent cerebral injury.116

Although most studies used pediatric models, 
it seems prudent to maintain hematocrit levels at 

or above 25% during cooling and DHCA. 
Modified ultrafiltration during rewarming can 
help to avoid further transfusions and improve 
recovery. It should also be noted that the animal 
studies generally use fresh whole blood for trans-
fusion, which is not the case in a clinical setting 
where stored blood is used. This provides an 
additional theoretical rationale for rapid ultra-
filtration during CPB when hematocrit is mar-
ginal. The transfusion should be limited to 
situations when the decrease in hematocrit needs 
to be corrected rapidly; however, no formal stud-
ies, especially in adults, are available to set a 
hematocrit trigger that would require a transfu-
sion to rapidly increase hematocrit, instead of a 
slower correction with ultrafiltration.

Pharmacological Adjuncts to DHCA

A recent survey among the members of the 
Association of Cardiothoracic Anaesthetists about 
the current practice in the use of pharmacological 
agents as cerebral protectants during DHCA 
revealed that 83% of respondents used some form 
of pharmacological agent specifically for cerebral 
protection. Fifty-nine percent of respondents used 
thiopental, 29% used propofol, and 48% also used 
a variety of other agents, the most common of 
these being a steroid. There were variations in the 
dose and timing of administration of drugs. Few 
respondents believed that there was a body of evi-
dence to support this use of pharmacological 
agents. Only 35% of respondents believed there is 
sufficient evidence to support the use of thiopen-
tal. Similarly, only 11% of respondents believed 
that there was evidence supporting the use of 
propofol, and 16% the use of steroids.117 These 
results truly reflect the fact that current practice of 
DHCA remains more “art” than “science.”

Hypothermia by itself produces electrical 
silence. With the protective effects of hypo-
thermia being paramount, there is seemingly only 
a limited potential for pharmacological adjuncts 
that would increase safety or allowable no-flow 
time. However, the actual temperature in which 
isoelectric EEG occurs could be highly variable. 
In a dog model, this was shown to occur at 12 ± 1 
or at 17–18°C.13,30 In pediatric patients, some 
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studies documented EEG activity at the initiation 
of DHCA at temperatures at 17–23°C,118 or even 
at 12°C.119 Given the imperfections of the cooling 
process, there is a potential for additional protec-
tion produced by pharmacological agents. In the 
Boston Circulatory Arrest Study, infants that 
were subjected to DHCA had a greater incidence 
of neurologic abnormalities at 1-year follow-up 
compared to low-flow CPB.120,121 The reasons are 
probably multifactorial but definitely indicate 
that better protection is needed for those patients 
who could not be managed without DHCA. 
Among the pharmacological drugs, the rich his-
tory of thiopental made it a reasonable first choice 
to be tested.

Thiopental

The speculations that thiopental and other barbi-
turates would confer additional neuroprotection 
benefit stemmed from studies on various brain 
ischemia models. The exact mechanisms are not 
fully understood and the postulated mechanisms 
include reduction in CMRO

2
, reduction in CBF 

(thus carrying less emboli to the brain during car-
diac surgery), reduction in cerebral edema, sup-
pression of seizure activity, effects on free radical 
formation, and attenuation of release of excitatory 
amino acids and calcium influx during ischemia.

Rung et al. showed that after core cooling to 
18°C, eight out of nine infants had persistent elec-
trical activity that ceased in six of them after thio-
pental administration.122 Thiopental would provide 
no cerebral protection in situations where cerebral 
function is abolished per se (i.e., during isoelec-
tric EEG activity produced by hypothermia or 
cardiac arrest). However, in situations of hypoxia 
with continued cerebral function (active EEG), 
thiopental does afford some protection; in the 
absence of function (isoelectric EEG), no protec-
tion is apparent.123 In another study exploring 
combined effects of hypothermia and barbitu-
rates, CMRO

2
 was unaffected by barbiturates at 

14°C and 18°C, but there was a 55% reduction in 
CMRO

2
 with thiopental at 37°C and the beneficial 

effect of thiopental persisted at 28°C (Fig. 7.1)34.
The studies focused on the protective use of 

thiopental in cardiac surgery yielded conflicting 

results. In adult patients undergoing valve 
replacement using mildly hypothermic CPB, thi-
opental was associated with a decreased inci-
dence of neurological dysfunction on the tenth  
postoperative day.124 In contrast, there were no 
differences in neurologic outcome in thiopental- 
or saline-treated low-risk patients scheduled for 
CABG using moderately hypothermic CPB.125

There is no randomized clinical trial showing 
the benefit or lack of benefit for barbiturates in 
adult aortic surgical patients undergoing DHCA. 
There is evidence that barbiturates may adversely 
impair cerebral metabolism and decrease the pro-
tection offered by HCA in a larger animal model.126 
Another important issue with large doses of 
 barbiturates used for cerebral protection is that 
they can cause significant vasodilatation and 
hypotension, tachycardia, increased need for 
 inotropes, prolonged time to awakening and extu-
bation, and possibly higher complication rate.125,127

Barbiturates have shown mixed results in pro-
tecting against focal ischemia in animal models 
but failed to improve outcomes in global ischemia. 
Cerebral emboli are one of the “mechanistic” 
causes of focal neurological damage. In the adult 
population, atheromatous debris represents the 
major embolic load, while gaseous emboli are 
probably the most common in pediatrics. This 
results in a slightly different situation than DHCA, 

Control, Spinal Anesthesia  

Barbiturate added to the
Spinal Anesthesia
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Fig. 7.1 CMRO
2
 at different temperatures during spinal 

anesthesia with and without barbiturates. Asterisk indi-
cates significant difference with and without barbiturate at 
the same temperature (Reprinted with permission; Steen 
et al.34)
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which is considered a global ischemic insult. 
Timing of administration of thiopental can influ-
ence its cerebral protective effects. It is advisable 
to administer protective agents before DHCA. 
Thus, the entire brain tissue could be protected 
against subsequent insults. If drugs are held till 
the initiation of reperfusion, the instant shedding 
of air bubbles might prevent the drugs to exert its 
effects when they are most needed. Thiopental 
has been shown to further decrease CMRO

2
 when 

administered prior to DHCA, as reflected by the 
increase in oxygen partial pressure monitored in 
the jugular bulb (PjO

2
). The rate of PjO

2
 decrease 

was slower after thiopental administration, which 
could possibly result in better functional out-
come.128 After thiopental 10 mg/kg, continuous 
EEG activity was observed after 280 min after the 
onset of rewarming – a significant delay compared 
to previous studies without barbiturates, when 
EEG activity was detected after 15–30 min.129,130 
This prolonged electrical silence could be protec-
tive against air emboli with radii of 0.6 mm that 
are usually absorbed in 90 min. Some macro-
scopic bubbles obstructing major cerebral vessels 
require more than 12 h to be absorbed. Additional 
protection could be needed there.

In adults undergoing aortic reconstruction with 
DHCA, the brain is exposed to possible embolic 
load from atherosclerosis during various phases of 
surgery (e.g., cannulation, aortic cross clamping, 
aortic manipulations, rewarming, and decannula-
tion). Lack of benefit of thiopental observed in few 
adult studies could be related to the fact that thio-
pental levels were not adequately maintained dur-
ing these periods of embolic insults.

Other Anesthetics

Shorter-acting agents, like propofol or inhala-
tional anesthetics, could represent reasonable 
alternatives to thiopental. Propofol, with its more 
favorable pharmacokinetic profile, successfully 
induced burst suppression during valve surgery in 
adults but failed to prevent neurologic deficits.131 
Isoflurane at two minimal alveolar concentrations 
(that produces similar burst-suppression pattern) 
is associated with more severe hypotension.132

Steroids

Controversies similar to those associated with 
thiopental also exist with steroid therapy. 
According to the results of a recent international 
survey on the use of steroids in cardiac surgery, 
there is high variability in the current practice. 
Most centers (97%) use steroids for cardiac sur-
gery in general, yet only 40% administer steroids 
in every case. Of the 21 centers that selectively 
use steroids, 12 do so only for neonates, five 
administer steroids based on surgeon preference, 
and four administer steroids for cases anticipated 
to involve CPB time >2 h or DHCA. Of the 35 
centers using steroids, 11 deliver a single dose in 
the circuit prime, 18 administer a single dose to 
the patient, and 6 give multiple doses.133

CPB alone is associated with systemic 
inflammatory reaction that could aggravate the 
 neurologic injury associated with DHCA. 
Methylprednisolone (MP) has been used most 
frequently to ameliorate systemic inflammation 
via multiple mechanisms including antioxidant 
effects, inhibition of release of pro-inflammatory 
cytokines or excitatory amino acids. The exact 
mechanism of neuroprotection is yet unknown. 
The interest in steroids dates back to the 1960s 
when hydrocortisone was shown to attenuate the 
detrimental effects of prolonged CPB (acidosis, 
increase in lactate levels).134 Hydrocortisone 
50 mg/kg prevented some late motor disturbances 
in dogs after 60 min DHCA, and was associated 
with improvement of cardiac function.135 MP 
then became the preferred glucocorticoid due to 
its apparent lack of sodium and water retention.

The groundbreaking study by Dietzman et al. 
showed that MP 30 mg/kg effectively reversed 
“low output syndrome” when combined with iso-
proterenol, which was not effective alone. This 
therapeutic combination improved survival from 
22% to 65%.136 Follow-up studies revealed some 
beneficial effects on pulmonary vasculature 
exposed to CPB, and the use of MP 30 mg/kg 
became a widespread practice. The pharmacody-
namic studies showed that the MP levels are 
halved after the initiation of CPB due to dilution 
with the priming solution.137 Administration of 
the second dose at the commencement of CPB 
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was recommended, and at many institutions this 
regimen continues to be used.

Several additional studies of variable design 
and quality of reporting showed that patients 
treated with MP showed decreased vascular resis-
tance, improved cardiac performance, and fewer 
postoperative complications.138,139 However, other 
well-designed studies did not confirm those 
promising results.140 Unlike MP, dexamethasone 
6 mg/kg was no better than placebo in improving 
outcome after cardiac surgery.141

It is essential to realize that the original 
 studies were performed in the era of bubble oxy-
genators that were much more prone to elicit 
systemic inflammatory reaction than currently 
used  membrane oxygenators. This was elegantly 
shown by a study comparing three groups: bub-
ble oxygenators, bubble oxygenators plus MP, 
and membrane oxygenators. The groups using 
bubble oxygenators plus MP and membrane 
oxygenators behaved similarly. The group using 
bubble  oxygenator without MP exhibited sig-
nificantly increased complement activation and 
leukocyte sequestration,142 one of the main 
mechanisms of CPB-associated injury.

The use of steroids during CPB and DHCA is 
not without risk. MP increases pulmonary shunt 
with decrease of pulmonary compliance and 
 hinder early extubation.143 It has also been shown 
to increase glucose levels,144 a condition that was 
associated with adverse outcome. Glucocorticoids 
were shown to potentiate ischemic injury to 
 neurons.145 Several well-controlled studies show 
no advantage of MP in the modern cardiac  surgery 
environment using membrane oxygenators. 
A recently published review of the role of corti-
costeroids in CPB suggested that corticosteroids 
offer no clinical benefits to patients undergoing 
CPB, and in fact may be detrimental.146

The role of steroids in DHCA has been sub-
jected to much less scrutiny, despite the fact that 
the unquestionable effect of MP on inflammatory 
mediators could be beneficial in prolonged expo-
sure to CPB circuits. In contrast, to investigate the 
effects of MP on cerebral oxygen metabolism, 
Langley et al. subjected 1-week-old piglets to 
60 min DHCA at 18°C. The treatment group 
received two intramuscular doses of MP 30 mg/kg 

8 and 2 h before anesthesia. Recovery of global 
CMRO

2
 was significantly better in the MP group 

versus controls, as well as CBF in selected brain 
regions. The renal blood flow was also preserved 
better.147 Schubert et al. used a more challenging 
model of neonatal piglets subjected to 120 min 
DHCA at 15°C. The treatment group received MP 
30 mg/kg 24 h before the experiment. Systemic 
pretreatment with MP resulted in persistent hyper-
glycemia after reperfusion. Neuronal necrosis and 
apoptosis was increased in selectively vulnerable 
brain regions in the MP group versus controls. The 
regional CBF was not different between groups 
except for the basal ganglia where CBF was higher 
during reperfusion in the MP group.148

It is quite easy to understand the high variabil-
ity of the type, dosing, route, and timing of ste-
roid administration, given the fact that the 
outcomes from both experimental and clinical 
studies yield conflicting results. A large, multi-
ple-center clinical trial to evaluate the risks and 
benefits of steroid administration before DHCA 
will answer the question. The side effects of ste-
roid administration, namely hyperglycemia, 
should be taken into account and a strict protocol 
should be followed.

Other Potential Pharmacologic 
Adjuncts to Hypothermia

There is a plethora of pharmacologic agents that 
proved to be beneficial in multiple cerebral isch-
emia models. However, very few of them have 
produced those benefits consistently across mod-
els and withstood the challenge of clinical trials. 
Hydrogen sulfide, DADLE (a delta opioid ago-
nist), neurotensin, poloxamer 188, pentazocine, 
and diazoxide are few such drugs studied. The 
presence of deep hypothermia further compli-
cates the assessment of potentially promising 
pharmacological candidates in the setting of 
DHCA due to profoundly altered metabolism. 
While newer drugs constantly emerge on the 
horizon, some previously promising agents are 
already excluded due to other reasons – aprotinin 
is the classic example. Many other drugs have 
been tested in cardiac surgery with CPB but not 
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involving DHCA. Lidocaine has shown some 
potential neuroprotective effects in small study of 
patients undergoing valve surgery, but the same 
group have shown no neuroprotective benefits in 
a recent study involving all cardiac surgery 
patients.149,150 NMDA receptor antagonists (ket-
amine, dextromethorphan, remacemide, and mag-
nesium), statins, acadesine (adenosine regulating 
agent), alpha-2 agonists, and beta-blockers are 
other potential adjuncts being investigated for 
their neuroprotective effects in cardiac surgery.

Glucose Control and Insulin

Hyperglycemia is not uncommon during DHCA. 
This phenomenon could be ascribed to hypo-
thermia, catecholamine release, inhibition of insu-
lin secretion, insulin resistance, or administration 
of corticosteroids. Adverse effects of hyperglyce-
mia are related to anaerobic conversion of glucose 
to lactate during periods of ischemia leading to 
intracellular acidosis and exacerbation of neuro-
logical injury. Experimental studies have shown 
adverse effects of  hyperglycemia on focal and 
global ischemia.151 Hyperglycemia (blood glucose 
>250 mg/dL) was associated with poor neurologi-
cal outcome in patients undergoing aortic arch 
reconstruction with DHCA.152 However, the situa-
tion in neonates could be different.153 Glucose 
supplementation during or at the end of hypoxia 
has been shown to reduce infarct size in a neonatal 
model.154 Extreme hyperglycemia offered com-
plete neuroprotection. There may be theoretical 
advantages of providing the brain with more “fuel” 
before it is exposed to a period of limited resources. 
DeFerranti et al. have shown that hyperglycemia 
was not associated poor neurological outcome 
after DHCA for arterial switch operations.155

Recent published randomized clinical trials have 
shown intensive insulin therapy to reduce blood 
glucose levels less than 100 mg/dL was not associ-
ated with improved survival but increased mortality 
in medical intensive care unit.156,157 However, a 
meta-analysis has shown that patients in surgical 
intensive care unit seemed to benefit from intensive 
insulin therapy.158 Intraoperatively, maintenance of 
strict blood glucose control is labor-intensive. 
Adverse effects of “overshooting” such as 

 hypoglycemia and hypokalemia should be watched 
for.159 Currently, maintenance of blood glucose 
between 100 and 150 mg/dL before and after 
DHCA seems to be a reasonable compromise.

Improvements in Surgical 
Techniques

Duration of DHCA can be shortened by modifi-
cation of surgical techniques. A separate graft 
anastomosis to the arch island or trifurcated graft 
with sequential anastomosis of individual arch 
vessels followed by the rest of the reconstruction 
with SCP decreased DHCA duration (Fig. 7.2). 
SCP can be given through the right axillary artery 
and left common carotid artery in both the 
instances. The incidences of stroke (1%) and 
TND (5.4%) were significantly reduced with tri-
furcated graft technique.60

Alternative and Supplemental 
Methods to Improve Outcome  
After DHCA

While DHCA is capable of producing a bloodless 
field, the protection of vital organs remains time-
limited. One logical solution to that limitation is 

Fig. 7.2 Trifurcated aortic arch graft. Selective  antegrade 
perfusion via right axillary artery and sequential anasto-
mosis of head vessels to the trifurcated graft limit the 
 circulatory arrest times
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to maintain at least some circulation in situations 
when it would not interfere with the surgical pro-
cedure. Techniques employed included low-flow 
CPB (virtually replacing DHCA with deep hypo-
thermic low-flow CPB), intermittent perfusion 
during DHCA, or selective brain perfusion.

Low-Flow CPB

Cerebral protection is the most important 
 time-limiting factor during surgical procedures 
necessitating DHCA and low-flow CPB. 
Swain et al. used magnetic resonance spectroscopy 
to assess the degree of cerebral protection during 
deep hypothermic low-flow CPB and DHCA. Both 
DHCA and a flow rate of 5 mL/kg/min resulted in 
severe intracellular acidosis and depletion of high-
energy  phosphates. In contrast, deep hypothermia 
with CPB flows as low as 10 mL/kg/min main-
tained brain high-energy phosphate concentrations 
and intracellular pH for 2 h in sheep.160

Both DHCA and low-flow CPB are used to 
support vital organs during heart surgery in 
infants. The developmental and neurologic seque-
lae of these two strategies were compared in 155 
patients 1 year after surgery. The infants assigned 
to DHCA, as compared with those assigned to 
low-flow CPB, had a higher risk of delayed motor 
development and neurologic abnormalities. The 
risk and severity of neurologic abnormalities 
increased with the duration of DHCA.120

Intermittent Perfusion

Langley et al. investigated the effects of intermit-
tent perfusion during DHCA on the recovery of 
CMRO

2
 after CPB and correlated these findings 

with electron microscopy of the cerebral microcir-
culatory bed. The intermittent perfusion was main-
tained for 1 min every 15 min during 60 min 
DHCA. Uninterrupted DHCA resulted in signifi-
cant impairment to recovery of CMRO

2
, and 

 electron microscopy revealed extensive damage 
characterized by perivascular intracellular and 
organelle edema, and vascular collapse. Intermittent 
perfusion during DHCA, on the other hand, pro-
duced a pattern of normal CMRO

2
  recovery 

 identical to controls, and the electron microscopy 
was normal. The damage to the vasculature was 
independent of the pH management used during 
cooling.161 These results were supported by previ-
ous evidence from another work focused on the 
effects of asanguineous perfusate. The control 
group using intermittent perfusion with blood in 
CPB (5 min every 25 min) showed better neurobe-
havioral and histological outcome than control 
group subjected to uninterrupted DHCA.162

The timing of the intermittent perfusion may 
also play an important role. Kimura et al. studied 
the effects of intermittent perfusion carried out for 
10 min every 20 min or 30 min during 120 min 
DHCA. Cerebral oxygen extraction rate increased 
significantly during the arrest periods and returned 
to normal after each 10-min period of systemic 
reperfusion in both groups. Cerebral energy metab-
olism became predominantly anaerobic within the 
first 20 min of DHCA. This suggests that intermit-
tent perfusion should be carried out every 20 min 
to prevent cerebral anaerobic metabolism during 
long periods of DHCA that are required to com-
plete complicated surgical repairs.163

The rate of flow during intermittent perfusion 
during 80 min DHCA was predictive of the 
 recovery of cerebral metabolism. High flow (80 
mL/kg/min) during 5-min perfusion every 20 min 
restored  cortical oxygen pressures better than low 
flow (20 mL/kg/min), and improved extracellular 
dopamine release. The oxygen pressure decreased 
during subsequent DHCA periods to values not 
significantly different from those of DHCA with-
out intermittent perfusion.164 This suggests that 
oxygen stores might be depleted quickly, and 
even earlier replenishing more frequently than every 
20 min may be required to achieve better outcome.

It is conceivable that intermittent perfusion 
during DHCA, when clinically practical, results 
in better recovery of brain metabolism and short-
term outcome.

Antegrade and Retrograde Cerebral 
Perfusion

The initial experience revealed that DHCA is not 
capable of preventing neurologic impairment 
after prolonged period of no-flow. The brain 
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remains the culprit of postoperative morbidity. 
The incidence of postoperative neurologic dys-
function, either temporary or permanent, varies 
from 2.4% to 33.3%.165 The promising concept of 
maintaining low-flow CPB or at least intermittent 
perfusion may not be feasible in all clinical scenar-
ios when complete circulatory arrest is required. 
Thus, the research focused on selective protec-
tion of the brain. The distinct circulatory system 
of the brain enables separate perfusion of the 
brain via the circle of Willis. This allows to 
employ the most powerful protective strategy, 
that is, hypothermia, and enhance it with the 
delivery of nutrients to the brain cells. Both tech-
niques of selective cerebral perfusion, antegrade 
and retrograde cerebral perfusion, were intro-
duced into clinical practice in the 1990s. 
Antegrade cerebral perfusion (ACP) closely 
approximates physiologic perfusion but lacks its 
pulsatility. Retrograde cerebral perfusion (RCP) 
reverses flow in brain vasculature and is also non-
pulsatile. There are fundamental physiologic dif-
ferences that stem from those opposing perfusion 
techniques (Table 7.2).

Clinical benefits and limitations of ACP and 
RCP are summarized in Tables 7.3 and 7.4. RCP 
uses uniformly cold perfusion at 10–12°C. The 
main operating mechanism here is probably 
deeper hypothermia since vascular flow studies 
suggested that only limited amount of infused 
perfusate (<3%) actually reaches brain capillaries 
to deliver nutrients. Most of the infused volume 
(80–90%) is derived to the circulation via collat-
erals to the inferior vena cava (IVC). Only 
10–13% returns to aortic arch vessels. Most 
 centers use perfusate of lower temperature than 
body core temperature. Others suggest to use per-
fusate just 2–3°C colder than systemic tempera-
ture.166 Lower temperatures (10–15°C) seem to 
be more neuroprotective than higher tempera-
tures (20–25°C) despite prolonged recovery of 
brain functions.167 In contrast, an experimental 
study using a similar setting showed that ACP 
with 20°C yielded better results than 10°C or 
30°C.168 ACP provided superior CBF compared 
with total body perfusion with CPB at 20°C. In 
none of the brain regions studied CBF decreased 
below 20% of baseline with ACP.169 The cerebral 

autoregulation is maintained during ACP. On the 
contrary,  autoregulatory mechanisms are dis-
rupted with RCP even at postoperative period up 
to 1 week.170 In a retrospective evaluation of data 
from 717 patients operated on at the Mount Sinai 
Hospital, TND was significantly attenuated with 
ACP.171 Existing data summarized in recent 
reviews suggest that ACP provides more physio-
logic CBF than RCP and yields better results.166,167 
A recently introduced novel method of intermit-
tent pressure  augmentation (to 45 mmHg) during 
RCP yielded results similar to ACP.172,173

Key Notes

 1. DHCA represents a clinically unique scenario 
that enables complex cardiac procedures with 
complete cessation of flow. The powerful 
 protective effects of hypothermia allow per-
forming most procedures without additional 
protective measures.

 2. The duration of a “safe” period is limited and 
corresponds with the level of intra-arrest 
hypothermia. Both temporary and permanent 
neurologic impairment can result from incom-
plete protection. Thus, there is a need for addi-
tional techniques or pharmacologic adjuncts 
that would augment hypothermia. The role of 
the currently used drugs is limited, but selec-
tive cerebral perfusion is a valuable tool in 
ameliorating neurological damage.

 3. Advanced monitoring techniques need to be 
developed to allow real-time assessment of the 
brain. This should allow us to optimize the use 
of protective techniques.

 4. Advances in molecular biology should provide 
us with specific targets in the cell-death cascades 
that could be addressed by novel therapies.

Practical Tips and Tricks for DHCA

Cooling Phase
Forty minutes of CPB cooling are usually needed 
to achieve a uniform cooling. Temperatures 
from the PA catheter show the best correlation with 
the brain temperature. Arterial vasodilatation 
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Table 7.2 Results of comparative experimental studies between ACP and RCP (Adapted from165 with permission of 
Expert Reviews Ltd)

Parameter of interest Methodology ACP RCP

Blood distribution MRI-perfusion Uniform distribution  Little or no detectable 
distribution

Microembolization Massive embolization Trivial embolization
India ink Uniform allocation in 100% of 

capillaries
Trivial, in 10% of capillaries
 Sequestration in brain venous 
sinuses
 Deviation to IVC via  
azygos vein

CBF in medulla Complete distribution Complete distribution
CBF in cortex 100% distribution 16% distribution
Tchn99-albumine Dominant fixation in brain 

capillaries
 No fixation in brain capillaries

Cerebral blood flow Fluorescence 
microscopy

No significant change (from 
baseline)

Trivial capillary flow

Brain edema Brain water content Minimal water content Excessive water content
Fluid sequestration −200 mL +760 mL

Histopathologic 
changes

Histopathologic 
scoring

No morphologic changes  Neuronal injury varying 
severity

Minimal infarctions Excessive infarctions
Minimal edema Excessive edema

Influence on SEPs SEP abolition recovery  Complete abolition and 
automatic recovery by 
interruption

 Complete abolition after 
application and no recovery

Acid–base changes Neural cells pH Unchanged pH levels Decrease to 6.4
Recovery by reperfusion

Brain metabolism ATP levels Light decrease (baseline) 2–3% of baseline
Phosp-31 MRI Unchanged ATP-levels High decrease in ATP levels

Recovery by perfusion
Cerebral oxygen 
consumption

6.66 mL/min 1.37 mL/min

Postoperative 
neurological status

Behavioral scoring Gradually improved No improvement

Behavioral recovery Complete Complete

ACP Antegrade cerebral perfusion, CBF Central blood flow, IVC Inferior vena cava, RCP Retrograde cerebral perfu-
sion, SEPS Somatosensory evoked potentials

Table 7.3 Antegrade cerebral perfusion (ACP)

Aim
To supply oxygenated blood to the brain during DHCA, prevents ischemic injury to brain
To meet the metabolic demands of the brain
To wash away the metabolic wastes
To achieve selected temperature of the brain
Temperature of the perfusate
10–15°C
Kazui’s school adapted higher temperature 20–22°C
Flow rate
10 mL/kg/min (600–1,000 mL/min), flow rates increased 20–30% for patients at high risk for postoperative 
neurologic dysfunction

(continued)
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Perfusion pressure
Sites: Right radial, bilateral perfusion catheter tip pressure, bilateral temporal artery pressure
Target: Right radial pressure 40 mmHg. In patients at high risk for stroke the flow rates are increased to achieve 
higher target pressure of 50–70 mmHg
Hemispheric versus bihemispheric perfusion
Selective or bihemispheric cerebral perfusion through direct cannulation of two out of three arch vessels, namely, 
innominate and left common carotid arteries. Left subclavian is occluded
Nonselective perfusion uses right axillary artery as a route for ACP and rely on intact circle of Willis for perfusion 
of left side brain
No clear data exists for the superiority of one versus other method
Indications for left subclavian perfusion: Occlusion of right vertebral artery, lack of intracranial communications, 
dominant left vertebral artery
Monitoring
Transcranial Doppler (TCD) monitoring of bilateral middle cerebral artery (MCA) flows
Near-infrared spectroscopy
Jugular bulb venous oxygen saturation (target above 90%)
Low flow velocity on the left MCA on TCD or low saturation on the left side (20% discrepancy between two sides) 
during nonselective perfusion is an indication for converting to bihemispheric perfusion
Advantages
Extend the safe period of circulatory arrest up to 90 min allowing meticulous repair of complex aortic pathology 
(total arch)
Obviates the need for deep hypothermia? Moderate hypothermia with ACP is an option for less-complex aortic 
procedures (hemiarch), lessens CPB time, rewarming and cooling time, coagulopathy, and other deep hypothermia 
related complications
Maintains autoregulation
Drawbacks
Malperfusion because of improper cannulation in the false lumen
Cerebral embolism this could be lessened by cannulation away from the orifice of the arch vessels, where 
atherosclerosis is marked, or by cannulation  of axillary artery since this is part is rarely atherosclerotic)
Cluttered operative field with cannulae obstructing the surgical view and prolongation of DHCA time
Cumbersome procedure
Dissection of common carotid arteries by cannulation
Obstruction to the flow in the artery by improper position of cannulae in the lumen

Table 7.3 (continued)

Table 7.4 Retrograde cerebral perfusion (RCP)

Benefits
Provides hypothermic blood and produces uniform cooling of the brain
Flushes the air and particulate emboli out of arch vessels
Provide some oxygen and substrates to the brain and remove metabolic wastes

Temperature of the perfusate
10–12°C
Flow rate for RCP
Most surgeons flow 300–500 mL/min to SVC pressure 15–25 mmHg
SVC pressures up to 40 mmHg and flow rates up to 1,600 mL/min with multimodal neurophysiological monitoring
Monitoring during RCP
SVC pressure (monitored from the side port of internal jugular vein 9F introducer)
Transcranial Doppler (TCD): Bilateral middle cerebral artery flow monitoring can help alter cannulation and guide 
perfusion pressure and flows required to achieve cerebral perfusion. TCD can also diagnose reactive hyperemia 
after DHCA
Near-infrared spectroscopy can also be used to adjust flows and temperature

(continued)
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with short-acting agents like nitroprusside or 
 phentolamine may facilitate the rate and unifor-
mity of cooling. Complete neuromuscular block-
ade further decreases oxygen consumption. 
pH-stat blood gas management is recommended 
especially in the pediatric population; 100% 
oxygen should be used before stopping the cir-
culation. Hematocrit should be maintained at 
25% or higher. Topical cooling of the head with 
ice is beneficial. Thiopental may be used in 
moderate doses (5 mg/kg) especially if there is 
persistent EEG activity. Large doses could be 
detrimental for cardiac recovery. Administration 
of MP does not have a strong support in the cur-
rent literature. Pretreatment would be required 
to elicit its extracerebral effects.

DHCA Phase
Any flow is better than no flow. Low-flow CPB is 
superior to DHCA when clinically feasible. 
Alternatively, intermittent perfusion at high flow 
could be considered at least every 20 min. 
Cerebral perfusion during DHCA is beneficial 
and could extend the “safe” period of DHCA. 
ACP seems to be superior to RCP.

Rewarming Phase
Rewarming should be initiated with 100%  oxygen. 
A brief period of cold reperfusion before rewarm-
ing should be considered. High CPB flows may be 
initiated even at low temperatures. Prevention of 
“overshooting” to hyperthermia is of paramount 
importance even if the duration of CPB is pro-
longed. The temperature of the arterial line of the 

CPB machine reflects the maximum temperature 
of the brain. Alpha-stat blood gas management 
should be used especially in adults to limit 
 microembolism. Post-reperfusion ultrafiltration 
may be beneficial. Glucose control should be 
employed to maintain normoglycemia.

Post-CPB Phase
Prolonged mild hypothermia after the procedure 
is not currently substantiated but should be con-
sidered if neurologic complications occur.
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Clinical outcome
Incidence of stroke and mortality low in RCP patients in few retrospective studies
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Introduction

Neurological complications occur frequently 
after aortic surgery and are associated with 
increased hospital mortality, and length of hospi-
tal and intensive care unit stay.1 The incidence of 
stroke varies from 2% to 33% and transient neu-
rologic dysfunction (TND) has been reported to 
occur up to 35% of patients after aortic surgery.2–6 
Neurological complications are also associated 
with poor long-term outcome and impaired qual-
ity of life.7,8 Various surgical strategies and intra-
operative neuromonitoring (IONM) techniques 
have been developed in recent years in an effort 
to reduce the neurological dysfunction after  aortic 
surgery. Intraoperative neuromonitoring (IONM) 
techniques include somatosensory evoked poten-
tials (SSEP), electroencephalography (EEG), 
transcranial Doppler (TCD), near-infrared spec-
troscopy (NIRS), and jugular venous oxygen 
saturation (SJVO

2
). Neuromonitoring has become 

an integral part of neuroprotection and many 
 centers use a single method or multimodal moni-
toring during aortic surgery. According to a 
nationwide survey conducted by German Society 
of Anesthesiology, the methods used for IONM 
are SSEP (40%), EEG (60%), TCD (17.5%), and 

NIRS (40%) with some using a combination of 
methods.9 Although there are no outcome studies 
published with regard to the benefits of neu-
romonitoring in aortic surgery, these monitoring 
techniques can identify the intraoperative events 
responsible for the development of cerebral isch-
emia/infarction such as cerebral hypoperfusion, 
malperfusion, and embolism.10 This chapter 
will describe the equipment needed to perform 
IONM, parameters used to acquire data with the 
equipment, and safety of the equipment in the 
operating room (OR). The effects of pharmaco-
logic (anesthesia drugs) and physiologic vari-
ables (e.g., hypothermia, arterial blood gas) on 
different monitoring methods along with advan-
tages and limitations of each monitoring modal-
ity will be discussed. Existing literature on the 
use of IONM in aortic surgery and deep hypo-
thermic circulatory arrest (DHCA) will also be 
reviewed. Information presented in the chapter is 
based on literature review and our vast experi-
ence at University of Pittsburgh medical center in 
monitoring several hundred aortic repairs.

Intraoperative Neurophysiological 
Monitoring

Instrumentation

Intraoperative Neurophysiological Monitoring 
(NIOM) machines are connected to the patients 
using disposable subdermal needle electrodes.  
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We use Rhythmlink® (Rhythmlink, SC) electrodes, 
which are color coded for both stimulating and 
collecting data from a patient (Fig. 8.1a and b). 
These are made from high tensile strength stain-
less steel with varying wire and needle lengths. 
The advantage of the subdermal needle electrodes 
is quicker setup, lower impedances, and their dis-
posability. They however can increase the risk of 
needle stick injury.

Stimulation and Acquisition Parameters 
for SSEP, EEG, MEP

Multimodality neurophysiological monitoring 
requires optimal parameters to be set for 
each modality collected and displayed. During 
 ascending aortic or arch surgeries, upper and 
lower limb SSEP and EEG are continuously and 
concomitantly acquired during the procedure. 
Thoracoabdominal aneurysm repairs require the 
addition of transcranial motor evoked potentials 
(tcMEP) with SSEP and EEG. Some of the com-
mon stimulation and acquisition parameters are 
displayed in Table 8.1. Recording electrodes are 

placed on the scalp and in the periphery using the 
standard 10–20 system.11 SSEP are generated via 
stimulation of the median or ulnar nerves and 
tibial or popliteal nerves, respectively. TcMEPs 
are generated using electrodes placed at C1 and 
C2 or C3 and C4 with responses recorded from 
the muscles in the upper and lower limbs, typi-
cally abductor pollicis brevis and tibialis anterior, 
respectively.

Electrical Safety

Generally the bioengineering department in the 
hospitals will check and monitor any equipment 
used to deliver current to the patient. The equip-
ment should be checked for adequate grounding, 
and leakage currents. Electrical burns in the arms 
or legs secondary to excessive stimulation with 
needle electrodes are rare. If they occur these are 
generally minor and heal quickly. During tran-
scranial electrical stimulation, the current output 
and intensity has to be monitored as this can 
induce seizures, tongue lacerations, and scalp 
burns.

Fig. 8.1 (a and b) IOM machines shown above the portable format, which can fit in a travel bag, and desktop format 
to fit the needs of our practice (Published with permission from Natus Medical incorporated)
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Somatosensory Evoked 
Potentials (SSEP)

Recording SSEP

SSEP are generated in the spinal cord, the brain 
stem, and the cerebral cortex, following periph-
eral nerve stimulation. Following median or ulnar 
nerve stimulation at the wrist and tibial or per-
oneal nerve stimulation in the leg, electrical sig-
nals travel along the sensory nerve, dorsal 
columns of the spinal cord, the brain stem, and 
the contralateral thalamus and terminate in the 
primary somatosensory cortex. The integrity of 
these structures, which play a role in generation 
of SSEP responses, can be monitored during sur-
gery. Specifically, the peripheral sensory nerve 
generates an action potential in response to an 
electrical current delivered by pad or subdermal 
needle electrodes. This action potential travels 
along the sensory nerve to the spinal dorsal 
columns. Potentials are recorded along the 
peripheral nerve (Fig. 8.2 ) at the erbs point (N9), 
or the popliteal fossa in the upper and lower 
extremities, respectively.12 The spinal dorsal col-
umns are white matter tracts containing no syn-
apses until reaching the lower medullary nuclei. 
The responses recorded in the cervical region 
(Fig. 8.2) appear to be generated from the upper 
cervical cord and lower brain stem.12 Postsynaptic 
fibers from the nuclei cross to the contralateral 
side of the brain stem and ascend as the medial 
lemniscus to the ventroposterior nucleus of the 
thalamus and then eventually terminating in the 
primary somatosensory cortex. Cortical responses 
are recorded on the scalp (Fig. 8.2a) from the 
contralateral somatosensory cortex.12

Factors Affecting SSEP

Anesthetic drugs, mean arterial pressure, blood 
gas tensions, hematocrit, and temperature can 
have profound effect on the cortical SSEP ampli-
tude and latencies.13 Both hypercarbia and 
hypocarbia can affect SSEP signals. Hemodilution 
and low hematocrit also increase latency. 

Hemodilution and hypotension are synergistic to 
depress SSEP waveforms.13

Anesthesia Drugs

General anesthetics act primarily on the synaptic 
chemical transmission process itself and do not 
affect the conduction of impulses in nerve axons or 
change the electrical excitability of neurons. Hence, 
optimal management of anesthesia is required for 
recording cortical evoked potentials.14 A balanced 
anesthetic technique is used for aortic surgery, 
which includes an induction agent (thiopental, eto-
midate, or propofol), amnestic (midazolam), anal-
gesic (fentanyl), and maintenance inhalational 
anesthetics (IA) (isoflurane, sevoflurane, or desflu-
rane) or maintenance intravenous agent (propofol).

Primary effects of inhalational anesthetics 
(IA) are observed as an increase in the latency 
and a decrease in the amplitude of the cortical 
SSEP response.14–17 Subcortical latencies and 
amplitudes are not altered significantly though 
monitoring subcortical potentials are not always 
possible and desirable.17,18 Maintenance dose of 
IA should not only allow interpretation of corti-
cal SSEP but also prevent the awareness from 
occurring. Addition of nitrous oxide to IA com-
pounds this observed decrease in amplitude of 
cortical SSEP response.19 Since nitrous oxide is 
not used in aortic surgery, this is not a concern 
here unlike spine surgery. There is considerable 
debate on the differential effects of each IA at 
equivalent minimum alveolar concentration 
(MAC) on the amplitude and latency of cortical 
SSEP responses. Most of the evidence comes 
from spine and neurosurgery literature and is 
applicable to cardiac and aortic surgery.

Isoflurane is the most commonly used IA in 
cardiac surgery followed by sevoflurane and des-
flurane. The use of sevoflurane and isoflurane up 
to 1 MAC is compatible with intraoperative SSEP 
monitoring.20 Zhang et al. compared the effects 
of isoflurane and desflurane on cortical SSEPs. 
Both decreased N20 amplitude and latency sig-
nificantly. Cortical waveforms disappeared with 
both the agents at 1.5 MAC. Isoflurane  maintained 
bispectral index (BIS) less than 60 compared to 
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desflurane at 0.75 MAC.21 Rehberg et al. have 
shown that sevoflurane and desflurane are better 
suited for NIOM because SSEP amplitudes are 
better preserved compared to isoflurane.22 
Schindler et al. studied various concentrations of 
desflurane on cortical SSEP and concluded that 
the use of desflurane up to 1 MAC is compatible 
with intraoperative SSEP monitoring.23

Induction dose of thiopental (5 mg/kg) 
 followed by 2 mg/kg/h had little effect on ampli-
tude but prolonged latency of cortical SSEP 
responses.24 Thiopental bolus 4 mg/kg also pro-
duced similar results in another study.25 Higher 
doses produced a significant decrease in the 
amplitude and an increase in the latency but still 
compatible with recording of cortically recorded 
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Fig. 8.2 (a) Somatosensory evoked potentials after 
 stimulation to the left median nerve, recorded transcuta-
neously from points along the somatosensory pathway: 
from Erb’s point (Erb/Fz) over the second cervical 
spinous process (C2s/Fz) and over the somatosensory 
cortex (C4¢/Fz). The difference between N13 and N20 
waveform peaks represents the central conduction time. 

(b) Somatosensory evoked potentials after stimulation to 
the left tibial nerve, recorded from points along the soma-
tosensory pathway: from the first lumbar epidural space 
(epidural/L1) from the skin overlying the second cervical 
spinous process (C2s/Fz) and from the scalp overlying 
the somatosensory cortex (CZ¢/Fz) (Redrawn with per-
mission from Lake84)
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SSEP responses.26 Etomidate and ketamine 
increase the signal amplitude of SSEPs.13

The effects of propofol on SSEP were similar 
to thiopental. Propofol used as a continuous infu-
sion to maintain anesthesia preserves SSEP 
waveforms better than isoflurane and sevoflu-
rane.27,28 In adolescents undergoing spinal fusion, 
both isoflurane 0.6% in air and propofol infusion 
(120 ug/kg/min) preserved SSEP signals though 
propofol performed better. Average BIS values 
were lower for propofol than for isoflurane.29 
However, few studies described advantages of 
propofol over sevoflurane anesthesia. Fung et al. 
compared propofol-remifentanil with sevoflu-
rane-remifentanil anesthesia in providing optimal 
conditions for SSEP monitoring. Propofol admin-
istered patients had less within patient variability 
in cortical amplitude and latency. However, 
 sevoflurane patients had faster suppression with 
increasing concentration and faster recovery 
after stopping the drug.30 The implication is  
that if there is light anesthesia and hypertensive 
response during maintenance, deepening 
anesthesia with sevoflurane may be preferable to 
giving intravenous bolus of propofol because 
recovery of SSEP to baseline will be faster with 
sevoflurane. Ku et al. reported similar findings in 
patients undergoing scoliosis surgery. In addi-
tion, patients who received sevoflurane were 
more cooperative and more lucid during recovery 
from anesthesia in their study.31

High-dose narcotics produce modest altera-
tions in cortical SSEP but are suitable for intraop-
erative monitoring.24,32,33 Benzodiazepines also 
can produce modest changes similar to narcotics. 
Midazolam 0.2 mg/kg followed by 5 mg/h pro-
duced depression of cortical amplitude without 
altering latency.34 Another study used a similar 
dose and found that midazolam prolonged latency 
without any change in amplitude.25

Neuromuscular blocking drugs do not directly 
influence SSEP, but they increase the signal to 
noise ratio by eliminating the electromyography 
artifact thereby improving SSEP recordings.35

In summary, different classes of anesthetic 
drugs can affect SSEP to a varying degree. Drugs 
and doses that will minimally affect the wave-
form amplitude and latency should be used. In 

general, intravenous anesthetics affect SSEP less 
than inhalational anesthetics. IA can be used, 
provided the concentrations can be limited to 1 
MAC. A baseline SSEP should be obtained after 
induction when a steady state anesthetic state is 
reached. Intravenous boluses of anesthetic drugs 
or sudden increases in IA concentration should 
be communicated to the neurophysiologist so 
that false-positive interpretation of cerebral isch-
emia can be avoided.

Cerebral Blood Flow (CBF), Mean 
Arterial Blood Pressure (MAP),  
and SSEP

Adequate cerebral blood flow is necessary for 
viable neuronal cell function in the cerebral cortex 
to generate SSEP responses. Normal CBF in an 
awake adult is approximately 50 mL/100 g/min, 
with cortical regions (gray matter) requiring 
higher levels as compared to subcortical regions 
(white matter tracts).36 Cerebral autoregulation 
maintains a constant CBF with MAP between 60 
and 150 mmHg.36,37 Decreases in MAP below 
60 mmHg results in oligemia and consequent 
decrease in the CBF. It is important to note that 
outside the cerebral  autoregulation window there 
is nonlinear correlation between the CBF and 
MAP, which results in significant drop in CBF 
with insignificant decreases in MAP. When CBF 
decreases below the  functional threshold, electro-
physiological changes begin to appear.38 Mild 
hypoperfusion (22 mL/100 g/min) is well toler-
ated and typically does not induce neuronal dys-
function. CBF in the range of 14–16 mL/100 g/
min results in a sharp decline in the evoked 
response, with a 50% reduction of the response 
observed at 16 mL/100 g/min.39 Primate models 
indicate complete absence of evoked responses at 
levels below 12 mL/100 g/min. This has been 
termed as “electrical failure.” The CBF threshold 
for failure of energy metabolism or “energy fail-
ure” or for the maintenance of the ionic pumping 
mechanisms of cell  membranes is lower than that 
for electrical failure.39 Animal studies indicate 
that CBF levels of approximately 10 mL/100  
g/min results in  significant increase in the 
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 extracellular potassium, which indicates an ionic 
or energy failure. However, normal  concentrations 
of extracellular potassium were present in the 
face of a complete loss of evoked potentials. This 
finding indicates a clear difference in CBF thresh-
old levels for neuronal and electrical function.39 
Time-dependent reversible changes in the CBF 
can return the SSEP changes back to control 
 levels.40–42 These studies emphasize optimizing 
MAP in the operating room and the need to 
quickly reverse changes in MAP to maintain 
adequate CBF.

Hypothermia and SSEP

At the normal body temperature of 37°C, the 
brain can tolerate approximately 4–5 min of 
 circulatory arrest (Fig. 8.3a, b). At lower 
temperatures, the circulatory arrest can be 
extended 20–40 min with minimal neurological 
complications.43,44 Arrest extending for 1–2 h was 
associated with 15% risk of significant neurolog-
ical injury.44 The “safe period” can be extended 
with antegrade3 or retrograde cerebral perfusion 
(RCP) with deep hypothermic circulatory arrest 

Fig. 8.3 This shows the effect of bilateral cortical 
median nerve SSEP responses in response to cooling 
(a) and warming (b) during an aortic surgery repair. 
The left column shows the cortical responses N20-P30 

complex (P4-Fz channel) from the left median nerve 
SSEPs, and the right column shows the cortical 
responses (P3-Fz channel) from the right median 
nerve
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(DHCA).45 Optimal hypothermic temperature for 
DHCA during cardiac surgeries has been a matter 
of debate. Temperatures in the range of 10–25°C 
have been used to reduce postoperative neuro-
logical deficits.2,46,47 Nasopharyngeal or rectal 
temperatures do not accurately predict brain tem-
peratures; therefore, targeting of optimal temper-
ature may be difficult. SSEP and EEG recordings 
can be an electrophysiological marker to evaluate 
adequate hypothermia during DHCA. This notion 
is summarized in a large study performed by 
Stecker MM et al.48,49 who examined neurophysi-
ological monitoring changes during DHCA. They 
found that the cortical SSEP N20-P30 complex 
disappeared at a nasopharyngeal temperature of 
21.4°C ± 4°C, and subcortical (N13) responses 
disappeared at temperatures of 17.3°C ± 4°C. 
Cortical SSEP responses reappeared at nasopha-
ryngeal temperature 18.6°C ± 3°C, and subcorti-
cal N13 responses reappeared at 17.2°C ± 3°C. 
The time frame observed for recovery of the 
SSEP cortical N20-P30 complex correlated to 
the length of circulatory arrest. The nasopharyn-
geal temperature was higher for reappearance of 
cortical N20-P30 in patients presenting with 
postoperative stroke.48–51 The subcortical N13 
potentials disappeared at a lower temperature and 
its reappearance did not depend on the length of 
circulatory arrest.48,49,52 Hence, SSEP recorded 
under optimal anesthetic conditions can be help-
ful in improving prognosis after DHCA.52

Role of Intraoperative SSEP  
in Aortic Surgery

SSEP monitoring has several important roles in 
ascending and aortic arch surgery. In the pre-
bypass period, several patients presenting for 
emergency surgery (aortic dissection and rup-
tured aneurysms) are already intubated and full 
neurological examination is not possible. Baseline 
SSEP abnormalities may indicate great vessel 
involvement and alert the surgical and anesthesia 
team to prepare for immediate initiation of CPB, 
rapid cooling, and appropriate blood pressure 
management for protecting cerebral circulation.52 
Disappearance of SSEP at higher temperature 
in the pre-bypass cooling period also indicates 

neurological compromise and should also be 
addressed immediately.53

Target temperature for initiation of DHCA var-
ies between patients. Cooling titrated to fixed 
nasopharyngeal temperature may not reflect brain 
temperature required for adequate cerebral protec-
tion. Too deep cooling may increase the rewarm-
ing period, total CPB time, inflammatory response, 
and coagulopathy. Disappearance of both cortical 
and subcortical SSEP has been used as the end 
point for cooling and initiation of DHCA. Ghariani 
et al. reported successful neurological outcome in 
their patients using this criterion.54

As described in the previous section, time to 
reappearance of SSEP signals during rewarm-
ing was correlated with postoperative neuro-
logical dysfunction. New asymmetry of SSEP 
signals in the post-reperfusion period should 
alert the team to look for graft patency and 
embolism. SSEP cannot differentiate embolism 
from hypoperfusion.55

Delayed onset of neurological abnormalities 
in the postoperative period with no SSEP abnor-
malities in the intraoperative period may occur. 
Strategy of extending the neuromonitoring into 
the intensive care unit in intubated, paralyzed, 
and sedated patients may be helpful.

Electroencephalography

EEG is spontaneous brain activity recorded 
from the scalp using subdermal needle elec-
trodes. Ideally, 8 or 16 channel recordings are 
obtained covering both the hemispheres 
equally. Electrodes are placed in accordance to 
the standard international 10–20 system.11 
Compressed and digital spectral assays that 
display quantitative EEG can be used in addi-
tion to the traditional raw EEG display to iden-
tify focal and hemispheric changes. EEG 
activity is classified based on frequency. 
Frequencies include alpha (8–13 Hz), beta 
(>14 Hz), theta (5–7 Hz), and delta (0.5–4 Hz). 
Interpretation of EEG recorded and intraopera-
tively poses significant challenges due to gen-
eral anesthesia, artifacts secondary to use of 
electrical equipment, and the patient’s neuro-
logical and hemodynamic status.
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EEG and Anesthetic Drugs

Most anesthetic agents produce an initial excit-
atory stage characterized by desynchronization 
(possibly loss of inhibitory synaptic function). 
Amplitude is observed to increase as the EEG 
becomes synchronized, with a predominance of 
activity in the alpha range. Increasing IA levels 
cause progressive slowing until the EEG achieves 
burst suppression and, finally, electrical silence.56 
(Fig. 8.4).

The choice of the anesthetic agent depends on 
the procedure and specific goal of neurophysio-
logical monitoring. In general, IA shifts the dom-
inant alpha rhythm to the frontal lobes similar to 
sleep spindles. Intravenous agents (opioids and 
ketamine) have minimal effects as compared to 
IA on the EEG. However at high doses these can 
produce similar effects to inhalational agents and 
nitrous oxide. Neuromuscular blocking agents do 
not affect the EEG directly however can increase 
the signal-to-noise ratio by decreasing muscle 
artifacts.56 During aortic surgeries halogenated 
agents at less than 0.5 MAC with IV medications 
is desirable to effectively interpret the cortical 
SSEPs and EEG.52

EEG and Cerebral Blood Flow

EEG changes in response to decreased cerebral 
perfusion are similar to cortical SSEP amplitude 
changes. Changes in frequency and amplitude of 
EEG are dependent on the degree of hypoperfu-
sion. Initial changes include decrease of alpha 
and beta activity followed by an increase in the 
theta and delta activity ultimately reaching 
electrocerebral silence. These changes have been 
correlated to changes in cerebral blood flow. 
The initial or minor changes in EEG character-
ized as a loss of fast activity seem to appear at or 
below 20–22 mL/100 g/min. Severe changes in 
EEG characterized by complete attenuation of 
faster activity and/or a significant increase in the 
delta activity less than 1 Hz is observed with CBF 
below 15 mL/100 mg/min. Appearance of delta 
activity and attenuation of faster activity appears 
in between the above-mentioned CBF values.57–61 
Complete loss of EEG activity is observed at per-
fusion levels of 7–15 mL/100 g/min.62 Animal 
studies have indicated that changes in EEG occur 
well before there is a cellular ionic change.39 As 
with changes in cortical SSEPs, the EEG changes 
can be reversed if CBF is restored early. During 
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with permission from Stockard and Bickford120)
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aortic surgery, this principle can be used for 
 monitoring the recovery of EEG after DHCA to 
evaluate the adequacy of cerebral perfusion.

Hypothermia and EEG

Isoelectric EEG recording can be used a physiolog-
ical marker for hypothermia as there are no criteria 
to select the optimal temperature or a reliable 
means to measure it.49,63 EEG was tested as a means 
of measuring the adequacy of cerebral protection 
and prognosis after DHCA in adult and pediatric 

patients.48,49,64–66 The findings are summarized in a 
large study conducted by Stecker MM et al.,48,49 
who reviewed neurophysiological changes during 
DHCA (Fig. 8.5). Bilateral or unilateral periodic 
complexes are the first changes to appear in the 
baseline EEG under anesthetic influence at a 
nasopharyngeal temperature of 30°C (±5°C). As 
cooling continues at the rate of 0.7°C/min, the 
 periodic complexes give way to a burst suppression 
pattern at a nasopharyngeal temperature of 24.4°C 
(±4°C). With progressive cooling, isoelectric EEG 
appears at a nasopharyngeal temperature at 17.8°C 
(±4°C). The importance of using temperature as an 
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marks occur: (a) appearance of periodic complexes, (b) 
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silence. Examples of typical EEG patterns during cool-
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periodic complexes, (f) appearance of burst suppres-
sion, and (g) electrocerebral silence. Each of the EEG 
samples represents the following four channels recorded 
from the left hemisphere (Fp1–F7, F7–T3, T3–T5, and 
T5–O1) (Reprinted with permission from Stecker 
et al.49)



1818 Cerebral Monitoring During Aortic Surgery

important physiological indicator is enhanced with 
findings from studies in pediatric population. 
Isoelectric EEG or electrocerebral silence was 
defined as absence of electrocerebral activity of 
more than 2 mV for more than 3 min duration.

EEG and Aortic Surgery

Both EEG and SSEP are used in aortic surgery with 
DHCA. Whether to use SSEP loss of potentials or 
EEG isoelectricity for initiation of DHCA has not 
been addressed by randomized trials. Cortical sen-
sory evoked potentials disappear before electrocer-
ebral silence on EEG and subcortical potentials 
may be demonstrated at lower temperature even 
after EEG isoelectricity. So, some institutions use 
disappearance of both cortical and subcortical 
SSEP waveforms as the end point for cooling.

Continuous EEG activity is seen after the 
onset of antegrade circulation at a nasopharyn-
geal temperature of 30°C (±5°C). There appears 
to be a correlation between poor postoperative 
neurological outcomes and the return of EEG 
activity at higher temperatures. EEG is a very 
useful monitoring modality to assess the ade-
quacy of cerebral perfusion, guide to cerebral 
protection with hypothermia, and provide prog-
nostic information after DHCA.

Transcranial Doppler (TCD)

TCD is based on the principle of ultrasonic 
echoes from a piezoelectric crystal penetrating 
adult human skull in the thinnest temporal 
regions.67 These ultrasonic echoes from crystals 
are reflected by the erythrocytes and the direction 
and velocity of the red cell movement through the 
largest intracranial arteries can be determined by 
the Doppler principle. Typically, middle cerebral 
artery (MCA) flow velocities are monitored dur-
ing cardiac and aortic surgery since the artery 
carries 75–80% of ipsilateral carotid blood flow. 
Pulse wave spectral Doppler method measures 
the peak systolic, end-diastolic, and mean flow 
velocities at a predetermined distance or at mul-
tiple distances from the probe. In contrast to pulse 

wave Doppler, M-mode records time series dis-
play of signal amplitude at each depth gate.68

There is no data regarding the extent of 
 maximum velocity suppression associated with 
postoperative neurologic dysfunction in cardiac 
surgery. Data in carotid endarterectomy patients 
showed that neurologic damage is unlikely if 
V max was maintained at 40% or greater than its 
preclamp value.69 Flow velocity reduction to 70% 
of its basal value has been used as intervention 
threshold in cardiac surgery.

Also, flow velocity is not directly related to 
absolute cerebral blood flow. However, the 
changes in cerebral blood flow can be indirectly 
detected with changes in flow velocity. Two 
important factors affect the relation of flow veloc-
ity and blood flow. First, changes in middle cere-
bral artery diameter (nitroglycerine vasodilatation) 
affect the flow velocity with no change in CBF. 
Second, the orientation of pulse wave Doppler 
relative to the direction of MCA blood flow 
affects the measurement of flow velocity. 
Significant underestimation of flow velocity will 
result if the angle of insonation is more than 30°.

Malperfusion

TCD during aortic surgeries can detect malperfu-
sion syndromes at the initiation of cardiopulmo-
nary bypass.68 Flow through the false lumen may 
force a portion of torn intimae across the opening 
of arch vessels. Since the obstruction may not 
involve upper limb arterial pressure monitoring 
sites, early detection and correction by TCD is 
essential to avoid catastrophic brain injury.

Rewarming from DHCA

During rewarming, the brain is prone for isch-
emia for two reasons. CBF does not increase in 
response to increased metabolism as there is flow 
metabolism uncoupling during DHCA. CBF 
becomes pressure dependent because of loss of 
autoregulation in deep hypothermia. TCD during 
reperfusion shows immediate hyperemia fol-
lowed by lower than basal flow velocities during 
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most of the rewarming (Fig. 8.6). Adjustment of 
systemic perfusion and mean blood pressure 
according to TCD velocities may aid in prevent-
ing ischemia of rewarming.70,71

Retrograde Cerebral Perfusion (RCP) 
and Antegrade Cerebral  
Perfusion (ACP)

Evaluation of RCP and antegrade  cerebral per-
fusion (ACP) during DHCA is an important 
application of TCD during aortic surgery.72–74 
Effectiveness of RCP may be limited by several 
anatomical factors such as valves in venous sys-
tem, thin-walled veins with their  tendency for 
collapse and kinking, and the drainage of perfu-
sion through the azygos system. TCD flow 
velocity can be used to evaluate the efficacy of 
RCP and detect inadequate perfusion. Estrera 
et al.75 studied patients undergoing acute type A 
resection with retrograde perfusion and DHCA. 
TCD altered cannulation and guided retrograde 
perfusion in 28.5% and 78.6% of the patients, 
respectively. TND was significantly reduced 
(14.8%) in TCD monitored patients compared to 
unmonitored patients (51.8%). Retrograde supe-
rior vena caval pressures necessary to achieve 
effective RCP can be titrated using TCD. Tanoue 
et al. were able to detect TCD signals in 3 of 15 
patients with SVC pressures of 15–25 mmHg.73 
With higher SVC pressures (40 mmHg), Ganzel 
et al. demonstrated TCD signals in 16 of 18 of 
their patients.76 Inadequate RCP also causes reac-
tive hyperemia after systemic reperfusion, which 

will result in neurological damage unless detected 
and treated by lowering blood pressure and 
thereby lowering flow velocity.73 TCD can diag-
nose reactive hyperemia after RCP and aid in the 
management.

Anterograde cerebral perfusion (ACP) methods 
have similar anatomical limitations. Functionally 
inadequate cerebral collateral blood flow from a 
single carotid, or axillary arterial cannula may be 
expected because of incomplete circle of Willis. 
Bilateral TCD monitoring provides the only means 
to directly document the initiation and mainte-
nance of bihemisphericante grade cerebral perfu-
sion through large arteries.77 TCD can also be used 
to limit the excessive pump flow and prevent 
hyperperfusion syndrome.78

Detection of Emboli

Transcranial Doppler can detect embolization, 
which are important sources of brain injury and 
long-term cognitive dysfunction during cardiac 
and aortic surgery.79,80 Microembolism is not 
uncommon during open cardiac and aortic sur-
gery. However, there is a correlation between the 
number of microemboli detected by TCD and 
postoperative neurologic dysfunction.81 TCD can 
also evaluate technical aspects designed to reduce 
these emboli during aortic manipulation82 or 
trap atheromatous emboli.83 Audible feedback 
to the surgeon helps in modification of tech-
niques resulting in reduction of microemboli.81 
Modification of techniques include avoidance of 
reinfusing unwashed cardiotomy suction blood, 

Fig. 8.6 The trend plot of changes in middle cerebral 
artery peak flow velocity during pediatric aortic arch recon-
struction. CPB cardiopulmonary bypass, HCA hypothermic 
circulatory arrest. With the resumption of systemic perfu-
sion at the end of HCA, peak flow velocities increased 

above pre-CPB baseline indicating flow-metabolism 
uncoupling. Later, this translates into cerebral ischemia as 
the falling velocity signifies a flow insufficient to meet the 
hypermetabolic demand of the rewarming brain (Reprinted 
with permission (Wiley-Blackwell) from reference 70)
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elimination of partially occluding clamps, carbon 
dioxide purging of nitrogen in the surgical field, 
and transesophageal echo and TCD guided deair-
ing maneuvers. Use of well-designed venous 
reservoirs that minimize air entrapment and 
replacement of bubble oxygenators by  membrane 
oxygenators also decreased emboli counts.

Limitations

TCD is not without its limitations.70,84 The tech-
nique is very user dependent. Temporal windows 
are difficult to obtain in patients with thick skull 
because of poor transmission of ultrasound sig-
nals. TCD used for intraoperative monitoring 
requires a fixation device to the head. Minor 
probe movements can cause loss of signals, which 
should be differentiated from flow cessation dur-
ing aortic surgery. TCD flow velocity is not indic-
ative of absolute CBF as described above.

Jugular Bulb Venous Oxygen 
Saturation (SJVO2)

Jugular bulb venous oxygen saturation (SJVO
2
) 

monitoring measures the cerebral oxygenation on 
an intermittent or continuous basis via a catheter 
placed in the jugular bulb.85 Normal SJVO

2
 values 

range from 55% to 75%, or up to 85%. This value 
reflects the normal degree of coupling between the 
oxygen supply to the brain and oxygen demand.

Because of the linear relation and strong cor-
relation between SJVO

2
 and CMRO

2
, SJVO

2
 can 

be used as a surrogate of residual cerebral meta-
bolic activity during cooling phase of DHCA for 
aortic arch surgery (Fig. 8.7). SJVO

2
 is specifi-

cally useful in determining the duration and thus 
the end point of cooling to DHCA. After SJVO

2
 

reaches 95%, DHCA can be initiated safely.86 
Lower SJVO

2
 values before DHCA were associ-

ated with neurological dysfunction postopera-
tively.87 Cooling to a fixed temperature or to 
isoelectric EEG can leave significant residual 
metabolic activity.88

SJVO
2
 has also been used to monitor ACP 

during DHCA and values maintained above 90%. 

Lower values suggest an insufficient oxygen 
supply to the brain to meet the demands and ACP 
flows and perfusion pressure are adjusted accord-
ingly to achieve a higher SJVO

2.
89 SJVO

2
 is also a 

useful measure of cerebral metabolism if aortic 
arch surgery is performed with moderate hypo-
thermia and ACP.90

SJVO
2
 monitoring requires additional invasive 

procedure. Contamination of extracranial facial 
veins should be avoided by slow aspiration of the 
blood sample. SJVO

2
 values indicate global 

oxygen supply–demand balance and the major 
limitation is its inability to detect regional cerebral 
ischemia. No correlation could be demonstrated 
between regional oxygen saturation measured 
by NIRS and SJVO

2
.91 SJVO

2
 is subject to “wall-

artifact,” or interference with oximeter signal due 
to catheter impingement against the vessel wall.

Near-Infrared Regional 
Spectroscopy

Near-infrared regional spectroscopy (NIRS)92 
and SJVO

2
 both can provide information about 

cerebral oxygenation. This information is not 
available using SSEP, EEG, and TCD. Transcranial 
cerebral oximetry, based on the principle of 
NIRS, has been successfully used in the OR 
 during cardiac surgical procedures. The ability of 

Fig. 8.7 Graph showing close linear relationship between 
SJVO

2
 and CMRO

2
 during cooling phase of profound 

hypothermia in human brain (Reprinted with permission 
from (Elsevier); McCullough et al.121)
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continuous cerebral NIRS monitoring of cerebral 
tissue oxygenation to detect and  optimize cere-
bral hypoperfusion in the setting of aortic surgery 
and DHCA will be discussed.

Basic Principle of NIRS: Lambert Law

The ability to measure the concentration of various 
substances, specifically tissue hemoglobin content 
as well as cerebral tissue oxygen saturation, is 
predicated on the concept that the concentration of 
a substance in a solution can be determined by 
measuring the difference in intensity between 
transmitted and received light when delivered at 
specific wavelengths. This is what is described by 
the Beer–Lambert law, wherein a change in light 
intensity is equivalent to the quantity (depth) of the 
substance and the amount of light absorbed by a 
known quantity of that substance.

In the 700–1,300 nm range, near-infrared light 
effectively penetrates tissue several centimeters.93 
Within the NIR range, the primary light absorb-
ing molecules in mammalian tissue are metal 
complex chromophores: hemoglobin, bilirubin, 
and cytochrome. The absorption spectrum of 
oxyhemoglobin (HbO

2
) shows a broad peak 

between 700 and 1,150, deoxyhemoglobin ranges 
from 650 to 1,000 nm, and cytochromeoxidase 
aa3 has a broad low peak at 820–840 nm.94 The 
frequency of NIR light in commercial devices uti-
lizes wavelengths selected to be sensitive to these 
biologically important chromophores and gener-
ally ranges between 700 and 850 nm where the 
absorption spectra of Hb and HbO

2
 are maximally 

separated and there is minimal overlap with H
2
O.

Correction for Extracerebral Tissue

In order for noninvasive NIRS interrogation of 
cerebral tissue, photons must penetrate several 
tissue layers including scalp, skull, and dura. 
These tissues contain various concentrations of 
blood and tissue derived chromophores, which 
potentially confound the signal derived from cor-
tical brain tissue. Using various models employ-
ing both computer simulation and experimental 

tissue preparations, it has been demonstrated that 
with percutaneous transillumination photons fol-
low an elliptical pathway centered around the 
transmitter. The mean depth of tissue penetration 
is proportional to approximately one third the 
separation distance of the transmitting to receiv-
ing optodes.95 Increasing transmitter/receptor 
distance increases depth of penetration, but within 
the safe power limits to prevent direct thermal tis-
sue damage, and since signal intensity decreases 
exponentially with increasing distance, 5 cm sep-
aration appears to be the functional maximal 
spacing providing a mean depth of NIRS penetra-
tion approximating 1.7 cm and enabling interro-
gation of outer layers of cerebral cortex.95 
However, even with increased transmitter/receiver 
separation, there is still significant attenuation 
from extracerebral tissue necessitating further 
corrections.

Spatial Resolution

Since mean depth of photon penetration approxi-
mates one third the transmitter/receiver separa-
tion, by utilizing two differentially spaced 
receiving optodes – one spaced more closely and 
the other spaced farther from the transmitter – a 
degree of spatial resolution can be achieved. 
Accordingly, the closer receiver (e.g., 3 cm sepa-
ration) detects primarily superficial tissue, while 
the farther optode (e.g., 4 cm separation) reflects 
deeper tissue. Incorporation of a subtraction algo-
rithm enables calculation of the difference 
between the two signals and thus a measure of 
deeper, cortical tissue saturation. Thus, differen-
tial spacing of receiving optodes can provide spa-
tial resolution to distinguish signals from cerebral 
versus extracerebral tissues.96

Temporal Resolution

With time domain NIRS techniques, those pho-
tons detected as arriving at a receiver later rela-
tive to those detected sooner following a pulsed 
optical signal have a longer tissue pathlength. 
This longer pathlength may be assumed to 
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 correspond to greater depth of tissue penetration 
and thus reflective of cerebral tissue. An impor-
tant assumption in this analysis is the homogene-
ity of interrogated tissue – a condition that is not 
necessarily consistent with biological reality.

Partitioning of Cerebral Arterial  
and Venous Blood

All cerebral NIRS devices measure mean tissue 
oxygen saturation and, as such, reflect hemoglo-
bin saturation in venous, capillary, and arterial 
blood comprising the sampling volume. For cere-
bral cortex, it can be demonstrated that on aver-
age tissue hemoglobin is distributed in a 
proportion of 70% venous and 30% arterial, 
based on correlations between position emission 
tomography (PET) and NIRS.97 However, clini-
cal studies have demonstrated that there may be 
considerable biologic variation in individual 
cerebral arterial/venous ratios between patients, 
further underscoring that use of a fixed ratio may 
produce significant divergence from actual 
in vivo tissue oxygen saturation thus confound-
ing even “absolute” measures of cerebral 
oxygenation, such as frequency domain NIRS 
and time domain NIRS.98

In clinical practice, therefore, the use of cere-
bral NIRS as a trend monitor with interventions 
designed to preserve an individual patient’s 

 cerebral saturation values close to their individual 
baseline values (e.g., equating each patient’s 
unique baseline saturation value to 100%, and 
treating deviations from that 100% baseline) has 
produced a significantly lower incidence of 
adverse clinical events in patients undergoing 
coronary artery bypass (CAB) surgery.99 A trend 
monitoring approach thus minimizes confounds 
introduced by biologic variation in individual 
cerebral arterial/venous ratios and outer layer tis-
sue composition since these can produce an 
“offset” in measured saturation values and result 
in inaccurate therapy if based on the assumption 
that a device is measuring “absolute” in vivo 
cerebral oxygenation. Indications for interventions 
based on NIRS are summarized in Table 8.2.

An important clinical factor is that measurement  
of cortical oxygen saturation is uninfluenced by 
perfusion characteristics, enabling measurements 
to be made continuously during non-pulsatile car-
diopulmonary bypass and circulatory arrest states. 
The advantages and limitations of NIRS are sum-
marized in Table 8.3.

Table 8.2 Indications for intervention

Absolute values less than 55% especially if the drop 
was sustained for more than 5 min
Difference between left and right hemispheres 
exceeding 30%
Current to baseline values ratio less than 0.8

Table 8.3 Advantages and limitations of cerebral oximeter as neuromonitor during aortic surgery

Advantages
Noninvasive
Easy application and interpretation
Continuous monitor
Useful even in non-pulsatile circulation (CPB, circulatory arrest with ACP)
Portable
No significant hazard from photons
Bilateral
Limitations
Cannot diagnose the etiology of low values (emboli vs. hypoperfusion)
Regional saturation limited to frontal lobe, ischemia of other regions may go unnoticed
Electrocautery may interfere with readings
Ratio of arterial to venous blood may vary during anesthesia causing inaccuracies, so trends rather than single value 
should be followed, baseline value should be obtained
External carotid blood flow interruption or ischemia in external carotid artery territory can cause low saturations
Normal rSO

2
 has been recorded in brain with no flow such as in brain-dead patients
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NIRS and Retrograde Cerebral  
Perfusion

There have been a variety of case reports of the 
ability of cerebral NIRS to detect onset of cere-
bral ischemia during aortic arch surgeries and 
there is growing interest in the role of cerebral 
NIRS as a measure of adequacy of RCP and ACP 
in this setting.92,100–102 While RCP may provide 
additional cooling and may act to minimize cere-
bral embolization during circulatory arrest103 
factors that likely explain the success seen by 
some groups using this technique – there is recog-
nition that RCP provides less than 10% of antero-
grade cerebral blood flow as determined in both a 
swine model and a study in nonhuman pri-
mates.104,105 This has been reflected in lower 
regional cerebral tissue oxygen saturation (rSO

2
) 

values seen during clinical NIRS monitoring in 
RCP versus ACP.106,107 While clinical outcomes 
are variable, several large experiential reviews 
have concluded that for an extended interval, ACP 
appears to result in lower risk of CNS injury.108,109

NIRS and Anterograde Cerebral 
Perfusion (ACP)

In assessing the role of NIRS monitoring during 
ACP, a study was undertaken in 46 consecutive 
aortic arch surgery patients in whom ACP was 
established by perfusion of the right subclavian 
artery (with or without left carotid artery perfu-
sion) or by separate concomitant perfusion of the 
innominate and the left carotid arteries. In this 
study, bilateral regional cerebral tissue oxygen 
saturation index was monitored using INVOS 
4100 NIRS and the study utilized stroke as the 
primary clinical end point.110 Six patients died in 
hospital, and six patients (13%) experienced a 
perioperative stroke. In patients with stroke, rSO

2
 

values were significantly lower during ACP, and 
rSO

2
 also tended to be lower in the affected hemi-

sphere. Their analysis indicated that during ACP, 
rSO

2
 decreasing to between 76% and 86% of 

baseline had a sensitivity of up to 83% and a 
specificity of up to 94% in identifying individuals 
with stroke. In their assessment, it was concluded 

that monitoring of rSO
2
 by using NIRS during 

ACP allows detection of clinically important 
cerebral desaturations and that it could help pre-
dict perioperative neurologic sequelae thus sup-
porting its use as a noninvasive trend monitor of 
cerebral oxygenation.110 In another study of 59 
DHCA patients managed with ACP, it was 
reported that a sustained drop in cerebral rSO

2
 

below 55% correlated with transient neurological 
events, with the important caveat that cerebral 
NIRS was limited for detection of embolic events 
or hypoperfusion in the basilar region.102

NIRS and Cerebral Malperfusion

In adult patients during aortic arch and minimal 
access surgery, cerebral malperfusion can occur 
either as a consequence of ascending aortic dis-
section with occlusion of carotid lumen,111,112 per-
fusion cannula malfunction, or due to migration 
of aortic endoclamp cannula during minimal 
access cardiac surgery all producing compromise 
of cerebral perfusion.113 During DHCA with ACP 
cerebral ischemia can occur due to kinking or 
obstruction of the perfusion cannula during selec-
tive cerebral perfusion for circulatory arrest pro-
cedures – an event which has been documented 
during slightly more than 10% of such proce-
dures.114 Coincident with the onset of profound 
NIRS desaturation, in some cases it is possible to 
directly visualize the cause – migration of the 
perfusion catheter with obstruction of the com-
mon carotid artery by the catheter balloon – as 
seen on transesophageal echocardiography (TEE) 
and shown in Fig. 8.8. Figure 8.9 shows a sche-
matic illustration of such cannula malposition 
during ACP. It is important to appreciate that in 
the absence of NIRS or other continuous moni-
toring, this is an event that would otherwise be 
clinically silent, as even line pressure of the per-
fusion cannula would not increase due to persis-
tence of flow down the subclavian artery.

There are also an increasing number of reports 
indicating that bilateral rSO

2
 monitoring can detect 

contralateral desaturation during unilateral 
selective antegrade cerebral perfusion (SACP). 
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This can result from an incomplete circle of Willis, 
which in some series has a prevalence of up to 
50% and has been estimated to be a factor in cere-
bral malperfusion in approximately 15% of 
patients.115,116 Early recognition of contralateral 
desaturation by NIRS during SACP in aortic 

dissection cases lead to cannulation and perfusion 
of the left carotid artery separately (Fig. 8.10). In a 
more recent case report, cerebral rSO

2
 monitoring 

was utilized during selective cerebral perfusion in 
the absence of systemic CPB during repair of trau-
matic aortic arch rupture and detected both epi-
sodes of cerebral malperfusion and, most critically, 
acute thrombosis of carotid artery graft leading to 
thrombectomy and restoration of flow.117 Therefore, 
the ability of cerebral oximetry to detect onset of 
critical levels of cerebral hypoperfusion is well 
attested and may be expected to play a critical role 
in up to 10–15% of such patients.

NIRS Versus SJVO
2
 Monitoring

Since the electroencephalogram (EEG) becomes 
progressively attenuated below 25°C, SJVO

2
 and 

cerebral NIRS have been advocated to monitor 
cerebral well-being during aortic surgery with 

Fig. 8.8 Transesophageal echocardiogram showing the 
long-axis view of right common carotid artery (CCA) and 
the balloon at the bifurcation, obstructing the orifice of 
CCA during selective cerebral perfusion. IA innominate 
artery (Reprinted with permission: Orihashi et al.114)

Fig. 8.9 Schematic illustration showing obstruction of 
right common carotid artery (CCA) by the balloon of 
catheter (CATH) for selective cerebral perfusion. The 
catheter tip is in the right subclavian artery (SCA). IA 
innominate artery (Redrawn with permission from 
Orihashi et al.114)

Fig. 8.10 Aortic dissection with unilateral cerebral 
 perfusion via innominate artery. Immediate profound 
decrease in left rSO

2
 followed by perfusion via left carotid 

artery cannula with restoration of left regional brain satu-
ration (rSO

2
). 1, induction of anesthesia; 2, onset of CPB; 

3, cooling on CPB; 4, 18°C onset selective cerebral perfu-
sion (SCP) via innominate artery; 5, profound left desatu-
ration; (arrow) 6, perfusion via left carotid cannula. This 
unilateral desaturation is most probably because of incom-
plete circle of Willis (Reprinted with permission from the 
reference; André Denault et al.122 by SAGE Publications, 
Inc. All rights reserved. ©)
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DHCA. Since NIRS is noninvasive, bilateral and 
more acceptable for clinical use, several authors 
tried to correlate SJVO

2
 and rSO

2
 measured by 

NIRS so that NIRS can be used as the alternative 
to invasive SJVO

2
 monitoring of metabolic sup-

pression in patients undergoing DHCA. No clear 
correlation has been shown between rSO

2
 and 

SJVO
2
 values during cardiac surgery and 

DHCA.91,118,119 This discrepancy could be explained 
by several factors. NIRS is a highly regional mea-
sure of frontal cortical oxygen saturation, whereas 
SJVO

2
 reflects global cerebral mixed venous oxy-

gen saturation and is thus reflective of global 
changes in oxygenation. NIRS reflects the com-
bined oxygen saturation in the arterial, venous, 
and capillary blood in the brain and can be affected 
by extracerebral tissue oxygenation unlike SJVO

2
, 

which measures mixed venous cerebral oxygen 
saturation. The ratio of venous to arterial blood 
content changes with hypothermia and could 
explain the wide interindividual variation of rSO

2
 

and lack of correlation with SJVO
2
. In addition to 

 hypothermia, hemodilution during cardiac  surgery 
may have different effects on rSO

2
 and SJVO

2
. 

Mild to moderate hemodilution caused decreased 
rSO

2
 but had no effect on SJVO

2
  values.119 Several 

other perioperative factors affect rSO
2
 measure-

ments and anesthesiologists should be aware of 
these conditions (Table 8.4).

Key Points

 1. Multimodal monitoring using NIRS, EEG 
and TCD decreased hospital length of stay 
and neurologic complications after coronary 
bypass surgery.

 2. Postoperative neurological dysfunction is 
more common after aortic surgery than any 
other cardiac surgical procedure. Neurological 
dysfunction leads to increased mortality and 
poor quality of life.

 3. Multimodal neuromonitoring is useful in the 
early detection of events during open and 
endovascular aortic surgical procedures lead-
ing to postoperative neurological dysfunction. 
Early detection and immediate interventions 
(such as increasing blood pressure) may 
improve outcome of these patients.

 4. SSEPs have several applications during aortic 
surgery. Baseline SSEP abnormalities, early 
disappearance of SSEP during cooling 
period, late reappearance during rewarming 
and appearance of new asymmetric signals in 
the post bypass period are indications for 
immediate intervention and are predictors of 
postoperative neurological dysfunction.

 5. EEG isoelectricity and disappearance of both 
cortical and subcortical SSEP signals are 
used as end points for cooling before the ini-
tiation of DHCA.

 6. TCD measured middle cerebral artery blood 
flow velocities can be used to diagnose malp-
erfusion during bypass, evaluate the adequacy 
of antegrade and retrograde cerebral perfu-
sion and detect microembolism during surgical 
manipulations of the aorta. However, TCD is 
user dependent and prone for artifacts.

 7. Jugular venous oxygen saturation is used to 
assess the residual metabolic activity of the 
brain during cooling to DHCA. SJVO2 is also 
used to evaluate selective antegrade cerebral 
perfusion during DHCA. SJVO2 cannot reli-
ably detect regional or focal ischemia.

 8. Like SJVO2, near infrared spectroscopy also 
provides information about cerebral oxygen-
ation. However, NIRS measures regional 
cerebral oxygen saturation. Poor correlation 
is expected between these two modalities. 

Table 8.4 Causes of low cerebral oximeter rSO
2
 

readings

Hypotension
Hypoxemia
Arterial cannula malposition on CPB
Malposition of ACP cannula
Head position and SVC cannula obstruction  
(may cause hyperemia and hyperperfusion)
Hemodilution
Anemia
Hypocapnia and respiratory alkalosis
Hypothermia with Alpha-stat management
Hyperthermia
Faster rate of rewarming
Convulsions
Inadequate depth of anesthesia
Cerebral embolism/hypoperfusion
Intracranial hemorrhage/increased intracranial 
pressure/cerebral edema
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NIRS provides useful information about 
cerebral perfusion and malperfusion during 
antegrade and retrograde perfusion.

 9. NIRS is non-invasive, portable and can be 
interpreted easily. Lower saturation values 
can occur because of multiple reasons and an 
algorithmic approach is necessary.

 10. Anesthesiologists need to have an understand-
ing of the basic principles, applications, advan-
tages and more importantly limitations of 
each and every neuromonitoring technique.
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Introduction

Although substantial innovation has characterized 
the field of aortic surgery during the last 50 years, 
successful repair remains a formidable challenge. 
Aortic repair has grown to encompass adjuncts 
designed to ameliorate specific surgical morbidi-
ties, such as spinal cord and renal ischemia, while 
the strategy of repair remains largely dictated by 
the extent of repair. Repair of the distal aorta, 
namely the descending thoracic and thoracoab-
dominal aorta, poses different risks than proximal 
aortic repair; thus, operative strategy and expected 
outcomes vary tremendously with the extent of 
aorta that requires replacement. An accurate 
understanding of the extent of aortic involvement 
is critical to planning appropriate management.

Distal aortic disease may be limited to the 
descending thoracic aorta within the chest or may 
extend beyond the level of the diaphragmatic hia-
tus to involve varying segments of the abdominal 
aorta, necessitating a thoracoabdominal aortic 
repair. Descending thoracic aortic aneurysms 
(DTAAs) usually begin just distal to the left 
 subclavian artery and extend toward, but not past, 
the crura of the diaphragm. In  contrast, repair of 
 thoracoabdominal aortic aneurysms (TAAAs) 

necessitates exposing the aorta above and below 
the diaphragm and generally involves replacing 
the segment from which the visceral arteries arise 
(Fig. 9.1). Thus, repairing TAAAs is generally 
more complicated than repairing DTAAs.

The Crawford classification schema is used 
to convey additional information about TAAA 
repairs, dividing them into four “extents” accord-
ing to the amount of aorta replaced (Fig. 9.1). 
Crawford extent I repairs involve the aorta from 
just distal to the left subclavian artery to the ori-
gins of the celiac axis and superior mesenteric 
arteries and may also involve the renal arteries, but 
these repairs do not extend into the infrarenal 
aorta. Extent II repairs involve nearly the entire 
distal aorta, from near the left subclavian artery to 
the infrarenal abdominal aorta, often extending to 
the iliac bifurcation. Extent III repairs involve the 
mid-descending thoracic aorta (below the sixth 
rib) and a variable amount of the abdominal aorta. 
Extent IV repairs begin within the diaphragmatic 
hiatus and extend through the abdominal aorta. Of 
the four extents of TAAA repair, extent II involves 
the greatest risk because it requires replacing the 
largest amount of aorta.

Although endovascular approaches have 
become increasingly popular for repairing DTAA, 
their use remains largely experimental for TAAA 
repair because of the difficulty of incorporating 
the visceral arteries into a purely endovascular 
repair. Furthermore, endovascular approaches do 
not yet have the well-established long-term dura-
bility of open graft replacement, which has allowed 
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that approach to remain the “gold-standard” for 
the management of both DTAAs and TAAAs.

Early Development  
of Surgical Approach

Surgical repair of the distal aorta began in the 
early 1950s with several successful aortic repairs 
in which a portion of the abdominal aorta (which 
did not involve any of the visceral arteries) was 
replaced with an aortic homograft. As aortic 
repair moved toward the descending thoracic 
aorta, it was not clear whether the ischemia 
caused by aortic clamping would be tolerated 
without complication, especially after the failed 
attempt at descending thoracic aortic resection 
and homograft replacement by Lam and Aram. In 
1953, DeBakey and Cooley were able to success-
fully “clamp-and-sew” a homograft replacement 
of the descending thoracic aorta. And in 1955, 
Etheredge and colleagues reported a successful 
homograft replacement of a TAAA, and they used 
a small temporary shunt to deliver blood to the 
downstream aorta. That same year, Rob reported 
several TAAA repairs performed by using a 
“clamp-and-sew” approach. At that time, it was 
believed that the spinal cord and visceral organs 
could tolerate brief periods of ischemia, although 

individual patients’ tolerance to ischemia varied 
for reasons that were not well understood.

During the next several years, the availability 
of Dacron grafts facilitated the use of an extra-
anatomic approach in which the graft would be 
placed around the aneurysm and also used as a 
bypass shunt. For TAAAs, these repairs would be 
done in a bottom-to-top fashion to quickly restore 
blood flow to the visceral organs. However, these 
repairs were associated with high rates of death, 
paraplegia, and kidney failure.

In 1973, Crawford detailed his experience 
with 23 TAAA patients, revolutionizing the tech-
nique for TAAA repair by drawing on other surgi-
cal applications—Javid’s anatomic graft inclusion 
technique, Spencer’s experimental reimplantation 
of lumbar or intercostal arteries, and Carrel and 
Guthrie’s experimental use of direct suture of 
vessel orifices to reattach the visceral arteries. By 
achieving a survival rate of 96%, Crawford’s 
approach became the foundation for current sur-
gical approaches to TAAA repair.

Symptomatology and Diagnosis

Thoracic aortic disease often remains asymptom-
atic until dissection or rupture occurs. When spe-
cific symptoms are present, they are usually 

Fig. 9.1 The Crawford classification system for describ-
ing the extent of thoracoabdominal aortic repair. A descend-
ing thoracic aortic aneurysm (DTAA) repair is shown for 
comparison. Note that DTAA repair does not extend 

beyond the diaphragmatic hiatus to involve the  visceral 
arteries and thus is generally a less complex repair 
(Reproduced with permission from Baylor College of 
Medicine)

196



9 Understanding Open Repair of the Descending Thoracic and Thoracoabdominal Aorta

related to aneurysmal expansion and compres-
sion of surrounding structures or to malperfusion 
related to dissection. Pain is the most common 
symptom and may be located in the chest, back, 
abdomen, or flank. Compression of the esopha-
gus may lead to dysphagia, whereas impinge-
ment on the trachea or proximal bronchi may 
result in coughing, wheezing, or pneumonitis. 
Vocal cord paralysis or hoarseness may occur if 
the recurrent laryngeal nerve is involved. Bleeding 
from the airway (hemoptysis) or gastrointestinal 
tract (hematemesis) may occur if aneurysms 
erode into these structures. Spontaneous paraple-
gia, incontinence or abnormal urination, cold 
or painful extremities, nausea, vomiting, and 
abdominal pain may all be signs of malperfusion 
caused by aortic dissection. The onset of symp-

toms is  generally considered an indication of 
impending rupture or significant perfusion fail-
ure and should prompt careful and immediate 
evaluation.

However, most thoracic aortic disease is 
 discovered incidentally by imaging studies 
ordered for the evaluation of other, unrelated 
problems. Thus, the diagnosis of thoracic aortic 
disease is primarily dependent on radiologic 
imaging. A plain chest radiograph may show wid-
ening of the descending thoracic aortic shadow, 
which is often enhanced by calcification. More 
sophisticated imaging, such as computed tomog-
raphy or magnetic resonance imaging, is required 
for a more precise understanding of the aortic dis-
ease process, as well as the disease’s location 
and extent (Fig. 9.2). Contrast aortography is 

Fig. 9.2 Contrast-enhanced computed tomography 
(CT) images of the aorta. Such images provide impor-
tant information about the severity of aortic disease, as 
well as identifying its anatomic location and extent. 
An extensive thoracoabdominal aortic aneurysm is 

depicted here with CT images at the level of the mid-
descending thoracic aorta and the supraceliac, juxtarenal, 
and infrarenal abdominal aorta (Reproduced with per-
mission from Cohn14 Copyright © McGraw-Hill, 2008, 
Fig. 54.7)
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 generally not required, although it is often useful 
for evaluating other vascular problems, such as 
visceral or iliac artery stenosis.

Indications for Repair

Replacing the aorta can be life-saving in patients 
with distal aortic disease. However, surgical 
intervention carries significant risks for both 
morbidity and mortality. Surgical intervention is 
therefore indicated primarily when the risk of 
rupture or other catastrophic complications 
exceeds the risks associated with surgical inter-
vention. In asymptomatic patients, elective surgi-
cal repair of distal aortic aneurysms is indicated 
when aneurysm diameter exceeds 6.5 cm or when 
the rate of expansion exceeds 1 cm per year. 
However, this threshold is often lowered for 
patients with aneurysm-causing genetic condi-
tions, particularly connective tissue disorders. 
Uncomplicated distal aortic dissection is gener-
ally managed medically because the risks associ-
ated with surgical repair have traditionally 
exceeded those associated with medical treat-
ment. However, in patients with a preexisting dis-
tal aortic aneurysm, acute dissection creates a 
particularly unstable situation that often warrants 
urgent surgical intervention to prevent rupture. 
Symptomatic patients should undergo careful 
and expeditious evaluation, including suitable 
imaging, to assess the severity and extent of aor-
tic involvement. Acute pain and hypotension are 
generally considered clear indications for imme-
diate surgical intervention in suitable candidates.

In the modern era, it is not uncommon for 
endovascular repair of the descending thoracic 
aorta to eventually fail in such a manner as to 
necessitate subsequent open repair in which the 
endovascular device is removed and replaced with 
a Dacron graft. A variety of factors may cause the 
stent-graft to fail, including continued dilatation 
of the aorta at the landing zones; ongoing expan-
sion of the aneurysm because of an inadequate 
seal between the stent-graft and aorta (Type 1 
endoleak); bleeding into the aneurysmal sac from 
any covered branch artery, such as an intercostal 
or lumbar artery (Type 2 endoleak); infection of 

the device; collapse, narrowing, or “bird-beaking” 
of the stent-graft related to  placement of a straight 
stent-graft in a curved section of the aorta (such 
as that near the left subclavian artery); and device 
malfunctions such as fracture of the scaffolding 
struts.

Anesthesia

The importance of adequate intraoperative 
 monitoring and venous access cannot be overem-
phasized. All patients typically undergo place-
ment of a right radial or brachial arterial line, a 
pulmonary artery catheter, and a large-bore cen-
tral venous catheter capable of allowing rapid 
fluid administration. Agents recommended for 
anesthesia induction are chosen according to the 
patient’s hemodynamics and cardiac contractile 
state. Muscle relaxation is usually achieved with 
pancuronium bromide unless motor-evoked 
potential monitoring is to be used, in which case 
shorter-acting agents are administered during ini-
tial intubation and monitoring-electrode place-
ment and then are reversed. Presence of muscle 
relaxants will not allow a proper motor-evoked 
potential response to be generated, even in intact 
spinal tracts. All patients are orotracheally intu-
bated with a double-lumen endobronchial tube or 
left mainstem bronchial blockade to allow selec-
tive deflation of the left lung, ensuring adequate 
exposure of the descending thoracic aorta and 
reducing the chance of damage to the lung from 
manipulation while the patient is heparinized. 
Occasionally, distortion of tracheobronchial 
anatomy by a large aneurysm will make the use 
of a standard left-sided double-lumen tube impos-
sible. In this situation, a right-sided tube, placed 
with fiber-optic guidance, usually works well. 
Placement of a lumbar spinal drain for measuring 
spinal fluid pressures and removing fluid is done 
in extent I and II TAAA repairs and occasionally 
in extent III and IV repairs, depending on clinical 
circumstances. Frequent arterial blood gas analy-
sis and close monitoring of serum electrolytes 
and the hematocrit are necessary. Broad-spectrum 
antibiotics are given before skin incision to mini-
mize surgical site infection.
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During aortic replacement, attention to volume 
status by the surgeon and anesthesiologist is 
important to avoid wide fluctuation in blood pres-
sure and perhaps organ dysfunction. Hydration 
with crystalloid solutions is initiated at the start 
of the operation to maintain filling pressures. 
Mannitol may also be administered at the induc-
tion of anesthesia to help maintain diuresis. It is 
important to try to keep the systemic blood pres-
sure within a normal range during aortic cross-
clamping. Hypertension is often encountered after 
aortic cross-clamp placement causes a large 
increase in afterload. Vasodilating agents such as 
nitroglycerin, nicardipine, or nitroprusside may 
be used as needed. In situations where left heart 
bypass (LHB) is employed as an adjunct, 
 increasing flow through the left heart circuit can 
be an effective means of blood pressure control in 
the vessels above the proximal cross-clamp. Blood 
loss is closely monitored, and lost blood is 
replaced. The hypotension that typically occurs 
with removal of the aortic cross-clamp is avoided 
or attenuated by discontinuing vasodilating agents 
before declamping and especially infusing fluids 
to account for volume lost during the repair. It is 
often desirable to achieve hypervolemia with rapid 
fluid administration just before clamp release. 
Reinfusion of shed blood recycled from a cell-
saving device is particularly important in decreas-
ing the amount of transfusion and even avoiding it 
in some cases. In many cases, fresh frozen plasma 

and platelet transfusion are  necessary to restore 
adequate clotting function. Acidosis encountered 
during aortic cross- clamping is treated aggres-
sively with sodium bicarbonate infusion. At the 
conclusion of the procedure, changing the double-
lumen tube to a single-lumen one is desirable but 
may not be possible because upper airway edema 
is common, so the exchange may need to be 
delayed for some hours.

Strategy for Repair

We use a multimodal repair strategy that is based 
on the extent of aortic replacement (Table 9.1). 
Less extensive disease is repaired expeditiously 
with a standard “clamp-and-sew” technique. For 
more extensive repairs, such as extent I and II 
TAAA repairs, we use additional perfusion strat-
egies and techniques to manage spinal cord and 
other end-organ ischemia.1-3 Additional adjuncts 
may be used in patients with certain  comorbidities 
or other risk factors, such as acute presentation.

Patients undergo repair with mild permissive 
hypothermia (32–34°C) and moderate heparini-
zation (1 mg/kg) to preserve the microcirculation. 
Aggressive reattachment of patent intercostal and 
lumbar arteries, particularly those between T8 
and L2, and sequential aortic clamping are used 
whenever possible.4

Table 9.1 Current strategy for surgical repair of descending thoracic and thoracoabdominal aortic aneurysms

All descending thoracic and thoracoabdominal aortic repairs
● Moderate heparinization (1 mg/kg)
● Permissive mild hypothermia (32–34°C, nasopharyngeal)
● Aggressive reattachment of segmental arteries, especially between T8 and L1
● Sequential aortic clamping when possible
All thoracoabdominal aortic repairs
● Perfusion of renal arteries with 4°C crystalloid solution when possible
Crawford extent I and II thoracoabdominal aortic repairs
● Cerebrospinal fluid drainage
● Left heart bypass during proximal anastomosis
● Selective perfusion of celiac axis and superior mesenteric artery during intercostal and visceral anastomoses
Certain extensive or highly complex aortic repairs
● Hypothermic circulatory arrest
● Elephant trunk or reversed elephant trunk technique
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Surgical Technique

Positioning

Operative techniques for repair of DTAAs and 
TAAAs vary according to the severity and extent 
of the disease being treated. Adequate exposure 
is of paramount importance and remains a funda-
mental principle of DTAA and TAAA repair. 
Ideally, the patient is positioned in a modified 
right lateral decubitus position with the shoulders 
at 60–80° and the hips flexed to 30–40° from 
horizontal (Fig. 9.3). A beanbag is used to secure 
the patient in this position. Draping should allow 
access to the entire left chest, abdomen, and both 
groins.

Exposure

Descending thoracic aortic aneurysms are 
repaired through a left thoracotomy (Fig. 9.3a) 
and are usually reached by entering through the 
sixth intercostal space (although the fifth inter-
costal space may be used to optimize exposure of 
the distal aortic arch, if necessary). For extent I 
and II TAAA repairs, the incision is extended 
across the costal margin and into the abdomen, 
terminating at the level of the umbilicus unless 
further exposure is necessary to address iliac 
artery disease (Fig. 9.3b). For the less extensive 
extent III repair, the seventh or eighth intercostal 
space is entered, and the incision is curved into 
the abdomen. Acute angulations near the costal 
margin should be avoided to prevent tissue 

Fig. 9.3 Approaches to exposure used in descending tho-
racic and thoracoabdominal aortic repairs of different 
extents. The patient is positioned in a modified right lat-
eral decubitus position that optimizes exposure of the 
descending thoracic and thoracoabdominal aorta while 
also exposing the femoral vessels. (a). A lateral thoraco-

tomy is used for descending thoracic aortic repairs. 
(b). For Crawford extent I–III thoracoabdominal aortic 
repairs, a curvilinear incision is made. (c). For Crawford 
extent IV thoracoabdominal aortic repairs, a more linear 
incision suffices (Reproduced with permission from 
Baylor College of Medicine)
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 necrosis. For extent IV repair, a straight oblique 
incision is made through the ninth or tenth inter-
space (Fig. 9.3c). This facilitates control of the 
thoracic aorta while the predominantly abdomi-
nal repair is performed.

Cerebrospinal Fluid Drainage

During aortic replacement, a varying number of 
intercostal and lumbar arteries are sacrificed; 
coupled with significant fluctuations in blood 
pressure that are related to aortic clamping, this 
devascularization enhances the risk of spinal cord 
ischemia and resultant paraplegia or paraparesis. 
Therefore, in patients with the most extensive 
aneurysms (i.e., those necessitating extent I and II 
TAAA repairs), we use cerebrospinal fluid (CSF) 
drainage.5,6 Other centers expand the use of CSF 
drainage to extent III thoracoabdominal repair, as 
well as to extensive endovascular thoracic repair. 
After induction, an 18-gauge intrathecal catheter 
is placed through the second or third lumbar 
space. The catheter permits passive drainage of 
CSF and allows the CSF pressure to be carefully 
monitored during the operation to achieve a target 
pressure between 8 and 10 mmHg. The CSF drain 
is left in place for  approximately 48 h after the 
aortic repair because spinal cord ischemia may 
occur  intraoperatively or in a delayed fashion 
postoperatively; thus, attentive monitoring is sug-
gested. Risks associated with CSF drainage 
include intracranial bleeding, perispinal hema-
toma, and meningitis.

Motor- or somatosensory-evoked potentials 
may be monitored to estimate spinal cord motor 
neuron function during aortic replacement and to 
guide the use of spinal perfusion-enhancing mea-
sures, such as selecting specific intercostal arter-
ies for reattachment, increasing perfusion 
pressure, or enhancing CSF drainage. Monitoring 
motor-evoked potentials requires preserving 
basal motor function. Additional strategies used 
by others to protect against spinal cord ischemia 
include inducing regional spinal hypothermia by 
means of direct epidural infusion of cold  perfusate 
or the use of naloxone with barbiturate-based 
anesthesia to reduce spinal metabolism.7

Left Heart Bypass

For patients undergoing extent I and II TAAA 
repairs, as well as select patients with poor car-
diac function, LHB is used to provide distal per-
fusion and effectively unload the left ventricle. 
A closed-circuit in-line centrifugal pump without 
a cardiotomy reservoir, oxygenator, or warming 
device is used to deliver oxygenated blood distal 
to the aortic segment being replaced (Fig. 9.4). 
After heparin (1 mg/kg) is administered, cannu-
las are placed in the left inferior pulmonary vein 
and the distal descending thoracic aorta or the left 
femoral artery. Cannulating the distal descending 
thoracic aorta has become our preferred approach 
because it eliminates the need for femoral artery 
exposure, as well as the potential complications 
related to femoral artery repair. Typically, LHB 
is instituted with flows of 1.5–2.5 L/min. 
Additionally, using LHB allows quick adjustment 
of the proximal arterial pressure and reduces the 
need for pharmacologic intervention.

Selective Visceral Perfusion

For patients with extent I and II TAAA repairs, 
the LHB circuit can be used to provide visceral 
perfusion (Fig. 9.4). Individual 9-F balloon per-
fusion catheters are placed within the origins of 
the celiac and superior mesenteric arteries and 
are perfused with oxygenated blood from a 
Y-branch off the arterial return tubing of the LHB 
circuit. This reduces the total mesenteric and 
hepatic  ischemic times to just a few minutes, even 
during these complex  aortic reconstructions. 
Potential benefits include reduced risk of postop-
erative coagulopathy and bacterial translocation 
from the bowels.

Cold Crystalloid Renal Perfusion

Whenever possible, we protect the kidneys by 
intermittently perfusing them with cold (4°C) 
crystalloid to establish renal hypothermia 
(Fig. 9.4). This practice is supported by our 
 clinical trial comparing cold crystalloid to 
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Fig. 9.4 Drawings illustrating an extent II thoracoab-
dominal repair. (a). The diseased aortic segment extends 
from the left subclavian artery to the aortoiliac bifurca-
tion. (b). Left heart bypass (LHB) is used to provide distal 
perfusion during this complex repair. Perfusion catheters 
branch off the LHB circuit to provide selective visceral 
perfusion to the celiac axis and mesenteric arteries. 

A separate perfusion system is set up to deliver cold crys-
talloid to the kidneys. (c). Whenever possible, the phrenic, 
vagus, and recurrent laryngeal nerves are preserved dur-
ing the repair. The isolated segment of aorta is opened 
longitudinally and divided circumferentially a few centi-
meters beyond the proximal clamp. (d). Patent upper 
intercostal arteries are oversewn. 
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 isothermic blood, which established that cold 
crystalloid renal perfusion protects against acute 
renal dysfunction.8,9 The cold crystalloid (lac-
tated Ringer’s solution prepared with 12.5 g/L 
mannitol and 125 mg/L methylprednisolone) is 
administered as a 200–400-mL bolus every 15–20 
min, with careful monitoring to ensure that the 

patient is not overcooled or overloaded with fluid. 
Our recent clinical trial comparing cold blood 
perfusion to cold crystalloid perfusion did not 
establish the superiority of one technique over 
the other for preventing acute renal dysfunction. 
However, we prefer cold crystalloid perfusion 
because it is easier to implement.

Fig. 9.4 (continued) (e). The proximal anastomosis is 
performed with continuous suture. (f). LHB is then 
stopped, and the proximal clamp is repositioned  distally 
and onto the graft. Flow is restored to the left  subclavian 
artery, and the remainder of the aneurysm is opened longi-
tudinally to expose the entire extent of repair. (g). Balloon 
perfusion catheters are placed in the celiac axis and supe-
rior mesenteric artery to deliver isothermic blood and in 
the renal arteries to provide cold crystalloid perfusion. 
Patent lower intercostal arteries are reattached to an 

 opening in the graft. (h). The aortic clamp is repositioned 
further down the graft to restore circulation to the spinal 
cord. An island of visceral arteries is anastomosed to a 
hole cut into the graft. (i). The left renal artery is mobi-
lized on a button of aortic tissue and separately anastomo-
sed to a small hole in the graft. (j). The clamp is again 
moved distally, and the final anastomosis is completed in 
an “open-distal” manner at the level of the aortic bifurca-
tion in this extensive repair (Reproduced with permission 
from Cohn14 Copyright © McGraw-Hill, 2008, Fig. 54.7.)
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Use of Hypothermic Circulatory  
Arrest in Distal Aortic Repair

Kouchoukos and other authors routinely use 
HCA during repair of extensive aneurysms 
involving the thoracoabdominal aorta, and these 
investigators cite the protective effect of hypo-
thermia against spinal cord ischemia.10 However, 
we use HCA on an as-needed basis for high-risk 
patients, such as those with a proximal descend-
ing thoracic aorta that cannot be clamped because 
of rupture, severe atherosclerosis or calcification 
(i.e., porcelain aorta), large thrombus, or exten-
sive aneurysm in which the aortic arch is also 
grossly aneurysmal (i.e., mega-aorta) (Fig. 9.5). 
The risks associated with HCA use in distal  aortic 
repair include coagulopathy, cold injury to the 
lung, retraction injury to a heparinized lung, and 
adult respiratory distress syndrome.

In cases necessitating the use of HCA, 
 cardiopulmonary bypass is initiated by establish-
ing venous drainage through a 28–32-F, long, 
 multiholed cannula inserted into the left femoral 
vein and positioned in the right atrium, as verified 
by transesophageal echocardiography. Vacuum-
assisted venous drainage is used, and flows of 
1.8–2.4 L/min/m2 or 50 mL/min/kg are achieved. 
To prevent left ventricular distention, an angled 
cannula (20- or 22-F) connected to a Y-branch of 
the venous line is placed through the inferior pul-
monary vein into the left atrium; alternatively, a 
cannula may be placed in the left atrial append-
age or the pulmonary artery.

In younger patients with minimal atheroscle-
rosis, the arterial return cannula is a 20- or 22-F 
straight cannula placed in the left femoral artery; 
in older patients with severe atherosclerosis or 
thrombus, a 22-F angled cannula is placed in the 

Fig. 9.5 Drawing illustrating the use of hypothermic circu-
latory arrest in descending thoracic aortic replacement. (a). 
Cardiopulmonary bypass is performed via a venous drain-
age cannula inserted into the left femoral vein and an arterial 
return cannula in the left femoral artery. Additional drainage 
and cardiac decompression are provided by a cannula placed 
in the left atrium via the inferior pulmonary vein. Circulatory 

arrest is initiated when electrocerebral silence is achieved, 
and the proximal anastomosis is then performed. (b). The 
branch in the replacement graft is used to restore coronary 
and brachiocephalic perfusion via the arterial return line 
while the distal aspect of the repair is performed (Reproduced 
with permission from Gravlee et al.16 Copyright © Lippincott, 
Williams, and Wilkins, 2008, Fig. 32.5.)
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lower descending thoracic aorta. Alternatively, 
the return cannula may be placed in the left com-
mon carotid artery or the left axillary artery, 
either directly or through a conduit graft. Systemic 
cooling is initiated, and for added protection we 
administer methylprednisolone (5–10 mg/kg), 
sodium thiopental (10–15 mg/kg), lidocaine 
(100 mg), and a short-acting b (beta) blocker. 
After the patient has been cooled to electrocere-
bral silence (which typically occurs at a nasopha-
ryngeal temperature of 15–18°C), circulatory 
arrest is initiated. The aneurysm is opened, and 
the proximal anastomosis is constructed. On 
completion, a Y-limb from the arterial line is con-
nected to a side branch of the graft. The graft is 
deaired and clamped, pump flow is restored to the 
upper body, and the rest of the aortic repair is per-
formed. The traditional perfusion techniques 
used with HCA in aortic arch repair (such as car-
dioplegia or selective cerebral perfusion) are gen-
erally not employed.

Elephant Trunk Approach  
for Extensive Aortic Repair

Surgical repairs of extensive aortic aneurysms 
(i.e., repairs that involve replacing almost the 
entire aorta, which are often called “mega-aorta” 
repairs) require a specialized approach to enable 
sufficient exposure of all diseased segments. 
Such repairs are usually done in two stages. The 
traditional sequence involves replacing the proxi-
mal aorta during the first operation and replacing 
the distal aorta during the second operation.

The first stage involves a full arch replacement 
that leaves a 10-cm “trunk” of Dacron graft hang-
ing beyond the distal anastomosis, into the proxi-
mal descending thoracic aorta. During the 
second-stage completion repair—which is usu-
ally performed several weeks later—the elephant 
trunk is used to facilitate the proximal anastomo-
sis when the distal aorta is replaced. This tech-
nique allows clamping of the elephant trunk, 
rather than the replaced arch or proximal descend-
ing thoracic aorta. If the distal aorta is determined 
to be at greater risk of rupture than the proximal 
aorta, this procedure can be reversed; in this 

reverse elephant trunk procedure, the distal aorta 
is replaced first, and the elephant trunk is inverted 
inside the most proximal section of the distal aor-
tic replacement graft to facilitate subsequent arch 
repair.

Management of the Descending 
Thoracic Aorta

The proximal portion of the aneurysm is iso-
lated by placing a clamp on an adjacent, healthy 
aortic segment (Fig. 9.6). Often, the clamp is 
placed distal to the left subclavian artery, but 
should more proximal access be required, the 
aorta may be clamped between the left subcla-
vian and left common carotid arteries while a 
separate bulldog clamp is applied to the left sub-
clavian artery. The vagus and recurrent laryn-
geal nerves are identified and protected. Then, 
with the electrocautery, the aorta is opened and 
cleared of any thrombus or debris. Upper inter-
costal arteries are oversewn to prevent back-
bleeding. The aorta is then transected 2–3 cm 
from the proximal clamp so as not to injure the 
esophagus and surrounding structures. The 
proximal aortic cuff is then prepared for anasto-
mosis by separating it completely from the 
underlying esophagus. The graft is then anasto-
mosed with meticulous suturing to ensure hemo-
stasis. If the proximal aortic clamp has been 
placed between the left subclavian and left 
 common carotid arteries, it should be reposi-
tioned onto the graft after the proximal anasto-
mosis is complete to allow perfusion of the left 
subclavian artery.

For extensive DTAAs that approach the dia-
phragmatic hiatus, patent lower intercostal 
arteries may be reattached as buttons or islands 
of tissue to a small hole cut into the graft. A dis-
tal clamp is generally not used during DTAA 
repair, allowing an open distal anastomosis to 
satisfactory aortic tissue. If acute dissection is 
present, the false lumen is obliterated in the dis-
tal suture line whenever possible; if chronic dis-
section is present, a fenestration is created 
between the true and false lumens to minimize 
malperfusion.

205



J.K. Bhama et al.

Management of Thoracoabdominal 
Aorta

In patients undergoing extent I, II, or III TAAA 
repair (Fig. 9.4), the proximal anastomosis is 
completed as described above; this anastomosis 
is made more distally in extent III repairs than in 

extent I or II repairs. For extent IV TAAA repairs, 
the proximal clamp is placed just superior to the 
diaphragm, and the proximal anastomosis is 
 usually performed end-to-end at the level of the 
 diaphragm but may also be performed as a bevel 
that lies behind the origins of the visceral 
 arteries. If the extent of repair necessitates it, 

Fig. 9.6 Drawings illustrating graft repair of a descending 
thoracic aortic aneurysm. (a). The aorta has been clamped 
proximal to the left subclavian artery, which has also been 
occluded with a bulldog clamp. The descending thoracic 

aorta may be replaced (b) by using the “clamp-and-sew” 
technique or, (c) more rarely, by using left heart bypass for 
distal aortic perfusion (Reproduced with permission from 
Cohn14 Copyright © McGraw-Hill, 2008, Fig. 54.7.)
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the  longitudinal aortotomy is extended posterior 
to the left renal artery origin to the distal end of 
the aneurysm. One or more pairs of intercostal or 
lumbar arteries are reattached to the replacement 
graft; the other pairs are oversewn to prevent 
back-bleeding. As needed, extent-specific protec-
tive adjuncts are adopted as described in previous 
sections, with the goal of enhancing survival and 
reducing complications in the most extensive 
forms of distal aortic repair, namely extent I and 
II TAAA repairs.

The visceral arteries are then incorporated into 
the repair in accordance with the extent of repair. 
Disease involving the visceral arteries may neces-
sitate endarterectomy or renal artery stenting to 
improve circulation. In extent I TAAA repairs, 
the visceral arteries are incorporated by surround-
ing them with a beveled distal anastomosis. In 
extent II, III, or IV TAAA repairs, the specific 
needs of the patient determine whether an “island” 
or individual branch technique is used to incorpo-
rate the visceral arteries. The island technique is 
the simpler approach and involves attaching a 
patch of native aorta that includes the origins of 
all four visceral vessels to an oval opening in the 
graft. In this approach, the anastomosis closely 
follows the ostia of the vessels to reduce the 
amount of native aortic tissue that is incorporated 
into the repair. When the left renal artery has been 
displaced from the other visceral branches 
because of dissection or  aneurysm expansion, it 
is separately reattached (Fig. 9.4).

Some patients, such as those with connective 
tissue disorders, are at high risk for the develop-
ment of patch aneurysms involving the residual 
aortic tissue adjacent to reattached branch arter-
ies.11 In these patients, as well as in those in whom 
the visceral vessels themselves are compromised 
(i.e., severely atherosclerotic or otherwise dis-
eased), one or more of the visceral arteries can be 
individually attached by using either separate 
small-diameter Dacron grafts sewn to the aortic 
graft or a prefabricated branched aortic graft.

In preparation for the distal anastomosis, the 
aortic clamp is often relocated distal to the vis-
ceral anastomosis to facilitate visceral-organ rep-
erfusion. The final end-to-end anastomosis is then 
carried out by using an open-distal technique, 

usually at the level of aortic bifurcation. In cases 
of chronic aortic dissection, complete mobiliza-
tion of the aorta with circumferential division 
may be required to determine the location of the 
true and false lumens. Additionally, in these cases, 
the dissecting membrane is fenestrated to ensure 
perfusion of both lumens. For patients with acute 
dissections, the false lumen is obliterated by 
inclusion within the suture line, effectively direct-
ing the blood flow entirely to the true lumen.

Closure

After the repair is completed, heparin is reversed 
with protamine sulfate. Careful attention to hemo-
stasis cannot be overemphasized for all suture 
lines and cannulation sites. Before closure, the 
adequacy of renal, visceral, and peripheral perfu-
sion should be assessed. The remaining aneurysm 
wall is then wrapped around the aortic recon-
struction and secured with a running suture. 
Thoracic drainage tubes are placed within the 
posterior thorax, and a closed suction drain is 
placed within the retroperitoneum. After the dia-
phragm is reapproximated, the ribs are closed 
with heavy braided suture and stainless steel wire. 
Pericostal catheters are placed to allow delivery 
of local anesthetic postoperatively, and the fascia 
is then closed with heavy monofilament suture.

Postoperative Management

Because of the fragility of the aortic anastomosis 
in the early postoperative period, blood pressure 
is kept within a narrow range—between 80 and 
90 mmHg—for the first 24–48 h. This is gener-
ally achieved with nitroprusside and intravenous 
b (beta)-antagonists. The target range may be 
reduced to 70–80 mmHg for patients with par-
ticularly fragile aortic tissue, such as those with 
acute dissection or Marfan syndrome. Although 
even short periods of hypertension can disrupt 
suture lines, leading to severe bleeding or 
 pseudoaneurysm formation, periods of hypoten-
sion are of equal concern because they may lead 
to paraplegia or paraparesis.
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In patients with a CSF drain, intrathecal 
 pressure is kept between 10 and 12 mmHg during 
the early postoperative period by passively drain-
ing CSF as necessary. Once motor function of the 
legs is confirmed, the pressure may be increased 
to 12–15 mmHg. Delayed paraplegia or parapa-
resis is not uncommon, so patients are carefully 
monitored. If the patient remains neurologically 
intact, then the CSF drain is typically removed 
within 48 h. If paraplegia or paraparesis does 
arise, it is treated emergently and aggressively. 
If a CSF drain is not in place, one is inserted 
immediately, and the intrathecal pressure is 
reduced to below 10 mmHg. Other treatment 
modalities that may be helpful include optimiz-
ing hemodynamics, raising the mean arterial 
blood pressure to a higher range (85–95 mmHg), 
correcting anemia, administering steroids and 
osmotic diuretics, and preventing fever.

Emerging complications, such as pulmonary 
and renal complications, are carefully monitored, 
and corrective measures are taken (such as 
 resuming ventilator support or increasing the 
patient’s blood pressure to better perfuse the kid-
neys, respectively). Preventing graft infection is 
extremely important after aortic replacement, 
given the high mortality risk such infection car-
ries. Meticulous surgical technique and close 
attention to sterility during surgery cannot be 
overemphasized. Broad-spectrum antibiotics are 
administered during the postoperative course 
until drains and central venous catheters have 
been removed. The retroperitoneal closed suction 
drain may be removed after 24 h, and the thoracic 
drainage tubes are removed when drainage is 
less than 300 mL/d (typically within 72 h). 
Aggressive physical therapy and ambulation are 
emphasized early in the recovery process.

A long-term surveillance protocol is initiated 
when patients are discharged. Even patients with-
out connective tissue disorders remain at risk for 
subsequent aneurysm formation in their remain-
ing native aortic segments, including reattach-
ment sites. Additionally, suture lines can 
progressively weaken over time, especially in 
patients with poorly controlled hypertension, 
leading to the development of pseudoaneurysms. 

Late infection of aortic replacement grafts may 
also lead to suture-line disruption and pseudoan-
eurysm formation. We recommend that all 
patients undergo at least yearly computed tomo-
graphic imaging of the chest and abdomen. This 
is especially important in patients with connec-
tive tissue disorders.

Outcomes

The most common complications in DTAA and 
TAAA repair are pulmonary complications, 
affecting approximately 40% of patients. The 
lack of standardization in defining complications 
makes it difficult to compare their frequency 
between surgical centers or between endovascu-
lar and open surgical patients. It is also difficult 
to assess complication risk when large series that 
span decades are compared to more contempo-
rary series in which modern adjuncts are used. 
This being said, the most serious complications 
of DTAA and TAAA repair continue to be death, 
paraplegia, and renal failure, and emergent or 
urgent repairs generally involve twice the risk 
that elective repairs do.

We have previously published results on large 
series of DTAA and TAAA repairs (387 and 
2,286 cases, respectively) spanning a 20-year 
period.12,23 In Table 9.2, we present our contem-
porary experience with 406 patients who under-
went various extents of DTAA and TAAA repair 
over a recent 3-year interval. The 30-day mortal-
ity rate was 5.4% (n = 22) overall and ranged 
from 3.4% in extent I TAAA repair patients to 
7.0% in extent IV TAAA repair patients. We 
believe that the use of a multimodal approach to 
spinal cord protection has dramatically reduced 
rates of permanent paraplegia in recent years 
because our overall rate is now 1.5% (n = 6).13 
Renal failure remains a significant complication 
with an overall rate of 4.6% (n = 24); rates range 
from 2.3% in extent I repairs to 9.3% in extent 
IV repairs. Patients who experience these devas-
tating complications tend to have decreased 
long-term survival, as well as a diminished qual-
ity of life.

208



9 Understanding Open Repair of the Descending Thoracic and Thoracoabdominal Aorta

Key Notes

 1. Careful assessment of symptoms and thorough 
imaging establishes the urgency of repair, pre-
venting inappropriate delay or hastening of 
surgical treatment.

 2. Thorough preoperative assessment is con-
ducted so that a patient-specific plan for opti-
mizing physiologic reserve and a strategy for 
operative repair can be developed to enhance 
the patient’s chances of survival and to reduce 
surgical complications.

 3. Cerebrospinal fluid drainage is used in exten-
sive TAAA repair to reduce the likelihood of 
postoperative paraplegia.

 4. Uncomplicated chronic distal dissection is man-
aged with medical treatment until the risk of 
rupture exceeds the risks associated with repair.

 5. After aortic repair, patients are followed with 
an annual imaging surveillance protocol to 
enable early detection of new aortic aneu-
rysms or pseudoaneurysms.
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Introduction

Anesthetic management of patients undergoing 
descending aortic surgery is complex and chal-
lenging. Clear understanding of patient’s preop-
erative aortic disease and other comorbidities is 
important in planning intraoperative manage-
ment. A preoperative visit is essential to evaluate 
the perioperative risk and explain the patient of 
possible complications. Rational planning for the 
anesthetic care is likely to also warrant review of 
relevant imaging studies, and often, face-to-face 
discussion with the surgeon regarding plans for 
surgical technique, with special attention paid 
to intended surgical exposure and cardiopulmo-
nary bypass cannulation. Special anesthetic con-
siderations include one-lung ventilation, airway, 
and hemodynamic and transfusion management. 
End-organ dysfunction such as stroke, spinal 
cord injury, myocardial ischemia, and renal fail-
ure accounts for morbidity and mortality in these 
patients. Intensive perioperative monitoring and 
measures should be undertaken to prevent the 
occurrence of such complications.

Pathology of Distal Aortic Disease

Patients presenting for descending thoracic and 
thoracoabdominal aortic surgery have cystic 
medial degeneration of the aortic media, leading 
to aortic aneurysm formation or to aortic dissec-
tion. Each of these entities is a known risk factor 
for the development of the other, and thus they 
often coexist. Other disease processes that may 
involve the distal aorta include connective tissue 
disorders such as Marfan syndrome, Loeys–Dietz 
syndrome, and Ehlers–Danlos syndrome; aorti-
tis, infection, or thoracic trauma. Ultimately, in 
each of these conditions, the aortic wall may 
become dilated, leading to rupture and cata-
strophic exsanguination.

Preoperative Evaluation

Two central questions must be answered during 
preoperative evaluation of patients with disease 
of the descending thoracic and thoracoabdominal 
aorta: First and most important, does the patient 
need surgery? Second, what is the choice of the 
surgical technique, that is, is an open or endovas-
cular approach most appropriate? Studies of 
natural history of descending thoracic aortic 
aneurysms (DTAA) have shown that repair-free 
survival is only 24% at 2 years, and survival with-
out surgery drops to 17% (83% mortality) at 
5 years. On the other hand, 5-year mortality was 
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shown to be 39% in matched patients who 
 underwent thoracoabdominal aortic surgical 
repair.3 While no randomized studies examining 
rates of survival for patients who undergo emer-
gent surgery at the time of aortic rupture, most 
centers report anecdotes of poor outcomes when 
surgery is forced after aortic rupture. What is 
known is that few, if any, patients survive aortic 
rupture with surgery. The average rate of expan-
sion in aortic diameter is 0.2–0.4 cm/year. Factors 
associated with more rapid expansion, and there-
fore increased risk of aneurysm disruption, are 
advanced patient age, aneurysm diameter greater 
than 60 mm, presence of pain, history of smoking, 
chronic obstructive lung disease, diastolic hyper-
tension, and renal failure.4

Most surgeons elect to operate on symptom-
atic (unruptured) patients; or upon asymptomatic 
patients whose aortic diameters exceed 5.5 cm, or 
whose rates of expansion exceed 1 cm/year. Open 
surgical repair is ideally planned when the risk of 
aortic rupture, with medical management alone, 
exceeds operative risk. Aortic repair via endograft 
technique has, as of this writing, begun to sup-
plant traditional open repair because of relative 
ease of surgical technique, and because of a per-
ception of reduced surgical morbidity and mortal-
ity.5,6 The US FDA approved three endograft stent 
devices for the treatment of descending thoracic 
aneurysms (GORE TAG thoracic endoprosthesis 
(approval in March 2005), Talent™ Thoracic Stent 
Graft System (June 2008), and Zenith® TX2® 
Thoracic TAA Endovascular Graft (May 2008)).

When open and endovascular techniques are 
carefully compared, differences in primary out-
comes (mortality, stroke rate, and paraplegia) are 
not entirely clear, and the long-term durability of 
endovascular repairs is not yet known. While the 
endograft’s indication in treating aneurysms of the 
descending thoracic and abdominal aorta is com-
paratively established, the use of endovascular stent 
repair remains investigational for the treatment  
of thoracoabdominal aortic aneurysms (TAAA). 
‘Hybrid’ aortic debranching with endovascular 
repair and the use of fenestrated and branched 
stent grafts are two alternate therapies undergoing 
active clinical trials for the treatment of TAAA.

A surgical candidate’s life expectancy, 
 independent of their aortic disease, should be 
considered when selecting the surgical option of 
endovascular versus open aortic repair. Special 
dilemmas are posed by patients with chronic 
obstructive pulmonary disease (COPD) and 
advanced age, for example, as these factors not 
only increase risk of spontaneous aortic rupture, 
but also increase likelihood of perioperative mor-
bidity in relation to the thoracotomy mandated by 
an open surgical repair. While long-term outcome 
after endograft repair is not yet clear, it may not 
be relevant if a patient’s expectant survival is less 
than 5 years because of end-stage lung disease. 
Unique considerations also appear to apply to 
saccular aneurysms, pseudoaneurysms, and post-
traumatic aneurysms, which can be better dealt 
with endograft coverage and exclusion of a soli-
tary portion of the aortic wall. Endografts are also 
used increasingly in patients with ruptured tho-
racic aneurysms. Meta-analysis of open versus 
endovascular stenting for ruptured descending 
thoracic aneurysms has shown 19% 30-day mor-
tality for endovascular repair compared to 33% 
mortality with open repair.7 So long as comor-
bidities are limited; however, patients with 
Marfan syndrome should probably undergo open 
repair. This is because the impact of radial forces 
imposed by an endograft, and which persist in the 
Marfanoid aortic wall, are not well understood.

Once patient and technical factors dictate the 
need for open and elective surgical repair, preop-
erative evaluation, with attention to physiologic 
reserve, is crucial to assuring the best possible 
patient outcome. Given that high-risk aortic surgi-
cal procedures in high-risk patient population 
increase perioperative risk,8 preoperative estima-
tion of risk to individual organ systems, with prior-
ity given to cardiac, pulmonary, renal, and nervous 
systems, are essential for cogent anesthetic plan-
ning and proper informed patient consent.

Patients need substantial cardiac reserve to tol-
erate thoracic aortic clamping and unclamping. 
Transthoracic echocardiography is routinely used 
for preoperative assessment of ventricular and 
valvular function. When compromised  ventricular 
function is observed, or when myocardial 
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 ischemia is suspected, additional testing, namely 
coronary angiography, may be necessary. Though 
preoperative coronary revascularization may not 
prevent all perioperative infarctions, revascular-
ization is recommended before elective aortic 
replacement in those patients for whom revascu-
larization is seen as a long-term outcome benefit.9 
In patients who have previously undergone coro-
nary artery revascularization with the left internal 
thoracic artery, left carotid to subclavian artery 
bypass can be considered before aortic replace-
ment, with the goal of avoiding myocardial isch-
emia when aortic clamp is proximal to the origin 
of the left subclavian artery (as is commonly done 
in DTAA and extent I and II TAAA repairs). 
When preoperative revascularization is not an 
option, medical optimization with beta-blockers 
and other cardiac medications is advised before 
and up to the time of surgery.

Postoperative respiratory failure is the most 
common complication after descending aortic 
surgery. Lung function is assessed preoperatively 
in patients at risk with pulmonary function stud-
ies, including forced expiratory volume in 1 s 
(FEV1), forced vital capacity (FVC), and arterial 
blood gas analysis. When severe derangement of 
lung function exists, patients should undergo the 
less invasive endograft repair so long as the aortic 
pathology is suitable. Especially when open repair 
is planned, preoperative respiratory optimization 
with cessation of smoking (4 weeks), bronchodi-
lators, antibiotics, and incentive spirometry may 
lessen postoperative pulmonary complications.

Preoperative renal insufficiency is seen in sub-
stantial number of patients (13–25%) and is a 
strong predictor of mortality, early postoperative 
renal failure, visceral and neurological complica-
tions after aortic replacement.10 A baseline creati-
nine >2.5 mg/dL is a relative contraindication for 
surgery, unless the renal artery is involved in the 
aneurysm process. When a compromise in renal 
blood supply is related to the aortic pathology, and 
when reconstruction may result in improved renal 
perfusion, surgery in fact may be more logical. If 
nephrotoxic contrast agents are required in patients 
with borderline renal function, prophylaxis with 
5% dextrose and Ringer’s lactate solution with 25 

g/L mannitol and 1 amp/L sodium bicarbonate 
may be protective. Once dye loads have been 
given, it is prudent to examine  post-dyeload renal 
function so that timing of  surgery may be delayed 
until stabilization of renal function is assured.

Postoperative neurological complications 
(spinal cord ischemia and stroke) occur frequently 
after DTAA and TAAA repairs. Neurologic defi-
cits increase mortality and disability with aortic 
reconstruction, irrespective of whether those defi-
cits arose before or during surgery. Presence of 
cerebrovascular disease (history of stroke, tran-
sient ischemic attack, and carotid artery disease) 
not only increases the incidence of neurologic 
complications but also affects long-term sur-
vival.10 Patients should be preoperatively screened 
for cerebrovascular disease, and appropriate inter-
vention should be considered as indicated before 
elective aortic reconstruction is undertaken.

Review of preoperative imaging will provide 
useful guidance in formulating rational surgical 
and anesthetic management plans. Anatomic 
imaging features of great interest are proximal 
and distal extent of aortic disease, ascending aor-
tic and arch involvement, presence of mural 
thrombus, atheroma, and calcification, and branch 
vessel involvement. Of particular interest to the 
anesthesiologist is presence of airway compres-
sion or distortion, whether it is tracheal or cari-
nal. Pleural effusions may be a harbinger of 
contained aortic leakage, heart failure, or pulmo-
nary vascular involvement. When possible spinal 
cord arterial supply, including locations of the 
arteria radicularis magna (ARM) (also known as 
Artery of Adamkiewicz), should be sought when 
reviewing contrast studies (Fig. 10.1). A discus-
sion with the surgeon is required regarding the 
surgical strategy since it will direct anesthetic 
management. If the surgical repair involves arch 
of aorta requiring deep hypothermic circulatory 
arrest, all considerations of arch surgery (such as 
temperature management, and cerebral monitor-
ing) will apply. A discussion with the surgeon is 
essential regarding the need for cerebrospinal 
fluid (CSF) drainage. If the surgery involves only 
proximal DTA or in type IV aneurysms, spinal 
catheter insertion may not be required.
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Anesthetic Management

Studies revealing cardiac, pulmonary, renal, and 
neurologic reserve should be tailored, as earlier 
described, to a given patient’s needs. In addition 
to airway evaluation, physical exam should incor-
porate assessment of peripheral pulses and neu-
rologic foci. Recent routine laboratory results 
should be examined for coagulopathy and meta-
bolic problems. Insertion of spinal and epidural 
catheters requires screening for coagulopathy. 
Availability of blood products should be verified, 
as multiple packed red blood cell units will likely 
be needed. Fresh frozen plasma, platelets, and 
cryoprecipitate are arranged in patients with 
 preexisting coagulopathy, emergency repairs, and 

redo-surgical procedures. Preoperative informed 
consent should stress, in relation to risk, compli-
cations including renal failure, paraplegia, stroke, 
ventilatory and cardiac failure, and prolonged 
intensive care unit stay.

Epidural and Spinal Catheter 
Placement

Several options exist for catheter placement and 
reasonable practices vary. So as to take advan-
tage of patient cooperation and reporting of dis-
comfort, we prefer to insert both epidural and 
cerebrospinal catheters before the anesthetic 
induction. Insertion of a thoracic epidural cathe-
ter insertion in an anesthetized patient may not be 
advised because of the risk of unrecognized neu-
rological damage. Some anesthesiologists prefer 
to insert the epidural catheter the day prior to sur-
gery, with the advantage that surgery need not be 
postponed if a bloody tap is encountered during 
catheter placement. Other practitioners prefer 
epidural catheter placement in the postoperative 
period, once the patient is awake and assessed 
neurologically. The postoperative insertion 
approach may be made less practical by the dif-
ficulty positioning an awake and ventilated 
patient with surgical drains and a painful inci-
sion. Some elderly patients do well with minimal 
IV narcotics alone, and epidural analgesia may 
not be required. Epidural analgesia is a near-must 
in patients with preoperative narcotic depen-
dence, and in patients with sufficient lung disease 
that a difficult ventilator wean can be anticipated. 
The T

5
–T

6
 interspace is generally used for epidu-

ral insertion in DTA surgery, while a T
10

–T
11

 
interspace is accessed in TAAA surgery. Verifying 
epidural catheter function with local anesthetics 
is a good practice. Appropriateness of catheter 
test dosing with epinephrine, to rule out intravas-
cular communication, can be debated. Some 
anesthesiologists prefer not to employ epidural 
regional anesthesia during surgery, citing con-
cerns of sympathectomy and hypotension. Still 
other practitioners use epidural anesthesia to 
blunt stress response and hypertensive reactions 
to  aortic cross clamping.

Fig. 10.1 Magnetic resonance Angiography (MRA) 
showing greater radicular artery of Adamkiewick (arrow-
head) originating from posterior intercostal artery (a 
branch of aorta [Ao]) at T

9
 level. Anterior (a) and muscu-

lar (m) branches are shown (Reprinted with permission 
obtained from reference81)
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Spinal drainage catheters are ideally inserted 
preoperatively, although insertion after induc-
tion of anesthesia is safe in our opinion. In 
unstable and emergent situations such as leaking 
aneurysms, subarachnoid drainage may need to 
be deferred until surgery is complete. After 
identifying the subarachnoid space with a large 
spinal needle (14 G) at the L3–L4 interspace, 
free CSF flow is confirmed. Excessive loss of 
CSF during catheter insertion is to be avoided. 
The spinal needle bevel is generally turned 
cephalad, and the CSF drainage catheter is 
advanced slowly and carefully so as to leave 
5 cm of catheter in the subarachnoid space. 
A guidewire may be used to stiffen the catheter 
for insertion if necessary (Fig. 10.2). A catheter 
should not be inserted against resistance, and if 
resistance is encountered great care should be 
used to avoid catheter shear. In the event of cath-
eter non-threading, the needle and catheter are 
withdrawn as a unit and the procedure is 
repeated. The decision to postpone or proceed 
with surgery after encountering a bloody tap is 
debated, and should be made after discussion 
with the patient and the surgeon.11,12 If there is a 
decision to proceed, the spinal catheter should 
be inserted in a different interspace. Given that 
drainage catheters may be maintained for s everal 
days following surgery, care is taken to secure 

the catheter and to assure its patency. Catheters 
are generally sutured to the skin after making a 
loop and fixed with adhesive tape/op-site/masta-
sol, and finally secured on the patient’s back to 
the right of the spine. Aspiration through the 
catheter is confirmed and the drain capped for 
patient positioning. After positioning, the suba-
rachnoid drainage catheter is connected to a CSF 
drainage system, and to a manometer/transducer 
for CSF pressure monitoring (Fig. 10.3a and b). 
Absolute sterility is maintained in handling the 
catheter and drainage system, given concerns of 
meningitis.

Induction

Patients are taken to the operating room and stan-
dard ASA monitors applied. A right radial arte-
rial line is inserted under local anesthesia and 
monitored during induction. If the radial artery is 
unavailable, brachial or axillary artery cannula-
tion is used. A right-sided pressure monitor is 
preferred because aortic cross clamp may have to 
be placed proximal to the left subclavian artery to 
perform proximal anastomosis (type I and type II 
aneurysms). In surgery for type III and IV aneu-
rysms, noninvasive blood pressure is first mea-
sured in both arms, and radial artery is cannulated 
in the arm with the higher blood pressure. 
Blood samples for basal arterial blood gas, 
activated clotting time (ACT), and thromboelas-
togram (TEG) are obtained after the arterial line 
is placed. Blood products should be available in 
the room before surgery is begun.

Choice of anesthetic drug is less important 
than titration of drug to the hemodynamic 
parameters. Hypertensive response and tachy-
cardia should be avoided during anesthesia 
induction because of attendant increases in aor-
tic wall tension. Fentanyl bolus (5–10 mcg/kg), 
esmolol (0.5–1 mg/kg), lidocaine (1–2 mg/kg), 
and deep anesthesia with inhalational  anesthetics 
(1.5 MAC end-tidal concentrations) are  useful 
in blunting hemodynamic response to intuba-
tion. Adequate muscle relaxation is required 
for the insertion of double lumen endotracheal 
tubes.

Fig. 10.2 Cerebrospinal fluid (CSF) drainage catheter 
insertion kit. The kit contains 80 cm closed tip and 
radiopaque lumbar catheter, which has multiple holes 
located within 17 mm of the tip and markings at 11, 16, 
21, and 24 cm from the tip. It also has 14 G Tuohy needle, 
guidewire to facilitate insertion of the catheter, luer con-
nector with cap and fixation collars
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Airway Management

A left-sided endobronchial double lumen tube is 
the first choice of airway instrument, provided 
there is no serious carinal compression or distor-
tion created by the aortic aneurysm. The double 
lumen tube (DLT) is inserted within the proximal 
trachea, and the bronchoscope inserted through 
the bronchial lumen in order to guide the DLT 
into position. This will give an opportunity for 
endoscopic examination of the carina and left 
bronchus, and to avoid dangerous and blind inser-
tion of the tube. One should fear catastrophe 
when blindly advancing an endobronchial tube in 
the setting of a giant aneurysm which may be 
compressing the left bronchus or carina. Right-
sided DLT may be selected if there is significant 
distortion of the left bronchus. Positioning the 
right-sided tube to reliably avoid obstruction of 
the right upper lobe bronchus may be challeng-
ing. Position of the DLT should be recertified after 
lateral decubitus positioning, and during surgery 
as concerns over tube migration arise. When air-
way distortion is extreme, bronchial blocking 

catheters may substitute for endobronchial tubes, 
and as a last resort, right bronchial intubation 
with a single lumen endotracheal tube can be 
considered. Hemodynamics and oxygenation 
should be monitored vigilantly, and should not be 
ignored during airway manipulations. As a gen-
eral rule, airway management strategies should 
be sorted out at the beginning of the surgery and 
before positioning. Major manipulation of the 
airway under the surgical drapes after lateral 
positioning is famously difficult and may be 
harmful. Even when surgery must be performed 
with single lumen tracheal intubation, and under 
full cardiopulmonary bypass (CPB), as may be 
the case in emergencies and difficult airways, the 
surgeon may request lung isolation for viewing 
the surgical field during the post-CPB period. 
Again, the need for lung isolation should be dis-
cussed while the patient is on CPB and appropri-
ate action should be taken during the CPB 
interval. Bronchial blockers are useful in this sit-
uation also, but gentle manipulation of the airway 
is advised because of bleeding risk while under 
full heparinization. Once the airway has been 

Fig. 10.3 (a, b) Cerebrospinal fluid drainage and CSF pressure monitoring system
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bloodied, visualization of structures and device 
positioning becomes even more difficult. 
Conversely, attempts to position blockers after 
cardiopulmonary bypass may result in interrup-
tion of effective ventilation, leading to dangerous 
episodes of hypoxia or hypertensive episodes 
risking hemorrhage.

Monitoring

Apart from ASA standard monitors, a pulmonary 
artery catheter (PAC) is inserted through right or 
left internal jugular vein. Subclavian access may 
result in catheter kinking once the patient posi-
tioned laterally. A PAC with continuous mixed 
venous oxygen saturation and cardiac output mon-
itoring capabilities is useful in these complex sur-
gical procedures. Optical PACs may be especially 
useful in the management of multiorgan failure in 
the postoperative period. A right femoral arterial 
catheter monitors distal perfusion pressure during 
partial cardiopulmonary bypass. Involvement of 
femoral artery in the aneurysmal process should be 
determined in advance and discussed with the sur-
geon. Right femoral wide bore central venous 
access (e.g., 8.5 F) is also established for rapid 
infusion ability. Since PAC measured pressures 
and derived values may not truly reflect intravas-
cular volume status and cardiac and valvular func-
tion during cross clamping and unclamping, 
transesophageal echocardiography (TEE) may 
provide more encompassing hemodynamic moni-
toring during aortic reconstruction. A comprehen-
sive examination for ventricular function, valve 
morphology and function, and aortic pathology is 
best done before positioning the patient. TEE is 
the modality of choice to evaluate the aortic valve, 
and the presence of aortic regurgitation which 
complicates aortic cross clamping. TEE also pro-
vides for the earliest possible diagnosis of myo-
cardial ischemia by way of regional wall motion 
abnormalities (RWMA). Further, TEE assists in 
the surgery itself: during cannulation of the pul-
monary veins, left atrium, right atrium, and 
descending aorta. TEE is used to confirm the pres-
ence of the guidewire in the descending aorta true 
lumen prior to femoral arterial cannulation.

Body core temperature should be monitored 
and various sites (pulmonary artery, bladder, 
esophageal, and nasopharyngeal) are monitored 
if hypothermic arrest is planned. Esophageal 
temperature may be misleadingly low while the 
chest is open and fluctuate with the temperature 
of the irrigation solution. ACT is used to monitor 
heparin effect during partial bypass and to check 
adequate neutralization with protamine after 
weaning from bypass. Points of care coagulation 
(POC) tests, such as thromboelastography (TEG), 
are useful to monitor for coagulopathy and to 
direct blood product administration before and 
after chest closure. Pulse oximeter readings, aside 
from accurately reflecting impaired oxygenation, 
may be artifactually low or unobtainable by vir-
tue of patient position, hypovolemia, hypoten-
sion, hypothermia, and the use of vasoconstrictors. 
Ear, nose, and lips are few preferred locations for 
pulse ox transducers. Preexisting lung disease 
and intraoperative pathophysiology may conspire 
to produce large gradients between expired CO

2
 

values and true arterial CO
2
 levels. To this end, 

frequent blood gas evaluation is appropriate.
The relatively high incidence of the much 

dreaded complication of paraplegia after TAAA 
repair has prompted investigation of a role for 
neurophysiologic monitoring modalities such as 
somatosensory evoked potentials (SSEP) and 
transcranial motor evoked potentials (tcMEP). 
Cunningham and Laschinger13 described four 
patterns of SSEP changes during TAAA repair 
(Fig. 10.4). A type I pattern indicates inadequate 
distal perfusion, in which case they observed a 
loss of SSEP signals within 8–9 min of cross 
clamping. In some subjects, this response was 
reversed by institution of distal perfusion or by 
increasing distal perfusion pressure to more than 
60 mmHg. In a subsequent observation, the same 
investigators showed increased incidence of para-
plegia when type I SSEP responses were allowed 
to persist uncorrected for more than 30 min.13 
A type II pattern was indicative of adequate dis-
tal perfusion. A type III SSEP pattern was 
observed when spinal cord blood supply from a 
critical intercostal artery was interrupted. Here, 
SSEP were maintained after cross clamping, but 
declined once critical intercostal arteries were 
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ligated or clamped. Subsequent normalization of 
SSEP signals was observed once the intercostal 
artery was reimplanted. A type IV pattern was 
characterized by a gradual reduction in SSEP 
amplitude over 30 min, and is characteristic of 
lower extremity ischemia because of arterial dis-
section or embolization, or more commonly, 
femoral arterial cannulation. Brain stroke can 
also produce cortical SSEP changes but affect 
both lower and upper extremities. SSEPs can reli-
ably predict paraplegia, however, only when spi-
nal cord ischemia is extensive enough to affect 
global spinal cord function. Bearing in mind 
that SSEP monitors only the posterior sensory 
white matter of the spinal cord, it is appreci-
ated that SSEP signals cannot reliably disclose 
ischemia involving only anterior motor neurons 
and corticospinal tracts. SSEP monitoring has, on 
the other hand, been shown to have high false-
positive (67%) and false-negative (13%) rates.14

Transcranial motor evoked potentials (tcMEP) 
can detect ischemia along anterolateral white 
matter tracts and spinal gray matter, and reliably 
predict ischemia involving motor areas of spinal 
cord. MEP monitoring changes may trigger the 
surgeon and anesthesiologist to employ hemody-
namic and surgical manipulations. Those include 

a deliberate increase in mean arterial blood 
 pressure (MAP), active CSF drainage, or inter-
costal artery reimplantation. When instituted in a 
timely manner, these manipulations should result 
in normalization of the MEP changes. Failure of 
the changes to normalize may indicate injury to 
the spinal cord and predict paraplegia after TAAA 
repair. To this end, clinical studies have shown 
improved neurologic outcomes with MEP moni-
toring for TAAA repair.15,16 While a balanced 
anesthetic with adequate muscle paralysis and 
0.5 MAC of inhalational agent permits uninhib-
ited SSEP monitoring, MEPs are more sensitive 
to inhalational anesthetics, and a total intrave-
nous anesthetic regimen is required. MEP moni-
toring also requires either complete avoidance of 
muscle relaxants or carefully monitored incom-
plete neuromuscular blockade.17

Studies comparing MEP and SSEP monitoring 
during TAAA surgery have shown MEPs to serve 
as an earlier indicator of spinal cord  ischemia, 
generally within 1–2 min of ischemia onset. This 
is in contrast to the comparatively slow SSEP, 
which have more sluggish response to ischemia, 
on the order of 10–20 min after ischemia 
begins.18,19 Since only 22% of MEP changes are 
seen in SSEP response changes, it may be that 

TYPE I SSEP RESPONSE TYPE II SSEP RESPONSE

TYPE III SSEP RESPONSE TYPE IV SSEP RESPONSE

BASELINE BASELINE

BASELINE BASELINE

AXC 10 min

AXC:

AXC:

REPERFUSION:

4 - 10 min

20 min

15 min

7 - 20 min

20 min

REIMPLANT PROXIMAL
INTERCOSTAL

REIMPLANT DISTAL
INTERCOSTAL

POST OP 24 hr

Distal P
70 mmHg

Distal P
60 mmHg

POST OP
24 hr

Fig. 10.4 Types of SSEP responses after aortic cross clamping during thoracoabdominal aortic repair (Reprinted with 
permission from13)
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rapid corrections of ischemia occur even before 
SSEP changes appear, particularly in those 
instances where ischemia was not severe enough 
to produce clinical neurologic injury. Keyhani 
et al.20 have examined this very issue and have 
shown good correlation between SSEPs and 
MEPs in the detection of those irreversible 
changes that led to clinical neurological injury. 
To this end, Keyhani et al. concluded that the 
addition of the more complex MEP monitoring to 
SSEPs did not add further meaningful informa-
tion. Both MEP and SSEP had good negative pre-
dictive value, but each had poor sensitivity and 
positive predictive value (37% and 33% for SSEP 
and 22% and 45% for MEPs, respectively). In our 
institution, electroencephlogram (EEG) and SSEP 
monitoring are used in conjunction, given our 
preference for muscle relaxation, and the range of 
approaches dictated by different patients and dif-
ferent vascular surgeons (Fig. 10.5).

Moreover, intraoperative monitoring cannot 
prevent postoperative events and delayed para-
plegia. In awake subjects, neurological examina-
tion can be performed to follow up spinal cord 

function. In sedated patients recovering from 
anesthesia, neuromonitoring can be continued 
into the postoperative period. MEPs are more 
painful and unacceptable in patients awakening 
from anesthesia.

Positioning

After placement of monitors, the patient is posi-
tioned in the right lateral decubitus position 
(Fig. 10.6). The thorax is positioned at 90° angle to 
the table but pelvis is tilted dorsad to less than 90° 
to facilitate cannulation of femoral vessels. As 
always, the anesthesiologist coordinates the move 
from supine to lateral position and controls airway, 
intravenous and monitoring lines while stabilizing 
the relaxed neck. It is not uncommon for the 
patients with aortic disease to have coexisting cere-
brovascular and carotid diseases. Acute and 
extreme rotation of the head and neck during posi-
tioning should be avoided. Eyes, ears, and scalp 
should be examined frequently for excessive pres-
sure. Stability of pelvis is obtained by flexing the 

Fig. 10.5 Somatosensory evoked potential (SSEP) and electroencephalogram (EEG) monitoring module. CSA – 
Compressed Spectral Analysis of EEG
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hips and knees of the lower leg while rotation of 
upper pelvis is done to facilitate access to femoral 
vessels. An inflatable bean bag is used to retain the 
patient position. A chest pad (known as axillary 
roll) is placed just caudal to axilla supporting the 
shoulder most portion of downside rib cage to 
avoid pressure on the dependent axillary neurovas-
cular bundle. Upper extremities are positioned to 
avoid excessive stretch or compression of brachial 
plexus and peripheral nerves. Excessive lateral 
flexion and dorsal extension of head and neck may 
apply undue tension on the brachial plexus and 
should be avoided. After positioning, arterial lines 
are checked for proper waveforms and free aspira-
tion, while venous access should be checked for 
free flow of fluids. Monitoring the trend of central 
venous pressure is recommended since the abso-
lute numbers may not be accurate with the diffi-
culty in defining phlebostatic axis. A pulmonary 
artery catheter positioned within the left pulmonary 
artery may lead to overestimation of left heart pres-
sures (LVEDP) once the left lung is deflated. 
Positioning the catheter tip within the right pulmo-
nary artery (RPA) can easily be done once the 
patient is moved into the right lateral position, since 
increased RPA flow will carry the catheter to the 
right. Position of the PAC tip is verified by TEE. 
Anesthesiologists should watch for sudden hemo-
dynamic changes and ventilation perfusion mis-
match which can accompany changes in position.

Aortic Cross Clamping

Aortic occlusion, a critical component of aortic 
surgical repair, reliably produces considerable 
hemodynamic effect. Three principle variables 
predict the nature of hemodynamic effect of cross 

clamping. Most important is the physical location 
of the clamp itself; more dramatic derangement 
will accompany more proximal clamping loca-
tions. Also important are the patient’s baseline 
myocardial function, and pre-clamping intravas-
cular blood volume. Hemodynamic changes are 
more pronounced upon cross clamping the tho-
racic aortic than those seen with infrarenal aortic 
clamping. Roizen et al. have observed a progres-
sion in depression of left heart function in accor-
dance with aortic clamping site. Indices including 
a decrease in LVEF with regional wall motion 
abnormalities, and increase in end-systolic and 
end-diastolic ventricular cross-sectional areas 
were each seen on aortic clamping. Changes in 
these indices were mostly marked after suprace-
liac clamping; similar but smaller after infrace-
liac suprarenal clamping; and minimal when 
precipitated by infrarenal clamping.21

Kouchokous et al.22 studied the response to 
cross clamping in DTAA and reported that MAP, 
central venous pressure, pulmonary artery pres-
sure, and pulmonary capillary wedge pressure 
(PCWP) increased by 35%, 56%, 43%, and 90%, 
respectively, while at the same time cardiac out-
put decreased by 29%. Each of these changes can 
be explained by the increases in myocardial stress, 
in relation to increases in preload and afterload, 
that are direct consequences of DTAA clamping.

Increases in afterload and proximal aortic 
hypertension are of multifactorial cause. In addi-
tion to the readily apparent impediment to flow 
created by mechanical occlusion, there are 
increases in systemic vascular resistance produced 
by release of catecholamines, renin-angiotensin, 
and other humoral factors. Increases in preload 
are explainable by redistribution of blood volume 
during aortic cross clamping.23 As blood flow to 

Fig. 10.6 Position for 
thoracoabdominal aortic 
repair
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organs distal to the clamp is interrupted, the 
venous capacitance of these organs decreases. The 
blood from distal organs shifts to the central 
venous circulation, and to those organs that are 
proximal to the clamp. When aortic clamping is 
infraceliac in location, the splanchnic vasculature 
acts as a reservoir and can accommodate most of 
the shifted blood volume. In this way, infraceliac 
clamping leads to modest changes in preload, fill-
ing pressures, and cardiac output. During suprace-
liac clamping, or when splanchnic venous tone is 
high, this reservoir capacity is diminished, and 
most of the blood with shift instead to the central 
circulation, and preload increases are more sig-
nificant (Figs. 10.7 and 10.8).23

The resulting increases in preload and afterload 
directly trigger increases in myocardial oxygen 
demand which, by virtue of preload increase, may 
also be coupled with reductions in net coronary 
perfusion. While it is true that proximal hyperten-
sion increases antegrade coronary perfusion pres-
sure, net coronary perfusion pressure may actually 
decline in response to rises  end-diastolic pressure 
related to aortic cross clamping. It is this unfavor-
able relationship in the economy of myocardial 
oxygen supply and demand that serves to explain 
the frequent occurrence of regional wall motion 
abnormalities that are seen with aortic cross 

clamping. Presence of epicardial CAD, left 
ventricular hypertrophy, or diastolic and systolic 
dysfunction further disrupt this economy and worsen 
myocardial ischemia. Fayed et al. reported acute 
diastolic dysfunction with proximal aortic clamp-
ing during thoracoabdominal surgery, in six of 
nine patients, each of whom had normal E/A ratios 
prior to aortic clamping. Three of the patients in 
the Fayed series developed myocardial infarc-
tion.24 Here again, proximity of aortic cross clamp-
ing influences the degree of diastolic dysfunction.

Although clamping of the aorta is expected to 
increase preload, blood loss and frank hypov-
olemia must not be ignored at this stage of surgery. 
Unexpected responses to aortic cross clamping, 
such as a decline or no increases in systemic pres-
sure, may indicate severe hypovolemia or cardiac 
dysfunction. Such responses are  investigated by 
measuring filling pressures and cardiac output, 
and by TEE evaluation. Hypovolemia exaggerates 
the effect of aortic cross clamping, and may pre-
cipitate cardiac ischemia through decreases in 
coronary perfusion pressure.

DTAA and TAAA surgeries, which necessi-
tate very proximal aortic clamping, are accompa-
nied not only by the reactions in preload, afterload, 
and myocardial oxygen balances, but are also 
associated with decreases in perfusion to the 
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Fig. 10.7 Blood volume redistribution during aortic cross clamping (Reprinted with permission obtained from 
reference23)
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 gastrointestinal system, liver, kidneys, and spinal 
cord. Increases in serum lactate and metabolic 
acidosis indicate ischemia in those tissue beds 
distal to the clamp.25 Patient management during 
cross clamping of the thoracic aorta therefore 
involves not only control of proximal hyperten-
sion and myocardial dysfunction, but also pre-
vention of ischemia and protection of organs 
distal to the clamp site. Both these goals are 
achieved by distal arterial perfusion techniques. 
While distal perfusion techniques do reduce com-
plications related to proximal clamping of the 
thoracic aorta, no distal perfusion technique com-
pletely eliminates the mortality and morbidity of 
thoracic aorta surgery.

Distal Arterial Perfusion Techniques

Passive Shunts (Gott Shunt)

Passive shunts are used to divert arterial blood 
from the proximal aorta, or left ventricle, to aorta 
sites distal to the aortic clamp. Shunts are made up 
of heparin-coated non-thrombogenic material, so 
systemic heparinization is not needed. The ascend-
ing aorta is commonly used for the shunt’s origin, 
but the left ventricle, ascending aorta,  aortic arch, 
or descending aorta may also be used. The left 

subclavian artery is avoided as a shunting site, as 
this would interfere with spinal cord perfusion and 
cause steal phenomena. Because these shunts are 
passive, shunt flows cannot be controlled other 
than through manipulation of proximal shunt pres-
sures, and through selection of shunt diameter and 
length. A shunt diameter of 9 mm is commonly 
used. Shunt flows of 2–2.5 L/min are reported by 
Verdant and colleagues.26 Adequacy of shunt flows 
are monitored by visual inspection and palpation 
of the shunt by the surgeon, measurement of distal 
arterial pressure, and observation for signs of dis-
tal tissue ischemia. Clinical signs of adequate 
shunt flow include sufficient urine output, lack of 
metabolic acidosis, and favorable neurophysio-
logical data. Difficulties with passive shunts 
include kinking, dislodgement, migration of the 
proximal end, interference with the surgical field, 
bleeding from origin and insertion sites, and distal 
embolization of atheromatous material.

Partial Cardiopulmonary Bypass

Partial CPB, achieved with either roller pump or 
centrifugal circuits, requires an in-line oxygen-
ator and full systemic anticoagulation. Partial 
CPB incorporates right atrial drainage by way of 
a long reinforced cannula placed through the IVC 
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via  percutaneous femoral vein access. TEE 
 guidance assists in placing the drainage cannula 
tip high in the right atrium. Arterial return is 
 performed through cannulation of the femoral 
artery or distal descending aorta. A circuit heat 
exchanger provides active rewarming following 
the use of deliberate hypothermia for spinal cord 
protection during the repair. A venous reservoir 
allows addition of blood or fluids to the circula-
tion. Pump suction, or sump sucker, may be used 
to return shed blood directly to the reservoir, so 
that a cell saver is not needed. The rate of venous 
drainage can be controlled by an adjustable clamp 
on the venous line. Arterial return rates are 
adjusted by roller head speed. In this way, partial 
CPB flow rates are deliberately manipulated to 
control patient hemodynamics, including moder-
ation of proximal aortic hypertension during 
clamping and repair. During partial CPB, the 
lungs are ventilated and a beating heart perfuses 
the upper body, proximal to the clamp site, by 
way of native left heart circulation. In addition to 
providing a means for distal arterial perfusion, 
partial CPB provides the advantage of rapid con-
version to full CPB should such need arise.

Left Heart Partial Bypass

Partial bypass of the left heart is the most 
 commonly used topology for distal arterial perfu-
sion. Partial bypass relies on a centrifugal pump, 
and no oxygenator or venous reservoir are incor-
porated. The partial bypass drainage cannula is 

normally placed in the left atrium (LA) by way of 
the left pulmonary vein, and the circuit returns to 
either the femoral artery or distal aorta. Absence 
of an oxygenator permits modest or no systemic 
anticoagulation. A heat exchanger may be option-
ally added to the circuit, and a separate cell saver 
device is used for field scavenge. By comparison 
to passive shunts, partial bypass circuit flows are 
moderately controllable. Flows offered by cen-
trifugal pumps, such as the Biomedicus brand, 
are dependent upon circuit preload and afterload. 
A decrease in LA pressure, malposition of the 
LA cannula, or resistance to arterial return, each 
will precipitate decrease in partial bypass flow 
rates. Air embolization, particulate microembo-
lization, platelet damage, and hemolysis are less 
likely with centrifugal pump when compared 
with those events with roller pumps.27 Because 
high density anticoagulation is avoided, transfu-
sion requirements may be more contained, but 
extensive cell saver has been associated with 
increased coagulopathy risk. The fact that partial 
left heart bypass does not mandate dense hepa-
rinization is particularly advantageous to patients 
who have suffered aortic transection in the con-
text of multiple trauma, where associated injuries 
may preclude heparin use. Use of low-density 
heparinization is, however, common practice to 
maintain patency of spinal and intercostal arter-
ies during the low flow states that may occur dur-
ing surgery. Flows of 1.5–2.5 L/min (25–40 mL/
kg/min) are commonly used and are titrated to 
mean aortic proximal, distal, and pulmonary 
artery pressures (Table 10.1). Partial left heart 

Table 10.1 Hemodynamic management during left heart bypass

Proximal 
arterial 
pressure

Distal perfusion 
pressure

Pulmonary 
capillary wedge 
pressure

Left ventricular 
filling by TEE Reason Intervention

High Low High Adequate Inadequate pump 
flow

Increase pump flow/
evaluate drainage and 
return cannulae position

High High High Adequate High vasomotor 
tone

Deepen anesthesia/
vasodilator

Low Adequate High Distension Pump failure Inodilators/Inotrope 
followed by vasodilator

Low Low Low Empty Hypovolemia Volume infusion
Low High Low Low Increased pump 

flow or 
hypovolemia

Decrease pump flow, 
consider volume infusion
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bypass has been credited by various investigators 
in reducing the incidence of spinal cord injury 
and perioperative renal failure after thoracic aor-
tic reconstruction.28-31 The use of adjuncts (CSF 
drainage and partial left heart bypass) is also 
associated with improved 10 years survival 
benefit.10

Antihypertensive Therapy

When a simple aortic cross clamping (clamp-and-
sew method) is used, titration of antihypertensive 
drugs is the principal means of controlling proxi-
mal aortic hypertension. When a method of distal 
perfusion is used, manipulation of bypass circuit 
flows is required to maintain hemodynamics. 
Antihypertensive drugs may, however, still be 
needed and should be readily available. When 
titrating antihypertensive therapy, it is crucial to 
prevent relative hypotension of the proximal aortic 
circulation. Proximal aortic hypotension will com-
promise distal perfusion to collateral-dependent 
tissue beds, and hence, worsen visceral ischemia 
beyond the aortic cross-clamp site.

Adequate depth of anesthesia should be 
ensured before considering initiation of antihy-
pertensive drug therapy. Beta-blockers are pre-
ferred agents when a hypertensive episode is 
associated with tachycardia. Esmolol infusion 
can be titrated (50–200 mcg/kg/min) to the HR 
and MAP and it has the advantage of short half-
life (9 min). When a patient is well beta-blocked 
preoperatively, they may not benefit from intra-
operative beta-blockade as a treatment for surgi-
cal hypertension. In those instances, a vasodilator 
is added. While sodium nitroprusside (SNP) is 
the most commonly used antihypertensive agent 
in anesthesia, SNP can increase intracranial and 
intraspinal pressure when used during aortic 
cross clamping. The observed increase in intrac-
ranial pressure may be explained either by vaso-
dilatation of intracranial vasculature, recruitment 
of capacitance vessels, or it may reflect a disrup-
tion in autoregulation caused by the spinal cord 
ischemia related to aortic cross clamping.32 
Increased intraspinal pressure and decreased dis-
tal aortic blood pressure are detrimental to spinal 

cord perfusion. Simpson et al. conducted several 
experimental studies investigating SNP during 
aortic cross clamping.33–36 SNP use was consis-
tently associated with poor neurological outcome. 
SNP further increases shunt fraction during one-
lung ventilation, and causes reflex tachycardia 
and coronary steal, both of which are detrimental 
for patients with CAD. For these reasons, SNP 
should be used with extreme caution in aortic 
surgical patients. Large SNP doses or prolonged 
infusions should be avoided. Nitroglycerine 
decreases the preload associated with cross 
clamping, and dilates coronary vessels, both of 
which may be useful in patients with myocardial 
ischemia or CAD. Nitroglycerin is a weak anti-
hypertensive agent and can also decrease spinal 
cord perfusion pressure similar to SNP.35

Calcium channel antagonists, such as IV 
nicardipine given as an infusion at 5–15 mg/h, 
are used as an alternate vasodilator to SNP in 
aortic surgery. Although the time to reach the 
baseline blood pressure after stopping the infu-
sion is longer with nicardipine in comparison to 
SNP, nicardipine is effective and well tolerated 
in the perioperative setting. In addition, nicar-
dipine is linked with increases in coronary blood 
flow and stroke volume, while preload and heart 
rate are not altered. Nicardipine was seen to 
increase cerebral blood flow with no clinically 
significant increase in CSF pressure, in subjects 
who did not have intracranial pathology.37 There 
are no human clinical studies as of this date 
which compares SNP and nicardipine in patients 
undergoing DTAA repair. Clevidipine, an ultra-
short-acting IV calcium channel blocker with a 
half-life of only 2 min, is an attractive antihyper-
tensive option, but has only begun to be available 
in the USA for routine clinical use. The ECLIPSE 
trial compared clevidipine, nicardipine, SNP, 
and NTG in cardiac surgical patients and con-
cluded that clevidipine is safe and as effective as 
other drugs.38 In patients suffering from ventric-
ular dysfunction and ventricular dilation, after-
load reductions may be achieved with the 
administration of an inodilating agent, such as 
milrinone. Epinephrine and dopamine may be 
necessary in patients with severe ventricular 
dysfunction.
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Aortic Unclamping

Hemodynamic effects of aortic unclamping can 
be made less dramatic during DTAA and TAAA 
surgery with the use of distal perfusion, and by 

sequential advancement cross clamp techniques. 
The anesthesiologist must keep abreast of 
surgical progress in aortic clamping and 
unclamping and organ reperfusion at all levels 
(Fig. 10.9). Knowledge of ischemic times of 

Fig. 10.9 Surgery for type IV TAAA repair, with 
patient’s head to the image right, and feet to image 
left: (a) Surgical dissection showing celiac (single 
arrow), superior mesenteric (double arrows), and renal 
arteries (triple arrows). (b) Proximal clamp placement 
(arrows) and aorta opened for proximal anastomosis. 

(c) Clamp moved distal to the renal artery. Cold renal 
perfusion is given through the graft to the kidneys. (d) 
Completion of anastomosis and release of clamp for 
reperfusion of the graft. (e) Separate grafts to celiac, 
superior mesenteric, and renal arteries are required in 
some cases
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organ systems such as intestines, kidneys, and 
lower limbs should be incorporated into the 
anesthetic care, and should be documented in 
the anesthetic record. Hypotension seen with 
unclamping can be moderated by a gradual 
release of the cross clamp, by fluid loading 
to pulmonary capillary wedge pressures higher 
than basal value, by treatment of acidosis with 
sodium bicarbonate, and by judicious adminis-
tration of vasopressors.39 Cardiovascular col-
lapse may occur after unclamping even when 
precautions are taken and anesthesiologists 
should be ready for resuscitation in such situa-
tions. Temporary reclamping of the aorta may be 
necessary to temporize extreme  circumstances. 
Blood pressure may overcorrect when vasopres-
sors and inotropes have been aggressively used 
during  unclamping, and this may complicate 
anastomosis bleeding.

Blood Loss and Transfusion

Blood loss from surgical dissection and back 
bleeding from intercostal vessels can be signifi-
cant enough to require massive transfusion. 
Coagulopathy complicates surgical blood loss 
and results from heparinization, hypothermia, 
supravisceral aortic cross clamping, and hypop-
erfusion. Thoracoabdominal aneurysm repair is 
associated with a reduction in clotting factor 
activity and an increase in fibrinolysis, which 
occurs in supraceliac aortic clamping.40 Profound 
ischemic tissue burden and visceral ischemia 
are the most likely precipitants of coagulation 
alterations.40 Disseminated intravascular coagu-
lation may accompany visceral ischemia and 
may require platelet and cryoprecipitate admin-
istration. When possible, coagulation factor 
replacement should be guided by POC tests. 
Cell saving for intraoperative blood salvage is 
routinely used, and a system for rapid volume 
transfusion should be readily available in the 
operating room. Antifibrinolytics have not been 
found to be useful in reducing transfusion or 
bleeding.41

Spinal Cord Protection

Spinal cord vascular anatomy varies between 
patients. The contribution of proximal collateral 
circulation, intercostals arteries, and distal collat-
eral circulation to the spinal cord arterial network 
is unique to each patient.42 Some patients depend 
heavily on proximal collateral circulation and ben-
efit from maintaining higher perfusion pressure 
proximal to the aortic cross clamp. In such a 
patient, maintaining proximal aortic pressure is 
critical, and this is true irrespective of the method 
used for distal arterial perfusion. In other patients, 
proximal collateral circulation is less important 
for spinal cord blood supply. In this patient group, 
the key to prevention of paraplegia lies in main-
taining distal collateral pelvic circulation, both 
during and after surgical repair. Assuring suffi-
cient distal MAP during aortic occlusion, and suf-
ficient global MAP after repair, are the most 
reliable means of assuring distal collateral circula-
tion. Still other patients’ spinal cord supply is 
critically dependent on the intercostals circulation, 
and such patients benefit from reimplantation of 
intercostal arteries. In addition, a variety of mech-
anisms may contribute to paraplegia such as spinal 
cord ischemia during cross clamping (decreased 
spinal cord perfusion pressure), reperfusion injury, 
and intraoperative embolization of the plaque or 
thrombi. Until techniques are available to prospec-
tively identify the anatomy and physiology of spi-
nal cord blood supply, and to therefore predict the 
mechanisms which risk neurological injury in 
each patient, a multimodal therapeutic approach 
using anatomic, surgical, physiologic, and moni-
toring strategies should be utilized.

Anatomic and Surgical Strategies

Cross Clamp Time
Patients vary in their abilities to tolerate spinal 
ischemia produced in aortic cross clamping. As a 
general rule, unprotected cross clamp times 
greater than 30 min are associated with increased 
incidence of spinal cord dysfunction. It is not 
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uncommon, however, for complex TAAA recon-
struction to require cross clamp times in excess 
of 30 min. Fortunately, the correlation between 
extended cross clamping times and the incidence 
of spinal paraplegia is much improved when 
 distal arterial perfusion is used43 (Figs. 10.10 
and 10.11).

Sequential Cross Clamping
Proximal and distal cross clamps are moved down 
sequentially along the aorta when distal perfu-
sion methods are used. The aim is to have the 
shortest possible segment of aorta unperfused at 
any point of time, so that spinal cord and visceral 
ischemic times are decreased.
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Fig. 10.10 Effect of cross 
clamp duration on the 
incidence of neurologic 
dysfunction (ND) when 
adjuncts (distal perfusion 
with CSF drainage) are not 
utilized (Reprinted with 
permission from 
reference43)
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Fig. 10.11 Favorable 
impact of distal arterial 
perfusion and CSF 
drainage in reducing 
neurologic dysfunction 
(ND), as a function of 
aortic cross clamping 
duration. Note that TAAA 
type II is associated with a 
higher incidence of ND 
when compared to other 
aneurysm types (Reprinted 
with permission from 
reference43)
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Preoperative Imaging of Spinal Cord 
Blood Supply
Preoperative description of spinal cord blood 
supply by computerized tomographic angiogra-
phy (CTA) or magnetic resonance angiography 
(MRA) is potentially beneficial in reducing the 
incidence of paraplegia. Selective angiography of 
intercostal and lumbar vessels is too risky and is 
not employed routinely. Preoperative localization 
of intercostal arteries including ARM with MRA 
allows selective reimplantation, as opposed to 
mass reimplantation, of intercostal arteries. 
Selective reimplantation avoids the increase in 
clamp time and bleeding from additional anasto-
moses required by bulk intercostal implantation. 
In a review of 1,196 patients from 43 studies, 
MRA and CTA were able to detect the location of 
ARM in 67–100% (mean 80%) and 18–100% 
(mean 72%), respectively.44 Patients in whom 
ARM could not be localized may not benefit from 
intercostal reimplantation. Preoperative imaging 
that reveals a continuous and well-developed 
anterior spinal artery, with good spinal cord arte-
rial collateralization, is associated with stable 
spinal cord function and resistance to paraplegia 
with surgery. Conversely, an absence of spinal 
cord collateral supply increases the chance of 
paraplegia.45

Intercostal Vessel Management
Segmental reimplantation of intercostal vessels 
is one of the most controversial topics surround-
ing spinal cord protection. Some surgeons aggres-
sively and systematically reimplant all intercostal 
vessels between T7 and L2 to contribute to the 
spinal cord collateral network. Those advocating 
such an approach cite lower incidence of para-
plegia with segmental reimplantation as a part of 
their multimodal approach.46–48 In patients with 
diseased intercostal vessels, acute dissections, 
and rupture of the aneurysms and in patients 
undergoing very complex aortic reconstructions, 
however, reimplantation may not be feasible. 
Other surgeons prefer to sacrifice intercostal ves-
sels through sequential ligation, using motor 
evoked potentials (MEP) as a guide to the safety 
of ligation. Reimplantation is then only  selectively 
performed when ligation of that artery caused 

decline in evoked potentials.49,50 In using this 
approach, collateral flow contribution from lum-
bar, cervical, and hypogastric arteries gains added 
importance, and therefore, the maintenance of 
adequate spinal cord perfusion pressure becomes 
critical. Alternately, surgeons may use preopera-
tive imaging or intraoperative findings to guide 
selective reimplantation of intercostal arteries. 
With this method, larger intercostal vessels and 
vessels with visible back bleeding are reim-
planted. Reliance on the size and back bleeding 
is probably a flawed methodology, however. 
Back bleeding from intercostals may well indi-
cate the presence of an adequate collateral net-
work, and lack of back bleeding may, in contrast, 
signify inadequate collaterals. With this in mind, 
it may actually be those vessels that fail to 
backbleed that may most benefit from 
reimplantation.

Physiologic Strategies

Spinal Cord Perfusion Pressure
Maintaining a spinal cord perfusion pressure 
(>40 mmHg) is the most important element 
of spinal cord protection. Blood pressure distal 
to the clamp should be maintained above 
60 mmHg by using distal perfusion tech-
niques. MAP proximal to the aortic clamp 
is maintained at preoperative levels or above 
70 mmHg. CSF is drained (typically 50 cc 
before and 50 cc after cross clamping) with 
its pressure continuously maintained between 
8 and 10 mmHg.

Hypothermia

Systemic Hypothermia
A patient’s temperature is generally permitted to 
drift to 33–35° prior to application of the aortic 
cross clamp, with the knowledge that mild to 
moderate hypothermia is neuroprotective. Active 
cooling to low target temperatures with blankets 
or through the CPB circuit is rarely necessary. 
Coagulopathy, cardiac arrhythmias, and pro-
longed duration of anesthetic drugs and muscle 
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relaxants are risks associated with hypothermia. 
Once the distal aortic anastomosis is complete, it 
is appropriate to begin active rewarming of the 
patient using the bypass circuit, warming 
blankets, warmed fluids, and by warming the 
operating room. Deep hypothermic circulatory 
arrest (DHCA) is used in complicated cases such 
as giant aneurysms, ruptured aneurysms, and 
severe calcific atherosclerotic aneurysms, when 
cross clamping is not possible, or in patients with 
aortic arch involvement. Rewarming from deep 
hypothermia plays an even more important role.

Regional Hypothermia
Cooling techniques that are regionally applied to 
thoracolumbar spinal segments put at risk by aor-
tic clamping is used in selected hospital centers. 
Regional cooling is associated with low inci-
dence of paraplegia.51 Regional cooling is accom-
plished by infusing iced saline into an epidural 
catheter placed at T11–T12 region. A subarach-
noid catheter, inserted at L3–L4 interspace, 
serves three purposes: Spinal temperature mea-
surement by the attached thermister, CSF drain-
age, and CSF pressure measurement. A target 
spinal temperature of 25° is achieved through 
active cooling. CSF hypertension is avoided by 
decreasing the rate of infusion of epidural saline 
once the target temperature is reached and the 
aorta is cross clamped. Spinal cord hypothermia 
may confound the interpretation of evoked poten-
tial changes.

Pharmacologic Agents
There is no solid clinical evidence to support the 
use of any pharmacological agent to protect the 
spinal cord in TAAA surgery. Steroids, thiopen-
tal sodium, lidocaine, magnesium, calcium chan-
nel blockers, iloprost, sildenafil, levosimendin, 
and free radical scavengers have all been 
studied in experimental models. Though some of 
these drugs are used according to institutional 
preference, none of them has achieved 
widespread use.

IV naloxone (1 mcg/kg/h) has been used as 
an adjunct to CSF drainage in a series of reports 
from the University of Wisconsin. Lower rates 
of paraplegia (3.4%) have been reported in 

their series of clamp-and-sew aortic repairs, 
even without the use of assisted circulation.52,53 
Kunihara et al. have shown that IV naloxone 
lowered CSF levels of excitatory aminoacids, 
which are known to be strong predictors of spi-
nal cord injury when they are present in high 
concentrations.54 Svensson et al. from Cleveland 
Clinic used intrathecal papaverine (30 mg) in 
their multimodal regimen, which also included 
CSF drainage, moderate hypothermia, inter-
costals reimplantation, and reported significant 
reductions in the spinal cord dysfunction to 
less than 5%.55 Although interesting, it is diffi-
cult to demonstrate the effect of an individual 
drug when it is used as part of multimodal 
regimen.

Glucose Control
Data from spinal cord ischemia models suggests 
a deleterious effect of hyperglycemia. The likely 
mediator of neural injury relates to enhanced 
rates of lactic acidosis, which are associated with 
larger quantities of glucose available for metabo-
lism.56 Resistance to endogenous insulin has been 
noted in patients with spinal cord injury.57 Since 
circulating insulin is also known to be protective 
against ischemic spinal cord injury, it is logical to 
conclude that avoidance of hyperglycemia prior 
to the onset of spinal cord ischemia lessens the 
risk of perioperative spinal cord injury.58 Given 
that hypoglycemia is also dangerous to the ner-
vous system, blood glucose control is in order. 
Serum glucose is monitored hourly during 
surgery, and insulin infusion is to be adjusted 
accordingly. Insulin infusions are continued post-
operatively in the critical care unit, where glu-
cose control remains important.

Renal Protection

Renal failure occurs with high frequency after 
DTA (7%) and TAAA (22.8%) repairs, and one 
third of those patients will require hemodialy-
sis.59 Renal failure increases the length of 
hospital stay and mortality (30% vs. 10% with-
out renal failure) and is associated with poor 
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long-term survival and quality of life.59 Several 
papers have addressed predictors for acute 
renal failure after TAAA/DTA repairs.60–63 The 
most predictive of postoperative renal failure 
was the presence of preoperative renal dysfunc-
tion. Risk factors also include advanced patient 
age, use of clamp-and-sew surgical technique, 
long cross clamp times, left renal arterial 
attachment, hemodynamic instability, and 
intraoperative transfusion in excess of five units 
of packed red cells or cell saver blood. Use of 
distal aortic perfusion, deliberate hypothermia, 
and selective renal perfusion with cold crystal-
loid (with mannitol and steroid) are adjuncts 
useful in preventing renal failure. Surgeries 
where long duration aortic cross clamping is 
required, and in surgical repairs involving renal 
arteries, make renal protection especially 
important.

The role of distal aortic perfusion and selec-
tive cold renal perfusion is debated in the litera-
ture. Safi et al. have shown increased renal risk 
with visceral perfusion.60 Svensson et al. also 
have shown increased risk with the use of bypass 
and visceral perfusion.61 Others described the 
usefulness of distal aortic perfusion and regional 
cold perfusion in reducing renal failure.62,63 Jacobs 
et al. used volume and pressure-controlled selec-
tive renal and visceral perfusion and have shown 
beneficial effects in reducing renal and visceral 
ischemia, even in patients with preexisting renal 
impairment.64,65 Cold blood perfusion appears to 
not be superior to cold crystalloid infusion, when 
used for selective visceral perfusion.66

Anesthesiologists commonly administer man-
nitol, an osmotic diuretic before cross clamping 
for renal protection. Mannitol produces renal 
vasodilatation that shifts the blood flow to the 
renal cortex and acts as free radical scavenger. 
There is little scientific evidence, however, to rec-
ommend furosemide, mannitol, steroids, dop-
amine, and fenoldopam for renal protection in 
TAAA repairs.67

Interestingly, Miller et al. have shown a 
 relationship between renal failure and the SSEP 
changes associated with leg ischemia from femo-
ral cannulation. Patients with SSEP changes 
had 41/108 (38%) postoperative renal failure 

 compared to 49/191 (26%) without (odds ratio 
1.8, p < 0.03).68 This could be explained by rhab-
domyolysis and free myoglobin damage to the 
kidneys, developing as a consequence of leg isch-
emia. Certainly, presence of leg ischemia may 
also be an indicator of generally poor arterial col-
laterization, and this too may be at the heart of 
renal ischemia. In a follow-up study, use of side-
arm femoral cannulation, rather than straight 
cannulation, was associated with a clinically 
important and highly statistically significant 
reduction in postoperative renal complications in 
patients who had preoperative low GFR.69 In 
another comparison, femoral cannulation was 
associated with more frequent renal dysfunction 
than distal aortic cannulation for DTA/TAAA 
repairs.66

Meseteric Ischemia

Visceral ischemia as a consequence of long dura-
tion aortic cross clamping (>40 min) in TAAA 
repairs was associated with multiorgan dysfunc-
tion, coagulopathy, increased morbidity and mor-
tality, and very high health-care costs.70 The 
frequency and magnitude of postoperative organ 
dysfunction after TAAA repair is linked to 
increased circulating levels of the cytokines TNF-
alpha and IL-6. Of note is that increased plasma 
levels of these cytokines appear to require 
extended visceral ischemia times.71 When cross 
clamping is less than 30 min, on the other hand, 
similar patient survival was reported for both 
infrarenal and visceral aortic repairs.72 Safi et al. 
reported gastrointestinal complications after 
TAAA surgery with a perioperative incidence of 
7% and mortality of 38%.73 Hepatic dysfunction, 
biliary disease, and intestinal ischemia are asso-
ciated with increased mortality. Peptic ulcer dis-
ease, acute pancreatitis, and GI bleeding are other 
perioperative complications. Coronary artery dis-
ease, renal insufficiency, and visceral artery 
lesions predict gastrointestinal complications, as 
they are indicative of widespread atherosclerotic 
disease.74 Distal aortic perfusion, selective cold 
blood perfusion to the celiac and mesenteric 
arteries, and mesenteric shunting (perfusion of 
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mesenteric and celiac artery through a perfusion 
catheter attached to the sidearm of the proximal 
aortic graft) are techniques used with the goal of 
reducing the severity of visceral ischemia.

Completion of Surgery

Once the perfusion to the lower extremities is 
restored and hemodynamics is stabilized, the 
patient is slowly rewarmed using the bypass cir-
cuit and external warming to normothermia. The 
left atrial cannula is removed and protamine is 
administered, if necessary, to correct the ACT to 
baseline. The left lung is recruited and venti-
lated, although it may be necessary to periodi-
cally deflate the left lung to assist in obtaining 
surgical hemostasis. Arterial blood gasses con-
firm that ventilation, oxygenation, hematocrit, 
and  metabolic parameters are acceptable. 
Thromboelastography (TEG) is done to rule out 
and investigate coagulopathy, and blood prod-
ucts are administered as indicated. Once the 
chest is closed, the patient is turned supine and 
the double lumen is changed to single lumen 
tube over a tube exchange catheter. When the 
procedure is prolonged, and intraoperative fluid 
shifts have been large, it may be essential to not 
change the double lumen endotracheal tube 
because of significant airway edema. Hemo-
dynamics should be watched closely during 
repositioning and airway manipulations. Anes-
thetics should not be discontinued at this point to 
avoid hypertension and tension on aortic suture 
lines.

Neuromuscular blockade is reversed and the 
patient is allowed to wake up for neurological 
examination. If the patient can move the extremi-
ties, suggesting good spinal cord function, they 
are sedated with propofol infusion and taken to 
intensive care. If spinal cord function is not reas-
suring, consideration is given to surgical reex-
ploration, or to manipulation of spinal cord 
perfusion determinants through use of transfu-
sion, vasoactive agents, and spinal drainage. 
Timing of extubation depends on variety of 
 factors and early extubation may be possible in 
uncomplicated cases.

Postoperative Management

Respiratory Management

The most commonly encountered complication 
after DTA and TAAA repair is respiratory failure 
with an incidence of 21% in one series.75 
Respiratory failure had been linked with high 
mortality (40%). Advanced age, preexisting 
chronic obstructive pulmonary disease, and 
history of smoking are known predisposing risk 
factors. Surgical preservation of the phrenic 
nerve, and confining division to only the muscu-
lar portion of the diaphragm with preservation of 
central tendinous portion, may reduce the inci-
dence of respiratory failure.76 The left lung should 
be ventilated as often as possible, but only when 
the surgery does not mandate lung isolation. It is 
also important to avoid mechanical trauma to the 
lungs which may result in air leaks, subcutaneous 
emphysema, bleeding, atelectasis, and excessive 
lung contusion. Excessive transfusion, postopera-
tive renal failure, and cardiac events also predict 
respiratory failure. Preoperative respiratory opti-
mization, good intraoperative care, and postoper-
ative use of respiratory exercises, aggressive 
pulmonary toilet, and epidural analgesia are each 
essential in patients at risk for respiratory failure.

Neurologic Complications

Neurologic complications such as stroke and 
paraplegia are frequent after open DTA/TAAA 
surgery. In a recent review of 224 patients who 
underwent type I, II, and III Crawford aneurysm 
repairs, spinal cord ischemia occurred in 28%, 
stroke in 6%, and 4% had both stroke and spinal 
cord ischemia.77 Manipulation of an atheroscle-
rotic aorta, clamping of the aorta proximal to left 
subclavian artery, surgery involving aortic arch 
with prolonged circulatory arrest are obvious risk 
factors for postoperative neurological dysfunc-
tion. Patient age greater than 60 years, acute aor-
tic rupture or dissection requiring emergency 
surgery, history of current smoking, preoperative 
renal dysfunction, type II extent aneurysms, and 
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preexisting cerebrovascular disease are other 
predictors of postoperative neurological dysfunc-
tion and long-term survival.10,43 Higher than rou-
tine cerebral perfusion pressures should be 
maintained in patients at special risk for stroke. 
Cerebral monitoring (EEG, SSEP, and cerebral 
oximetry) can be utilized, though their role is not 
yet established. Literature devoted to stroke after 
TAAA/DTA surgery is less plentiful than litera-
ture regarding spinal cord ischemia.

Spinal cord protection is described in detail in 
another chapter of this book and in the preceding 
sections. Alarmingly, delayed paraplegia can occur 
2 h to 2 weeks after surgery (10% incidence). 
Postoperative hypotension, technical problems 
with CSF drainage, postoperative thrombosis of 
critical vessels, and apoptosis are proposed rea-
sons for delayed paraplegia.78 Aggressive man-
agement of blood pressure (MAP > 90–100 
mmHg) and CSF drainage to pressure  between 8 
and 10 mmHg and maintenance of adequate car-
diac index (>2 L) and hematocrit (>10 g) are 
recommended in patients who manifest delayed 
paraplegia. In patients without neurologic signs or 

symptoms, CSF pressure is monitored for 24 h 
postoperatively and subarachnoid catheters 
removed at 48 h. Consideration should be given 
to the state of coagulation at the time of catheter 
removal, and transfusion of clotting factors should 
precede catheter removal in some situations. 
In patients who demonstrate delayed paraplegia, 
CSF drainage is reestablished and continued for 
72 h. Paraplegia has been shown to improve in 
50% of patients with this approach79 (Fig. 10.12).

Cardiovascular Management

Cardiac complications such as myocardial isch-
emia, congestive heart failure, and arrhythmias 
are not uncommon (12–15% incidence) in this 
patient population following this high-risk sur-
gery.47,48 Beta-blockade is continued into the peri-
operative period, with careful monitoring to avoid 
hypotension and compromises in organ perfu-
sion. Anticoagulants and antiplatelet agents are 
resumed when the risk for repair site bleeding is 
considered acceptable.

DELAYED
IMPROVED

14

12
12

75%

7

C SF DRAIN IN PLACE REPLACED

N
U

M
B

E
R

 O
F

 P
A

T
IE

N
T

S

NONE

43%

2

0%

10

8

6

4

2

0

EFFECT OF CEREBROSPINAL DRAINAGE ON DELAYED PARAPLEGIA

Fig. 10.12 Percent recovery of delayed neurological deficits (Reprinted with permission from reference79)
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Pain Management

Epidural analgesia, while viewed as essential in 
some centers, is avoided in many institutions. 
To be sure, many patients can be managed post-
operatively with intravenous narcotics alone. 
Epidural local anesthetics cause sympathetic 
block and hypotension may occur with even in 
dilute anesthetic concentrations. The ability to 
examine lower extremity neurological function at 
the bedside may, in some instances, be compro-
mised with epidural local anesthesia. Epidural 
analgesia can, however, produce superior thoracic 
cage pain relief and may aid in the recovery of 
respiratory function. Epidural analgesia typically 
involves a solution of dilute local anesthetic (0.1% 
bupivacaine) and a narcotic (10 ug/mL of hydro-
morphine). It should not be difficult to differenti-
ate spinal cord ischemia from epidural analgesia, 
provided that high concentration local anesthetics 
are avoided, and so long as a detailed neurologi-
cal examination is performed. Epidural analgesia 
is continued as long as it is required. Coagulation 
should be normal before epidural catheters are 
removed. The use of continuous paravertebral 
catheter-based analgesia has been described for 
analgesia in thoracic aortic surgery.80

Reoperations

Reoperations may be required for bleeding or 
ischemic complications such as gut ischemia, 
renal artery thrombosis, or lower extremity isch-
emia. Supportive procedures such as percutane-
ous gastrostomy and tracheostomy are not 
uncommon after TAAA surgery in patients requir-
ing rehabilitation for recovery.

Key Notes

 1. Conventional open repair of descending tho-
racic and thoracoabdominal aorta still has a 
role in the modern era of endografts since 
they have proven durability. Open repair is 
 performed in asymptomatic patients when 

the risk of  aortic rupture with medical 
 management exceeds operative risk.

 2. High-risk aortic surgical procedure in patients 
with significant comorbidities increases the 
perioperative risk. Preoperative estimation of 
risk for cardiac, pulmonary, neurologic, and 
renal systems followed by medical optimiza-
tion of the organ function is essential.

 3. Age greater than 60 years, history of smoking, 
emergency surgery, extent two repairs, renal 
dysfunction, and cerebrovascular disease 
increase morbidity and decrease survival.

 4. Discussion with the patient regarding the 
risks and with the surgeon regarding planned 
surgical procedure and anesthetic manage-
ment (monitoring, cannulation, spinal drain-
age, and distal perfusion) are necessary.

 5. Adjuncts such as cerebrospinal drainage and 
distal perfusion decrease postoperative com-
plications and improve patient survival.

 6. Double lumen endobronchial intubation and 
one-lung ventilation are needed to facilitate 
surgical exposure. Review of preoperative 
imaging should be done to rule out tracheal 
and carinal compression and distortion before 
airway intubation with double lumen tube.

 7. Monitoring includes standard ASA monitoring, 
invasive direct arterial monitoring of proximal 
arterial pressure and distal perfusion pressure, 
pulmonary artery catheter, transesophageal 
echocardiography, cerebral monitors (elec-
troencephalogram), and intraoperative neuro-
physiologic monitoring (somatosensory and 
transcranial motor evoked potentials). While 
SSEPs can be used with muscle paralysis and 
low dose inhalational agents, motor evoked 
potential monitoring requires avoidance of 
muscle relaxants and inhalational anesthetic 
agents.

 8. Sudden and extreme hemodynamic changes 
may occur with aortic clamping and unclamp-
ing and anesthesiologists should be prepared 
to manage the crisis situations.

 9. The effects of cross clamping depend on 
proximity of clamp site, preoperative cardiac 
function, and volume status. Distal perfusion 
methods decrease the hemodynamic changes 
and complications associated with cross 
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 clamping. Manipulation of pump flow, 
antihypertensive therapy, volume infusion, 
and inotropic therapy are needed to regulate 
proximal and distal pressures during partial 
bypass.

 10. Sodium nitroprusside should be used with cau-
tion and nicardipine infusion is preferred for 
antihypertensive management during descend-
ing and thoracoabdominal aortic surgery.

 11. Spinal cord ischemia and paraplegia are dev-
astating complications after open repair. 
Maintenance of spinal cord perfusion pres-
sure is the mainstay in the prevention of 
immediate and delayed paraplegia.

 12. Postoperative renal failure, in stark contrast to 
neurologic deficit, has remained resistant to 
every treatment that has been described in the 
literature. Defining the mechanism of renal 
injury is a priority since renal failure is asso-
ciated with poor outcomes after open repair.

 13. Pharmacologic protection of kidney, brain, 
and spinal cord are utilized according to 
institutional experience. Such drugs include 
naloxone, mannitol, steroids, and thiopental.

 14. Adequate blood products should be arranged 
prior to open repair. Point of care coagula-
tion tests can be used to guide transfusion 
management after complex open repairs. 
Cell savers are utilized and a rapid infuser 
should be readily available.

 15. Respiratory failure is the most common com-
plication after open descending aortic sur-
gery. Postoperative pain management utilizing 
thoracic epidural catheters may be useful in 
decreasing respiratory complications.
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Introduction

Spinal cord protection and preservation during 
and after reconstruction of the descending tho-
racic aorta (DTA) is clinically important because 
spinal cord injury is still common in high-risk 
groups and it significantly worsens perioperative 
mortality and morbidity.1–3 There is a diverse set 
of aortic pathologies that may require reconstruc-
tion of the DTA (refer to Table 11.1 for their 
description and classification). Aortic repair for 
each of these pathologies carries a risk of spinal 
cord ischemia (SCI) that may present intraopera-
tively or postoperatively. In the contemporary era, 
there are three established options for reconstruc-
tion of the DTA – surgical repair (SR), thoracic 
endovascular aortic repair (TEVAR), and hybrid 
repair (involving both SR and TEVAR). The type 
of DTA repair is important to understand as it 
may significantly influence the risk for SCI. The 
specific details of these aortic repair techniques 
are covered elsewhere in this textbook.

Conventional SR of the DTA is the classic 
technique typically characterized by thoracotomy, 
aortic clamping, possible distal aortic perfusion, 
and aortic replacement with a Dacron interposi-
tion graft.6 As a technique, TEVAR has recently 
become established, especially since government 

agency approval of the thoracic endovascular stent 
grafts and the dissemination of formal guide-
lines.7,8 Hybrid repair of the thoracic aorta typically 
involves TEVAR with surgical translocation of 
aortic branches to create a safe landing zone for the 
endovascular stent graft, for example, the transpo-
sition of the brachiocephalic arteries to the ascending 
aorta for subsequent safe TEVAR in the aortic 
arch, and transposition of the left subclavian artery 
for TEVAR in the proximal DTA.9–11

This chapter will review the strategies for 
 spinal cord protection during and after recon-
struction of the DTA, taking into account the 
diverse aortic pathologies and aortic repair tech-
niques. The typical clinical presentation of SCI 
associated with DTA repair will be described, 
followed by a discussion of its contemporary 
incidence, predictors, and pathogenesis, taking 
into consideration the current concepts of the spi-
nal arterial collateral network. After this essential 
background, this chapter will discuss the spinal 
cord protection strategies in detail before closing 
with a summary of key points for the manage-
ment of SCI in DTA repair.

Clinical Presentation of Spinal  
Cord Ischemia

The hallmark of SCI associated with DTA proce-
dures is weakness of the lower extremities. If the 
weakness is severe with muscle strength weaker 
than gravity, it is termed paraplegia. If the weakness 
is present with at least movement against gravity, 
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it is termed paraparesis. There is a formal scoring 
system that has served as a standard for grading 
lower extremity strength in this clinical setting: it 
is summarized in Table 11.2.1,13

The weakness of the lower extremities is 
typically bilateral in presentation and evolu-
tion. However, it is possible for unilateral 
weakness to be the presenting feature of SCI 
after DTA repair. In this scenario, it is important to 

rule out concomitant weakness of the ipsilateral 
upper extremity which, if present, is indicative 
of a stroke rather than SCI. Stroke is always 
possible, even in the setting of TEVAR.14,15 If 
the unilateral lower extremity weakness is iso-
lated, it is typically immediately managed as 
SCI to facilitate spinal recovery.1

The onset of SCI associated with DTA repair 
is classified as immediate or delayed.1,16 
Immediate onset of SCI is defined as lower 
extremity weakness on emergence from anesthe-
sia within 24 h of the procedure. Delayed onset 
of SCI is defined as lower extremity weakness 
that occurs after a normal postoperative neuro-
logical examination after emergence from 
anesthesia. It is important to note that the 
delayed presentation of SCI is common and may 
be recurrent. In a series of 99 patients undergo-
ing open DTA repair, Cheung et al. reported an 
incidence of immediate SCI of 3.0% as com-
pared to an 8.0% incidence of delayed SCI.17 In 
patients with delayed SCI, the initial episode 
presented at a median of 21.6 h (This is not con-
sistent with the above definition of delayed onset. 
This is more like SCI of immediate onset lasting 
long.) after surgery (range: 6.4–110 h), with 25% 

Table 11.1 Diseases that often require reconstruction of the descending thoracic aorta

Descending thoracic aortic aneurysm4 Thoracoabdominal aortic aneurysm2

•	 	Extent A: Aneurysm originating after the 
left subclavian artery with distal extension to 
no further than the 6th thoracic vertebra (T6)

•	 	Extent B: Aneurysm originating after T6 
with distal extension to no further than the 
diaphragm

•	 	Extent C: Aneurysm originating from the 
left subclavian artery with distal extension to 
the diaphragm

•	 	Extent I: Aneurysm originating distal to the left subclavian 
artery but proximal to T6, with extension beyond the diaphragm 
to finish above the renal arteries

•	 	Extent II: Aneurysm originating distal to the left subclavian 
artery but proximal to T6, extending below the renal arteries

•	 	Extent III: Aneurysm originating distal to T6 but above the 
diaphragm, extending below the renal arteries

•	 	Extent IV: Aneurysm that begins distal to the diaphragm but 
above the renal arteries with extension below the renal arteries

Descending thoracic aortic dissection5

Stanford classification
•	 	Type A: Aortic dissection originating 

proximal to the left subclavian artery
•	 	Type B: Aortic dissection distal to the left 

subclavian artery

Descending thoracic aortic dissection5

DeBakey classification
•	 	Type I: Dissection originating in the ascending aorta with extent 

to the descending thoracic or abdominal aorta
•	 	Type II: Dissection limited to the ascending aorta and aortic arch
•	 	Type IIIa: Dissection distal to the left subclavian artery that 

ends in the descending thoracic aorta
•	 	Type IIIb: Dissection distal to the left subclavian artery that 

ends in the abdominal aorta
Thoracic aortic transection Thoracic aortic coarctation

Table 11.2 Description of spinal ischemia after descend-
ing thoracic aortic reconstruction

Score1,12 Description1,12

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, for 
example, bend knee; move leg

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

Unilateral weakness of the lower extremity is typically attrib-
uted to spinal cord ischemia unless associated with weakness 
of the ipsilateral upper extremity, suggestive of a stroke.
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of patients having recurrent episodes that may 
present more than 7 days after surgery.

These findings were confirmed in a large 
observational study of patients (N = 2,368 from 
1986–2006) undergoing SR of thoracoabdomi-
nal aortic aneurysm (TAAA).6 In this single-cen-
ter high-volume longitudinal experience over 20 
years, the incidence of SCI was 3.9% with 63% 
of these cases of immediate onset SCI and 37% 
of delayed SCI. Delayed SCI presented clini-
cally from 13 h (again this is not consistent with 
above definition) to 91 days after surgery, con-
firming that in certain thoracic aortic surgical 
patients, the risk of SCI persists for months 
beyond the immediate postoperative period.6,16,17

The incidence of delayed SCI has persisted 
with the advent of ER of the DTA. In a recent 
contemporaneous comparison of SR and TEVAR 
for DTA pathology (N = 724: 372 SR; 352 ER: 
2001–2006), the incidence of SCI in the SR and 
ER cohorts was 7.5% (29% immediate and 71% 
delayed) and 4.3% (13% immediate and 87% 
delayed), respectively.1 Although the lower inci-
dence of SCI in the TEVAR cohort had border-
line statistical significance (4.3% vs. 7.5%, 
P = 0.08), the proportion of immediate and 
delayed SCI was not significantly different 
between the two groups.1

The persistence of delayed SCI in TEVAR of 
the DTA is also evident in a single-center real-
world case series undertaken within 2 years after 
US FDA approval of the Gore TAG thoracic 
endovascular stent (W.L. Gore and Associates, 
Flagstaff, AZ).18 In this Duke ER study (N = 91: 
2005–2007), the incidence of SCI was 5.5%. All 
cases were delayed in presentation, with >50% 
incidence of spinal cord rescue to yield a perma-
nent SCI rate of 2.4%.

In summary, SCI associated with DTA recon-
struction is possible regardless of aortic repair 
technique. Its clinical presentation primarily 
involves lower extremity weakness, whose formal 
grading is recommended for optimal patient 
care. The timing of the presentation of SCI after 
DTA repair is highly variable in the postopera-
tive period. Its presentation may be unilateral as 
well as relapsing.

Contemporary Risk of Spinal  
Cord Ischemia

The risk of SCI after DTA repair has been exten-
sively reported according to aortic pathology and 
aortic repair technique. In the clinical studies 
about SR of the DTA, further stratification of SCI 
has been performed according to surgical tech-
niques such as distal aortic perfusion, and deep 
hypothermic circulatory arrest.19–28 Due to the 
advent of TEVAR as a clinical alternative to SR 
of the DTA,29 multiple recent studies have focused 
on the risks of SCI with either aortic repair tech-
nique. The results of these studies are summa-
rized in Tables 11.3 and 11.4, according to repair 
technique.3,8,19–47 Table 11.3 lists 14 SR studies 
(total N = 5,245) with an SCI range of 0–14%. 
Table 11.4 lists 23 TEVAR studies (total N = 
3,956) with a SCI range of 0–8%.

A series of meta-analyses were subsequently 
completed to determine the risk of SCI specific 
to DTA pathology and repair technique.48–52 
These meta-analyses have been summarized  
in Table 11.5.48–52 In summary, these five 
meta-analyses reviewed 86 studies (N = 3,297: 
SR 1798; TEVAR 1499). Regardless of DTA 

Table 11.3 Risk of spinal cord ischemia with surgical 
repair of descending thoracic aorta

Author Sample size Spinal cord ischemia (%)

Greenberg1 372 7.5
Coselli6 2,286 3.9
Cheung17 99 11.0
Estrera19 300 2.3
Coselli20 387 2.6
Borst21 132 3.0
Svensson22 832 5.4
Verdant23 267 0
Kouchoukos24 65 3.0
Fehrenbacher25 63 0
Kieffer26 121 7.4
Misfeld27 56 3.6
Kieffer28 171 4.7
Dillavou3 94 14.0

Reference numbers refer to studies listed in reference list 
for this chapter.
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pathology, TEVAR in meta-analyses is associ-
ated with a significantly lower risk of mortality 
(P < 0.05) and paraplegia (P < 0.05).

Predictors and Pathogenesis  
of Spinal Cord Ischemia

The etiology of SCI after DTA repair is a net 
oxygen deficit in the spinal cord where neural 
oxygen demand outstrips oxygen supply. This 
complication continues to receive major clinical 
attention, since it is not only a major outcome 
determinant but it is also eminently treatable.53 
The successful management of SCI is based on a 
thorough understanding of its clinical predictors 
and its pathogenesis, both of which are inseparably 
linked to the dynamics of the spinal blood supply 
via the spinal collateral arterial network (SCAN).

The principal clinical predictors for SCI after 
DTA reconstruction are summarized in 
Table 11.6.1–3,6–53 The common pathway for all 
these predictors of SCI is often major interrup-
tion of the spinal oxygen supply via the SCAN, 
as is outlined in the commentary on each predic-
tor in Table 11.6. As a consequence, the patho-
genesis of SCI after DTA reconstruction is linked 
to a detailed understanding of the SCAN. This 
section will now discuss the current concepts of 
this arterial network which provide the frame-
work for understanding the strategies for spinal 
cord protection after DTA repair.

There has been a gradual synthesis of both 
laboratory and clinical studies that has led to 
the concept of a SCAN.54 The ground-breaking 

Table 11.4 Risk of spinal cord ischemia with endovas-
cular descending thoracic aortic repair

Author Sample size Spinal cord ischemia (%)

Greenberg1 352 4.3
Hughes18 91 5.2
Kieffer28 52 0
Dake30 103 3.0
Gravereaux31 53 5.6
Bell32 67 4.5
Orend33 74 2.7
Bortone34 132 0
Hansen35 59 1.7
Leurs36 443 2.5
Makaroun8 142 3.0
Chiesa37 99 4.0
Greenberg38 100 6.0
Cheung39 75 7.0
Stone40 105 6.7
Iyer41 70 0
Khoynezhad42 91 8.0
Rodriguez43 406 2.4
Zipfel44 172 1.0
Hnath45 121 4.1
Amabile46 67 7.5
Dillavou3 140 3.0
Parker47 942 1.9

Reference numbers refer to studies listed in reference list 
for this chapter.

Table 11.5 Summary of meta-analyses of descending thoracic aortic repair

Author Sample size Main findings

Walsh48 Seventeen studies with diverse aortic patholo-
gies: N = 1,109 (571 SR, 538 ER)

ER significantly reduced mortality (OR 0.36, 95% CI 
0.23–0.58, P < 0.0001) and paraplegia (OR 0.33, 
95% CI 0.18–0.63, P = 0.0007)

Tang49 Thirty-three studies on traumatic thoracic aortic 
transaction: N = 699 (329 SR, 370 ER)

ER significantly reduced mortality (7.6% vs. 15.2%, 
P = 0.0076) and paraplegia (0% vs. 5.6%, 
P < 0.0001)

Hoffer50 Nineteen studies on blunt thoracic aortic 
trauma: N = 638 (376 SR, 262 ER)

ER significantly reduced mortality (OR 0.43, 95% CI 
0.26–0.70, P = 0.001) and paraplegia (OR 0.30, 95% 
CI 0.12–0.76, P = 0.01)

Xenos51 Seventeen studies on traumatic descending 
thoracic aortic rupture: N = 589 (369 SR,  
220 ER)

ER significantly reduced mortality (OR 0.44, 95% CI 
0.25–0.78, P = 0.005) and paraplegia (OR 0.32, 95% 
CI 0.10–0.93, P = 0.037)

Akowuah52 Ten studies on traumatic thoracic aortic rupture: 
N = 262 (153 SR, 109 ER)

ER significantly reduced mortality (7.0% vs. 19.0%, 
P = 0.01) and paraplegia (1.0% vs. 6.0%, P < 0.01)

SR Surgical Aortic Repair, ER Endovascular Aortic Repair, OR Odds Ratio, CI Confidence Interval.
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Table 11.6 Predictors of spinal cord ischemia in descending thoracic aortic repair

Predictor Comments

Extent of descending thoracic aortic 
repair

The risk of spinal cord ischemia increases with the extent of aortic repair 
due to a greater interruption of the spinal arterial supply from the 
intercostal and/or lumbar arterial network

Prior thoracic and/or abdominal aortic 
surgery, for example, open abdominal 
aortic aneurysm repair; thoracic aortic 
endovascular stent

The risk of spinal cord ischemia increases in the setting of prior aortic 
repair due to already sacrificed intercostal and/or lumbar arterial supply 
to the spinal arterial network

Surgical sacrifice of spinal segmental 
arterial supply, for example, intercostal 
arteries

The risk of spinal cord ischemia also depends on the extent of surgical 
preservation of the intercostal and/or lumbar arterial supply to the spinal 
arterial network

Aortic dissection with malperfusion In the setting of an acute complicated type B dissection, there may 
already be spinal cord ischemia due to arterial malperfusion as a result 
of the dissection. This type of ischemic presentation is often an 
indication for emergency surgical intervention

Duration of aortic clamping In the absence of distal aortic perfusion, the duration of aortic clamping 
to allow aortic reconstruction correlated with the risk of spinal cord 
ischemia. This was due to lack of arterial perfusion below the clamp and 
loss of spinal arterial supply in the replaced aortic segment. This 
pathogenesis facilitated the introduction of aortic perfusion distal to the 
aortic clamp with either passive flow via a Gott shunt or active flow via 
left heart bypass

Anemia Acute severe anemia in this setting is most often due to severe bleeding. 
Acute severe anemia contributes to the risk of spinal cord ischemia from 
decreased oxygen-carrying capacity due to significantly decreased 
hemoglobin mass

Circulatory collapse, for example, aortic 
rupture; cardiogenic shock

Circulatory compromise interferes significantly with oxygen delivery to 
the spinal cord and thus is a significant risk factor for spinal cord 
ischemia after descending thoracic aortic reconstruction

Systemic vasodilatation and vascular 
steal with sodium nitroprusside

Sodium nitroprusside was utilized to control proximal hypertension 
associated with aortic clamping. However, due to systemic vasodilata-
tion and consequent vascular steal, it augmented spinal cord ischemia 
due to lowering of arterial pressure in the spinal collateral network

Adapted from Pantin and Cheung.12

anatomic research of Adamkiewicz first demon-
strated the vascular plexus of the anterior and 
posterior spinal arteries that further received 
cephalic, central, and caudal arterial inputs.55 
The cephalic arterial input is derived from the 
three brachiocephalic arteries with major supply 
from the vertebral arteries. The central arterial 
input is principally derived from multiple seg-
mental aortic branches, namely, the intercostal 
and lumbar arteries. This central arterial supply 
typically includes a large arterial branch, most 
commonly at the level of the lower thoracic or 
upper abdominal aorta, appropriately known as 
the artery of Adamkiewicz or the arteria radicu-
laris magna. The caudal arterial input that aug-
ments the arterial supply of the distal spinal cord 

and cauda equina is derived from the internal 
iliac arteries and their branches.

In the 1970s, these observations about the 
SCAN by Adamkiewicz were expanded by 
Lazorthes and colleagues who demonstrated 
multiple arterial plexuses outside the spinal canal, 
including the perivertebral and paraspinous net-
works.56 Recent advances in computed tomo-
graphic angiography permit preoperative imaging 
of the artery of Adamkiewicz in almost all 
patients considered for DTA reconstruction.57,58 
These imaging studies demonstrated that this 
important spinal artery arises in more than 60% 
of cases from the left side, and in more than 90% 
of cases from the levels of the 8th thoracic verte-
bra to the 3rd lumbar vertebra (in more than 70% 
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of cases, from the 10th–12th thoracic vertebral 
levels). Magnetic resonance angiography can 
also image the SCAN in detail.59 Preoperative 
visualization with magnetic resonance angiogra-
phy of an adequate SCAN was 97% predictive 
for preservation of spinal cord function during 
DTA reconstruction. Furthermore, patients with 
no SCAN demonstrable on preoperative imaging 
were at significantly increased risk for clinical 
SCI in the perioperative period.59

Further clinical importance of the SCAN is 
illustrated by the significant increased risk of SCI 
after DTA reconstruction in patients with prior 
abdominal aortic replacement.60 A recent meta-
analysis (N = 1,493, nine studies) calculated that 
prior abdominal aortic replacement is a very sig-
nificant risk factor for SCI after extensive DTA 
and TAA repair with relative risks of 11.1 (95% 
confidence interval 3.8–32.3, P < 0.0001) and 
2.90 (95% confidence interval 1.26–6.65, 
P = 0.008), respectively.60 In this meta-analysis, 
12.4% of patients with DTA aneurysms and 
18.7% of patients with TAAA had prior abdomi-
nal aortic replacement. Based on current concepts 
of the SCAN, this increased risk of SCI in this 
aortic repair subgroup is explained by the com-
promised caudal spinal arterial supply from prior 
abdominal aortic replacement. Although the 
overall risk of SCI is lower for TEVAR of the 
DTA, prior abdominal aortic replacement is still a 
significant risk factor for SCI after TEVAR due 
to the compromised caudal input to the 
SCAN.8,29–40

The degree of SCAN compromise and conse-
quently increased risk of SCI has also consis-
tently been related to the extent of DTA 
replacement, despite multimodal advances over 
the years.6,61 Despite world-class experience and 
expertise in SR of TAAA (N = 2,286: 1986–2006), 
the risk of SCI was still dependent on Crawford 
extent as follows: extent I 3.3%, extent II 6.3%, 
extent III 2.6%, and extent IV 1.4% (refer to 
Table 11.1 for extent definitions).6 Even at an 
expert center with multimodal spinal cord protec-
tion strategies sequentially introduced over  
20 years, extensive compromise of the SCAN 
from extensive aortic repair has remained a sig-
nificant risk factor for SCI.

This correlation of SCI risk and extent of aortic 
reconstruction also applies in DTA replacement. 
A recent series of DTA aneurysm repairs (N = 300) 
documented only a 2.3% incidence of SCI: all 
seven cases of SCI, however, occurred in patients 
with aneurysms of the entire DTA (160/300) or 
extent C aneurysms (refer to Table 11.1 for extent 
definitions).19 In this series, the risk of SCI for 
extent C DTA aneurysm was 4.4% (7/300), as 
compared to 0% for extent A and extent B DTA 
aneurysms. Not surprisingly, multivariate analy-
sis determined that extent C DTA aneurysm was 
a significant predictor for SCI with an odds ratio 
of 13.73 (P = 0.02). Furthermore, as expected, 
previous abdominal aortic replacement was also 
a significant predictor for SCI in this DTA aneu-
rysm series with an odds ratio of 7.0 (P = 0.005). 
The clinical importance of an adequate SCAN 
persists regardless of aortic repair technique. 
Clinical markers of SCAN compromise such as 
extent C aneurysm and/or prior abdominal aortic 
replacement remain significant predictors of SCI 
after TEVAR of the DTA.29,46

Compromise of the spinal cord perfusion via 
the SCAN will also occur with significant peri-
operative hypotension during DTA reconstruc-
tion. In SR of TAAA, perioperative hypotension 
(defined as systolic blood pressure < 80 mmHg) 
was an independent predictor for SCI.62 In partic-
ular, intraoperative hypotension after separation 
from cardiopulmonary bypass was the most pre-
dictive for perioperative SCI after aortic recon-
struction. This clinical observation supports the 
concept of a critical SCAN perfusion pressure.

Relative hypotension (i.e., mean arterial pres-
sure <80% of baseline) has also been demon-
strated to have a significant association with the 
risk of delayed SCI after DTA reconstruction 
(P = 0.03).63 This is an important concept since 
mean absolute arterial pressures may appear in 
the normal range, but will only be low when com-
pared to the baseline preoperative mean arterial 
pressure for each patient. In this setting, each 
patient serves as his/her own control. This evi-
dence suggests that the perfusion pressure in the 
SCAN during and after DTA repair must be 
managed as a function of the patient’s normal 
baseline arterial pressure.
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The concept that is inherent in the discussion 
of the SCAN and perioperative perfusion pres-
sure is the principle of spinal cord perfusion pres-
sure. Spinal cord perfusion pressure is defined as 
the difference between mean arterial pressure and 
cerebrospinal fluid (CSF) pressure. Note that if 
central venous pressure is consistently higher 
than CSF pressure, then it is substituted for CSF 
pressure. An elevated central venous pressure has 
been significantly associated with delayed SCI 
after DTA repair (P = 0.03).63 In the setting of a 
significantly elevated central venous pressure, it 
may need to be actively managed to increase spi-
nal cord perfusion pressure to relieve SCI.64,65

The spinal cord perfusion pressure can be aug-
mented for spinal cord rescue in the setting of 
SCI. From the definition, it is clear that this aug-
mentation of spinal cord perfusion may be 
achieved by increasing mean arterial pressure 
and/or decreasing CSF pressure. These two 
manipulations are cornerstones of perioperative 
management for clinical SCI in the setting of 
DTA repair. These perioperative interventions 
will be discussed in detail in the next section on 
clinical strategies for spinal cord protection after 
DTA repair.

Furthermore, it follows that aggressive sys-
temic vasodilatation will decrease mean arterial 
pressure, increase vascular steal from the low-
pressure SCAN, and consequently decrease spinal 
cord perfusion pressure to cause or aggravate 
SCI. These adverse spinal cord perfusion effects 
have been demonstrated in large animal studies 
with sodium nitroprusside,66,67 encouraging peri-
operative teams to avoid this drug during exten-
sive aortic reconstructions.68

Spinal Cord Protection Strategies: 
Balancing Oxygen Supply 
with Oxygen Demand

The five major spinal cord protection strategies 
are summarized in Table 11.7. All five strategies 
aim to preserve oxygen balance in the spinal cord. 
The first two strategies are to minimize ischemia 
due to aortic clamping and to maximize spinal 

cord perfusion pressure: This pair of strategies 
aims to maximize oxygen supply to the spinal 
cord. The second two strategies are hypothermia 
and pharmacologic neuroprotection: This pair of 
strategies aims to decrease oxygen demand of the 
spinal cord. The last strategy is to detect spinal 
cord ischemia early with intensive neurological 
monitoring for immediate intervention: This 
strategy aims to limit the duration of oxygen debt 
and restore oxygen balance in the spinal cord. 
Each of these strategies will now be discussed in 
detail. In practice, all these strategies blend in a 
multimodal approach to perioperative spinal cord 
preservation.69

Minimize Interruption of Spinal Blood 
Supply due to Aortic Clamping

In SR of the DTA, the aorta is clamped proxi-
mally and distally to the diseased aortic segment. 
Aortic clamping achieves vascular isolation of 
the diseased aortic segment which can then be 
resected and replaced with a vascular graft. 
During the time of aortic clamping, there is inter-
ruption of normal antegrade aortic perfusion of 
the spinal cord, including the SCAN, and hence 
SCI occurs. As a result, distal aortic perfusion 
with left heart bypass or a Gott shunt was intro-
duced to ameliorate the lack of arterial perfusion 
distal to the aortic clamps and perfuse the distal 
body, including the spinal cord.21,23,54

Replacement of the DTA, however, can be 
safely performed with simple aortic clamping in 
expert hands.20 As an example, extensive DTA 
replacement in expert hands requires an average 
aortic clamp time of 26.9 ± 9.9 min (N = 341) 
with a paraplegia rate of 2.3%.20 Although these 
results are superb, it must be remembered that 
they were achieved in a center of excellence with 
one of the longest and largest DTA experiences in 
the world. However, for SR of extensive TAAA 
(Crawford extents I and II), distal aortic perfu-
sion with consequent perfusion of the internal 
iliac arteries and the caudal input to the SCAN 
significantly reduces the incidence of SCI.70,71 
Distal aortic perfusion with left heart bypass 
significantly reduced the risk of SCI, especially 
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in extent II TAAA (4.8% vs. 13.1%, P = 0.00770; 
13% vs. 41%, P < 0.00371).

A survey of contemporary surgical practice 
reveals that distal aortic perfusion with left heart 
bypass (with/without an oxygenator) is utilized 
by most surgeons for SR of the DTA.54 This sur-
gical perfusion technique standardizes distal aor-
tic perfusion and consequently augments caudal 
perfusion of the SCAN to minimize interruption 
of spinal blood supply during aortic clamping. 
Even in short DTA segment repairs such as in 
DTA traumatic transection, distal aortic perfu-
sion with left heart bypass or the Gott shunt sig-
nificantly decreases the risk of SCI (2% vs. 33%, 
P = 0.007).72

In TEVAR of the DTA, there is no aortic 
clamping. As a consequence, there is no spinal 
ischemia due to aortic clamping. This may be one 
of the reasons that the risk of SCI is significantly 
lower with TEVAR as compared to SR. However, 
there is immediate loss of spinal cord perfusion 

from the segmental arterial occlusion by the 
endovascular stent. Hence, the extent of this 
coverage significantly affects SCI risk.73

Maximize Spinal Cord Perfusion 
Pressure

Management of the Segmental  
Arterial Supply
There is often significant retrograde bleeding 
from intercostal and lumbar arteries that occurs 
in the clamped diseased aortic segment selected 
for SR.74 This bleeding from the segmental arte-
rial supply of the SCAN directs blood flow away 
from the SCAN, creating vascular steal that 
aggravates the SCI during aortic repair (Fig. 11.1). 
Various interventions to minimize this segmental 
arterial steal have been introduced: vascular 
occlusion with pegs after incision of the clamped 
isolated aortic segment,21 intra-aortic ligation of 

Table 11.7 Spinal cord protection strategies in DTA reconstruction

Type of intervention Clinical examples

Increase oxygen supply
Maximize spinal cord perfusion during 
aortic clamping

•	 Minimize	aortic	clamp	time
•	 Distal	aortic	perfusion	with	passive	shunt	(Gott	Shunt)
•	 Distal	aortic	perfusion	with	partial	cardiopulmonary	bypass
 − Avoid aortic clamping with endovascular aortic stenting

Increase oxygen supply
Maximize spinal cord perfusion pressure

•	 Reduction	of	back-bleeding	from	segmental	arteries
 − Reimplantation of segmental arterial branches
•	 Lumbar	drainage	of	cerebrospinal	fluid
•	 Augmentation	of	systemic	arterial	pressure

Decrease oxygen demand
Hypothermia

•	 Mild-to-moderate	systemic	hypothermia	(32–35°C)
•	 Deep	hypothermic	circulatory	arrest	(14–18°C)
•	 Selective	spinal	cord	hypothermia	(epidural	cooling	25°C)

Increase tissue tolerance of ischemia
Pharmacologic neuroprotection of spinal 
cord

•	 Steroids
•	 Thiopental
•	 Magnesium	sulfate
•	 Mannitol
•	 Naloxone
•	 Lidocaine
•	 Intrathecal	papaverine

Early detection and intervention
Intensive clinical monitoring of spinal 
cord function

•	 Intraoperative	monitoring	(patient	under	general	anesthesia)
 − Somatosensory evoked potentials
 − Motor evoked potentials
•	 Perioperative	monitoring	(patient	awake)
 −  Preoperative neurologic examination to establish neurological 

baseline
 −  Postoperative serial neurologic examination to detect onset of spinal 

ischemia and spinal response to interventions
•	 Aggressive	intervention	on	detection	of	spinal	ischemia

Adapted from Pantin and Cheung.12
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the bleeding segmental vessels,75 segmental arte-
rial occlusion with balloons and tourniquets,13 
clamping and division of segmental arterial ves-
sels before aortic clamping,68,76 and anastomosis 
of all segmental arteries into a vascular graft to 
maintain perfusion of the SCAN.77 The principle 
common to all these surgical interventions is to 
prevent loss of perfusion pressure and consequent 
vascular steal from the SCAN. All these surgical 
adjunct techniques for segmental arterial man-
agement in DTA repair have been associated with 
very low rates of clinically significant SCI.

In TEVAR of the DTA, immediate occlusion 
of the segmental arterial system occurs with stent 
deployment if there is adequate apposition of the 
stent against the aortic wall. However, there may 
be retrograde flow from segmental arteries into 
the native diseased aorta after stent deployment: 
this is classified as a type II endoleak.78 The clini-
cal concern with type II endoleaks is that they 
might lead to expansion of the native diseased 

aorta and ultimately lead to aortic rupture. A second 
concern is that retrograde flow from the segmental 
arteries will decrease perfusion pressure in the 
SCAN and aggravate SCI. Although this is theo-
retically possible, to the best of my knowledge 
(as of January 9, 2010), there has been no report 
of this possibility.

Endoleaks of all types occur in 29% of patients 
after TEVAR of the DTA: type II endoleaks 
account for up to 35% of all diagnosed 
endoleaks in this setting.78 In this single-center 
series (N = 100), 29% of type II endoleaks spon-
taneously thrombosed during follow-up and 
there was minimal aneurysm expansion in the 
presence of a type II endoleak (mean of  
2.9 mm).78 No active intervention was required 
for type II endoleak management. In a second 
single-center series of SR for DTA repair (N = 
200, 2001–2006), the endoleak II findings were 
similar: type II endoleaks, however, were conser-
vatively managed in 76% of cases, and required 
active intervention in the remaining 26% of 
cases.79 Active intervention of type II endoleaks 
may require additional endovascular aortic stent-
ing or in selected cases, percutaneous transaortic 
needle-based embolization of segmental arteries.80 
In these reports, there were no cases of SCI 
that were linked to the presence of type II 
endoleaks.78–80 To date, type II endoleaks in 
TEVAR of the DTA appear to be a risk factor for 
aortic rupture but not SCI.

Cerebrospinal Fluid Drainage
Lumbar drainage of CSF is an established adjunct 
for the management of SCI after DTA reconstruc-
tion.12 The physiologic principle underlying its 
application in this setting is that reduction of CSF 
pressure improves spinal cord perfusion pressure 
via the SCAN, as explained earlier. Furthermore, 
it also counters perioperative increases in CSF 
pressure that may be due to aortic clamping, 
spinal cord reperfusion, increases in central 
venous pressure, and spinal cord edema.81 The 
clinical efficacy of lumbar CSF drainage for man-
agement of SCI after SR of the DTA was first 
stressed in case reports.82 Subsequently, multiple 
case series and randomized controlled clinical 
trials followed. This plethora of evidence has been 

Fig. 11.1 Steal phenomenon in the excluded part of the 
aorta. A rerouting way through the anterior spinal artery 
and arteria radicularis magna steals blood from the spinal 
cord. ASA anterior spinal artery, ARMA anterior radicularis 
magna artery, LSA left subclavian artery, RSA right subcla-
vian artery, LVA left vertebral artery, RVA right vertebral 
artery, BA basilar artery, AXC aortic clamping (Reprinted, 
with permission from Elsevier, from reference121)
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systematically reviewed in three meta-analyses 
that have been summarized in Table 11.8.83–85 
In summary, the best evidence to date suggests 
that lumbar drainage of CSF significantly reduces 
the incidence of SCI after DTA repair.

Lumbar CSF drainage is performed by the 
percutaneous insertion of a silicon catheter via a 
14-gauge Tuohy needle at the level of the L3–L4 
intervertebral space, assuming that informed con-
sent has been obtained and coagulation function 
is adequate. The catheter is typically advanced 
10–15 cm into the subarachnoid space.12 It is 
securely fastened to the skin and its open end is 
attached to as sterile reservoir. The lumbar CSF 
pressure is measured with a pressure transducer 
zero-referenced to the midline of the brain. The 
drainage of CSF is performed to maintain the 
lumbar CSF pressure below 10 mmHg. The cath-
eter is typically inserted before or at the time of 
surgery, and CSF drainage is continued for 24 h 
after surgery. Subsequently, it can be capped and 
left in situ for the next 24 h. Thereafter, it can 
be removed if the patient has a normal neuro-
logic examination and satisfactory coagulation 
function.12

The potential complications of this lumbar 
CSF drainage include headache, catheter frac-
ture, epidural hematoma, meningitis, and intrac-
ranial hypotension with secondary intradural 
hematoma and brain herniation.12,86,87 Despite the 
potential risk of neuraxial hematoma as a compli-
cation of lumbar CSF drainage in aortic surgical 
patients subsequently undergoing cardiopulmo-
nary bypass with systemic heparinization, clini-
cal practice suggests that this risk is insignificant 
when compared to the clinical benefits related to 
SCI, when CSF drainage is performed for pres-
sures > 10 mmHg.86 A large case series (N = 162, 
1993–2002) of patients undergoing DTA recon-
struction with cardiopulmonary bypass, systemic 
heparinization, and lumbar CSF drainage was 
reviewed for catheter-related complications.86 
The authors reported a complication rate of 
3.7% (6/162): one temporary abducens nerve 
palsy, two fractured catheters, two cases of men-
ingitis, and one headache. There were no cathe-
ter-related hemorrhagic complications or any 
permanent sequelae from all the catheter-related 
complications. In this series, CSF drainage was 
performed only when the lumbar CSF pressure 

Table 11.8 Summary of meta-analyses of cerebrospinal fluid drainage in descending thoracic aortic repair

Author Sample size Main findings

Walsh83 Thirteen studies in patients 
with descending thoracic 
aortic and thoracoabdominal 
aortic aneurysms. (total N not 
listed since no data pooling 
was performed)

No pooling of data was performed due to the heterogeneity in study 
designs (two randomized trials, 11 observational case series). The 
conclusion was that the evidence to date was insufficient to make a clear 
recommendation. The authors suggested that further adequately powered 
randomized controlled trials were required

Tang84 Three randomized controlled 
trials in patients with 
Crawford extent I and extent 
II thoracoabdominal aortic 
aneurysms (total N = 289)

Cerebrospinal fluid drainage was associated with an 80% reduction in 
spinal cord ischemia (odds ratio 0.48, 95% confidence interval 0.25–0.92). 
The conclusion was that perioperative cerebrospinal fluid drainage 
reduced spinal cord ischemia in high-risk thoracoabdominal aortic 
aneurysm repair. The authors suggested that further experimental and 
clinical studies are indicated, since the current evidence was limited

Cina85 Three randomized controlled 
trials in patients with 
Crawford extent I and extent 
II thoracoabdominal aortic 
aneurysms (total N = 289)

Six non-randomized studies 
in patients undergoing 
descending thoracic aortic 
and thoracoabdominal aortic 
surgery (total N = 251)

For the randomized studies, the odds ratio for spinal cord ischemia in the 
cerebrospinal fluid drainage cohort was 0.35 (95% confidence interval 
0.12–0.99, P = 0.05)

For the non-randomized studies, the odds ratio for spinal cord ischemia in 
the cerebrospinal fluid drainage cohort was 0.26 (95% confidence interval 
0.13–0.53, P = 0.0002). For all studies, the odds ratio for spinal cord 
ischemia in the cerebrospinal fluid drainage cohort was 0.30 (95% 
confidence interval 0.17–0.54, P < 0.0001)

The conclusion was that perioperative drainage of cerebrospinal fluid in 
expert centers is an effective adjunct for the prevention of spinal cord 
ischemia in extensive descending thoracic aortic and thoracoabdominal 
aortic reconstruction
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was >10 mmHg and drains were removed on the 
second postoperative day.

Subdural hematoma due to lumbar CSF drain-
age for DTA repairs has been described with an 
incidence of 3.5% (8/230) in a single-center expe-
rience (N = 230: 1992–2001).87 There was a 50% 
mortality from this complication. Furthermore, 
the majority of these patients underwent cran-
iotomy or lumbar blood patch. In this series, how-
ever, CSF drainage was performed whenever CSF 
pressure was >5 mmHg and drains were removed 
on the third postoperative day. A significantly 
greater amount of CSF was drained from the 
patients who developed subdural hematomas (690 
vs. 359 mL, P = 0.0013). The following interven-
tions have been suggested for the prevention and 
treatment of this complication: lumbar CSF pres-
sure drainage only when CSF pressure exceeds 
10 mmHg, meticulous neurological monitoring, 
early neurosurgical consultation for acute sub-
dural hematoma, and consideration of an epidural 
blood patch.87,88 Meningitis is more common with 
prolonged CSF drainage, and often presents with 
fever altered mentation as well as CSF positive for 
bacteria and pleocytosis.89

An unresolved question is whether to proceed 
with SR of the DTA if a bloody tap occurs during 
placement of a lumbar CSF drain.90,91 There is no 
high-quality evidence to guide decision-making 
on this clinical question.

Clearly, the decision must be then individual-
ized. In emergency situations such as aortic 
rupture, severe malperfusion, and/or severe symp-
toms, it is imperative to proceed with surgical 
intervention since the risks from delay of aortic 
repair far outweigh the risks of a neuraxial hema-
toma. However, in the elective situation, the answer 
is not always so clear and collaborative discussion 
between all decision-makers will guide the process 
to a consensus-based management plan.90,91

The indications for CSF drainage in ER of the 
DTA are more stringent than in SR because the 
risk of SCI is significantly lower. Lumbar CSF 
drainage is indicated in patients at high risk for 
SCI in ER: those patients with prior aortic repairs 
and those with planned extensive endovascular 
repair (typically extent C DTA aneurysms; 
Crawford extent I and II TAAA).3,29,39,42,45,46,73

Augmentation of Systemic Arterial 
Pressure
The augmentation of systemic arterial pressure is 
an established intervention in the management of 
SCI in SR and ER of the DTA.17,29,39,92 This 
intervention increases spinal cord perfusion 
pressure through the SCAN, as explained earlier 
in this chapter. The spinal cord is vulnerable to 
hypotensive SCI during DTA repair due to loss of 
significant segmental arterial input to the 
SCAN.62,63 Furthermore, since SCI in DTA repair 
typically involves the thoracolumbar spinal cord, 
there is a significant sympathectomy that accom-
panies SCI.17 This acute sympathectomy aggra-
vates the severity of the SCI due to systemic 
vasodilatation and acute loss of spinal cord perfu-
sion pressure. Expert opinion has recommended 
that the spinal cord perfusion pressure be main-
tained above 70 mmHg after DTA reconstruction, 
that is, a systemic mean arterial pressure of 
80–100 mmHg.12,54 This hemodynamic goal may 
require vasopressor therapy with drugs such as 
epinephrine, norepinephrine, phenylephrine, and/
or vasopressin.12,17,29,39,92 Although augmentation 
of the systemic mean arterial pressure alone may 
be adequate to reverse SCI, lumbar CSF drainage 
to maintain the CSF pressure below 10 mmHg is 
typically performed to further augment spinal 
cord perfusion pressure, especially if the patient 
already has a CSF drain.12,45,54 If the patient has 
symptomatic SCI that does not recover with sys-
temic hypertension, then lumbar CSF drainage is 
indicated. In SR of the DTA, the risks of hypoten-
sion and SCI must be balanced with the risks of 
hypertension and arterial bleeding especially 
from the new aortic suture lines. In TEVAR of the 
DTA, however, this is less of a concern as there 
are no suture lines and hence higher levels of sys-
temic hypertension can be utilized for therapy 
of SCI.45,92

Hypothermia

Hypothermia of the spinal cord significantly lowers 
spinal oxygen demand and prolongs the tolerable 
ischemic period. A reduction in temperature of 
5°C	has	been	demonstrated	in	a	porcine	model	
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to increase the tolerance of SCI 2.5-fold from 20 
to 50 min.93 As a result, mild systemic hypo-
thermia has been widely adopted by experienced 
aortic surgeons in DTA repair as part of a multi-
modal approach to the management of SCI.12,54 
A greater amount of hypothermia further extends 
the tolerable ischemic period of the spinal cord as 
evidenced in deep hypothermic circulatory arrest 
where the spinal cord is routinely clinically normal 
after	2	h	of	ischemia	at	15°C.24

Besides systemic hypothermia, selective spi-
nal hypothermia with epidural cooling with cold 
saline has also been described.94 With this tech-
nique,	 a	 CSF	 temperature	 of	 26°C	 has	 been	
achieved.94 Although this technique has typically 
been utilized in the clamp-and-sew aortic repair 
technique, it has also been described in DTA 
repair with cardiopulmonary bypass, including in 
conjunction with lumbar CSF drainage.95,96 The 
clinical experience with this technique has 
remained limited to a few institutions.13,94–96 An 
important consideration with this technique is to 
monitor CSF pressure carefully to avoid CSF 
hypertension and secondary spinal cord compres-
sion.94,95 To obviate the possibility of CSF hyper-
tension, self-contained spinal cooling catheter is 
in development for application in the subarach-
noid and epidural spaces.97,98 In large animal 
models, these catheters have demonstrated effi-
cacy to cool the thoracolumbar cord significantly 
(25–30°C)	 and	 offer	 protection	 against	 SCI	 in	
DTA repair.97,98 Although the efficacy of this 
technology remains to be determined in human 
trials, it is promising, given that hypothermia 
induces powerful neuroprotection and that the 
cooling catheter systems are self-contained.

An alternative strategy to maintain spinal hypo-
thermia and perfusion during aortic clamping is 
retrograde spinal perfusion via the azygos vein.99,100 
Although this technique may offer spinal cord 
protection as part of a multimodal approach, it has 
yet to be fully tested and accepted clinically.99,100

Pharmacologic Neuroprotection

The search for the ideal agent for the ideal neuro-
protective agent in SCI after DTA repair has 

been reviewed extensively.101,102 Encouraging 
results from laboratory experiments have sug-
gested possible roles for multiple agents includ-
ing allopurinol, activated protein C, adenosine, 
barbiturates, carbamazepine, desferrioxamine, 
edaravone, lidocaine, magnesium, mannitol, 
naloxone, papaverine, prostaglandins, and 
steroids.2,54,100–105 Although anesthetic agents are 
established preconditioners in ischemia and rep-
erfusion, they also affect the integrity of intra-
operative neuromonitoring in DTA repair. As a 
result, they are unlikely to be rigorously evaluated 
in clinical trials of SCI in DTA repair, given the 
central role of intraoperative neuromonitoring, a 
topic that will be discussed in detail in the next 
section. In summary, the multiplicity of agents 
suggests that the search for an ideal perioperative 
neuroprotective agent for SCI in DTA repair is 
ongoing.

The most widely adopted pharmacologic strat-
egy is the administration of steroids.54 The evi-
dence for steroids is both based on experimental 
and clinical studies, but is by no means conclu-
sive.106,107 There is to date no randomized con-
trolled trial that has evaluated whether steroids 
are protective in humans against SCI I DTA 
repair. Given the increasingly low incidence of 
SCI in contemporary series, this trial would 
require a large sample size. However, given the 
widespread adoption of ER of DTA, this study 
would be feasible as a multicenter trial.

An alternative strategy to limit SCI in DTA 
repair is ischemic preconditioning prior to aortic 
camping.108 In various animal models, this pow-
erful neuroprotective strategy has proven effi-
cacy, whether the ischemic stimulus is delivered 
locally or remotely.109–112 Ischemic precondition-
ing should be tested in human trials as part of a 
multimodal strategy to reduce the incidence of 
clinical SCI after DTA reconstruction.

Intensive Neurological Monitoring  
for Early Detection of Spinal  
Cord Ischemia

In the awake patient, detection of SCI is by serial 
neurologic assessment. The diagnosis of SCI in 
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the awake patient after DTA repair is a clinical 
emergency that mandates spinal cord rescue, typ-
ically with systemic hypertension and/or lumbar 
CSF drainage.17,29,39

Intraoperative diagnosis of SCI during DTA 
repair is not possible with clinical neurological 
examination as the patient is unconscious due to 
general anesthesia. This is the indication for 
intraoperative neurophysiologic monitoring in 
DTA repair.12 The detection of intraoperative SCI 
with somatosensory evoked potentials (SSEP) 
and/or motor evoked potentials (MEP) has 
become widely adopted as it allows modification 
of the intraoperative management to minimize 
permanent SCI after DTA repair.

Spinal cord monitoring by SSEP involves 
electrical stimulation of peripheral nerves fol-
lowed by recording of the evoked potential at the 
level of the peripheral nerve, spinal cord, brain 
stem, thalamus, and cerebral cortex.113 The SSEP 
tracings from the lower extremities diminish or 
disappear in the setting of SCI during DTA repair, 
including ER.113–116 The SSEP tracings monitor 
function of the dorsal and lateral aspects of the 
spinal cord. Detection of intraoperative SCI by 
SSEP allows intraoperative spinal cord rescue 
with maneuvers such as deeper hypothermia, aor-
tic clamp modification, segmental arterial implan-
tation, augmented distal aortic perfusion, systemic 
hypertension, and lumbar CSF drainage.19 
Neuromonitoring with SSEP can typically be 
achieved with a balanced anesthetic technique 
consisting of narcotic, benzodiazepine, muscle 
relaxant, propofol, and inhaled anesthetic limited 
to less than 0.5 MAC.12,112 Besides anesthetic 
technique, SSEP traces can be affected by hypo-
thermia and electrical interference.

Spinal cord intraoperative monitoring with 
MEP involves electrical scalp stimulation fol-
lowed by recording of the evoked potential in the 
anterior tibialis muscle.113,117 The MEP tracings 
monitor function of the anterior aspects of the 
spinal cord. The anesthetic technique required for 
reliable MEP tracings is total intravenous anes-
thesia with partial neuromuscular blockade. As 
with SSEP tracings, MEP tracings are affected by 
anesthetic technique, hypothermia, and electrical 
interference. Detection of intraoperative SCI in 

DTA repair is prompt and reliable, allowing 
spinal rescue strategies to be implemented as 
described for SSEP monitoring.118,119

A recently completed comparison of SSEP 
and MEP monitoring provides up-to-date insights 
about the perioperative applications and relevance 
of these monitoring modalities in contemporary 
DTA reconstruction (N = 233 SR of TAAA).119 
With irreversible SCI in DTA repair, there is 90% 
agreement between MEP and SSEP monitoring. 
Only irreversible changes in either modality cor-
relate with immediate paraplegia in the postop-
erative period (odds ratio 21.9, P < 0.00001 for 
SSEP, P < 0.0001 for MEP). Reversible changes 
in SSEP and MEP racings were not associated 
postoperatively with spinal cord deficits. Normal 
intraoperative MEP and SSEP tracings essen-
tially excluded the possibility of postoperative 
immediate spinal cord deficit. The authors con-
cluded that these monitoring modalities were 
indicated in DTA repair, and that MEP monitor-
ing did not add significantly to the clinical infor-
mation available from SSEP monitoring alone.119 
Further studies should confirm these findings and 
determine the complementary roles of these intra-
operative modalities for SCI in DTA repair.

Conclusion

Multiple advances have resulted in the continu-
ously decreasing risk of spinal cord ischemia in 
contemporary reconstruction of the descending 
thoracic aorta. The future of spinal cord protec-
tion in this setting appears to be focused on endo-
vascular aortic repair and a multimodal approach 
to the management of spinal cord ischemia.120

Key Notes

 1. Spinal cord ischemia may occur with recon-
struction of the descending thoracic aorta, 
regardless of aortic repair technique.

 2. The clinical presentation primarily involves 
lower extremity weakness. This weakness 
should be formally graded to serve as an 
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objective measure of clinical progress and 
response to intervention over time.

 3. Spinal cord ischemia may present at any time 
after repair of the descending thoracic aorta. 
Its presentation may be unilateral and/or 
relapsing.

 4. The risk of spinal cord ischemia depends on 
aortic repair technique. Meta-analysis of the 
current literature has demonstrated that the 
risk of spinal cord ischemia is significantly 
lower with endovascular repair as compared 
to surgical repair.

 5. Spinal cord ischemia in repair of the descend-
ing thoracic aorta results when neural oxy-
gen demand exceeds its oxygen supply.

 6. Spinal cord arterial perfusion depends on an 
extensive collateral network with arterial 
input from all levels of the aorta. These arte-
rial inputs can be grouped into cephalic, cen-
tral, and caudal supplies.

 7. Spinal cord perfusion pressure is defined as 
the difference between mean arterial pres-
sure and cerebrospinal fluid pressure.

 8. The clinical predictors of spinal cord isch-
emia after repair of the descending thoracic 
aorta can all be understood in terms of their 
effects on the spinal collateral arterial 
network.

 9. The clinical predictors of spinal cord isch-
emia after repair of the descending thoracic 
aorta include not only type of repair tech-
nique, but also extent of aortic replace-
ment, prior aortic repair, duration of aortic 
clamping, circulatory hypotension, and 
anemia.

 10. Perioperative spinal cord protection strate-
gies aim to balance spinal cord oxygen sup-
ply and demand.

 11. The major perioperative spinal cord protec-
tion strategies are 

Maximization of spinal cord blood supply •	
during aortic clamping
Maximization of spinal cord perfusion •	
pressure
Hypothermia•	
Pharmacologic neuroprotection•	
Early detection of ischemia with intensive •	
neuromonitoring

 12. During aortic clamping, measures that 
increase spinal oxygen supply are minimiz-
ing the clamp time, and distal aortic perfu-
sion with left heart bypass or a Gott shunt.

 13. Spinal cord perfusion pressure and hence 
oxygen supply are increased by the follow-
ing measures: active management of the 
intercostal and lumbar arteries to minimize 
vascular steal, lumbar drainage of cerebro-
spinal fluid to decrease cerebrospinal fluid 
pressure, and pharmacologic augmentation 
of systemic arterial pressure.

 14. Spinal cord hypothermia decreases oxygen 
demand. It can be induced systemically via 
cardiopulmonary bypass or locally via epi-
dural cooling. Systemic hypothermia includes 
deep hypothermic circulatory arrest with 
temperatures	in	the	range	of	14–18°C.

 15. The best indicator of an intact spinal cord is 
a normal neurological examination in an 
awake and cooperative patient.

 16. Intensive neurological monitoring intraoper-
atively while the patient is under general 
anesthesia is achieved with continuous moni-
toring of somatosensory evoked potentials 
and/or motor evoked potentials.

 17. Detection of spinal cord ischemia in the 
awake or unconscious aortic surgical patient 
is a clinical emergency that mandates imme-
diate spinal cord rescue with all appropriate 
interventions from the outlined therapeutic 
menu.
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Background

In 1991, when Parodi first published his experi-
ence with placement of a balloon-expandable 
endograft for the treatment of abdominal aortic 
aneurysms in patients deemed unsuitable for 
open surgery,1 interest grew in the field of endo-
vascular approaches to the treatment of aortic 
aneurysms. Since that initial report, tremendous 
advancements have made this methodology com-
monplace, and more importantly, widely accepted 
as a viable alternative to the traditional open 
repair. Furthermore, refinements in the newer 
devices have expanded the inclusion criteria for 
patients previously thought to be unsuitable for 
endovascular repair, greatly increasing its versa-
tility and applicability.

Open aneurysm surgery is a morbid proce-
dure, especially considering the coexisting con-
ditions of the patients requiring such operations. 
Published reports have confirmed the 3–5% peri-
operative mortality of open abdominal aneurysm 
repair.2–5 Most patients are admitted to the inten-
sive care unit postoperatively, and a significant 
number require a transitional stay in a rehabilita-
tion facility prior to home discharge.

Published Results

Two randomized trials comparing endovascular 
repair to open repair of abdominal aortic aneu-
rysms have shown improved outcomes with the 
endovascular approach. The Dutch Randomized 
Endovascular Aneurysms Management (DREAM) 
trial6 reported a significant decrease in periopera-
tive morbidity and mortality in patients undergoing 
endovascular repair of aortic aneurysms, including 
lower rate of systemic complications (mainly pul-
monary), decreased blood loss, and decreased 
length of hospital stay. These results were similar 
to those found in the EVAR-1 trial,7 where a 30-day 
perioperative mortality of 1.7% was found in the 
EVAR group, compared to 4.7% in the open aneu-
rysm repair group. Late survival was similar 
between the two groups in both trials. Thus, at least 
in patients deemed suitable for either open or endo-
vascular repair of abdominal aortic aneurysms, the 
endovascular approach appears to offer a superior 
short-term survival advantage.

Perioperative (30-day) mortality has been 
described to fall between 1% and 2% on  published 
series,8 and is due in large part to pre-existing 
comorbidities. Comparison of results between 
endovascular and open repair of abdominal aortic 
aneurysms have shown an aneurysm-related sur-
vival benefit to endovascular repair,9 and the 
advantage is more pronounced when only patients 
with significant risk factors are considered.10 
Similarly, in-hospital complication rates appear 
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to be lower with endovascular repair, attributable 
mainly to lower incidences of cardiac and pulmo-
nary complications. The major advantages and 
drawbacks of this minimally invasive approach to 
the treatment of aortic aneurysms are given in 
Table 12.1.

Patient Selection

There has been no definitive study defining 
aneurysm size criteria justifying the endovascu-
lar treatment of aortic aneurysms. The decision 
to treat is based on data from open repair of aor-
tic aneurysms, which suggest conservative man-
agement for most asymptomatic abdominal 
aortic aneurysms less than 5.5 cm in diameter. 

Both the United Kingdom Small Aneurysm Trial 
(UKSAT) and the Aneurysm Detection and 
Management (ADAM) trial demonstrated no 
benefit to early surgery for small abdominal 
 aortic aneurysms (4.0- to 5.5-cm).11,12 Other 
accepted indications for repair include rapid 
expansion and the onset of symptoms, including 
pain and distal embolization. However, the ulti-
mate decision to treat is made by consideration 
of a host of factors, including increased rupture 
risk in women, smokers, and patients with 
hypertension and chronic lung disease.13 In addi-
tion, the operative risk and life expectancy of the 
patient must be balanced against the aneurysm 
rupture risk. Controversy exists regarding the 
treatment of mycotic aneurysms. For thoracic 
aortic aneurysms, treatment is not recommended 
for asymptomatic aneurysms less than 5 cm in 
diameter.14

Indications and Anatomic Eligibility

Endovascular stent graft therapy is typically indi-
cated for the treatment of infrarenal abdominal 
aortic aneurysms. Most patients being considered 
for endograft treatment of aortic aneurysms 
require preoperative imaging. Computed tomog-
raphy-angiography with 1-mm cuts and intrave-
nous contrast enhancement is usually used. This 
allows for the assessment of the major branches 
of the aorta, as well as the characteristics of the 
aneurysm itself. For a patient to be deemed suit-
able for endograft repair of infrarenal abdominal 
aortic aneurysms, certain anatomic criteria have 
to be met.

Proximal Landing Zone

Most important of these is the proximal aortic neck, 
or the proximal attachment point of the endograft 
to the nonaneurysmal aorta.15 A “hostile” neck, or 
one that has been associated with increased rate 
of complications, is defined as having one or 
more of the following properties: aortic diameter 
greater than 28 mm, angulation between the neck 

Table 12.1 Advantages and drawbacks of endovascular 
aortic stent grafting treatment

Advantages
Decreased blood loss and transfusion requirements
Avoidance of major thoracic or abdominal incision, less 
postoperative pain, and requirement of analgesics
Avoidance of extensive dissection and surgical trauma
Avoids cross-clamping and unclamping of aorta
Avoidance of reperfusion injury
Less stress response (decreased release of plasma 
catecholamines, cytokines, and endotoxins)
Decreased hemodynamic stress
Decreased metabolic alterations and acid–base changes 
(related to bowel, leg, and visceral ischemia in open 
repairs)
Avoidance of general anesthesia in some patients
Decreased use of intensive care unit
Shortened hospital stay
Faster recovery to return to regular activities and 
normal state of health
Overall decreased perioperative mortality and 
morbidity

Drawbacks
Not all aortic pathology can be treated by endovascular 
approach
Certain anatomic limitations exist
Procedure requires contrast administration
Unique procedure-related complications (access vessel 
injury, distal embolization, endoleaks, postimplantation 
syndrome, and (others described in text))
Regular follow-up imaging required
Initial advantages of decreased perioperative mortality 
may not be maintained over time
Long-term advantages yet to be studied
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and the suprarenal aorta greater than 60°, throm-
bus occupying greater than 50% of the aortic 
circumference, distance between the start of the 
aneurysm sac and the most caudal renal artery 
of less than 10 mm, and greater than 2 mm aor-
tic diameter expansion within 10 mm of the 

most proximal fixation point16 (Fig. 12.1). 
Although newer devices such as those with 
suprarenal fixation have been successfully 
deployed in patients with hostile proximal aortic 
necks, deviation from the standard selection 
 criteria cannot be recommended except in 
unusual circumstances.

Distal Landing Zone

Other anatomic considerations include the suit-
ability of the distal endograft landing zone.17 
Aneurysms involving the common iliac arteries 
can lead to inadequate sealing of the distal graft. 
In addition, extremely ectatic or calcified iliac 
arteries may lead to graft kinking or inadequate 
graft apposition. Techniques to address these 
issues include the use of flared iliac limbs, exten-
sion of the iliac limb to the external iliac arteries, 
typically with coil embolization of the ipsilateral 
hypogastric artery to prevent a type II endoleak 
(Fig. 12.2), and the use of branched endografts.18,19 
Exclusion of both hypogastric arteries must be 
performed with caution, as buttock claudication 
and even necrosis may occur.20

Fig. 12.1 An example of an infrarenal abdominal aortic 
aneurysm with a “hostile” neck. Note the short, wide, 
reverse-taper neck with severe angulation

Fig. 12.2 Pre- and postprocedural arteriograms of an 
endovascular repair of abdominal aortic aneurysm in a 
patient with concomitant right common iliac artery aneu-

rysm. Occluding coils were placed in the right internal iliac 
artery to treat an internal iliac artery aneurysm, and to allow 
extension of the right iliac limb to the external iliac artery
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Access Arteries

The common femoral and external iliac arteries 
must be of sufficient caliber and quality to allow 
passage of the device. Tortuous access arteries 
will often straighten with the use of super stiff 
wires. Focal stenoses or small caliber vessels, in 
the absence of calcification, can be dilated with 
stiff dilators or balloon angioplasty. Severe calci-
fication remains the most concerning issue. 
Circumferential calcification is resistant to dila-
tion, and rupture of the calcium plaque with 
forceful dilation can lead to vessel rupture and 
severe hemorrhage. If rupture does occur, hemor-
rhage can be controlled with balloon occlusion 
followed by stent graft repair of the injured vessel21 
(Fig. 12.3). Placement of an iliac conduit to the 
common iliac artery via a retroperitoneal approach 
can bypass these issues and avoid a transab-
dominal incision and aortic cross-clamping.22 
Alternatively, if one iliofemoral system is suit-
able for access, an aorto-uni-iliac device can be 
used in conjunction with a femoral–femoral 
bypass and contralateral iliac occluder.23

Inferior Mesenteric Artery  
and Visceral Perfusion

Patients with stenosis of one or both of the celiac 
and superior mesenteric arteries may be depen-
dent on the IMA for visceral perfusion. The find-
ing of an enlarged marginal artery of Drummond 
or meandering mesenteric artery supports this 
diagnosis, and exclusion of the IMA by the 
endograft may lead to intestinal ischemia.24

Pararenal Aneurysms

Unlike infrarenal aortic aneurysms, pararenal 
aneurysms have inherent limitations due to insuf-
ficient neck length for secure proximal stent graft 
fixation. Fenestrated stent grafts overcome this 
difficulty while preserving renal blood flow. The 
device has to be patient-specific. Positioning and 
deployment is technically difficult. Clinical expe-
rience is limited to small series25 and the long-
term outcome is unknown.

Occlusive Disease

Lastly, endovascular therapy has also been tried 
in the treatment of aorto-iliac occlusive disease 
as an alternative to surgery. For patients with 
focal infrarenal aortic stenosis, it is recommended 
as the first-line treatment, while for chronic total 
aorto-iliac occlusions, it is a viable alternative to 
surgery.26

Types of Stent Grafts (Fig. 12.4)

The primary purpose of stent grafts is to exclude 
the aneurysm sac from arterial pressure and flow, 
thereby protecting the vessel from rupture, and 
preventing distal embolization of luminal throm-
bus. While a complete discussion of the different 
types of commercially available stent grafts is 
beyond the scope of this chapter, the common 
principles guiding the development of these 

Fig. 12.3 External iliac artery rupture after balloon 
angioplasty and stent placement. The ruptured vessel was 
repaired with an additional endoluminal stent, which con-
trolled the hemorrhage
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endografts are worth mentioning. Ideally, stent 
grafts should provide life-long protection from 
the dangers imposed by aortic aneurysms, be 
adaptable to different anatomic configurations, 
and be easy to deploy. Additionally, the stent 
graft must be flexible enough to adapt to changes 
in aortic anatomy as the excluded aneurysm sac 
shrinks, yet stiff enough to prevent collapse.27 
Most endografts today are constructed from poly-
ester (Dacron) or polytetrafluoroethylene (PTFE) 
fabric firmly attached over or under full-length 
stents that confer columnar stiffness. The stents 
are manufactured from nitinol, a thermal memory 
alloy of nickel and titanium, or stainless steel. 
Radial force at the proximal and distal landing 
zones provides friction for fixation. Some sys-
tems embed hooks or barbs into the aortic wall 
for additional grip. Suprarenal fixation with bare 
metal stents that extend into the suprarenal aorta 
may provide improved proximal graft attachment 
in patients with less than optimal aortic necks. 
All endografts have radio-opaque markers that 
aid in accurate deployment to avoid inadvertent 
coverage of the renal or hypogastric arteries. The 
most common configuration in use today is 
the bifurcated endograft, which come in modular 

or unibody designs. The modular design 
allows for application in a wider range of vascular 
anatomy. The aorto-uni-iliac and aorto-aortic 
grafts are used only in specific circumstances, 
such as difficult access arteries28 or in secondary 
procedures for treatment of endoleaks.

Radiation Safety

The technique of endovascular repair of aortic 
aneurysms necessitates the use of fluoroscopy. 
Exposure to fluoroscopic x-ray radiation has been 
shown to cause injuries, including skin burns, 
cataracts, and certain cancers,29–31 and the radia-
tion applied during fluoroscopically guided inter-
ventional techniques is much greater than that 
used in diagnostic tests. Although improvements 
in imaging equipment have drastically reduced 
the amount of radiation emitted while improving 
the image quality, significant injury does still 
occur. Radiation exerts both early and late effects, 
and the risks of long-term damage are additive 
with each exposure. Proper training of all personnel 
involved in performing endovascular procedures 
is mandatory to ensure patient and staff safety. 

Fig. 12.4 Endograft devices in use: The AneuRx, the Excluder, the Zenith, and GORE TAG thoracic endograft
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Institutional protocols should be established 
and routinely reinforced in order to minimize 
radiation exposure to involved personnel. 
Radiation badge monitors must be worn at all 
times, and the dosage monitored at regular inter-
vals by the radiation safety committee. Exposure 
to excessive levels mandates taking appropriate 
steps to reduce future exposure.

The amount of radiation exposure experi-
enced by the patient and practitioner is deter-
mined by numerous factors, including size of 
the patient,32 equipment dose rate and dose set-
tings, beam-on time, proximity of the x-ray tube 
to the patient, and field collimation. Energy dis-
sipates according to the inverse square law, 
where the dose rate decreases by the square of 
the relative increase in distance from the radia-
tion source.33 Maximal distance should be main-
tained between both the patient and the staff 
from the emitter at all times. Minimizing emit-
ter on-time, using low-dose fluoroscopy, and 
collimating when possible are strategies to 
reduce the radiation exposure. Appropriate lead 
shielding should be used at all times. Lead 
aprons of at least 0.5 mm lead-equivalency is 
recommended, and personnel should face the 
emitter as much as possible, as most lead aprons 
provide adequate front shielding, but less pro-
tection on the sides and back. Fluorography, 
including digital subtraction angiography (DSA), 
emits a radiation dose 10–70 times that of 

 fluoroscopy.34 When performing such proce-
dures, remote control flurorography provides 
an ideal environment (Fig. 12.5). The operator 
and all assistants are positioned in a shielded 
booth while acquisition of images is in prog-
ress. At a minimum, additional lead shielding, 
such as flat panel mobile shields, should be used 
during fluorography. These techniques, along 
with consistent monitoring of radiation dose to 
patients and staff and improving practices as 
necessary, will minimize the health risks 
imposed by radiation.

Endovascular AAA repair can be performed 
in a standard operating room or preferably an 
operative endosuite because it allows for high-
quality imaging with standard open surgical 
equipment. The catheterization laboratory should 
be avoided due to concerns for infection with 
groin incisions or if open conversion is required.35 
A fixed C-arm unit, compared to a portable unit, 
provides a larger field of view, better resolution, 
decreased radiation dose to patient and staff, and 
tableside operator controls for viewing angles 
and image processing.36

Contrast-Induced Nephropathy

Patients undergoing EVAR with pre-existing 
renal impairment are prone to develop contrast-
induced nephropathy (CIN). Most of the 

Fig. 12.5 Artist rendition of a hybrid operating room with interventional capabilities. A separate shielded booth allows 
for remote flurography, limiting operator radiation exposure (Courtesy of Koninklijke Philips Electronics)
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 recommendations for the prevention of CIN 
come from the studies on percutaneous coronary 
interventions and may be applicable to EVAR. 
Advanced age, diabetes mellitus, congestive 
heart failure, hypovolemia, and anemia are risk 
factors for the development of CIN.37,38 Adequate 
perioperative hydration with normal saline is 
beneficial in preventing CIN. Forced diuresis 
with mannitol or furosemide was no better than 
hydration alone.39 Nephrotoxic drugs such as 
nonsteroidal anti-inflammatory drugs and amin-
oglycosides should be avoided.40 Judicious use 
of iso-osmolar contrast media can decrease the 
incidence of CIN.41 Criado et al. used catheter-
less carbon dioxide angiography conducted 
through the endograft delivery sheath and found 
this imaging modeling to be reliable for endograft 
deployment, safe, nontoxic, and inexpensive.42 
In patients with glomerular filtration rate (GFR) 
less than 60, alkalinization of urine with IV 
sodium bicarbonate may be performed pre- and 
postprocedure; and in patients with GFR less 
than 30, N-acetylcysteine may be added.43

Graft Selection and Placement

Once a patient is deemed appropriate for and 
elects to proceed with endovascular stent graft 
treatment of aortic aneurysm, the most suitable 
graft must be selected for the procedure. Modern 
endograft systems come in a wide variety of 
diameters and lengths, and selecting the right 
configuration is crucial to minimizing complica-
tions and maximizing technical success. Critical 
variables to consider include the diameters and 
lengths of the infrarenal aortic neck, aneurysm, 
common iliac arteries, and the diameters and 
quality of the access vessels, namely the external 
iliac and common femoral arteries. Most of this 
information can be obtained from the preopera-
tive CTA. 3D image reconstructions are now 
widely available (Fig. 12.6), and postimage pro-
cessing that allows for manipulation of view 
angles, centerline length, and angle measure-
ments, and even the placement of a virtual 
endograft is possible from commercial software 
developers.

Procedure

In an elective operation, the patient is prepped 
and draped similar to an open aneurysm repair. 
The abdominal sterile prep extends from the 
xiphoid to the knee and to the table laterally. 
Appropriate preoperative antibiotics are given, 
with coverage for both gram-positive and gram-
negative microbes. The surgeon stands opposite 
the assistant, and the monitor is positioned for 
unobstructed viewing by both operators. The 
scrub nurse is positioned by the patient’s feet for 
ease of passage of instruments and devices, as 
well as for distal wire monitoring and control. 
The anesthesiologist is positioned by the patient’s 

Fig. 12.6 3D reconstruction of the aorta and iliofemoral 
vasculature from CT-angiography performed in a patient 
with multiple arterial aneurysms (Courtesy of M2S)
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head for airway monitoring as well as continuous 
vitals surveillance (Fig. 12.7).

The common femoral arteries are accessed via 
a cut down or percutaneous approach. Open 
exposure of the vessels allows direct visualiza-
tion and evaluation of vessel quality, including 
the presence of calcific plaques, and selection of 
an appropriate arteriotomy site. In addition, pas-
sage of sheaths and devices may be facilitated by 
avoiding traversing through subcutaneous soft 
tissue and scars from previous surgical manipula-

tions. However, the use of ultrasound for guiding 
percutaneous access allows for evaluation of the 
femoral vessels, and may aid in achieving precise 
arterial access. If the percutaneous approach is 
chosen, large vessel closure device is used either 
in a preclose or a postclose fashion44 (Fig. 12.8).

Once access to the common femoral arteries is 
established, stiff wires are placed into the descend-
ing aorta to “straighten out” the aortoiliac system. 
Aortography is performed with a calibrated cath-
eter to identify the level of the renal arteries, as 
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Fig. 12.7 Schematic representation of the staff and equipment setup in a hybrid operating room. This configuration 
allows for optimal visualization by the principal operator and maximizes space efficiency within the operative field
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well as to confirm the diameters and lengths of 
the proximal neck, aorta, aneurysm sac, and  aortic 
and iliac bifurcations. The appropriate endografts 
are selected and systemic anticoagulation with 
heparin or direct thrombin inhibitor is initiated. 
Adequate anticoagulation is ensured by keep-
ing the activated clotting time greater than 
250 seconds throughout the remainder of the 
case. The main body is inserted and positioned 
with the top portion of the fabric just inferior to 
the lowest renal artery. Oversizing the proximal 
neck of the main body can assist with proximal 
sealing through augmentation of radial force, but 
oversizing by greater than 20% can lead to fabric 
pleating and proximal endoleak.45 Magnified 
views with proper gantry manipulation to obtain a 
perpendicular view to the proximal lowest renal 
artery allows for accurate proximal placement of 
the endograft. If a modular device is used, the 
contralateral gate must be oriented to allow for 
easy access. The exact orientation may vary 
depending on the anatomy of the aneurysm as 
well as the iliac arteries, but usually a lateral and 
slightly anterior positioning of the contralateral 
gate should suffice. The main body is deployed, 
and in some grafts, slight adjustment in position-
ing of the main body after partial deployment is 

possible. The contralateral gate is then  cannulated. 
Confirmation of access through the contralateral 
gate is crucial, and can be achieved via free rota-
tion of a curved catheter in the proximal neck. 
Different curved catheters can be employed to 
assist with gate cannulation, and manipulating 
the C-arm to attain different anteroposterior and 
oblique views can assist in locating the gate in the 
three-dimensional. The distance from the main 
body to the iliac bifurcation, with appropriate 
overlap of the contralateral gate, is measured with 
a marking catheter and injection of contrast 
through the sheath. The contralateral limb is then 
deployed. Some devices require the deployment 
of an ipsilateral iliac limb, and the appropriate 
length graft is chosen through similar measure-
ment techniques. Once all the pieces of the modu-
lar device are deployed, compliant balloons are 
used to mold the graft at the proximal, distal, and 
modular fixation sites. Completion arteriogram is 
required to check for exclusion of the aneurysm, 
presence of endoleaks, and patency of the renal 
and hypogastric arteries (Fig. 12.9).

If an iliac conduit was used for device delivery, 
distal anastomosis of the conduit to the common 
femoral artery is performed. All incisions are 
closed, and any applicable percutaneous closure 

Fig. 12.8 Total percutaneous endovascular AAA repair. 
Preclose sutures placed in a preclose fashion are held with 
clamps, followed by sheath insertion into both common 
femoral arteries for endograft delivery

Fig. 12.9 Completion aortogram after successful EVAR. 
Note the patent bilateral renal and hypogastric arteries and 
the absence of endoleak
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devices are deployed (Fig. 12.10). Anticoagulation 
is reversed. The patient can usually be extubated 
at the completion of the case, and brought to a 
monitored bed for recovery.

Intraoperative Complications

Numerous reports have documented the short-
term benefits associated with endovascular treat-
ment of aortic aneurysms when compared to open 
repair, including lower operative blood loss, ear-
lier return to preoperative activity level, and 
shorter hospital stays,46–48 but the endovascular 
approaches introduce unique potentials for com-
plications.49 Initial technical success, defined as 
the ability to deliver and deploy the endograft in 
the intended location, to avoid arterial injury, to 
provide secure fixation of the endograft without 
endoleak, and to reestablish end organ perfusion, 
has improved with operator experience50 and the 
development of more flexible and smaller profile 
delivery systems.51 Even with these advances, 
intraoperative complications can occur.

Access Vessel Injury

Dissection, rupture, and even avulsion of the 
access vessels can occur with passage of large 
caliber sheaths and devices.52 This may manifest 

as diminished or absent flow through the femoral 
artery, extravasation of contrast on iliac angio-
gram, or visualization of the avulsed end of the 
distal artery around the introducer sheath. 
Severely calcified, tortuous, or small caliber 
vessels increase the risk of this complication. 
Women, owing to the smaller size of their access 
vessels, are at higher risk than men to develop 
this complication.53 In addition, women have a 
higher prevalence of unfavorable aortic neck 
anatomy, and are less likely to be anatomic can-
didates for EVAR. Deterioration in vital signs 
may be rapid even in the absence of massive 
bleeding from the groin incisions, as bleeding 
from the iliac arteries tend to pool in the retro-
peritoneal space. Initial control should be gained 
with intraluminal balloon occlusion of the dam-
aged vessel, followed by stent graft repair.54 
Occasionally, conversion to open repair may 
be required.

Renal Artery Exclusion

Coverage of the renal arteries with the stent graft 
fabric should be avoidable with precise endograft 
deployment and clear visualization of the renal 
artery orifice. However, the rate of renal artery 
exclusion has been reported to be 1% in pub-
lished literature.55 If the excluded renal artery can 
be accessed with a guide wire, stenting of the 
renal artery origin with extension of the stent into 
the uncovered proximal aorta can achieve renal 
salvage.56

Rupture of Aneurysm

Rupture of the aneurysm sac has been described 
during elective repair of aortic aneurysms.57 
Excessive manipulation and undue tension on 
the stent graft delivery device, stiff wires, and 
sheaths may lead to disturbance of mural throm-
bus, embolization, and even aortic wall trauma. 
Management of rupture is similar to that of endo-
vascular repair of ruptured aortic aneurysms, as 
described later in this chapter. This potential for 
rapid hemorrhage from intraoperative aneurysm 

Fig. 12.10 Two small dressings are all that is required at 
the completion of a total percutaneous endovascular AAA 
repair
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rupture or access vessel damage necessitates 
 preoperative preparation for such events. These 
measures include the establishment of large 
bore intravenous accesses, central venous pres-
sure monitoring, and preferably arterial pressure 
monitoring.

Embolization

Perfusion of the lower extremities can be com-
promised by dissection at the femoral access site 
or distal embolization.55 Arteriotomy closure 
requires adequate visualization of the vessel 
lumen and avoidance of intimal flaps. Distal 
embolization can occur from disturbing luminal 
thrombus within the aneurysm sac or from rup-
ture of atherosclerotic plaques in the iliofemoral 
arteries.58 Excessive manipulation within the jux-
tarenal aorta should be avoided, as the renal 
arteries are also susceptible to embolic events.59 
Distal pulses should always be documented 
before and after the operation, and any change in 
the pulse exam should prompt the appropriate 
investigation, including examining the arteri-
otomy closure, performing an arteriogram, and 
embolectomy as indicated.

Postoperative Care

Postoperative care for these patients is usually 
less involved than for patients undergoing open 
repair of aortic aneurysms, but certain elements 
are critical. Distal pulses must be routinely 
checked for evidence of embolization, graft occlu-
sion, or ilio-femoral vessel injury. Adequate fluid 
hydration provides for protection against contrast 
nephropathy, as a significant contrast load may be 
delivered during these procedures. The abdomen 
must be examined for evidence of peritonitis sug-
gesting visceral ischemia. Groin access sites 
should be checked for hematoma or inadequate 
hemostasis. Oral intake can be resumed on the 
day of surgery or the first posto-perative day, and 
patients are typically discharged in 1 or 2 days.

Immediate Postoperative 
Complications

The most common problem in the immediate 
postoperative period is access site complication.60 
This includes hematoma, bleeding, or pseudoan-
eurysm formation. Attention to proper surgical 
technique is critical to reducing the incidence of 
this complication, including achieving hemosta-
sis within the surgical field, meticulous closure of 
arteriotomies, and accurate placement of percuta-
neous access, if used. Access site complications 
are usually managed nonoperatively, but rarely 
surgical re-exploration for hematoma evacuation 
and arterial repair is required.

Coverage of the internal iliac arteries, when 
required to achieve adequate distal fixation, is 
usually preceded by embolization. Unilateral 
occlusion of the internal iliac artery should bear 
little consequence. However, if both hypogastric 
arteries are excluded, severe buttock claudication 
can result, and may progress to buttock necro-
sis.61 Staged hypogastric occlusion may decrease 
this complication by allowing for the develop-
ment of collateral circulation. Alternatively, one 
of the internal iliac arteries may be revascular-
ized via bypass grafting from the external iliac 
artery.18

Occasionally, patients may present with 
fever and malaise for up to 10 days after 
endograft placement.62 The symptoms usually 
resolve spontaneously, and treatment is limited 
to symptom control. This syndrome is thought 
to be due to the release of inflammatory cytok-
ines from thrombosis within the excluded aneu-
rysm sac,63 but workup for infectious etiology is 
warranted.

Late Complications

The main issues associated with late complica-
tions from endograft treatment of aortic aneu-
rysms include endoleaks (Fig. 12.11), graft 
migration, graft kinking, and device failure. It is 
because of these concerns that long-term posto-
perative surveillance should be employed in all 
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treated patients. Imaging modalities employed 
include CT scan, abdominal ultrasound, and plain 
abdominal radiograph.64 The metallic stents allow 
for radiologic assessment of kinking or structural 
abnormalities, whereas tracking the size of the 
aneurysm sac over time provides an indirect 
measure of the adequacy of exclusion from arte-
rial circulation. Although no universally agreed 
upon guidelines exist for the interval between 
surveillance studies, an initial period of frequent 
assessment followed by lengthening of the study 
interval should suffice in the absence of concern-
ing findings. This allows for the possibility of 
reintervention before clinical failure. In both 
EVAR-1 and DREAM clinical trials, EVAR was 
associated with high reintervention rates com-
pared to surgery. Routine surveillance of aneu-
rysms treated with endograft is an important part 
of postoperative care, and any patient being con-
sidered for elective endovascular aneurysm repair 
should be willing and able to comply with follow-
up protocols.65,66

Endoleaks

The most common etiology of treatment failure 
in the endovascular repair of aortic aneurysms is 
the presence of endoleak (20–30% in the early 
postoperative period). The persistence of blood 
flow within the aneurysm sac conveys a contin-
ued risk of aneurysm expansion and rupture.67

Types of Endoleaks

There are four defined types of endoleaks,68 as 
outlined in the other chapters. Type I endoleak 
(8.2–18%) (Fig. 12.12) is the persistence of blood 
flow around the proximal (Ia) or distal (Ib) fixa-
tion sites. In type II endoleaks (8–45%), blood 
fills the aneurysm sac via retrograde flow from 
the excluded aortic branches, most commonly the 
inferior mesenteric artery and lumbar arteries, 
but can include accessory renal arteries, hypogas-
tric arteries, or other small branches. Type III 
endoleaks (0.7–3.8%) result from inadequate 
sealing between modular components, or from 
tears or defects in the fabric of the stent graft. 
Type IV is rarely seen in modern-day devices, 
and is caused by excessive porosity of the graft 
fabric.

Early Endoleaks

Type I and III endoleaks observed intraopera-
tively are usually treated with additional proce-
dures during the initial operation. This may 
include balloon dilatation of the proximal, inter-
graft, or distal fixation points to maximize graft 
apposition. The deployment of proximal exten-
sion cuffs or balloon-expandable bare metal giant 
stents can assist in resolution of proximal 
endoleaks.69 Type Ib endoleaks can be managed 
with flared cuffs19 or placement of extension 
limbs to the external iliac artery with coil embo-
lization of the ipsilateral hypogastric artery. The 
diagnosis of a late type III endoleak can be man-
aged with laying additional stent graft within the 
malfunctioning graft70 (Fig. 12.13). Most type II 
endoleaks are treated with initial observation, as 

Type III

Type I Type II

Type IV

Fig. 12.11 Types of endoleaks
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most type II endoleaks resolve within the first 
month.71 Intervention is reserved for continued 
aneurysm expansion. The diagnosis of type II 

endoleaks can be made with CT angiography,72 
where a blush of contrast can be seen in the aneu-
rysm sac associated with an aortic branch vessel, 
typically a lumbar artery or the inferior mesen-
teric artery. Occasionally, the offending vessel is 
not visualized, and continued aneurysm expan-
sion leads to diagnostic angiography. Selective 
catheterization and arteriography of the internal 
iliac arteries and superior gluteal arteries can 
identify the contributing vessel, and coil embo-
lization can be achieved in the same setting73 
(Fig. 12.14). The superior mesenteric artery also 
can be catheterized for access to the offending 
vessel. Additional access options include trans-
lumbar74 or transperitoneal (open or laparo-
scopic75) approaches. Type IV endoleaks are 
becoming more rare with modern fabrics, but if 
present, should be observed, as the endoleak 
should resolve with graft incorporation.76

Late Onset Endoleaks

Two factors associated with late type I endoleaks 
are distal graft migration and aortic neck dila-
tion.77 Distal graft migration is defined as caudal 
movement of the most proximal portion of the 
graft by 5 mm or more, and accounts for the 
majority of late type I endoleaks. This situation 
arises when there is failure of the proximal graft 

Fig. 12.12 Type I endoleak. Note the extravastion of contrast from the proximal fixation site into the aneurysm sac

Fig. 12.13 Placement of an aorto-uni-iliac stent graft 
inside a bifurcated stent graft to repair a type I endoleak 
resulting from distal graft migration
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to maintain apposition to the aortic wall, either 
through failure of the fixation device or aortic 
neck dilation. Strategies to potentially decrease 
the incidence of distal migration include maxi-
mizing the length of proximal seal zones, 
increasing the strength of columnar support, 
applying suprarenal fixation, and using graft 
hooks or barbs.78 Aortic neck dilation occurs 
either from proximal extension of the aneurys-
mal process or as a result of significant oversiz-
ing of the device,79 leading to continued excessive 
exertion of radial force at the aortic neck. Late 
type I endoleaks tend to persist if not corrected, 
and persistent proximal type I endoleak is asso-
ciated with a high risk of aneurysm rupture. The 
placement of a proximal cuff can often resolve 
the endoleak, and reestablish adequate sealing of 
the proximal graft.

Endotension (5%) (also classified as type V 
endoleak), is defined as persistent transmission of 
arterial pressure to the aneurysm sac and contin-
ued aneurysm growth without demonstrable leak 

on imaging studies. The exact mechanism and 
natural history are poorly defined. This poses 
diagnostic and therapeutic dilemma, as these 
patients may require intervention if the aneurys 
growth is persistent, since there is an increased 
risk of delayed aneurysm rupture.80

Kinking of Endograft

Exclusion of the aneurysm from arterial circula-
tion leads to aortic remodeling. Sac shrinkage 
causes a reduction in not only the diameter but 
also the length of the native aorta.81 This can lead 
to kinking (Fig. 12.15) or obstruction of the graft 
limbs. The use of external support and longer 
bodies with shorter limbs in newer devices has 
reduced the risk of kinking.82 However, second-
ary procedures may be required to reopen the 
occluded graft and provide additional support for 
collapsed limbs.

Infection

Infection of aortic stent grafts is a catastrophic 
event. Although rare, this is thought to be due 
to intravascular seeding of the graft rather than 
primary graft infection.83 Persistent positive 
blood cultures or CT scan finding of air around 
the graft suggest the diagnosis.84 Definitive 
 management requires complete excision of the 
implanted device and restoration of distal perfu-
sion via extra-anatomic bypass85 or in situ aortic 
reconstruction with autogenous femoral vein, anti-
biotic-soaked nonautogenous graft, or cryopre-
served arterial allografts,86 along with appropriate 
antibiotic treatment of accompanying bacteremia 
or sepsis.

Late Device Failure

Late device failure is associated with early genera-
tions of endografts (Fig. 12.16), and includes fabric 
disintegrations, stent fractures, suture breaks, and 
barb fractures.87,88 Device failure may lead to 
repressurization of the aneurysm sac, imparting a 

Fig. 12.14 Trans-hypogastric endoluminal coil embo-
lization of lumbar arteries causing a type II endoleak
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risk of rupture. However, barb fractures and suture 
breaks are usually benign, and may not represent 
any increased risk of rupture. Most device failures, 

when indicated, can be addressed through endo-
vascular techniques, including re-lining the failed 
graft with a new endograft, or placement of an 
aorto-uni-iliac graft with contralateral limb 
occluder and extra-anatomic bypass.89 Rarely, 
open repair with explant of the failed endograft is 
required. Thus, long-term follow-up is required 
for all stent grafts to evaluate for device integrity, 
and timely appropriate management when such 
failures are detected.

Endovascular Repair of Ruptured 
Abdominal Aortic Aneurysms

The use of endografts in the management of 
acutely ruptured or symptomatic aortic aneu-
rysms has been described in small series, and 
early results have been promising.90,91 The advan-
tages of the endovascular approach in the repair 
of ruptured abdominal aortic aneurysms includes 
avoiding laparotomy in an otherwise compro-
mised patient, lower operative blood loss, and 
more rapid control of hemorrhage. Lower early 
mortality is anticipated by extrapolation of data 
from elective aneurysm repair, and has been 
supported in recent studies.92,93 An additional 

Fig. 12.15 Kinking of the right iliac limb due to vessel tortuosity. Placement of an additional stent within the iliac limb 
corrected the problem

Fig. 12.16 (a, b) Long-term failure of endografts requir-
ing open surgical removal of thoracic endografts and open 
aortic graft reconstruction
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advantage of starting with an endovascular 
approach is the ability to obtain rapid proximal 
aortic control without the need for open exposure 
of the supraceliac aorta. Even if conversion to an 
open repair is required, such as for a patient with 
unfavorable anatomy, the endovascular occlusion 
balloon allows for precise placement of the prox-
imal “clamp,” which may limit the degree of vis-
ceral or renal ischemia required during open 
aneurysm repair.

The applicability of the endovascular approach 
is dependant not only on anatomical consider-
ations, but also on logistical factors involving 
device and treatment staff availability. Expeditious 
and successful treatment of ruptured abdominal 
aortic aneurysms requires a multidisciplinary 
team made up of the vascular surgeon, emer-
gency department physicians, anesthesiologist, 
operating room staff, and x-ray technicians. An 
institutional protocol that directs the triaging of 
patients with ruptured abdominal aortic aneu-
rysms should be established and rehearsed.94 The 
preoperative process starts with a high index of 
suspicion in a patient presenting to the emer-
gency department with an acutely symptomatic 
or ruptured aortic aneurysm. The treatment team 
is notified and activated. In patients with a main-
tainable blood pressure of >80 mmHg and not in 
immediate hemodynamic compromise, a CT 
scan should be obtained to determine suitability 
for endograft repair. The CT scan directs the 
choice of endografts through evaluation of the 
aortoiliac morphology and visualization of the 
aortic wall, which may be masked by luminal 
thrombus in angiographic images. Lloyd et al. 
suggest that patients who present with ruptured 
AAAs do have time to undergo expeditious imag-
ing, with a majority of patients not undergoing 
treatment dying >2 h after diagnosis and admis-
sion.95 Unstable patients, however, should be 
transported directly for operative repair without 
preoperative imaging (Fig. 12.17).

Early experiences with endovascular repair of 
ruptured AAAs involved the use of aorto-uni-
iliac devices,96 but the use of modular bifurcated 
prosthesis is increasing.97 An adequate inventory 
of commercially available stent-grafts, catheters, 
wires, balloons, and sheaths must be available, 

and the vascular surgeon must be comfortable 
with using any of the available equipment. The 
ability to exclude the aneurysm sac from the 
 arterial circulation depends on using endografts 
with proper diameter and lengths, and hybrid 
stent-grafts, combining pieces from different 
manufacturers, may be required to accomplish 
this task.

Once the decision to proceed has been made 
and the preoperative planning has been com-
pleted, the patient is brought into an operating 
room with interventional capabilities. The 
 operating room setting is ideal, as it allows for 
conversion to open procedures as required. 
Appropriate lead shielding is worn or used by all 
personnel involved in the procedure. In a patient 
with a contained abdominal aortic aneurysm rup-
ture, the muscular abdominal wall may provide 
an additional tamponade effect.93 Therefore, 
prepping and draping the patient should be done 
before the induction of anesthesia. The patient 
is prepared as in an open aneurysm repair, from 
the xiphoid down to the knees, and to the table 
laterally. All lines, restraints, and monitoring 

Fig. 12.17 Abdominal aortic aneurysm with free intrap-
eritoneal rupture despite endograft deployment
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equipment must be kept clear of the patient’s 
chest, abdomen, and groin so as not to interfere 
with the acquisition of fluoroscopic images. 
Bilateral femoral access is obtained under local 
anesthesia. Simultaneously, the anesthesiologist 
places upper extremity arterial catheter and 
central venous catheter or sheath. For especially 
agitated or uncooperative patients, conscious 
sedation may be judiciously applied, but every 
attempt should be made to avoid neuromuscular 
blockade until femoral access has been attained. 
This allows for the placement of an aortic occlu-
sion balloon for proximal control in the event of 
free rupture or hemodynamic instability on 
induction of general anesthesia. Stiff wires are 
passed into the thoracic aorta, followed by the 
endovascular balloon. A flush catheter is placed 
into the juxtarenal aorta, and an aortogram is per-
formed. If a preoperative CT scan was not 
obtained, the feasibility of endograft repair and 
endograft selection, as applicable, is done based 
on the aortogram. In this scenario, oversizing of 
the endograft, particularly at the proximal neck, 
is recommended to allow for the presence of 
thrombus that may not be visualized on the arte-
riogram. The remainder of the operation is car-
ried out similar to an elective repair. 
Postoperatively, the patient should be admitted to 
the intensive care unit, and if general anesthesia 
was used, the patient may be kept intubated for a 
short time to facilitate hemodynamic monitoring 
and manipulation. In these patients, special atten-
tion must be paid to the development of abdomi-
nal compartment syndrome, which has been 
reported to occur in 3–18% of patients.98 The 
endovascular repair does not address the pressure 
effects exerted by the extravasated blood from 
the aneurysm rupture within either the retroperi-
toneum or the peritoneal cavity. High airway 
pressures, oliguria, or hypotension combined 
with supportive abdominal exam findings should 
raise suspicion to this syndrome, and decompres-
sive laparotomy may be required to address these 
issues.

With the establishment of a well-defined pro-
tocol for the management of ruptured AAAs, 
Mehta et al. were able to achieve markedly 
improved mortality outcomes with endovascular 

techniques as compared to conventional open 
techniques.94 The primary goal in the  management 
of patients with ruptured AAAs is to exclude 
the aneurysm and stabilize the compromised 
patient. The endovascular approach, with its 
associated lower morbidity and mortality com-
pared to open repair, is a logical first step to 
accomplishing that goal. Therefore, the anatom-
ical inclusion criteria for elective EVAR should 
be expanded in the ruptured patient. This may 
require additional procedures or even open 
 surgical repair to achieve a satisfactory long-
term result, but these additional procedures are 
usually performed after the patient has been 
 stabilized hemodynamically.

Endovascular Therapy for Thoracic 
Aortic Diseases

Thoracic Aortic Aneurysms

Most of the descending thoracic aneurysms are 
atherosclerotic and treatment is indicated for 
aneurysm diameter more than 5.5 cm or annual 
growth rate more than 1 cm. Endovascular ther-
apy is particularly useful in localized or saccular 
aneurysms and focal anastomotic psueudoaneu-
rysms. Clinical experience has shown that endo-
vascular therapy is safe with lower mortality, 
morbidity, and paraplegia compared with con-
ventional surgery.99,100 Long-term durability is 
still unknown.

Thoracic Aortic Dissections

Endovascular treatment is indicated in complicated 
type B dissections. These include acute aortic 
 rupture with pain, chronic dissection with false 
lumen enlargement, and branch vessel involvement 
(renal, mesenteric, iliac, and spinal vessels). The 
aim is to cover all entry and exit points or at least 
entry point in long aortic segment involvement. 
Results from several clinical series are promising101 
and current ongoing randomized trials should pro-
vide the answer (VIRTUE and ADSORB studies).
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Traumatic Aortic Injuries

The endovascular approach may be particularly 
advantageous in patients who present with trau-
matic transections or acute rupture, as the pres-
ence of other injuries or comorbidities may make 
the risk of open thoracic repair prohibitively 
high.102 Open thoracic aortic surgery is a morbid 
procedure, due to the need for thoracotomy, aor-
tic cross-clamp, and cardiopulmonary bypass,103 
all of which are theoretically avoided through 
endovascular techniques.

Thoracoabdominal Aneurysms

Exclusion of aneurysm with the need to maintain 
branch vessel blood flow makes endovascular 
procedure difficult in these patients. Surgical 
debranching with hybrid endovascular procedure 
and fenestrated stents are two useful approaches. 
Barring the use of debranching procedures or 
branched endografts, only Crawford Type I tho-
racoabdominal aortic aneurysms can be repaired 
through purely endovascular techniques. Limited 
experience from few centers104 does not allow 
any safe conclusions to be drawn.

Coarctation of Aorta

Current data suggest that endograft is a safe and 
effective alternative to open surgical treatment.105 
Re-intervention rate was 10–15% with catheter-
based therapies. More long-term data are required 
before recommending endograft as the first-line 
treatment.

Aortic Arch Aneurysms

Endovascular graft technology is challenged with 
the need to preserve carotid and subclavian blood 
flow. Hybrid hemi or total arch transposition fol-
lowed by aneurysm exclusion with stent graft 
(Fig. 12.18)106 and fenestrated or branched stent 
grafts107 has been employed. Clinical experience 
is limited to few centers.

Technical Considerations

Spiral CT of the chest, abdomen, and pelvis is 
obtained for any patient being considered for 
endovascular repair of thoracic aortic aneurysms. 
The adequacy of proximal and distal seal zones, 
as well as access routes for the delivery of the 
endograft is evaluated. The most feared complica-
tion after endovascular repair of thoracic aortic 
aneurysms is spinal cord ischemia and paraplegia. 
However, studies have shown this incidence to be 
low, even in patients who have coverage of long 
aortic segments or the artery of Adamkiewicz 
supplying the anterior spinal artery.108 Another 
complication that may arise is a type I endoleak, 
usually associated with distal graft migration.109 
The high velocity of blood traveling through the 
thoracic aorta causes high shear stress on the 
endograft. In addition, the graft itself may kink in 
the mid-portion of the aneurysm, which would 
contribute to distal migration of the proximal seal 

Fig. 12.18 Schematic of a hybrid procedure consisting 
of total arch transposition followed by aortic aneurysm 
exclusion with a stent graft
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zone.110 Therefore, most investigators recommend 
at least 2 cm of proximal landing zone.111 To 
achieve adequate proximal fixation, coverage of 
the origin of the left subclavian artery may be 
required and is considered acceptable. However, 
the role of preoperative extra-anatomic revascu-
larization of the left subclavian artery is unclear. 
Most patients who did not undergo preoperative 
left subclavian artery revascularization prior to 
coverage of its origin experienced only asymp-
tomatic blood pressure differential between the 
two upper extremities.112 However, strokes directly 
related to obstruction of left vertebral artery inflow 
have been described, usually in the setting of a 
concomitant right vertebral artery occlusion.113,114 
More recent studies have reported reduced risks 
of cerebrovascular accident and spinal cord isch-
emia when revascularization of the left subclavian 
artery is performed.115 Therefore, detailed inter-
rogation of the supra-aortic arteries is essential if 
coverage of the left subclavian artery is desired 
without preoperative bypass. Although more 
experience and long-term studies are required 
before meaningful conclusions can be drawn 
regarding the value of endovascular repair of tho-
racic aortic diseases, this approach may represent 
a less morbid and superior approach in patients 
considered too high risk for open repair.

Key Notes

 1. The transfemoral endovascular repair of 
abdominal aortic aneurysms offers improved 
short-term survival compared to open repair, 
and this benefit is even greater in patients 
deemed high risk for surgery.

 2. Eligibility for EVAR is based on a host of fac-
tors including size of aneurysm, risk of rup-
ture, life expectancy, and patient anatomy. The 
proximal aortic neck is the most important 
anatomic consideration when considering 
endograft repair and a hostile neck can lead to 
inadequate exclusion of aneurysm sac from 
arterial circulation.

 3. Personnel involved in EVAR must be con-
scious of radiation safety, and all efforts should 

be made on both a system as well as an 
individual level to monitor and minimize radi-
ation exposure.

 4. Operative planning includes consideration 
for possible complications, including aneu-
rysm rupture, access vessel injury, and medi-
cal complications. The operative team must 
always be ready to convert to open repair.

 5. Any patient being considered for EVAR must 
be able to comply with lifelong endograft 
surveillance. Graft endoleak is an ever-pres-
ent threat, and early detection and treatment 
with secondary interventions address the 
threat of aneurysm enlargement and rupture.

 6. Endovascular repair of ruptured abdominal 
aortic aneurysms offers an attractive alterna-
tive to open repair, with lower short-term 
mortality. Establishment of an institutional 
protocol for timely diagnosis and treatment 
of this highly morbid condition improves 
outcomes.

 7. Indications for endovascular thoracic stenting 
continue to expand while the results of ran-
domized clinical trials and long-term outcome 
studies are awaited.
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Introduction

Endovascular aortic surgery presents unique 
challenges to the anesthesia care team. The 
ability to care for potentially complex vascular 
problems in patients with a wide range of 
comorbidities through a relatively noninvasive, 
percutaneous approach allows for a seemingly 
endless number of permutations of anesthetic 
interventions. This can allow for what might be 
thought of as “interesting” combinations of 
interventions such as the placement of invasive 
arterial catheters at multiple sites and/or pul-
monary artery catheterization in a patient 
 undergoing a procedure under monitored anes-
thesia care (MAC) with little or no sedation. 
Furthermore, while the hope is always for a 
quick and complication-free operative course, 
the anesthesia care team must be prepared for 
potential catastrophe given the nature and loca-
tion of the inherent pathology.

Preoperative Evaluation

As with any anesthetic, preparation is paramount 
to success. Preparation starts with preoperative 
assessment. In addition to the standard preopera-
tive evaluation of any patient undergoing endo-
vascular aortic repair (EVAR), special attention 
needs to be paid to the assessment of the cardiac, 
pulmonary, and renal systems. Although the con-
version rate to open repair is low in most modern 
series,1 any patient undergoing EVAR needs to 
be evaluated for such a contingency. It is impor-
tant to ascertain whether or not the patient’s cur-
rent condition can be optimized prior to surgery. 
This process needs to consider the urgency of the 
patient’s need for surgery as well as the effec-
tiveness of potential preoperative interventions 
in actually decreasing operative risk. Current 
guidelines can be helpful in making these deter-
minations2 (Fig. 13.1). Certainly patients with 
unstable coronary artery disease, decompensated 
heart failure, unstable arrhythmias, and severe 
valvular disease should be stabilized if at all pos-
sible prior to aortic endovascular procedures. 
However, the anesthetic caregiver will certainly 
be involved in situations where such time is not 
available. In these settings, intense anesthetic 
intervention will be required with attempts made 
to optimize patients in very short amounts of 
time. American Heart Association/American 
College of Cardiology (HA/ACC) recommenda-
tions consider EVAR as intermediate risk proce-
dures as opposed to high-risk open vascular surgical 
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 procedures based on mortality rates.2 The type of 
surgery directs management only in patients with 
significant clinical risk factors (Fig. 13.1).

The most common medical issue in patients 
presenting for endovascular surgery is tobacco 
use (60–80%). It is not surprising that many of 
these patients have reactive airway disease and 
obstructive airway disease. EVAR is not post-
poned in these patients unless there is an acute 
exacerbation of their disease. Often, patients with 
stable disease are given bronchodilators and ste-
roids on the day of surgery and, if possible, gen-
eral anesthesia is avoided.4

Preoperative renal dysfunction is an important 
predictor of early mortality and long-term sur-
vival after endovascular abdominal aortic repair 
(EVAAR). Worsening of renal function can occur 
after EVAAR and it is often multifactorial. 
Approximately 6% of all patients undergoing 

EVAAR with normal preoperative renal function 
suffer a significant decrease in creatinine clear-
ance, with 2% of patients requiring dialysis. The 
rate of significant worsening of renal function is 
four times more likely in patients with pre-existing 
renal insufficiency.5 Measures should be taken to 
prevent deterioration of renal function periopera-
tively and they are described elsewhere in the 
book.

As EVAR is more often utilized nowadays in 
emergency and urgent situations, such as with dis-
sections, trauma, and ruptured aneurysms, pre-
operative evaluation is often limited to eliciting 
relevant past medical history, focused physical 
examination (assessment of neurological status, 
hemodynamic condition, cervical spine, and asso-
ciated injuries in trauma patients) and quick review 
of available laboratory tests (hematocrit, coagula-
tion tests) and imaging studies (CT scanning).

Need for emergency
noncardiac surgery? Operating room

Perioperative surveillance
and postoperative risk

stratification and risk factor
management

Yes
(Class I, LOE C)

Yes
(Class I, LOE B)

Yes
(Class I, LOE B)

Yes
(Class IIa, LOE B)

No or unknown

3 or more clinical
risk factors 

1 or 2 clinical
risk factors 

No clinical
risk factors 

Class I,
LOE B

Class IIa,
LOE B

Proceed with
planned surgery§

No

No

No

Active cardiac
conditions*

Low risk surgery

Step 1

Step 2

Step 3

Step 4

Step 5

Evaluate and treat per
ACC/AHA guidelines

Consider
operating room

Proceed with
planned surgery †

Proceed with
planned surgery †Proceed with planned surgery with HR control¶ (Class IIa, LOE B)

or consider noninvasive testing (Class IIb, LOE B) if it will change management

Functional capacity
greater than or equal to 4 METs without

symptoms ‡

Intermediate
risk surgery

Intermediate risk
 surgeryVascular surgery

Vascular surgery

Consider testing if it will
change management¶

Fig. 13.1 Cardiac evaluation and care algorithm for noncar-
diac surgery based on active clinical conditions, known car-
diovascular disease, or cardiac risk factors for patients 

50 years of age or greater. HR heat rate, MET, metabolic 
equivalent (From Lee et al.3 p. 1981, Figure 1. Reprinted 
with Permission, ©2007, American Heart Association, Inc.)
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Anesthesia Type

EVAR can be performed under general, regional, 
or local anesthesia. Spinal anesthesia, combined 
spinal-epidural, continuous epidural, continuous 
spinal, and bilateral paravertebral blocks are all 
described for EVAR.6-11 Airway management dur-
ing general anesthesia can be performed either 
with an endotracheal tube or a laryngeal mask air-
way. Balanced anesthesia with inhalational agents, 
intravenous anesthetics, and opioids are com-
monly used. Local anesthesia includes ilioingui-
nal and iliohypogastric nerve blocks along with 
skin infiltration. Loco-regional anesthetic tech-
niques often require intravenous sedation with 
agents such as dexmedetomedine and/or propofol 
for patient comfort during long procedures.7,12

While knowing and understanding the surgi-
cal plan and approach are important to any suc-
cessful anesthetic, it is even more critical in 
EVAR. Surgical plan can by itself determine the 
overall anesthetic plan, i.e. general anesthesia 
(GA) or regional anesthesia (RA) is required for 
iliac/retroperitoneal approach while local anes-

thesia (LA) is adequate for femoral approach. 
Extensive inguinal exploration, previous ingui-
nal scarring, and construction of femoral artery 
to femoral arterial conduit may also require 
regional or general anesthesia.13 With regard to 
neuraxial anesthesia, it is always important to 
consider the fact that some form of anticoagula-
tion, if not already being given to the patient 
 preoperatively, will likely be introduced intraop-
eratively and, perhaps, continued postoperatively. 
Most commonly, this anticoagulation comes in 
the form of intraoperatively dosed, unfraction-
ated heparin. The use of “single shot” neuraxial 
blocks as well as the placement and removal of 
neuraxial catheters must take this into consider-
ation to prevent the rare complication of epidural 
hematoma and its potential catastrophic seque-
lae. American and European Societies of 
Regional Anesthesia and American College of 
Chest Physicians published guidelines for 
neuraxial anesthesia in the setting of anticoagula-
tion.14 Institutional protocols based on these 
guidelines are useful for planning the type of 
anesthesia for endovascular surgical patients 
(Table 13.1).

Table 13.1 Guidelines for neuraxial anesthesia in patients receiving antithrombotic therapy

Drugs Recommendations for neuraxial anesthesia

NSAIDs (e.g., Aspirin) No contraindication
Clopidogrel Stop for 7 days before needle placement
Glycoprotein IIa/IIIb inhibitors Discontinue for 8–48 h depending on the pharmacokinetics of the drug
Thrombolytics Absolutely contraindicated
Direct thrombin inhibitors Avoid regional anesthesia
Warfarin Needle placement if INR is normal, catheter removal with INR £ 1.5
Subcutaneous unfractionated heparin  
(UFH) prophylaxis

No contraindication if total daily dose is less than 10,000 units; Delay 
the dose if technical difficulty is anticipated

Intravenous therapeutic UFH Needle placement with minimal anticoagulation (normal PTT)
Heparin can be given intraoperatively 1 h after needle placement
Surgeons informed if there is a traumatic bloody tap, consider delay of 
subsequent anticoagulation
Concomitant anticoagulation and postoperative epidural catheter 
analgesia requires careful monitoring for epidural hematoma and spinal 
cord function. Diagnostic imaging and surgery are needed if spinal 
hematoma is suspected
Removal of catheter in the presence of normal PTT
Restart heparin 1 h after removal of catheter

Low molecular weight heparin  
prophylaxis

Delay neuraxial block for 12 h after the last dose; Delay next dose for 
2 h after needle placement and catheter removal

Therapeutic LMWH Delay neuraxial block for 24 h after last dose
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The potential for conversion from an 
 endovascular to an open surgical approach should 
be discussed preoperatively with the surgical 
team and patients. Published rates of conversion 
are in the range of 0.6% to about 3%.15–17 This 
suggests that in most situations the need for pos-
sible conversion should not be a major determi-
nant of anesthetic plan.

Published Reports

The superiority of one technique over the others 
has not been clearly established. There have been 
several published studies that have attempted to 
address this issue. Unfortunately, all suffer from 
serious methodological issues that put their valid-
ity into question.

Ruppert et al. published the largest study to 
date that attempted to address the issue of anes-
thesia type for endovascular abdominal aortic 
aneurysm repair (EVAAR) and outcome.18 This 
was a prospective, multicenter study of 5,557 
patients included in the EUROSTAR registry. The 
authors found no mortality differences based on 
anesthesia but did see shorter procedures and 
shorter ICU and hospital stays in LA versus RA, 
LA versus GA, and RA versus GA comparisons. 
They also found a higher incidence of cardiac 
complications with GA versus both LA and RA 
groups. However, this was not a randomized 
study. The type of anesthetic was dictated by the 
care team and significant differences existed 
between patients in the different anesthetic groups. 
Furthermore, only 6% of the patient population 
had LA and the LA patients were more likely to 
have been cared for at the centers with the most 
experience with EVAAR. A more recent publica-
tion by the same group, which attempted to risk 
stratify these data, showed that high-risk patients 
who received LA and RA had less morbidity, 
mortality, systemic complications, and recovery 
times encouraging the use of loco-regional anes-
thesia in high-risk patients. But many of the same 
methodological flaws remain.19

Parra et al.20 studied 424 EVAR patients having 
LA, RA, or GA at 13 different centers. There 
were 50 patients in the LA group. They found no 

mortality difference between the groups but did 
find a lower incidence of cardiac, renal, and 
wound healing complications in the LA group. 
Although this study was nonrandomized, risk 
factors did appear to be similar between the 
groups.

Verhoeven et al. prospectively studied 239 
patients undergoing EVAR at a single center.21 
All patients received LA unless there was a tech-
nical reason not to or if the patient preferred GA 
or RA (170 patients received LA in this study). 
LA patients had shorter ICU and hospital stays as 
well as a lower complication rate. This study was, 
as pointed out by the authors themselves, more of 
a feasibility study for the use of LA. The study’s 
nonrandom structure prevents a true comparison 
between anesthetic types.

Bettex et al. studied 91 patients undergoing 
EVAR and compared LA to epidural anesthesia 
(EA), and GA.22 They found less use of vasopres-
sor support, lower percentage of ICU admission, 
and shorter hospital stays in LA compared to EA 
and GA. There were no differences in mortality 
or significant complications between the groups. 
This was a small study wherein the type of anes-
thesia was dependent on location of the incision 
(femoral versus iliac) and the anesthesia team’s 
preference.

De Virgilio et al. retrospectively reviewed 
229 patients undergoing EVAR with LA or GA23 
(71 patients were in the LA group). They found 
no difference between the groups in terms of 
mortality or cardiopulmonary complications. 
However, the two patient groups differed 
 significantly with LA patients being older and 
having more risk factors while GA patients  
had larger aneurysms. Furthermore, patients 
included from the first 2 years of the study when 
the procedure was relatively new all had GA 
whereas LA was provided for the latter patients. 
This has serious implications to the interpreta-
tion of the results.

In summary, published literature gives the 
sense that patients who receive loco-regional anes-
thesia tend to have improved postoperative outcomes 
by reducing hospital stay, ICU stay, mortality, 
and morbidity.24 However, until appropriately 
powered, prospective, randomized trials are per-
formed, there will be no certainty provided to the 
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question of anesthetic superiority in terms of 
patient outcomes. Until then, the appropriate 
choice depends on an assessment of individual 
patient characteristics as well as personnel and 
procedural aspects. Published literature certainly 
lends support to the feasibility of any of these 

anesthetic methods. While it is certainly intuitive 
to think that less anesthetic intervention is always 
better for patients, individual circumstances 
should always serve as an important backdrop for 
developing the most appropriate anesthetic plan. 
The advantages and drawbacks of GA and loco-
regional anesthesia are summarized in Tables 13.2 
and 13.3.

Special Considerations  
for Preparation, Equipment,  
and Monitoring

The need for significant hemodynamic manipula-
tion as well as the potential for hemodynamic 
compromise exists in all EVAR cases. With this 
as a background, the following suggestions for 
preparation are appropriate for most anesthetic 
plans.

Monitoring above and beyond the American 
Society of Anesthesiologists (ASA) standards for 
basic monitoring (Standards for Basic Anesthesia 
Monitoring, ASA House of Delegates, October 
21, 1986, and last amended on October 25, 2005) 
are determined by patient and procedural issues. 
For appropriate patients undergoing anticipated 
“straightforward” procedures, no other monitor-
ing may be necessary. However, the presence of 
significant comorbidities, the possibility of hemo-
dynamic compromise, and the need for the assess-
ment of technical success and/or complications 
will dictate the need for further monitoring.

The placement of devices and cables that are 
radio opaque, e.g. ECG leads, pulse oximetry 
cables, etc., must be considerate of likely fluoro-
scopic views (Fig. 13.2). Lengthwise and arched 
movements of the table are necessary. Invasive 
monitoring cables and lines as well as respiratory 
circuit tubing should be of sufficient length to 
prevent disconnections.

Invasive Arterial Pressure Monitoring

Invasive arterial monitoring will be useful in most 
situations given the frequency of cardiovascular 
comorbidities and because of the potential for 

Disadvantages
Patient discomfort in supine position during long 
operations (inexperienced surgeon, technical difficul-
ties, patients with back pain, symptomatic patients with 
compromised cardiopulmonary illnesses, patients with 
obesity)
Need to convert to general anesthesia if the procedure 
is converted to open procedure
It is imperative that the patient be able to comply with 
breath holding and remain immobile during image 
acquisition to allow for adequate visualization of 
anatomic landmarks to avoid potential problems with 
endograft positioning such as inadvertent coverage of 
the renal arteries or the hypogastric arteries, or 
excessive distal deployment of the endograft, increasing 
the risk of type I endoleaks

Table 13.3 General anesthesia for endovascular aortic 
surgery

Advantages
Airway secured for the procedure duration and allows 
better crisis management in cases of aneurysm rupture 
or rupture of access vessel or graft migrations
Hemodynamics can be controlled and easily manipu-
lated with medications under general anesthesia
Better patient tolerance of longer procedures in supine 
position
Reduced patient movement during critical phases of 
procedure (e.g., stent deployment)
Control of respiration during fluoroscopy
Placement of invasive lines and transfusions easier if 
required

Table 13.2 Local and regional anesthesia in endovascu-
lar aortic surgery

Advantages
Greater hemodynamic stability, less requirement of 
intravenous fluids, inotropes, and vasopressors (Applies 
to epidural block only if high sympathectomy is 
avoided)
Minimal changes in pulmonary mechanics
Ability to detect complications early while awake (i.e. 
anaphylaxis to dye, persistent pain indicating rupture of 
vessel into retroperitoneum)
Decreased hospital stay and recovery times

Disadvantages
More hypotensive episodes
Increased fluids and vasopressor requirement
Longer recovery and more intensive care unit 
requirement
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hemodynamic compromise. In addition, there 
exists the potential need for frequent laboratory 
analysis of arterial blood. Sick patients under 
monitored anesthesia care (MAC) and sedation 
can develop significant blood gas and acid–base 
abnormalities after long tedious procedures in the 
supine position. Arterial blood gas (ABG) moni-
toring is helpful in such situations and aids in 
making early decisions such as the need for endo-
tracheal intubation, controlled ventilation, and 
conversion to GA. Blood loss during EVAR 
can be significant and often concealed. In one 
series, the average blood loss was 662 ml (range; 
100–2,500 ml).25 Duration of these procedures 
varies from 2 to 4 h and average crystalloid admin-
istration typically ranges in the 2–3 liter range. 
Serial electrolytes and hematocrit measurements 
can guide fluid therapy and blood transfusions. 
The use of an intraoperative activated clotting 
time (ACT) monitoring system may also be helpful 
in ensuring adequate levels of heparin anticoagu-
lation. Individual patient responses to fixed heparin 
doses can be unpredictable.26,27 Furthermore, a 
significant number of the subset of patients that 
come for EVAR procedures will have acute or 
chronic exposure to heparin. Therefore, there is 
the finite potential for heparin resistance due to 

low levels of antithrombin III (ATIII). In addition, 
resistance from other, non-ATIII-related issues 
have been suggested to occur in as many as 11% 
of cardiac surgical patients deemed as heparin-
resistant.28 The optimum ACT goal for EVAR is 
not well established. Martin et al. suggest that a 
goal of more than 200 s be set for peripheral vas-
cular surgery, but it is not clear whether or not 
this correlates with EVAR.27 One may argue that 
EVAR induces less of an inflammatory/coagula-
tion response than open procedures and therefore 
would require less anticoagulation, but this 
remains to be studied. Monitoring of ACTs every 
30 min during the time necessary for anticoagu-
lation allows for guidance of repeat heparin dos-
ing. Furthermore, if protamine reversal is used, 
ACT after neutralization can help to ensure ade-
quate effect.

It is also important to establish which sites 
will be incorporated into the surgical field and 
potentially unavailable for access or monitoring. 
Some of the more complex endovascular surger-
ies may require prior bypass procedures to allow 
for blood flow to vital organs where normal 
“feeding” vessels are to be obstructed by an endo-
vascular stent. An example would be the need to 
perform a left subclavian artery to left common 

Fig. 13.2 Picture of the modern endovascular operat-
ing room suite. These facilities provide for the use of 
integrated radiographic and angiographic equipment 

in an environment that maintains the capabilities 
 present in a fully functional cardiac surgical operating 
room
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carotid bypass in a patient wherein an aortic 
endovascular stent overlies the origin of the left 
subclavian (Fig. 13.3). Such a plan has enormous 
implications to overall anesthetic plan as well as 
planned monitoring sites and should be discussed 
with the surgical team.

The number of sites for placement of arterial 
catheters requires some forethought. In most situ-
ations, one catheter placed in a location that will 
remain unobstructed both during and after place-
ment of endovascular aortic stents is sufficient. 
However, complex surgical procedures may 
require multiple cannulations. For example, if an 
endovascular aortic stent is to be placed in pro-
ximity to the takeoff of the left subclavian artery 
from the aorta, the placement of arterial catheters 
in the left and right upper extremities will allow 
for comparisons that may help detect obstruction 

of flow. In a similar fashion, comparisons between 
arterial catheters in the upper and lower extremities 
can help to diagnose potential partial aortic, iliac, 
or femoral arterial obstruction. This information can 
be used as a supplement to angiographic imaging 
to determine the need for further intervention.

Central Venous and Pulmonary Wedge 
Pressure Monitoring

In general, large bore intravenous catheter or 
catheters should be inserted given the potential 
for blood loss inherent in many of these proce-
dures. In addition, appropriate blood product 
reserve and support should be confirmed. Access 
to the central venous circulation and the pulmo-
nary arterial circulation may be helpful for resus-
citation in situations of hemodynamic instability 
as well as for monitoring. Once again, the need 
for monitoring some combination of central 
venous pressure, pulmonary artery pressure, car-
diac output, or mixed venous oxygen saturations 
should be guided by unique patient and/or proce-
dural issues. The value of the assessment of these 
parameters correlates directly with an under-
standing of the limitations of these measurements 
as well as the complications that can be associ-
ated with the placement of these catheters.

Transesophageal Echocardiography

As will be discussed in detail in another chapter, 
the use of transesophageal echocardiography 
(TEE) during EVAR has been advocated by sev-
eral groups.30-32 Most of the uses of TEE during 
endovascular aortic surgery are in category II 
indications. Should complications such as exten-
sion of dissection or aneurysm rupture occur and 
result in significant hemodynamic compromise, 
the use of TEE becomes a category I indication to 
diagnose the cause of hemodynamic deteriora-
tion. The use of TEE during thoracic endovascu-
lar aortic repair (TEVAR) confirms the diagnosis 
of aortic pathology, aids fluoroscopy and angiog-
raphy in the placement of guidewires and stent 
grafts, and can help in the detection of endoleaks 

Left carotid perfused by
carotid-carotid endograft

Subclavian origin
excluded by
endograft

L

1, 2, 3,
Overlapping
endografts

1
2

3

Old aortobifemoral
graft (open)

Right femoro-
axillary graft

Fig. 13.3 Example of complex endovascular surgery 
requiring several prior bypass procedures that allow for 
endovascular stent placement over critical arterial ostia. 
This can have tremendous impact on anesthetic plan and 
arterial monitoring sites (From Subramaniam et al.29, with 
permission)
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in the postdeployment phase32,33 (Fig. 13.4). TEE 
is a very sensitive modality in the diagnosis of 
endoleaks.30,34,35 There are four different types of 
endoleaks, each with differing levels of clinical 
importance.30 The assessment and classification 
of endoleaks at the time of the initial procedure 
allows for, when necessary, immediate revision. 
Intravascular ultrasound (IVUS) is also utilized 
to analyze the intraluminal pathology and assist 
in placement of endografts along with TEE and 
fluoroscopy.

Cerebral Monitoring

Postoperative stroke is a major complication of 
TEVAR with an incidence (2.3–8.2%) compara-
ble to open thoracic aortic surgery. This compli-
cation is associated with a high mortality.36 Two 
different etiologies exist. Direct coverage of sub-
clavian or carotid artery by stent graft may result 
in stroke in anatomically predisposed patients. 
Stent graft coverage of the left subclavian artery 
can impair vertebral artery blood supply resulting 
in stroke affecting the brainstem and cerebellum 
in patients with a dominant left vertebral artery or 
an incomplete circle of Willis. It can also result in 
spinal cord ischemia (SCI) in patients with poor 

segmental collaterals. Stent coverage of the common 
carotid artery can result in hemispheric stroke. 
TEVAR involving the ascending aorta and arch 
(zones 0–2, Fig. 13.5) is associated with higher 

0
1 2

3

4

Fig. 13.5 Endograft landing zones of thoracic aorta

Fig. 13.4 Intraoperative TEE imaging of endoleaks. In 
this long axis view of the descending thoracic aorta, two 
different endoleaks are visible. Point A represents a small 

type 1A endoleak wherein points C represent the proximal 
edges of an aortic endograft. Point B represents a likely 
type IV endoleak representing simple graft wall porosity
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stroke risk compared to zone 3–4.37 Proximal 
descending thoracic aorta (extent A and C) stent-
ing is associated with higher stroke risk than 
extent B repairs (Fig. 13.6).36

Manipulation of guidewires, angiographic 
catheters, and stent-grafts in the setting of 
severely atherosclerotic aortic disease is another 
potential source of postoperative neurological 
dysfunction. History of prior stroke, obesity, and 
advanced atheromatous disease were identified 
as risk factors for neurological dysfunction after 
EVAR.36,38 The stroke risk varies according to the 
aortic pathology for which EVAR was performed. 
Patients who had EVAR for fusiform aneurysms 
associated with atherosclerosis had a higher inci-
dence of stroke (5.5%) compared to patients with 
traumatic disruption of the aorta (3.7%).38 
Prolonged procedures, higher blood loss, and 
intraoperative hypotension have also been associ-
ated with the risk of postoperative stroke.37,39 
These types of issues are often associated with 
more difficult stent-graft placement and, there-
fore, increased intra-aortic manipulations, which 
can increase stroke risk. Intraoperative echocar-
diography may aid in minimizing the manipula-
tions of intra-aortic devices and in avoiding areas, 
where severe and mobile atheromas may reside.

Intraoperative cerebral monitoring and its role 
in the reduction of neurological dysfunction after 
TEVAR have not been well studied. Somatosensory 
evoked potential (SSEP) monitoring predicted 
stroke in one patient undergoing TEVAR.36 
Intraoperative transcranial Doppler (TCD) is 
being utilized in some institutions to detect embo-
lic events. TCD monitoring detected accidental 
partial coverage of left common carotid artery 
and prevented stroke even when angiography 
failed to detect this complication in a patient with 
Stanford type B dissection treated with TEVAR.40 
While the use of cerebral oximetry in endovascu-
lar aortic surgery has not been specifically stud-
ied, it may also have some utility in procedures 
involving aortic arch vessels. It can also be used 
to help guide hemodynamic interventions to 
improve cerebral perfusion pressure and oxygen 
delivery. The benefits of this modality are its ease 
of use and interpretation as well as its continuous 
nature. Certainly, the ability of the cerebral oxi-
meter to impact neurologic and clinical outcomes 
is still highly debated.41-43 With the advent of 
newer generation fenestrated and branched grafts 
and hybrid procedures for the treatment of tho-
racic aortic pathology, intraoperative cerebral 
monitoring may have an expanded role to play. 

Fig. 13.6 The incidence of stroke after endovascular 
repair is related to the extent of descending thoracic aor-
tic aneurysm. The extent coverage (a, b, or c) of the 

descending thoracic aortic aneurysm (Reprinted with 
permission from Gutsche et al.36)
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More research is needed on the various available 
monitoring modalities and their usefulness in 
preventing neurological dysfunction after endo-
vascular surgery.

Spinal Cord Monitoring

Published rates of paraplegia after TEVAR vary 
from 0% to 12%. It is possible that underreporting 
may have impact on the actual rate. The true risk 
of paraplegia with endovascular therapy is not 
insignificant. It appears that the incidence may be 
comparable or less than open surgery.44 The 
advantages of endovascular procedures over open 
repairs in maintaining perfusion to the spinal 
cord comes from the following factors1; avoid-
ance of aortic cross-clamping, proximal aortic 
hypertension, and their negative effects on cere-
brospinal perfusion,2 maintenance of continuous 
distal aortic perfusion,4 lack of reperfusion injury 
from reimplantation of segmental arteries,5 less 
intraoperative blood loss and hypotension.45

The main mechanism of spinal cord ischemia 
(SCI) after TEVAR is ill defined and the proposed 
mechanisms include direct coverage of intercos-
tal arteries, compromise of collateral segmental 
spinal cord blood supply, and atherosclerotic 
embolization.46 Amabile et al. found that a length 
of stent coverage of the aorta exceeding 205 mm 
was the only predictor of SCI after stent-graft 
repair.47 Previous or concomitant abdominal aor-
tic repair, perioperative hypotension (<70 mmHg), 
hypogastric artery interruption, subclavian artery 
coverage, and emergent repair were other risk 
factors associated with increased risk of SCI.46 
SCI after EVAAR has also been reported but 
 certainly appears to be relatively uncommon.48

It is not clear whether stent coverage of artery 
of Adamkiewickz alone will result in paraplegia. 
In the study of Amabile et al., coverage of distal 
third of thoracic aorta was not a predictor of 
SCI.47 Griepp et al. routinely ligated the presumed 
origin of this vessel without clinical conse-
quence.49 Though anatomical considerations 
would suggest major importance for this artery, 
clinical significance is probably overstated. 
Additional collateral arterial networks involving 

the pelvic circulation may be more relevant in 
maintaining cord perfusion in patients undergo-
ing TEVAR (Fig. 13.7).51,52 Disruption of this net-
work in patients who have had previous abdominal 
aortic surgery may be the reason for the depen-
dence of spinal cord perfusion on segmental 
intercostal arteries and the higher incidence of 
SCI after thoracic endograft coverage of those 
segmental vessels.53 Perioperative hypotension 
significantly increases the risk of SCI because 
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Fig. 13.7 Anatomy of spinal cord blood flow (From 
Smith and Grichnik,50 with kind permission from Current 
medicine Group, LLC)
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higher blood pressure is needed to drive blood 
through these collateral networks.

Neurophysiologic intraoperative monitoring 
(NIOM) such as somatosensory evoked potentials 
(SSEP) and transcranial motor evoked potentials 
(tcMEP) can be utilized for identification of SCI. 
Baseline recordings of both potentials are obtained 
after the induction of GA for comparison with 
intraoperative recordings. Weigang et al. observed 
alterations in evoked potentials in 75% (tcMEP) 
and 90% (SSEP) of patients who had open thora-
coabdominal repair compared to 22% of patients 
who underwent EVAR. In their study, detection of 
NIOM changes lead to interventions and those 
interventions reversed the abnormalities in 
NIOM.54 Interventions included increases in mean 
arterial pressure (MAP) > 80 mmHg, decreases in 
central venous pressure (CVP) < 12 mmHg, and 
cerebrospinal fluid (CSF) drainage (for CSF 
 pressure > 15 mmHg). They also noticed that 
SSEP showed delayed alterations in latency, 
amplitude, and recovery after tcMEP. In another 
study published by the same group, 35% of 
patients exhibited NIOM changes after thoracic 
endograft deployment and changes reversed with 
interventions in 91% of those patients.55

Studies by Weigang et al. showed a very high 
incidence of SCI by NIOM. In contrast, none of 
the patients in Husain et al.’s study developed 
significant NIOM changes during TEVAR sug-
gestive of SCI.56 Husain et al. monitored both 

peripheral and cortical ulnar and tibial SSEP and 
tcMEP from all extremities during TEVAR. They 
used a 90% decrease in tcMEP amplitude as a 
threshold for defining presumed SCI unlike 
Weigang et al. who used a 50% decrease. This 
could have reduced the false-positive results. 
Also, unilateral loss of both peripheral and corti-
cal impulses could be related to limb ischemia 
due to an endovascular sheath placed in the femo-
ral artery and the changes in NIOM should disap-
pear after femoral sheath removal in this case.  
A guide to Interpretation of SSEP and tcMEP 
changes is described in Table 13.4.56

When NIOM is being used to monitor for 
SCI, the effects of anesthetic agents on SSEP 
and tcMEP potentials must be considered.57,58 
TcMEP is very sensitive to inhalational anesthetics 
and they are often avoided.59,60 Total intravenous 
anesthetic (TIVA) techniques with propofol and 
remifentanil infusions, with or  without nitrous 
oxide, are often preferred.61 Ketamine and dex-
medetomidine use have also been described.57,62 
With tcMEP monitoring, the use of neuromuscu-
lar blocking drugs should be carefully titrated as 
complete blockade will prevent effective moni-
toring.63 Irrespective of the  anesthetic technique 
employed, communication between surgeon, 
anesthesiologist, neurophysiologist, and moni-
toring personnel is extremely important in deter-
mining whether the changes in evoked potential 
are related to surgical interruption of spinal cord 

Table 13.4 Interpretation of neurophysiologic intraoperative monitoring

SSEP tcMEP
Ulnar Tibial

Upper limb Lower limbErb point N20 cortical Popliteal fossa P37 cortical

Technical − − − − − −
Cerebral ischemia, 
hypotension,  
anesthesia

+ − + − − −

Spinal cord ischemia + + + − + −
Lower limb ischemia + + − − + ±
Brachial plexus injury − − + + − +
Scalp edema + + + + − −

Reprinted with permission from Lippincoat Williams and Wilkins; Husain et al.56

Erb point and popliteal fossa are peripheral SSEP waveforms, N20 and P37 are cortical SSEP waveforms.
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blood supply, anesthetic medications, hemody-
namic changes, or other reasons (endovascular 
femoral sheath).

Placement of a CSF catheter for monitoring 
and drainage can be done in the immediate preop-
erative period or the day before planned surgery. 
The question as to whether or not a CSF drain 
should be placed for all TEVAR procedures has 
not been adequately addressed by the existing ran-
domized trials. It appears that relatively few cen-
ters insert CSF catheters in all TEVAR subjects 
while it appears that most selectively use them in 
patients at high risk for SCI. Hnath et al.46 retro-
spectively reviewed 121 patients undergoing 
TEVAR, 46% had a CSF drain placed. None of the 
patients in the group with a CSF drain developed 
SCI whereas 8% of patients in the group without a 
CSF drain developed SCI. They also found that 
60% of patients with SCI responded to blood pres-
sure augmentation and CSF drainage. The patients 
who developed SCI were all high-risk patients 
(previous AAA repair, emergent surgery, longer 
aortic coverage, and higher vasopressor use).46 
There are several common practical situations 
(emergency surgery such as polytrauma and rup-
tured aneurysm, documented coagulopathy, failed 
procedure, and CSF catheter malfunction) in 
which the anesthesia team may not be able to pro-
vide CSF drainage even in high-risk patients. 
When possible, these patients should be carefully 
monitored intraoperatively by NIOM and postop-
eratively by periodic neurologic examination. In 
the event that patients are unable to be assessed 
adequately after the procedure, e.g., if they are 
unable to be awakened, consideration of postop-
erative neurophysiologic monitoring may be rea-
sonable. CSF catheter insertion may be necessary 
during the course of the procedure or postopera-
tively. Neurosurgical consultation and/or interven-
tional radiology consultation for fluoroscopy-guided 
CSF catheter insertion are reasonable in cases of 
difficult spinal catheter placement. Published 
algorithms for management of spinal cord isch-
emia can be extremely useful64 (Fig. 13.8).

CSF drainage can lead to complications such 
as spinal headache, epidural and subdural hema-
toma, as well as infections. Published rates of 
such complications are in the range of 1–3%.46 
The reported incidence of SDH with open 

descending aortic surgeries is in the range of 
3.5%.65,66 In a multivariate analysis, Dardik et al. 
found that the amount of CSF drained was the 
only variable predictive of SDH.65 Based on 
review of available evidence, it has been sug-
gested that setting a lower limit of CSF pressure 
at 10 mmHg and limiting CSF drainage to no 
more than 10 ml/h and 240 ml/day represent jus-
tifiable management goals.29

Temperature Control

Although many of these procedures occur through 
very limited incisions, the use of GA or neuraxial 
anesthesia attenuates normal temperature regula-
tory responses and consideration should be given 
to the use of appropriate warming devices.67 
Frequent movements of the table may hinder 
upper body propelling air systems. Warmed 
blankets and fluids are frequently used.

Techniques for Precise Endograft 
Placement

Particular consideration must be given to the 
strategy which will be utilized to help prevent 
malposition of aortic stents during their deploy-
ment as ultimate success depends on meticulous 
positioning. Most available prostheses cannot be 
repositioned after deployment. Qu et al. demon-
strated that a combination of debranching in 
order to extend the proximal landing zone, clear 
definition of target location, and related anatomy 
by markers on magnified angiographic screens, 
avoidance of movement of the table and patient 
during deployment, and induced hypotension or 
temporary cardiac asystole by adenosine bolus 
can result in precise endograft placement.68

There are two basic designs of aortic stents: 
they are either self-expanding or they require 
balloon expansion. Most of the current devices 
used are of the self-expanding class. Although 
certainly more of an issue for stents requiring bal-
loon expansion, all of these devices are prone to 
significant movement during their deployment as 
pulsatile blood flow causes the stent and related 
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catheters to move to and fro.69 Distal migrations 
likely constitute the majority of malpositions. 
They occur as a result of the force of forward 
blood flow on the stent and/or the deployment 
balloon as well as the “windsock” effect caused 
by the retraction of the sheath used with self-
expanding stents.70 These malpositions can be 
clinically significant and can certainly require 
further intervention. Related to the use of a bal-
loon expander for stent deployment is the poten-
tial for significant proximal hypertension and 
afterload increase as a result of balloon inflation 
in the thoracic aorta. Generally, balloon inflation 
is short (less than 30 s) but in situations where the 

balloon is inflated in the proximal descending 
thoracic aorta or for prolonged periods, this may 
represent a significant hemodynamic issue.

Several strategies have been proposed and 
employed to decrease the force of forward blood 
flow so as to reduce some of the elements involved 
in malpositions.

Induced Hypotension

Blood pressure rise should be avoided during 
deployment. In the modern era of abdominal aor-
tic endograft procedures and simple descending 

Preoperative Risk

Interventions

Postoperative Serial Neurologic Assessment

- Prior AAA repair

- SEP Monitoring
- Lumbar CSF Drainage 
- MAP 75-85 mm Hg

- Extent B or C coverage

Normal Neurologic Exam

Stable Neurologic Deficit

Interventions

Intraoperative Risk

- Vascular Injury

- Volume Expansion

- Proximal and Distal LE Motor Function
- LE Sensory Function

- Resume Antihypertensive Rx
- Cap Lumbar Drain at 24 hr
- Remove Lumbar Drain at 48 hr

- Resume Antihypertensive Rx
- Cap Lumbar Drain at 24 hr
- Remove Lumbar Drain at 48 hr

- Vasopressor Therapy
- Increase MAP ?85-100 mm Hg

Neurologic Deficit

Incomplete Recovery

- Volume Expansion

- Lumbar CSF drainage for
   CSF pressure ?10 mm Hg

- Vasopressor Therapy
- Increase MAP ?85-100 mm Hg

- Increase MAP by 5 mm Hg

- Hemorrhage
- Hypotension
- SEP Abnormality

Fig. 13.8 A proposed algorithm for the management of 
spinal cord ischemia. AAA abdominal aortic aneurysm, 
CSF cerebrospinal fluid, hr hours, LE lower extremity, 

MAP mean arterial pressure, Rx drug therapy, SEP soma-
tosensory evoked potential (From Cheung et al.64, with 
permission)
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thoracic aortic endografts with adequate proximal 
landing zone, a temporary reduction of systolic 
BP to the 80 mmHg range is generally all that is 
required to avoid migration of these prostheses. 
Medications for systemic blood pressure control 
that allow for rapid onset and offset are most sen-
sible. They include nitroglycerine, nitroprusside, 
and calcium channel blockers such as nicardipine 
and clevidipine. A recent prospective study com-
paring these agents in 1,512 cardiac patients 
demonstrated the relative safety and efficacy of 
all of these agents.71 Each agent has a side-effect 
profile that should be considered in the context of 
the particular patient/procedure situation. Practi-
tioner experience is also an important factor that 
should be considered.

Measures other than induced hypotension may 
be needed with complicated thoracic endograft 
procedures with projected landing zones in the 
ascending aorta or aortic arch. Regardless of the 
type of endograft (self-expanding or balloon 
expandable), any method to eliminate or reduce 
the propulsive aortic flow force is helpful for pre-
cise intrathoracic endograft placement.68 Once 
again, it is very likely that institutional and prac-
titioner’s choice will play an important role in 
determining the best strategy to be employed.

Adenosine Cardiac Arrest

Adenosine is an endogenous glycoside analog 
that exerts negative dromotropic and chronotropic 
effects at both the sinoatrial and atrioventricular 
nodes. Adenosine, given by rapid IV administra-
tion, produces temporary cardiac asystole as the 
half life of adenosine is 10 s. Qu et al. described 
four cases of distal migration requiring the place-
ment of an additional proximal cuff when adenos-
ine cardiac arrest was not used in thoracic stenting 
compared with no need for such intervention in an 
adenosine asystole cohort.68 Other studies with 
adenosine have also demonstrated its effective-
ness.69,72–74 Adenosine use has been described in 
patients undergoing GA, RA, and MAC.75

Darros et al. administered trial doses of IV ade-
nosine in the predeployment phase after anesthe-
sia induction until a period of asystole greater than 

20 s was recorded.69 This predetermined dose was 
then administered to produce asystole during 
deployment. At doses less than 1 mg/kg, a linear 
relationship between dose and duration of cardiac 
arrest was observed.76 Clinically, adenosine has 
been used for this purpose in the dose range of 
20–90 mg. Failure to produce asystole and the 
requirement for repeat dosing are common at 
lower doses (less than 30 mg IV).77,78 Sporadic 
ventricular contractions that occur with lower 
doses may interfere with accurate endograft place-
ment.75 Higher doses (60–90 mg) are often required 
during thoracic endograft procedures to achieve 
reliable asystole lasting 20–30 s.68 These higher 
doses of adenosine also produce significant periph-
eral vasodilatation and may help to minimize the 
clinical significance of isolated ventricular con-
tractions on stent placement should they occur.76 
Adenosine is avoided in patients with conduction 
block, severe coronary artery disease, and reactive 
airway disease. The impact of adverse effects on 
awake patients, such as facial flushing, light head-
edness, dizziness, nausea, shortness of breath, and 
palpitations can be attenuated by sedation with 
propofol (1–2 mg/kg) or etomidate (0.1–0.3 mg/kg). 
Transient hypotension lasting 1–2 min, transient 
left bundle branch block, and ST changes that 
require no further treatment have been reported.72 
Complications requiring intervention occurred in 
6.2% of patients in one series.75 These included 
the need for temporary external transthoracic 
 pacing or transvenous pacing to treat prolonged 
asystolic response and external synchronized 
 cardioversion for atrial fibrillation. Plaschke et al. 
studied EEG changes and neurological function 
after adenosine asystole for thoracic endografting. 
EEG changes were transient, reversible, and short 
in nature and no neurological dysfunction occurred 
postoperatively.76

Rapid Ventricular Pacing

Rapid ventricular pacing decreases left ventricu-
lar preload, cardiac output, and stroke volume 
because of loss of atrioventricular synchrony and 
decreased ventricular filling time. Ventricular 
pacing can be obtained with pacing Swan Ganz 
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pulmonary artery catheters or transvenous bipolar 
or quadpolar cardiac pacing.79,80 Ventricular pacing 
rates between 120 and 200/min have been used. 
Ventricular pacing rate 130–180/min generally 
produce systolic blood pressures between 40 and 
60 mmHg whereas rates in the 160–200/min 
range can decrease systolic blood pressures to 
20–30 mmHg.68 General anesthesia was used in 
all the reports using this technique.

The effect on blood pressure is immediate and 
recovers immediately after discontinuation of 
pacing. This can be repeated if necessary during 
additional stent placements or during postdeploy-
ment ballooning when hypertension is commonly 
observed. Complications are rare but induction of 
serious ventricular arrhythmias and atrial or ven-
tricular perforation can occur. Temporary pacing 
may be needed in patients with LBBB.

Other Methods

The induction of ventricular fibrillation by an alter-
nating current transformer attached to the heart by 
temporary transvenous pacing wires followed by 
external defibrillation has also been described.81 
This technique also requires GA and is somewhat 
cumbersome and risky. The temporary occlusion of 
the right atrial inflow (superior or inferior vena 
cava) by using a balloon inserted percutaneously 
from the jugular or femoral vein has also been 
described as an effective method to reduce cardiac 
preload, cardiac output, and blood pressure during 
stent deployment.70,82 These techniques are invasive 
and add more interventions, equipment, and time to 
TEVAR procedures and are not routinely practiced. 
Valsalva maneuver with IV nitroglycerine bolus 
has also been used to achieve the same result.83,84

In a retrospective review, Nienaber et al. com-
pared rapid ventricular pacing, adenosine cardiac 
arrest, and induced hypotension with sodium 
nitroprusside during thoracic endograft proce-
dures.85 Patients who had rapid RV pacing had 
rapid onset and offset of hypotension, the lowest 
instantaneous flow velocities in the aorta, and 
achieved more precise positioning of the device, 
compared to the other methods. No difference in 
neurological function was noticed postopera-
tively between the three groups.

Postoperative Considerations  
in Endovascular Aortic Surgery

In uncomplicated endovascular aortic surgeries, 
postoperative management generally does not 
require the use of ICU. Patients are advanced to 
regular diet and ambulation on the first postoper-
ative day and the average length of stay is usually 
less than 5 days.86 However, complicated thoracic 
stent procedures, stents for ruptured aneurysms, 
and traumatic dissections may require extended 
monitoring in ICU depending on individual 
patient- and procedure-related issues.

Percutaneous approaches and associated 
smaller incisions generally make pain manage-
ment much easier. Long-acting local anesthetics 
placed at the surgical sites or sites intraopera-
tively can certainly help in providing postopera-
tive analgesia. In addition to parenteral opioids, 
oral opioids and nonopioid analgesics, such as 
nonsteroidal medications, can be very useful 
wherever appropriate. Neuraxial opioids and 
local anesthetics should be used with caution 
since their use may delay or prevent the diagnosis 
of a new neurologic deficit.

Surveillance for bleeding and for ischemia of 
other organ beds (e.g., renal, mesenteric, spinal 
cord, and leg ischemia) that may have been 
impacted by endovascular stent placement should 
continue into the postoperative period. Clinical 
signs, serial laboratory evaluations, and diagnos-
tic imaging can assist in diagnosing these prob-
lems. Surgery should be consulted promptly if 
there is a need for re-exploration or revision of 
the surgical intervention.

Postimplantation Syndrome

A postimplantation syndrome consisting of some 
combination of fever, leukocytosis, coagulopathy, 
and peri-graft air has been described after EVAR. 
This syndrome is believed to result from the 
release of inflammatory mediators, in particular 
C-reactive protein, released as a result of endothe-
lial injury during the procedure. Peri-aortic 
inflammation that represents a “healing response” 
is also responsible.87 Contact activation caused by 
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the stent itself has also been suggested as a pos-
sible mechanism.88 This inflammatory response is 
usually moderate and subsides over a few days. 
Nonsteriodal anti-inflammatory drugs may be 
necessary to attenuate symptoms. Hyperthermia 
can cause hypoxemia, tachyarrhythmias, and 
angina in patients with cardiopulmonary illnesses. 
Oxygen supplementation and treatment with anti-
pyretics, antiarrhythmics, and antianginal drugs 
may be needed in those patients.89 Thrombus in 
the excluded aneurysm sac may initiate fibrinoly-
sis and can, potentially, cause disseminated intra-
vascular coagulation.90

It is still not completely clear that the compo-
nents of this syndrome are truly unique to EVAR 
or in anyway different to those seen after open 
repair.91 While some suggest that the responses to 
EVAR are greater than with open procedures,92 
measurements of inflammatory mediators have 
demonstrated lower postoperative levels in EVAR 
versus open aortic procedures.93 What appears 
more likely is that these signs and symptoms of 
inflammation can mimic those seen with infec-
tion making for a difficult postoperative dilemma 
in some patients.

Summary

In conclusion, endovascular aortic surgery pres-
ents unique challenges to the anesthesia care 
team. The typical patient brings along a host of 
significant comorbidities. While the procedures 
are less invasive, the potential for significant 
morbidity and mortality remains. This combina-
tion requires a level of planning and vigilance 
that equals that necessary for even the most 
demanding open procedures.

Key Notes

  1. Endovascular aortic surgery encompasses 
procedures for several types of aortic pathol-
ogy that can be managed with stents

  2. Although the procedures are typically 
 performed percutaneously through limited 
 incisions, the combination of patient  como rbidi-

ties,  procedural issues, and potential for 
 complications makes them very demanding for 
the anesthesia care team

  3. Preoperative assessment should follow cur-
rent guidelines, and discussion with the sur-
gical team is extremely important in 
developing the anesthetic plan

  4. Any anesthetic is feasible so long as patient 
and procedural issues are accounted for

  5. Patient and procedural issues influence 
monitoring decisions

  6. Special consideration should be given to 
monitoring for the obstruction of critical arte-
rial beds by endovascular stents, for spinal 
cord ischemia, for the diagnosis of endoleaks, 
and for the adequacy of heparinization

  7. Medications that allow for rapid blood pres-
sure control should be available

  8. Strategies for the prevention of stent malpo-
sitions during deployment should be consid-
ered and ready

  9. Postoperative care for uncomplicated proce-
dures is relatively straightforward

 10. Complications related to endovascular sur-
gery, including bleeding, stent malpositions, 
and postimplantation syndrome can make 
postoperative care difficult
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Abdominal aortic aneurysms (AAAs) are the 
13th leading cause of death in the United States1 
and approximately 40,000 patients undergo elec-
tive AAA repair each year.2 With the population 
aging, this number is expected to increase. 
Although the use of endovascular AAA repair is 
becoming more common, open repair, first 
reported by Dubost et al. in 1951 remains the 
gold standard.2 This chapter will review the 
etiology, risk factors, diagnosis, pathophysiology, 
operative technique, perioperative management, 
and postoperative complications of patients 
undergoing open AAA repair.

Definition

The International Society for Cardiovascular 
Surgery/Society for Vascular Surgery defines an 
abdominal aortic aneurysm as a focal dilation of 
the aorta leading to a diameter at least 50% larger 
than normal.3 Normal abdominal aortic diameter 
ranges from 17 to 24 mm and this depends on 
several factors such as age, gender, and body 
habitus. AAA is defined as an aorta with a diam-
eter more than 30 mm.3

True abdominal aortic aneurysms affect all 
three layers of the aortic wall and are character-
ized by their shape and location. Fusiform aneu-
rysms, the most common type, involve the entire 
circumference of the aorta while saccular aneu-
rysms involve only part of the circumference of 
the aorta.1 The most common location for these 
aneurysms is infrarenal, usually located several 
centimeters below the renal arteries, extending to 
the aortic bifurcation, and frequently involve the 
iliac arteries. When the aneurysm involves the 
renal ostia, it is defined as pararenal.

Pararenal AAAs are characterized by the 
absence of normal aortic tissue between the upper 
extent of the aneurysm and the renal arteries.4 
Approximately 8–20% of AAAs are pararenal, 
which includes both juxtarenal and suprarenal 
AAAs. Juxtarenal AAAs are infrarenal aneu-
rysms that involve the lower margin of the origin 
of the renal arteries. Suprarenal aneurysms are 
defined as an aneurysm that involved the aorta 
above the renal arteries and they require recon-
struction of renal arteries.5

Etiology

The majority of AAAs are due to atherosclerotic 
disease, but there are other causes (Table 14.1). 
Inflammatory aneurysms deserve a special men-
tion and are defined by a thickened aneurysmal 
wall, perianeurysmal and retroperitoneal fibrosis, 
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and dense adhesions to adjacent abdominal 
organs.1 They represent between 3 and 10% of all 
AAAs. They are more common in males and 
patients with long history of tobacco use. They 
tend to present in the sixth decade of life and are 
associated with increased surgical risk.6 They 
have a genetic component and are seen in patients 
with a familial history of AAAs. Inflammatory 
aneurysms are thought to arise from an immune 
response to an antigen in the adventitial wall. 
This antigen is unknown but is thought to be 
viral, a lipid, or a product of lipid peroxidation 
from atherosclerosis.7 Herpes simplex virus and 
cytomegalovirus have been identified in the aor-
tic wall in patients with inflammatory AAAs.6 
Patients with inflammatory AAAs are very symp-
tomatic (back, flank, and abdominal pain) and 
have an elevated erythrocyte sedimentation rate.

Risk Factors

Abdominal aortic aneurysms occur predomi-
nantly in the elderly, with the average age of 
70 years, with its incidence increasing with 
advancing age. The prevalence of AAAs is 

estimated to be 2–5% in patients over 65 years. 
AAAs are uncommon in patients under 50 years 
of age unless the aneurysm is familial, posttrau-
matic, or mycotic. Additional risk factors for the 
development of AAAs are listed in Table 14.2. 
There is a strong association between smoking 
and AAA formation. Not only is the rate of 
AAA formation fourfold higher in smokers, 
aneurysm growth is more rapid. AAAs can be 
familial and first-degree relatives of patients 
with a history of AAAs are prone to develop 
aneurysms at a younger age with a more fre-
quent rupture rate.

In the United States, approximately 150,000 
patients die from ruptured AAAs each year. The 
most important risk factor for rupture is aneu-
rysm diameter. Patients with aneurysm diameters 
³ 6 cm have a 10–20% chance of rupture per 
year.8 Other risk factors for rupture include 
female gender, uncontrolled diastolic hyperten-
sion, familial history, severe chronic obstructive 
pulmonary disease (COPD), current tobacco use, 
and rapid expansion of the aneurysm.

Pathogenesis

The two main determinants of the mechanical 
properties of the aorta are elastic fibers and 
fibrillar collagens. Elastin in the media is respon-
sible for the viscoelastic properties of the aorta 
while collagen present in both media and adven-
titia provides tensile strength to help maintain 

Table 14.1 Etiology of abdominal aortic aneurysms

1. Atherosclerosis
2. Cystic medial necrosis
3. Connective Tissue Disorders
 a. Marfan’s syndrome
 b. Ehler–Danlos syndrome type IVs
 c. Turner’s syndrome
 d. Polycystic kidney disease
4. Arteritis
 a. Giant cell arteritis
 b. Takayasu’s disease
 c. Relapsing polychondritis
5. Infectious
 a. Acute
  i. Syphilis
  ii. Salmonella
  iii. Staphylococcus
  iv. Brucellosis
 b. Chronic
  i. Tuberculosis
 c. Fungal (mycotic)
6. Posttraumatic
7. Inflammatory

Table 14.2 Risk factors for the development of abdominal 
aortic aneurysms

•  Age > 60 years
•  Male
•  Family history
•  Hyperlipidemia
•  Hypertension
•  Chronic obstructive pulmonary disease
•  Smoking
•  Diabetes
•  Caucasian race
•  Sedentary life style
•  Coronary artery disease
•  Peripheral vascular disease
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the structural integrity of the aortic wall. Early 
in aneurysm formation, there is fragmentation 
of elastic fibers, and, as the aneurysm develops, 
there is degradation of collagen, which is the 
ultimate cause of rupture. This process is medi-
ated by proteolytic enzymes such as the matrix 
metalloproteins (MMPs) and plasmin-generated 
plasminogen activators.9 There is also a reduc-
tion in smooth muscle cells in the media, which 
participate in vascular wall remodeling and have 
a protective role against inflammation and 
proteolysis.10

AAAs may be associated with mural throm-
bus formation. Since the thrombus is continu-
ously exposed to blood flow, there is constant 
remodeling of the thrombus. This leads to ongo-
ing coagulation and fibrinolytic activity as mea-
sured by increased serum thrombin–antithrombin 
III complex and D-dimer levels.11 Although the 
thrombus may reduce wall stress, its increasing 
thickness may lead to local hypoxia at the inner 
layer of the media, which can induce medial neo-
vascularization and inflammation.

Most AAAs are infrarenal because of hemo-
dynamic differences in the distal aorta. These 
include a higher peripheral vascular resistance, 
increased oscillary wall shear stress, and reduced 
flow.8 There is also increased MMP-9 expression 
in the infrarenal aorta. These conditions can pre-
dispose the distal aorta to inflammation and aneu-
rysm formation.

Clinical Presentation and Diagnosis

Unruptured AAAs

The majorities of unruptured AAAs are asymp-
tomatic and are diagnosed as an incidental finding 
in patients with concurrent coronary, peripheral, 
or cerebrovascular disease or during population 
screening. Patients may experience chronic vague 
symptoms of back and abdominal pain, which 
result from direct pressure or distention of adja-
cent structures. The average rate of aneurysm 
expansion is approximately 3–5 mm per year. 
AAAs are prone for rupture and recent onset of 
severe lumbar pain may indicate impending rupture. 

Rarely, unruptured AAAs can be diagnosed after 
complications such as distal embolization or acute 
thrombosis. Ureterohydronephrosis may occur 
with inflammatory aneurysms or aneurysms 
involving the iliac bifurcation.

AAAs can be diagnosed by palpating for a 
pulsatile mass in the supraumbilical area, but 
this is a poor screening tool with a sensitivity of 
approximately 68%. Sensitivity of abdominal 
palpation increases with the diameter of the lesion 
and decreases with abdominal girth.12 Radiologic 
imaging techniques such as abdominal ultra-
sound, computed tomography (CT), or magnetic 
resonance imaging (MRI) are the preferred 
modalities to diagnose AAAs. An AAA may be 
diagnosed on a lateral abdominal x-ray if calcifi-
cations are present, which may allow visualization 
of the dilated aorta. Abdominal ultrasonography 
is the simplest and least expensive diagnostic 
modality. It can accurately measure aortic size 
and can be used for diagnosis, follow-up surveil-
lance, and screening.13 If there is an aneurysm 
detected on screening, the next step is to perform 
an abdominal CT to determine the type of treat-
ment.14 Information that can be elicited from a 
CT includes visualization of the proximal neck, 
extension to the iliac arteries, patency of the vis-
ceral arteries, and the presence and thickness of a 
mural thrombus. CT can also detect anatomic 
variants such as a left vena cava, posterior left 
renal vein, or horseshoe kidney that may interfere 
with the procedure, and can reveal blood within 
the mural thrombus called the crescent sign, 
which may be a predictive marker of imminent 
rupture.15 In patients with inflammatory aneu-
rysms, CT can estimate the thickness of the aortic 
wall and determine the presence of para-aortic 
fibrosis. CT can also be used to determine the 
suitability for placement of endovascular devices. 
(Figs. 14.1 and 14.2).

MR angiography is useful in patients with sus-
pected renal involvement because the gadolinium 
contrast material is less nephrotoxic than CT 
contrast. CT and MRI provide the same informa-
tion, and the choice of study depends on the pref-
erence of the surgeon and radiologist, the 
availability of the study at the medical center, 
the patient’s hemodynamic status, the ability of 
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the patient to lie still for an MRI examination, 
and the presence of renal dysfunction.

Angiography, the gold standard for the 
diagnosis of abdominal AAAs, is reserved for 
patients with inconclusive CT or MRI studies, 
in patients with more extensive aneurysms, 
such as those which involve the kidneys or vis-
cera and require a more accurate determina-
tion of branch anatomy, in patients with 
peripheral occlusive disease, and in patients 
with renal abnormalities such as horseshoe or 
pelvic kidneys (Fig. 14.3).16

Fig. 14.1 CT reconstruction of infrarenal abdominal 
aortic aneurysm

Fig. 14.2 CT angiography of infrarenal abdominal aorta

Fig. 14.3 Angiogram of abdominal aorta showing infra-
renal AAA
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Ruptured AAA (RAAA)

A total of 50–60% of AAAs will rupture in 
5 years. Larger aneurysms are more prone for 
rupture and 98% of the ruptured AAAs occur 
infrarenally. Rupture of the anterolateral wall of 
the aneurysm into the peritoneal wall carries 
mortality between 60 and 97% (Fig. 14.4 and 
14.5). Most patients (88%) present with a rupture 
of the posterolateral wall into the retroperitoneum 
where the rupture can be sealed by clot forma-
tion, retroperitoneal hematoma, and abdominal 
muscle tone, and hemorrhage is limited by 
hypotension. This event is followed within hours 
by a larger rupture. The period between the two 
ruptures is called the intermediate period and is 

the time where the diagnosis and emergency 
repair can be accomplished.1 The triad of symp-
toms of an RAAA include sudden onset of mid-
abdominal or flank pain radiating to the scrotum, 
circulatory shock, and the presence of a pulsatile 
abdominal mass. The presence of flank ecchymo-
sis (Grey Turner sign) represents retroperitoneal 
hemorrhage. Diagnosis is mostly clinical, but 
ultrasound, CT or MRI scanning, or aortagraphy 
can also be helpful depending on hemodynamic 
stability. Contrast CT shows extravasation of 
contrast material, which is diagnostic of rupture. 
Early diagnosis reduces mortality by 50%. In rare 
cases, the first episode of rupture can be con-
tained to become a chronic pulsatile extra-aortic 
hematoma or aneurysms can rupture into another 
structure, such as the duodenum, producing an 
aorto-duodenal fistula or the vena cava, which 
can lead to lower extremity edema.17

Surgical Management

Indications for Open Repair

Open AAA repair is recommended for aneurysms 
associated with an aortic neck >28 mm or signifi-
cant angulation defined as > 45° from midline, or 
those associated with laminated thrombus at the 
proposed site of stent-graft attachment. Open 
AAA repair is also recommended for the majority 
of pararenal aneurysms because endovascular 
repair with fenestrated grafts is a long compli-
cated procedure, with the potential for failure, 
and is reserved for elderly or high-risk patients.18 
Patients with atherosclerotic disease of the 
femoral, iliac, or renal arteries may be difficult to 
treat endovascularly.

Open Versus Endovascular AAA Repair

The recent endovascular aneurysm repair 
(EVAR-1) and Dutch Randomized Endovascular 
Aneurysm Management (DREAM) trials addre-
ssed management of AAAs larger than 5.5 cm in 
diameter. They randomized patients appropriate 

Fig. 14.4 Intraoperative image of ruptured abdominal 
aneurysm

Fig. 14.5 Severe atherosclerotic ruptured abdominal 
aorta opened after cross-clamping
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for open repair between endovascular repair 
(EVAR) and open repair (OR). EVAR decreased 
perioperative complications, including myocardial 
events, and was associated with decreased recov-
ery times. In patients with large AAAs who are fit 
for OR, EVAR offers an initial mortality advantage 
over OR, with a persistent reduction in AAA-
related death at 4 years. However, EVAR offers no 
overall survival benefit, is more costly, and requires 
more interventions and indefinite surveillance with 
only a brief Quality of Life (QOL) benefit.19 Open 
repair is more durable and does not require the 
extensive surveillance unlike endovascular repairs. 
This may lead to a better quality of life. The 
DREAM trial patients received QOL question-
naires preoperatively, then at 3 weeks, 6 months, 
and at 1 year. Preoperative scores were similar. At 
3 weeks, the patients undergoing endovascular 
repair had a better quality of life, but at 6 months 
and 1 year, the patients undergoing the open repair 
reported a better quality of life.20

Techniques of Infrarenal AAA Repair

There are two surgical approaches for open AAA 
repair, midline transperitoneal approach, or a left 
retroperitoneal approach. Both can be performed 
either by laparotomy or by laparoscopic-assisted 
technique.

Transperitoneal Approach
With this approach, a midline incision is per-
formed, the transverse colon and omentum are 
covered with moist towels and packed in the 
upper abdomen. The small bowel is reflected to 
the right side of the peritoneal cavity and a retrac-
tor is placed to maintain exposure (Fig. 14.6). 
The retroperitoneal lining is excised and the aorta 
is dissected until the renal artery is exposed prox-
imally and the common iliac arteries are exposed 
distally. During the proximal dissection, bleeding 
can occur from injury to the left lumbar, gonadal, 
adrenal, or renal veins, especially when the 
retroperitoneum has inflammatory or fibrotic 
changes. Injury to the ureters or iliac veins can 
occur during distal dissection.

The aneurysm is mobilized at the neck and 
the common iliac arteries are controlled at their 
bifurcations to prepare for clamping. Intravenous 
heparin is administered, vascular clamps are 
applied, and the aneurysmal sac is opened. 
Atherosclerotic debris and thrombi are removed, 
and back-bleeding from the lumbar and inferior 
mesenteric arteries is controlled with sutures 
within the sac. The aortotomy is extended to the 
aneurysmal neck and the aorta transected. A tube 
graft repair is performed, first with the proximal 
anastomosis to the aorta. After the proximal 
anastomosis is completed, a second clamp is 
placed on the graft to assess the strength of the 
anastomosis under pressure. The distal anasto-
mosis is then performed either to the distal aorta 
or iliac arteries. The iliac artery anastomosis is 
preferred over the common femoral artery anas-
tomosis because the femoral anastomosis is more 
prone to infection. The aneurysm sac is then 
closed over the graft, the retroperitoneum is 
approximated, and then the abdominal wall and 
skin are closed.

Retroperitoneal Approach
It is the technique of choice in patients with 
prior abdominal surgery, urinary or enteric 
stomas, previous abdominal or pelvic radiation, 
ascites, patient who are on peritoneal dialysis, 
morbid obesity, inflammatory aneurysms, aneu-
rysms associated with horseshoe kidneys, and 
juxta- or suprarenal aneurysms. This approach 

Fig. 14.6 Transperitoneal approach to the abdominal 
aortic aneurysm
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is indicated in the presence of accessory renal 
arteries and when removing an infected aortic 
graft. The retroperitoneal approach may be 
associated with lesser blood loss, fluid and blood 
transfusion, better pain control, improved pulmo-
nary function, earlier return of bowel function, 
and reduced incidence of wound dehiscence.21 
Disadvantages of this approach are that it may 
be difficult to access or control the right iliac 
artery and that the intraperitoneal contents can-
not be inspected. Aortobifemoral grafts for 
aorto-occlusive disease also require transperito-
neal approach.

Pararenal AAA Repair

Juxtarenal AAA repair requires suprarenal clamping, 
but the aortic reconstruction is performed infrare-
nally. Most juxtarenal AAAs can be approached 
by a retroperitoneal approach.5 For suprarenal 
AAAs and type IV thoracoabdominal aortic aneu-
rysms, the patient is placed in the right lateral 
decubitus position with the patient’s shoulders 
raised  to 60° and  the  torso should be  rotated so 
that the hips are as parallel to the table as possible. 
The retroperitoneal dissection is extended to the 
diaphragmatic hiatus, and the left crus is divided 
to expose the supraceliac aorta. The proximal 
clamp is then placed above the celiac axis or 
between the renal and superior mesenteric arter-
ies. The inferior mesenteric artery is tied close to 
the aortic wall to keep it collateral to the superior 
mesenteric artery. In some cases, the inferior mes-
enteric artery is reimplanted into the aortic pros-
thesis to maintain blood flow to the sigmoid colon 
and rectum. Reimplantation is required if there is 
significant stenosis of the superior mesenteric 
artery and celiac trunk or if internal iliac flow can-
not be restored after abdominal aortic surgery.22 If 
the left renal artery cannot be directly included 
into the anastomosis, it has to be reimplanted into 
the graft after primary reconstruction has been 
completed. The surgical risks of pararenal repair 
are greater because of renal and possibly mesenteric 
ischemia, increased alterations in cardiovascular 
physiology due to the higher aortic cross-clamp, 
and atheroembolization.

Laparascopic Approach
Ferrari et al. described a laparoscopically assisted 
approach to AAA repair that is associated with 
less morbidity and mortality than a standard lapa-
rotomy approach.23 This technique can be used to 
treat elective infrarenal and pararenal aneurysms. 
Contraindications for this approach include pre-
vious abdominal or aortic surgery, bilateral diffuse 
common iliac and/or internal iliac aneurysms, 
massive aortoiliac calcifications, inflammatory 
aneurysms, and severe underlying cardiac or pul-
monary disease. The main advantage of this pro-
cedure is a decreased length of stay. Coggia et al.24 
described a total laparoscopic infrarenal aneu-
rysm repair. This technique has the potential for 
faster wound healing and decreased discomfort.

Systemic Inflammatory Response 
Syndrome (SIRS)

Systemic inflammatory response is considered to 
be the precursor of morbidity and mortality after 
open repair.25 The inflammatory response is higher 
in patients presenting for RAAA repair compared 
to patients presenting for elective AAA repair and 
the levels of inflammatory mediators correlate 
with the development of acute respiratory distress 
syndrome and multiorgan failure (MOF). 
Operative mortality following ruptured AAA 
repair may be divided into early and late deaths. 
The most frequent cause of early death is hemor-
rhagic shock while up to 90% of deaths after 24 h 
are caused by MOF. SIRS arises from the response 
to extensive surgical trauma, the release of vaso-
active agents due to bowel manipulation and 
mesenteric traction, response to graft material, 
intestinal ischemia from intraoperative hypoten-
sion, aortic clamping and ligation of inferior mes-
enteric artery, ischemia-reperfusion injury, blood 
transfusions, which alter cytokine production, and 
cytokines released from the mural thrombus.

Endotoxin, which has been implicated as the 
trigger for the inflammatory response, can be 
released directly from bowel ischemia-reperfusion 
or indirectly through the release of inflamma-
tory mediators after lower limb reperfusion.26 
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The clinically significant cytokines that are 
released include TNF-a, IL-1b, IL-6, and neutrophil 
CB 11b. IL-1b is a locally acting cytokine, which 
acts as a pyrogen, induces hypotension, activates 
and promotes leukocyte adherence, induces acute 
phase protein synthesis, and stimulates the secre-
tion of IL-6. Increased IL-6 is the most consistent 
response to aortic surgery. It enables the neutro-
phils to release TNF-a and neutrophil CD11b, 
which, along with IL-6, have been implicated as 
mediators of SIRS and MOF.27 A study by 
Vasdekis et al.25 demonstrated higher levels of 
endotoxin, IL-6, and neutrophil CD11b in patients 
who developed postoperative complications. 
Excessive manipulation in AAAs with intramural 
thrombi can lead to a clinical response similar to 
SIRS that is not seen in patients with small or no 
mural thrombi.

Risk Stratification and Perioperative 
Mortality

The operative mortality for elective AAA repair 
has been reported to range from 1.1% to 7%.2 
Risk assessment methods have become an essen-
tial part of preoperative evaluation and consent 
process for any surgical procedure. For unrup-
tured AAAs, various risk-scoring systems have 
been tested to predict the risk of postoperative 
mortality and morbidity. Glasgow Aneurysm 
Scale (GAS), Vascular-Physiologic and Operative 
Severity Score for the enUmeration of Mortality 
and Morbidity (V-POSSUM), and Vascular 
Biochemical and Hematological Outcome Model 
(VBHOM) score are few of the risk-scoring 
methods (Table 14.3).

GAS is simple and easier to use compared to 
other scoring systems and has been validated 
numerous times and predicts mortality in elective 
and ruptured AAA. GAS does not reliably identify 
individual high-risk patients and does not predict 
morbidity. The V-POSSUM score is an equation 
based on 12 preoperative variables each scored 
and a total score obtained. This is a complex scale 
with numerous perioperative variables and several 
subjective-based parameters. The use of physiologic 

scores yielded inconsistent results when used 
to predict outcome after AAA repair. One reason 
for this outcome was that missing variables were 
scored as normal, which can overestimate the 
mortality in low-risk patients. The VHBOM score 
predicts mortality based on single biochemical 
and hematologic tests and is simple and suitable 
for collection in both emergency and elective 
 situations. This model is yet to be validated.

Patterson et al. in a systematic review compar-
ing different scoring systems concluded that GAS 
is the most useful and consistently validated scor-
ing method for elective AAA repair.28 A risk 
score that determined an individual patient’s pre-
dicted risk in specific hospitals would be useful 

Table 14.3 Risk stratification scores for abdominal 
 aortic surgery

Glasgow Aneurysm Scale = Age + (17 for shock)  
+ (7 for myocardial disease)+ (10 for cerebrovascular 
disease) + (14 for renal disease)

V-POSSUM physiology-only score = ln (R/1 _ R) = 
6.0386 + 0.1539 (physiology score)
Physiologic parameters
Age
Cardiac and pulmonary signs and symptoms
Systolic blood pressure
Heart rate
Serum sodium and potassium
Blood urea
Hemoglobin level
White cell count
Electrocardiography
Intraoperative variables
Grading of operation
Number of procedures
Total blood loss
Peritoneal soiling
Presence of malignancy
Timing of surgery
VBHOM = ln (R/1 _R) = –2.257 + 0.1511(gender)

+0.9940(mode of admission) + 0.05923(age on 
admission)
+0.001401(urea) +0.01303(sodium)
+0.03585(potassium) +0.2278(Hb) _ 0.02059(WBC).

Hardman Index
Preoperative Hb < 9gm/dl
Serum creatinine >1.9 mg/dl
ECG evidence of ischemia
In-hospital loss of consciousness
Age > 76 years
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in the consent process because the hospital volume 
of AAA cases and experience of the surgeons and 
staff influence the outcome significantly. Center-
specific mortality has to be taken into consider-
ation in addition to the patient and operative 
variables.

The intraoperative mortality for RAAAs 
ranges from 50% to 70% and various scoring 
systems have been evaluated to predict mortal-
ity after ruptured AAA. The Hardman system is 
the most well-known scoring system with five 
independent variables (Table 14.3). The mortal-
ity rate was 100% with three or more risk fac-
tors, 48% with two risk factors, 28% with one 
risk factor, and 18% with no risk factors.1 
POSSUM-RAAA score (combined operative 
and physiologic variables), the GAS, and 
Vancouver scoring systems are some other models 
studied in RAAA.

Irrespective of the scoring system used, the 
following parameters predict poor outcome: 
advanced age, cardiac arrest with cardio-
pulmonary resuscitation, hypotension (systolic 
BP < 80 mmHg on admission and <100 mmHg at 
the end of surgery), loss of consciousness, low 
hematocrit, increased creatinine, ischemic heart 
disease, free intraperitoneal rupture, operating 
time >4 h, the administration of more than 7 L of 
fluid, blood loss >11 L, and blood transfusion of 
more than 17 units.29 Tambyraja et al. in a review 
of published evidence revealed that none of the 
current scores has the ability to accurately predict 
outcomes during ruptured AAA repairs. The 
decision to operate or not in an individual patient 
is based on the subjective evaluation of the  
experienced surgeon until further evidence is 
available.30

For patients who survived 48 h after RAAA 
surgery, Laukontaus et al. demonstrated that the 
best predictors of 30 day mortality include the 
preoperative Glasgow score, the need for supra-
renal clamping, and the sequential organ failure 
assessment score (SOFA).31 The SOFA score 
uses the PaO

2
/FiO

2
 ratio, the platelet count, and 

presence of hypotension, serum bilirubin lev-
els, the Glasgow Coma Scale, and the renal 
creatinine to predict the likelihood of develop-
ing MOF.

Preoperative Evaluation  
and Preparation

Clinical evidence of coronary artery disease 
(CAD) is reported in 25–69% of patients by vari-
ous investigators. The rate of cardiac-related 
mortality ranges from 0 to 8% and cardiac com-
plications account for 62% of all deaths after 
AAA repair.17 Hertzer et al.32 in their series from 
Cleveland Clinic revealed that in patients with 
AAAs undergoing coronary angiography, 6% 
had normal coronaries, 29% had mild to moder-
ate coronary artery disease (CAD), 31% had cor-
rectable CAD, 12–15% had severe correctable 
CAD, and 5% had inoperable CAD. In their 
series, 44% with clinical indicators of CAD and 
15% without clinical indicators had angiographic 
demonstration of severe CAD.

According to American Heart Association/
American College of Cardiology (AHA/ACC) 
recommendations, patients with active cardiac 
conditions, such as unstable or severe angina, 
recent ST elevation or non-ST elevation MI, dec-
ompensated cardiac failure, or significant 
ischemic cardiac arrhythmias should undergo 
coronary angiography and revascularization 
before elective AAA repair. Coronary revascular-
ization is also indicated in patients with stable 
angina with left main disease, stable angina with 
3-vessel disease, and stable angina with 2-vessel 
disease and proximal left anterior descending 
(LAD) stenosis with low left ventricular ejection 
fraction (LVEF) less than 0.50 where the survival 
benefits are proven.33

Preoperative treatment of patients with no 
active cardiac conditions but with significant 
clinical risk factors, such as a history of CAD, 
stable angina, treated stable or past history of 
heart failure, cerebrovascular disease, age more 
than 70 years, renal insufficiency, and diabetes 
mellitus is more complex. It is controversial 
whether these patients benefit from preoperative 
testing and subsequent revascularization. Few 
clinical trials addressed this issue.

Mcfalls et al. randomized their vascular surgi-
cal patients into revascularization group (n = 258) 
and no-revascularization group (n = 225) and 
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found a similar incidence of 30-day mortality, 
myocardial infarction (MI), and mortality after 
2.7 years (Coronary Artery Revascularization 
Prophylaxis study-CARP). Though they excluded 
patients with unstable angina, left main coronary 
artery stenosis, and a low left ventricular ejection 
fraction (LVEF), 74% of their patients had 2 or 
more clinical risk factors or moderate or large 
reversible perfusion defects on nuclear stress 
testing.34

The DECREASE-2 (Dutch Echocardiographic 
Cardiac Risk Evaluation Applying Stress Echo) 
clinical trial evaluated the value of preoperative 
cardiac stress testing in intermediate risk (1–2 
risk factors) patients. Patients (n = 770) were ran-
domly assigned to testing (n = 386) and no test-
ing. All patients received beta-blockers. Tested 
and nontested patients had similar 30-day car-
diovascular mortality and nonfatal myocardial 
infarction after vascular surgery. Limited isch-
emia was detected in 17% and extensive isch-
emia  (>3 walls  in  stress perfusion  scintigraphy 
or > 5  segments  in  dobutamine  stress  echocar-
diography) in 8.8% of tested patients. Of 33 
patients with extensive ischemia, only 12 were 
suitable for revascularization, which did not 
improve 30-day outcome. However, the cardio-
vascular death or MI was higher in patients with 
extensive ischemia (odds ratio, OR = 107) and 
limited ischemia (OR = 42), compared to patients 
with no ischemia.35

The same group of investigators followed up 
with the DECREASE V clinical trial in which they 
randomized  high-risk  (>  2  clinical  risk  factors) 
patients with extensive ischemia during cardiac 
testing into revascularization (n = 49) and no-
revascularization groups (n = 51). Revascularization 
did not improve 30-day or 1-year composite out-
comes (cardiovascular death or nonfatal myocardial 
infarction) after the intended vascular surgery.36

The results from these studies indicate that 
high or intermediate risk patients with stable 
CAD may undergo AAA repair without preoper-
ative revascularization if medical therapy is 
expected to yield similar protection. The lack of 
benefit of revascularization is not fully under-
stood, though plaque rupture induced by the 
perioperative stress response in nonsignificant 

coronary lesions, which are not revascularized, 
may be the culprit.37

Noninvasive stress testing has a low positive 
predictive value and is not routinely recom-
mended in intermediate and low-risk groups. 
High risk (>2 risk factors) with poor  functional 
status may be referred for stress testing for risk 
stratification, though the benefits of revascular-
ization in patients with extensive ischemia are 
not well demonstrated.

The recommendation for coronary angiogra-
phy (CAG) is similar to the nonoperative setting 
and it is the clinician’s responsibility to take 
patient-specific factors into account before send-
ing the patients for CAG before AAA surgery. 
Routine CAG is not advised before AAA repair 
because of its inherent risk, cost, and manpower.37 
Risk of CAG, mortality of revascularization pro-
cedure before AAA repair, hazards of AAA rup-
ture during the waiting period, and risk of AAA 
surgery, all these put together do not justify rou-
tine CAG in all patients presenting for AAA 
repair.

Among the revascularization methods, percu-
taneous coronary intervention (PCI) was associ-
ated with increased risk of MI compared to 
coronary artery bypass grafting (CABG) in 
DECREASE V and CARP trials. Several other 
studies raised similar concerns. The increased 
risk could be related to stent thrombosis after 
PCI, especially if dual antiplatelet therapy (aspi-
rin and clopidogrel) is discontinued periopera-
tively. The type of PCI planned will depend on 
the interval between PCI and planned noncardiac 
surgery. If AAA repair is planned within a month, 
bare metal stent implantation or balloon angio-
plasty are the most recommended options. With 
bare metal stents, after the month of dual anti-
platelet therapy, the clopidogrel may be discon-
tinued but aspirin should be continued. If 
discontinued, the clopidogrel should be restarted 
as soon as possible in the postoperative period. 
Drug-eluting stents require 12 months of uninter-
rupted dual antiplatelet therapy before discontin-
uing clopidogrel to prevent stent thrombosis.33

In patients with unstable CAD and AAA, the 
options for treatment include a combined CABG/
AAA repair or a staged approach with shorter 
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interval (2 weeks) between revascularization and 
AAA repair. The disadvantage of the staged pro-
cedure is postoperative rupture of the AAA, 
which can occur in up to 30% of patients.38 The 
staged approach is therefore appropriate when 
aneurysm rupture is not imminent, such as with 
nontender aneurysms between 5 and 8 cm in 
diameter.39 The combined approach has been 
adopted in patients when rupture of the aneurysm 
is imminent in the immediate postoperative 
period, which includes tender aneurysms, large 
aneurysms > 8 cm, rapidly enlarging aneurysms, 
and aneurysms with recent contained leaks. The 
advantages of the combined procedure are a 
reduced total anesthesia time, convalescence, 
hospital stay, and total costs.40,41 The CABG can 
be done on or off cardiopulmonary bypass 
(CPB).42–47 In pump cases, both CABG and AAA 
repair were done while on CPB in some patients 
while in others, AAA resection was performed 
after weaning from CPB.47 CABG on CPB is 
known to activate inflammatory mediators, pro-
duce coagulopathy and embolic phenomenon 
leading to end organ damage. Operative mortality 
is high in these patients and ranges from 6% to 
33%.48 Off-pump CABG is a safe and effective 
alternative to on-pump CABG in these patients. 
In selected patients, endovascular AAA repair 
with CABG is an option and can be done either as 
combined or staged procedure.48

The anesthetic management of the combined 
procedure is similar to that for CABG alone. 
When the AAA is performed following the 
CABG, the initial heparinization required for 
CPB is reversed with protamine and then an addi-
tional smaller dose of heparin (5,000 U) is admin-
istered prior to aneurysm clamping. In patients 
who are hemodynamically unstable or who have 
large aneurysms, the surgeon may elect to per-
form the repair on CPB. This technique is associ-
ated with longer bypass times, which can be 
complicated by post-bypass coagulopathy, myo-
cardial dysfunction due to long ischemic times, 
and hemodynamic instability.49

In patients with diffuse small-vessel CAD and 
poor ventricular function, preoperative medical 
optimization with aspirin, statins, and beta-blockers 
and intensive perioperative monitoring may 

reduce the risk of AAA repair. Other options for 
these patients include serial three-monthly obser-
vations with abdominal ultrasound or internal 
iliac ligation with axillobifemoral bypass.50

Besides CAD, the preoperative evaluation 
should detect and determine the extent of other 
comorbid diseases including diabetes, hyper- 
tension with left ventricular diastolic dysfunction, 
COPD, chronic renal insufficiency, and cerebro-
vascular disease. Medications that are commonly 
prescribed to these patients include antihyper- 
tensive agents, oral hypoglycemic agents, insulin, 
diuretics, inhaled bronchodilators and steroids, 
antianginal agents, antiplatelet agents, and 
anticoagulants. Except for diuretics and possibly 
angiotensin-converting enzyme inhibitors, patients 
should continue their antihypertensive regimen up 
to the time of surgery.

Preoperative laboratory tests should include 
the baseline hematocrit, white cell with differen-
tial count to assess for occult infection, platelet 
and coagulation studies when epidural anesthesia 
is planned, electrolyte, renal, and hepatic panels, 
and urine analysis to rule out the presence of a 
urinary tract infection since a prosthetic graft is 
used. Blood should be typed and cross-matched. 
Fresh frozen plasma and platelets are obtained if 
the patient has a baseline coagulopathy or is taking 
antiplatelet and anticoagulant agents at the time 
of surgery. Since the majority of patients under-
going open AAA repair smoke or have COPD, 
pulmonary function tests and arterial blood gases 
may be useful in determining the extent of the 
patient’s pulmonary dysfunction.

Monitoring

Standard ASA monitoring (ECG, noninvasive 
blood pressure, pulse oximetry, capnography, tem-
perature), invasive arterial blood pressure, central 
venous pressure (CVP) or pulmonary artery cath-
eter (PAC), urine output, and transesophageal 
echocardiogram (TEE) are used in these patients. 
Lead V

5
 in ECG alone has the ability to idenify 

approximately 75% of ischemic episodes and the 
combination of leads II, V4, and V

5
 have been 

demostrated to have 96% sensitivity in detecting 
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 myocardial ischemia.51 Arterial catheterization 
may be performed prior to the induction of anes-
thesia to monitor the hemodynamic changes 
 during induction. In patients with peripheral vas-
cular disease, difficult arterial cannulation should 
be anticipated. Arterial blood gases are monitored 
frequently and any acid base, electrolyte, blood 
glucose, and hematocrit disturbances are corrected 
accordingly. A blood gas is always sent before 
unclamping and any abnormalities corrected.

Central venous catheterization is performed 
after induction for venous access to administer 
fluids, blood and vasoactive medications, and to 
monitor filling pressures. In patients with normal 
ventricular function, CVP and pulmonary artery 
wedge pressures (PCWP) correlate and the use of 
PAC is not required. PACs may be indicated in 
patients with pre-existing left ventricular dys-
function, active ischemic heart disease, pulmo-
nary disease with pulmonary hypertension, and 
renal insufficiency. PACs are especially useful in 
patients requiring a higher aortic cross-clamp and 
those with the potential for massive fluid losses. 
PAC can be used to detect ischemia but poor 
specificity makes it less useful than ECG and 
TEE. Ischemia manifests as increases in PCWP 
and ischemic mitral regurgitation produces large 
V waves in the pulmonary capillary waveform. 
PACs with capability to monitor mixed venous 
oxygen saturation and continuous cardiac output 
may be useful in patients with extensive SIRS, 
sepsis, and RAAA.

TEE is used in most of the open AAA repairs 
at our institution. TEE allows early recognition 
of evolving myocardial ischemia and facilitates 
immediate fluid and specific pharmacologic inter-
ventions to reduce perioperative cardiac compli-
cations. However, all RWMA are not ischemic 
and not all RWMA detected by TEE correlate 
with postoperative complications.52 TEE, the most 
sensitive monitor of myocardial ischemia, can 
also be used to evaluate volume status and valvu-
lar function. Cardiac output measured by TEE 
correlates very well with thermodilution cardiac 
output derived from PAC in the absence of signifi-
cant mitral regurgitation.53 Myocardial perfor-
mance index (MPI), uses measurements taken 
during the cardiac cycle, from end-diastole to the 

next end-diastole, is calculated using  isovolumetric 
contraction time (IVCT), isovolumetric relaxation 
time (IVRT), and ejection time (ET). This index is 
believed to describe both systolic and diastolic 
performance of the myocardium. An elevated 
MPI has been shown to predict poor outcomes 
(congestive and ventilatory failure) in patients 
undergoing AAA repair.54

Cardiac output can be measured from continu-
ous analysis of pulse pressure waveform by the 
insertion of a catheter with manometer into axil-
lary or brachial artery. These pulse contour cardiac 
output (PiCCO; Pulsion Medical Inc, East 
Brunswick, NJ, USA) devices can also measure 
transpulmonary thermodilution cardiac output, but 
require insertion of central venous catheter in 
addition to arterial catheter.55 Echo-esophageal 
Doppler (Hemosonic 100; Arrow, Reading, PA), 
which measures cardiac output through mean 
blood velocity in the descending aorta and diame-
ter of descending aorta, have been found to be use-
ful in infrarenal abdominal aortic surgery.56 These 
could be potential alternatives for PAC in these 
patients, although these devices need further eval-
uation and validation during different periods of 
aortic surgery such as clamping and unclamping.

Aortic Cross-Clamping

The effects of cross-clamping depend on the level 
of the clamp, the patient’s baseline myocardial 
function and presence of CAD, the type of aortic 
disease, the degree of collateralization, volume 
status, and anesthetic technique.

While infrarenal clamping is well tolerated in 
most patients, suprarenal clamping produces more 
hemodynamic changes and is associated with an 
increased 30-day mortality after RAAA. This can 
be explained by the effect of the level of cross-
clamp on blood volume redistribution and myo-
cardial function as described in the chapter on 
anesthesia for open descending aortic surgery.57,58

Left ventricular hypertrophy and diastolic 
dysfunction are not uncommon in AAA surgical 
patients. The impact of aortic cross-clamping 
on diastolic dysfunction and the resultant 
 hemodynamic changes in patients with diastolic 
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 dysfunction are not well studied. Infrarenal 
clamping is associated with a change in ventricu-
lar compliance and PCWP did not correlate with 
left ventricular end-diastolic area (LVEDA) dur-
ing aortic cross-clamping.59 Mahmood et al., 
using transmitral flow propagation velocity in 35 
patients undergoing elective AAA surgery, 
reported an increase in diastolic dysfunction after 
aortic cross-clamping, which returned to baseline 
after unclamping. They did not report any hemo-
dynamic parameters, so the impact of the dia-
stolic dysfunction is not clear.60 Meierhenrich 
et al. reported a 50% baseline incidence of dia-
stolic dysfunction in patients undergoing AAA 
repair. Aortic cross-clamping was not associated 
with impairment of diastolic dysfunction and the 
hemodynamic changes were similar in patients 
with or without diastolic dysfunction.61 Shuetz 
et al. have shown that the treated hypertensive 
patients had significant increase in mean arterial 
pressure (MAP), PCWP, and mean peak A/peak 
E velocity after cross-clamping, compared to 
normotensive controls, but these disturbances 
normalized after unclamping and the intraopera-
tive management did not differ in both groups.62 
Fayed et al. reported acute diastolic dysfunction 
after high aortic clamping in six of nine patients 
with normal E/A ratios before clamping in thora-
coabdominal surgery and three of those patients 
developed myocardial infarction.63 The level of 
aortic cross clamp again has an influence on dia-
stolic dysfunction and its effect on outcome.

Patients with CAD and a reduced LVEF expe-
rience more hemodynamic changes compared to 
patients without CAD and a normal ejection frac-
tion.64 Attita et al. reported a 30% incidence of 
myocardial ischemia after infrarenal cross-
clamping in patients with known severe CAD.65 
Gooding et al. studied the effect of CAD on 
hemodynamic response to infrarenal aortic cross-
clamping in 25 patients undergoing either aor-
tofemoral bypass or abdominal aortic 
aneurysmectomy. Ten patients had evidence of 
CAD and 15 did not. They concluded that patients 
with preexisting CAD had significantly lower 
cardiac indices and increased PCWP, which may 
suggest that this subgroup is at greater risk for 
perioperative myocardial dysfunction.66

Patients with aortic occlusive disease may 
experience less hemodynamic changes compared 
to AAA patients to clamping and unclamping. 
Johnston et al. compared hemodynamics in 
patients with aneurysmal and aorto-occlusive 
disease and found that patients in the aorto- 
occlusive group had an increased stroke volume 
and less of an increase in SVR during aortic 
cross-clamping compared to patients with aneu-
rysmal disease.67 These findings could be 
explained by persistent para-aortic collateral cir-
culation to the lower extremities in chronic occlu-
sive disease and minimal metabolite and lactate 
accumulation.68,69 This accounts for the stable 
hemodynamics that occurs during aortic cross-
clamping in patients undergoing repair of aorto-
occlusive disease.

The management of the hemodynamic changes 
associated with aortic cross-clamping center on 
decreasing afterload, normalizing preload, and 
maintaining coronary blood flow and contractil-
ity. Volume status should be monitored and opti-
mized throughout the clamping period. TEE is 
very useful in discriminating between hypov-
olemia and myocardial dysfunction as the cause 
of hemodynamic compromise. Vasodilators and 
inotropes may be necessary in some patients. 
Blood pressure proximal to the clamp should be 
maintained at preoperative basal level so that the 
blood flow through collateral circulation to the 
viscera distal to the clamp is maintained.

Aortic Unclamping

The major hemodynamic response to aortic 
unclamping is hypotension. The etiology of this 
hypotension is multifactorial. During clamping of 
infrarenal aorta, the lower extremities undergo 
ischemic vasodilatation and vasomotor paralysis. 
Release of the clamp causes blood sequestration 
in the previously ischemic lower extremities, cen-
tral hypovolemia, and decreased blood flow to the 
critical coronary, renal, and hepatic circulations 
(Fig. 14.7). The use of vasopressors to increase 
the blood pressure without restoring blood vol-
ume may further decrease blood flow to these 
critical organs. Adequate volume loading prior 



314 T.A. Gelzinis and K. Subramaniam

to release of the clamp to a higher PCWP than the 
baseline value is recommended.70 Ueda et al.71 
used volume loading with 10 ml/kg of albumin 
before unclamping during AAA repair and have 
shown that albumin did not prevent systemic 
hypotension, but significantly increased pulmo-
nary artery pressure and right ventricular afterload 
causing RV dilatation. Cautious fluid administra-
tion is recommended in patients with cardiac dys-
function. Bitoh et al.72 reported left ventricular 
diastolic dysfunction, measured using the mitral 
annular velocity by tissue Doppler method, after 
unclamping in eight patients undergoing infrare-
nal AAA repair and the dysfunction persisted until 
the end of the surgery. Pulmonary edema occurred 
in two of their patients with the lowest tissue 
Doppler mitral annular velocity. Gradual release 
of the clamp is recommended to prevent adverse 
events after unclamping in such cases. Close com-
munication with surgical team is essential.

Hypotension may also be the result of the 
accumulation and release of vasodilating and 
myocardial depressant metabolites. This response 
involves adenosine, inosine, hypoxanthine, lac-
tate, oxygen free radicals, and prostaglandins, and 
the activation of neutrophils and the complement 
system (Fig. 14.7).70 The correction of  metabolic 
acidosis may be required but may not completely 

correct arterial hypotension indicating persistent 
tissue acidosis. The degree and duration of 
hypotension depends on the level of the aortic 
clamp and duration of ischemia. Minimizing isch-
emic time is the goal to prevent severe hemody-
namic disturbances. If hypotension is persistent 
or severe, the aorta may have to be reclamped.50

Anesthesia for Ruptured Abdominal 
Aortic Aneurysms

The initial evaluation of these patients takes place 
in the operating room. Relevant history, comor-
bid conditions, details of resuscitation, and the 
results of laboratory tests and diagnostic imaging 
should be obtained from the patient, relatives, 
emergency medical service (EMS) providers, or 
primary care providers, such as the surgeon or the 
emergency medicine physician. A quick evalua-
tion of the patient’s hemodynamic status is desir-
able. This should occur quickly because the most 
important determinant of survival is time to aortic 
cross-clamping.

Usually, some intravenous access is already 
established in the emergency room or by EMS. If 
needed, additional large bore intravenous access 
should be obtained to allow for adequate fluid 
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resuscitation. Rapid infuser systems with warming 
capability should be set up and connected to large 
bore IVs for blood and fluid administration. 
Blood is also sent for cross-matching from the 
emergency room. Ten units of packed red cells, 
10 units of fresh frozen plasma, and platelets are 
ordered and should be available by the time the 
patient reaches the operating room. Type-specific 
cross-matched blood is preferred. If cross- 
matching is not done, type-specific blood can be 
used. Upper extremity invasive arterial lines are 
placed while the patient is preoxygenated. In patients 
with hypovolemic shock, axillary or brachial arte-
rial cannulation may be necessary. Ultrasound can 
be used to quickly cannulate the axillary artery. 
Fluid and blood administration should continue 
during induction to the target systolic blood pres-
sure between 50 and 100 mmHg systolic in patients 
with severe hypovolemic shock.

Patients are induced only when the surgeon is 
prepared for incision because of the tamponade 
effect of tight abdominal muscles, which is lost 
with induction and can precipitate catastrophic 
hemorrhage. Typically, rapid sequence induction 
is done with etomidate and succinylcholine. All 
other medications, such as fentanyl, midazolam, 
and inhalational anesthetics, should be titrated 
very carefully in these patients. Scopolamine can 
be used to produce amnesia in hemodynamically 
unstable patients. Vasopressors and fluids should 
be administered cautiously before clamping, as 
aggressive resuscitation may unplug the hemo-
static clot and cause bleeding. Several animal 
studies using an abdominal aortotomy model 
of ruptured AAA have demonstrated improved 
tissue perfusion, decreased blood loss, and 
improved survival associated with hypotensive 
resuscitation compared with aggressive resusci-
tation.73 There are human studies advocating 
delayed rather than immediate resuscitation in 
trauma patients,74,75 but there are no prospective 
studies of hypotensive resuscitation in patients 
with ruptured AAAs. Minimal fluid resuscitation 
seems to be a logical option provided rapid 
 surgical control of bleeding could be achieved. 
After induction, a PAC is inserted and TEE can 
be used along with the PAC to monitor volume 
status and contractility. Arterial blood gases 

should be obtained to determine the presence of 
acidosis, electrolyte abnormalities, and hemat-
ocrit. A normal hematocrit may be indicative of 
hemoconcen-tration. If massive blood transfu-
sion is required, a 1:1 mixture of packed red 
blood cells (PRBCs) and fresh frozen plasma 
(FFP) should be administered to prevent dilu-
tional coagulopathy. Autotransfusion may also 
be useful. Platelets and cryoprecipitate should be 
available if multiple units of PRBCs and FFP are 
administered or if the patient is  taking antiplate-
let agents. Once the aneurysm is clamped, the 
goal is to maintain hemodynamics and to pre-
serve cardiac function. Hypotension during main-
tenance is multifactorial and includes the loss of 
sympathetic tone, hypovolemia, and cardiac dys-
function. If the patient is hypotensive despite 
adequate fluid resuscitation, vasopressor agents, 
such as vasopressin or norepinephrine, may be 
required if the patient has normal cardiac func-
tion and inotropic agents, such as epinephrine or 
dopamine, may be required if the patient has 
decreased cardiac function. If massive transfu-
sions have been administered, the patient may 
have citrate toxicity and calcium chloride should 
be administered. Unclamping shock can be pro-
found and is related to the duration of clamping, 
degree of shock prior to clamping, the speed with 
which clamps are released, and the patient’s 
 volume status and cardiovascular reserve.

After the repair, the patient may be coagulo-
pathic despite administration of FFP, cryoprecipi-
tate, and platelets. Further transfusion should be 
guided by the use of thromboelastography (TEG) 
or coagulation studies such as prothrombin time, 
activated partial thromboplastin time, platelet 
count, and thrombin time. If the bleeding contin-
ues despite massive transfusion of blood products, 
activated Factor VII may be considered. Mainte-
nance of normothermia is difficult and should be 
accomplished during and after the operation to 
prevent coagulopathy and arrhythmias.

Fluid and Transfusion Management

Open resection of AAA subjects the patient to a 
laparotomy incision, third space loss that follows 
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extensive tissue trauma, manipulation, exposure 
and retraction, systemic inflammatory response 
with increased microvascular permeability, major 
retroperitoneal edema, hemorrhage, ischemia-
reperfusion of lower extremities, and hemody-
namic effects of epidural anesthesia. Manipulation 
of the bowel can lead to the generation and release 
of vasoactive agents, including substance P, vaso-
active intestinal peptide, prostacyclin, and nitric 
oxide, which can induce splanchnic ischemia and 
increased intestinal permeability. Fluid manage-
ment should take all this into consideration. 
Typically, 2–4 L of intravenous crystalloids are 
infused for these procedures. Restrictive fluid 
strategy has been shown to reduce postoperative 
complications in abdominal surgery.76,77 McArdle 
et al.77 in a retrospective study demonstrated that 
patients with positive fluid balance had an 

increased incidence of adverse postoperative 
cardiac and respiratory complications and 
increased ICU and overall hospital stays after 
open AAA surgery (Fig. 14.8). Adesanya et al.78 
in another retrospective study on patients under-
going major vascular surgery have shown that 
fluid restriction less than 3 L decreased ICU stay 
and duration of mechanical ventilation and the 
benefits of fluid restriction were similar to those 
seen with major abdominal surgery.

A systematic review on the choice of fluid 
therapy indicates that there is no advantage of 
using any specific fluid over another in the man-
agement of aortic aneurysm surgery.79 Lactated 
Ringer (LR) solution, normal saline, 5% dextrose, 
5% dextrose in 0.45% saline, 5% dextrose in LR, 
mannitol, 1.8% saline, human albumin in LR, 
human albumin in water, 5% dextrose with human 
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Fig. 14.8 Fluid therapy and outcome after abdominal aortic surgery (Reprinted with permission from McArdle77)
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albumin, Dextran, Isotonic hydroxyethyl starch 
(HES), and hypertonic HES (6% HES 7.2% 
saline) were some of the fluid types studied.

The blood loss during AAA surgery can occur 
from the lumbar arteries when aneurysm is 
opened or at the proximal and distal anastomotic 
site. Bleeding may be related to inadequate hemo-
stasis, coagulopathy, or excess heparinization. 
Techniques to reduce homologous blood transfu-
sion are employed to reduce the transfusion risks 
and prevent the adverse effects associated with 
extensive stored blood therapy. Preadmission 
autologous blood donation (PABD) in combination 
with intraoperative autotransfusion (IAT) has 
been shown to eliminate the need for homologous 
transfusion in two thirds of elective AAA 
patients.80 Similar efficacy of PABD with IAT 
was demonstrated in aortic surgery when com-
pared with IAT alone or with no conservation 
technique.81,82 Erythropoietin has also been used 
in patients undergoing preoperative blood dona-
tion.83 The routine use of IAT in all elective AAA 
patients is controversial. A meta-analysis of four 
randomized controlled trials examining the effi-
cacy of IAT reported 37% reduction in risk of 
allogenic blood transfusion.84 Few other studies 
reported lack of efficacy and found this practice 
to be not cost-effective when applied to all AAA 
patients.85,86 While some surgeons use IAT rou-
tinely, few others consider it in selected opera-
tions where blood loss is likely to be high, such 
as RAAA, complex reconstructions, thoraco-
abdominal aneurysms and suprarenal aneurysm 
surgery, or in patients with religious concerns.87 
The disadvantages of the washed red cells are 
that they do not contain platelets or coagulation 
factors. TEG is utilized intraoperatively to detect 
and treat coagulopathy. Acute normovolemic 
hemodilution (ANH) has been used in combina-
tion with intraoperative cell savage (ICS) and 
found to be an effective strategy for AAA 
patients.88 Wolowczyk et al.89 in a randomized 
controlled clinical trial compared ANH with ICS 
to ICS alone in patients undergoing elective AAA 
repair and concluded that ANH did not reduce 
transfusion requirements and had no impact on 
systemic inflammatory response or overall outcome. 
Even without ANH, the large volumes of fluid 

infused as part of standard fluid management in 
these patients produced hemodilution, which is 
the reason why additional ANH is ineffective in 
saving bank blood.90

Pain Management

Intravenous opioid patient-controlled analgesia 
(PCA) with hydromorphine or morphine is the 
standard method of pain relief after abdominal 
aortic surgery to which other methods are com-
pared. Compared to intravenous opioids, epidural 
analgesia provided superior pain control, reduced 
duration of tracheal intubation and mechanical 
ventilation by 20%, reduced the overall incidence 
of cardiovascular complications, acute respira-
tory failure, gastrointestinal complications, and 
renal insufficiency.91 Patients presenting for AAA 
resection have associated thromboembolic and 
cardiovascular disease and may take antiplatelet 
agents and anticoagulants. Medication and pre-
operative coagulation studies, such as the platelet 
count, bleeding time, prothrombin time, and par-
tial thromboplastin time should be reviewed 
before insertion of epidural catheters. Lower 
thoracic epidural catheters are used in AAA 
surgery.

Combined epidural and general anesthesia 
may attenuate the increased systemic resistance 
with aortic cross-clamping and may produce 
stable cardiovascular dynamics following cross-
clamp release if intravascular volume is main-
tained.92–94 The intraoperative use of epidural 
anesthesia in combination with general anesthe-
sia is favored by some clinicians for these reasons 
while others elect not to use the epidural analge-
sia intraoperatively as they feel it causes more 
hypotension and necessitates increased infusion 
of intravenous fluids and vasopressors.95 Intrave-
nous fentanyl is used for intraoperative analgesia 
in such cases. Epidural analgesia with ropiva-
caine 0.1% or bupivacaine 0.125%, with hydro-
morphone 10 mg/cc is initiated before abdominal 
wound closure to facilitate extubation and pain 
relief in the immediate postoperative period. 
Initiation of epidural also controls the hyper-
tensive response associated with extubation. 
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Typically, epidural analgesia is continued for 
3–5 days. The superior analgesia by epidural is 
especially useful in patients with chronic obstruc-
tive pulmonary disease.96 In these patients, epidu-
ral analgesia decreases the duration of mechanical 
ventilation and the incidence of pulmonary com-
plications.97 Epidural catheter insertion is not 
without risk. Epidural hematoma with parapare-
sis and iliopsoas hematoma with lumbosacral 
plexopathy have been reported with epidural 
analgesic use after AAA repair.98,99 Though these 
complications are rare when appropriate precau-
tions are taken, the prognosis of these neurologi-
cal complications can be serious. Postoperative 
monitoring of neurological dysfunction is an 
essential part of epidural analgesia. Anticoagulants 
should be discontinued and normal coagulation 
studies should be documented before the removal 
of epidural catheters.

Bilateral paravertebral blocks (PVB) offer an 
alternate effective method of pain relief with 
infrequent neurologic and hemodynamic effects. 
Paravertebral catheters are placed outside the cen-
tral neuraxis making the possibility of central 
neuraxial hematoma unlikely. Compared to epi-
dural analgesia, PVB was also associated with 
better pulmonary function, less hypotension, uri-
nary retention, and postoperative nausea and vom-
iting (PONV) after thoracic surgical procedures.100 
There are no clinical trials comparing PVB and 
epidural analgesia in abdominal vascular surgery. 
Richardson et al.101 reported their experience of 
bilateral PVB as a part of balanced analgesia, with 
intravenous morphine and diclofenac, in eight 
patients undergoing abdominal vascular surgery. 
They noted satisfactory intraoperative hemody-
namic stability and good quality of postoperative 
analgesia without any significant pain-related 
complications. Randomized trials comparing epi-
dural and paravertebral analgesia are needed in 
abdominal aortic surgery.

Intrathecal opioids can also be utilized to pro-
vide effective postoperative analgesia. Low-dose 
(0.2 mg) intrathecal morphine decreased pain 
scores and IV morphine consumption compared 
to controls in patients undergoing abdominal aor-
tic surgery.102 In another study using intrathecal 
sufentanil (1 mg/kg) with intrathecal morphine 

(8 mg/kg), intense analgesia was produced in the 
first 24 h with intrathecal regimen compared to 
control group.103 Improvement in analgesia was 
not associated with decrease in cardiovascular, 
respiratory, and renal complications. Intrathecal 
opioids can be used as an alternate method in 
selected patients in whom continuous epidural or 
PVB catheters cannot be utilized.

Wound infiltration of local anesthetics has 
not been shown to be effective in improving 
 pulmonary function or decreasing opioid con-
sumption after aortic surgery.104 Other analgesic 
adjuvants that can be used include ketorolac, 
acetaminophen, and ketamine, especially in 
 opioid-dependent patients.

Optimal pain management is important when 
the patient is considered a candidate for fast track 
AAA repair. Mukherjee et al. described a multi-
disciplinary technique involving anesthesiolo-
gists, surgeons, and nurses, which allows patients 
to be ambulatory and to eat by postoperative 
day 1, and to be discharged, on average, by post-
operative day 3.6. “Fast-tracking” involves the 
use of a limited retroperitoneal incision, with 
minimal bowel manipulation, an anesthetic that 
allows extubation in the operating room and post-
operative pain control with epidural anesthesia, 
and metoclopramide to facilitate gastric empty-
ing.105 By postoperative day 1, patients are 
encouraged to ambulate and are offered a clear 
liquid diet, which is advanced as tolerated. By the 
third postoperative day, all intravenous catheters 
are removed and oral analgesics are started. If 
tolerated, the patient is discharged by postopera-
tive day 3 or 4. In a limited series of 30 patients, 
there was one death and one ureteral injury, which 
had similar morbidity and mortality to the stan-
dard procedure.

Blunt Aortic Trauma

Blunt injury of the abdominal aortic is rare and 
results from direct mechanical forces that com-
press the aorta against the lumbar spine. The 
injuries that result include contusions, intimal 
disruption, intramural hematoma, false aneu-
rysm, and rupture.106 Since aortic injuries tend to 
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 progress from the intima to the adventitia, the 
most common injury from blunt aortic trauma is 
intimal tearing. This injury occurs predominantly 
in males and the majority are caused by auto-
mobile accidents including steering wheel and 
seat belt injuries. Early clinical signs include 
acute arterial insufficiency, acute abdomen, and 
neurologic manifestations, such as paraplegia 
and sensory loss and late clinical signs include 
claudication, an abdominal mass or bruit, and 
persistent abdominal pain. The diagnostic 
 modality of choice is a helical CT with aortogra-
phy for inconclusive CTs107 and treatment 
depends on the injury and includes open or endo-
vascular repair, flap suture of intimal tears, and 
thromboembolectomy.108

Postoperative Management

The postoperative care of these patients is usu-
ally in the intensive care unit where the patient 
can be closely monitored. The management of 
these patients includes monitoring for and treat-
ing myocardial ischemia and ventricular dys-
function, treating hypertension by continuing 
preoperative antihypertensive regimens, includ-
ing beta-blocking agents, optimizing pulmonary 
function, through the use of inhaled bronchodila-
tors, incentive spirometry, and early extubation, 
providing analgesia either with regional or paren-
teral analgesia, and monitoring for bleeding, 
bowel, and renal dysfunction. Renal dysfunction 
is treated by avoiding nephrotoxins and main-
taining adequate renal perfusion through the use 
of fluids and inotropic agents.

Postoperative Complications

Cardiac Complications
Postoperative myocardial infarction (MI) is the 
most common cause of death following AAA 
repair. Predisposing factors for myocardial isch-
emia include pre-existing coronary artery disease, 
pain, mobilization of third-space fluid into central 
circulation, stress and hypermetabolism, sympathetic 
overactivity, anemia, and hypothermia. Added to 

the hemodynamic stress is hypofibrinolysis and 
thrombin activation leading to prothrombotic state 
and myocardial injury.109,110

Identifying perioperative MI is difficult 
because chest pain is infrequent (fewer than 50% 
of ischemic episodes are symptomatic) and dis-
guised by analgesics. ECG is the mainstay of the 
diagnosis, but the changes may be subtle and 
transient. Most of the postoperative MIs are of 
the non-Q wave variety. Moderate elevations of 
creatinine kinase myocardial band fraction can 
occur in aortic surgical patients. Cardiac troponin 
(TnI) elevation may be more specific. Elevated 
TnI has been demonstrated in 46% of the patients 
who survived RAAA repair and was associated 
with increased cardiac dysfunction and death.111 
Ali et al.112 studied 43 patients undergoing elec-
tive AAA repair for evidence of myocardial 
injury. Elevated TnI was seen in 20 (47%) 
patients. Clinical evidence MI and myocardial 
events occurred in 11 patients. Survival free of 
cardiac events was seen in 55% of patients who 
had elevated CnI compared to 81% who did not 
have elevated CnI at 1.5 years after discharge. In 
doubtful cases of perioperative MI, echocardiog-
raphy and nuclear scans may help in diagnosis.

Therapy of non-ST elevation MI includes  oxygen, 
analgesics, nitrates, beta-blockers, angiotensin-
converting enzyme inhibitors, and anticoagulation 
with aspirin and heparin, when approved by the 
surgeon. An increased bleeding risk precludes 
the use of thrombolytics in the immediate post-
operative period. Cardiology consultation is initi-
ated immediately for percutaneous interventions, 
such as cardiac catheterization, angioplasty, 
stenting, or surgery in patients who still have 
ischemia despite maximal medical therapy. 
Intervention is required in all cases of ST eleva-
tion MI. Treatment of cardiogenic shock require 
invasive monitoring, such as a PAC with continu-
ous cardiac output and mixed venous saturation 
monitoring and inotropic support.

Pulmonary Complications
Various perioperative factors influence the devel-
opment of respiratory failure after AAA repair.

Preoperative factors: Advanced age, cigarette 
smoking, history of COPD, morbid obesity, and 
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ASA IV status are risk factors for postoperative 
pulmonary complications. Abnormal pulmonary 
function tests (FEVI or FVC < 70% predicted, 
Expiratory flow rate less than 200 ml/min) and 
arterial  blood  gas  (PCO2 > 45  mmHg  on  room 
air) also increase the incidence of postoperative 
pulmonary complications.

Intraoperative factors: Prolonged surgery, 
large volume infusion, large midline vertical inci-
sion, and transperitoneal approach are cited as 
risk factors for pulmonary complications.

Postoperative factors: Abdominal distension 
from ileus, inadequate analgesia, large doses of 
parenteral narcotic administration, hypothermia, 
bed rest in supine position all prolong weaning 
and early extubation

Respiratory failure is caused by a restrictive 
defect with decreased functional residual capac-
ity, altered secretions, impaired cough and muco-
ciliary clearance, bronchospasm, atelectasis, 
exacerbation of chronic lung disease, and pneu-
monia. Respiratory failure prolongs the hospital 
stay. Pneumonia is usually caused by pseudomo-
nas aeruginosa and staphylococcus aureus and 
associated with mortality of 21%.113

Pulmonary complications can be minimized 
by tobacco cessation several weeks before the 
procedure, aggressive perioperative pulmonary 
toilet, lung expansion maneuvers, such as deep 
breathing exercises and incentive spirometry, 
antibiotics for pneumonia, and epidural or 
paravertebral analgesia, which allow for early 
extubation and mobilization.17

Renal Insufficiency
Pre-existing renal dysfunction with creatinine 
levels higher than 2 mg/dl is associated with 
operative mortality of 19% versus 4.2% mortality 
if the creatinine was less than 2 mg/dl.114 Patients 
with creatinine levels more than 4 mg/dl require 
preoperative initiation of hemodialysis.115 AAA 
may be associated with renal artery stenosis or 
ureteric obstruction, which should be evaluated 
preoperatively by renal ultrasound and excretory 
urography, respectively.116

The incidence of new onset of renal failure 
after infrarenal clamping is 3% and the rates for 

suprarenal occlusion are five times greater. 
Transient renal insufficiency is more common 
and patients who develop renal insufficiency have 
longer periods of intubation, ICU, and hospital 
length of stay. Aortic cross-clamping increases 
renal vascular resistance and decreases renal cor-
tical blood flow and increases renin–angiotensin 
secretion and decreases glomerular filtration rate 
(GFR). Suprarenal clamping decreases blood 
flow by 80% and infrarenal clamping decreases 
by 38%.117,118

The incidence of renal failure following rup-
tured AAA repair ranges from 8 to 46% and is 
associated with a mortality of 57–97%.1 
Additional perioperative factors that contribute to 
the development of renal insufficiency include 
pre-existing cardiac disease, advanced age, con-
trast studies without proper hydration, suprarenal 
clamping,  ischemic  time > 30 min, hypovolemia 
(due to fasting, bowel preparation, and blood 
loss), hypotension, large volume transfusion, 
rhabdomyolysis, early reoperation, and ather-
omatous plaque embolization.

Urine output does not correlate with GFR 
and oliguria does not predict postoperative renal 
insufficiency.119 The incidence of postoperative 
renal insufficiency may be decreased by pre-
venting hypovolemia, maintaining cardiac out-
put, and by diagnosing and treating oliguria 
early.

Neurologic Complications
The two major neurologic complications include 
spinal cord ischemia and postoperative cognitive 
dysfunction. Benoit et al. studied the incidence of 
postoperative delirium following AAA repair and 
found that delirium occurs in up to one third  
of patients within the first 6 postoperative days. 
Risk factors for postoperative delirium include 
advanced age, being unmarried and living alone, 
preoperative depression and psychoactive medi-
cation use, a lower education, and a history of 
prolonged tobacco abuse.120

Spinal cord ischemia (SCI) is a rare (0.3%) but 
potentially devastating complication after abdom-
inal aortic surgery.121 SCI has been reported to 
occur in both elective repairs and ruptured AAAs. 
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Ruptured aneurysms produce significant hypoten-
sion, require supraceliac cross-clamping, and usu-
ally heparin is not used; all these factors predispose 
to SCI. SCI can occur with infrarenal and suprare-
nal aortic cross-clamps and with both surgery for 
AAA and aorto-iliac occlusive disease.122

The low incidence of paraplegia after elective 
AAA surgery may be explained by the low level 
of clamping relative to the origin of arteria radic-
ularis magna and the presence of adequate pelvic 
collaterals. In general, when the greater radicular 
artery is open and of normal size, the pelvic blood 
supply is of minor importance. When greater 
radicular artery is compromised, the pelvic blood 
supply becomes critically important. Interference 
of pelvic blood supply has to be avoided preventing 
significant hypotension, revascularization of 
internal iliac artery with a separate graft, and 
gentle surgical techniques to avoid emboliza-
tion.21 SCI after infrarenal AAA and iliac surgery 
has a poor prognosis and may be reversed by 
spinal fluid drainage.

Gastrointestinal Complications
The most common complication is paralytic ileus, 
which is due to bowel manipulation and fluid 
sequestration. The return of GI function depends 
on the technique employed and the level of the 
clamp. GI function returns more rapidly with the 
retroperitoneal technique and infrarenal cross-
clamping. Infrarenal cross-clamping produces 
 little effect on splanchnic blood flow compared 
to suprarenal or supraceliac cross-clamping.

A rare (0.6–1%) but more devastating compli-
cation is ischemic colitis, which is associated 
with a higher mortality rate (50–75%). RAAA 
repair, ligation of a patent inferior mesenteric 
artery, marginal collateral circulation, and peri-
operative low flow state are risk factors. Inferior 
mesenteric stump pressure less than 40 mmHg 
and loss of mesenteric Doppler signals are pre-
dictors of the development of colonic ischemia. 
The risk is reduced by IMA revascularization and 
ensuring the circulation is preserved through at 
least one internal iliac artery.21

Signs and symptoms of ischemic colitis 
include excessive fluid requirements, abdominal 

pain, fever, leukocytosis, diarrhea, and bloody 
stools. Nonsurgical treatment includes bowel 
rest, aggressive fluid resuscitation, and antibiot-
ics. Surgical treatment is indicated for full thick-
ness bowel necrosis.17

Hemorrhage
Hemorrhage is the second most common postop-
erative complication and is almost always the 
result of technical error. Continued hemorrhage 
increases transfusion requirements and mortality. 
Surgical causes include persistent retroperitoneal 
bleeding, anastomotic disruption, and injury to 
adjacent venous structures while nonsurgical 
causes include dilutional coagulopathy, dissemi-
nated intravenous coagulation, and preoperative 
anticoagulants, such as antiplatelet agents. If the 
administration of platelets and clotting factors 
fail to improve the bleeding or if the TEG and 
coagulation studies are normal, the patient may 
require a reoperation to search for a surgical 
bleeding. Patients undergoing repair of a ruptured 
AAA have a higher incidence of postoperative 
bleeding and hence re-explorations.

Disseminated Intravascular 
Coagulation (DIC)

Activation of fibrinolysis and consumptive coag-
ulopathy can present in AAA patients preopera-
tively or develop during and after operation.123,124 
Though DIC can occur in both ruptured and 
unruptured cases, clinically manifesting DIC is 
more common in RAAA.125 Clinical presentation 
can range from bleeding to thrombotic complica-
tions and MOF. Heparin therapy may be needed 
preoperatively and if this is not effective, imme-
diate surgical treatment is curative.126,127

Limb Ischemia

Limb ischemia is usually associated with anasto-
motic complications or distal thromboembolism. 
Thromboembolism can be micro or macroembo-
lization.128 Placing the iliac clamp before aortic 
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cross-clamp minimizes distal embolization. 
Peripheral pulses are evaluated before leaving the 
operating room. Management includes throm-
bolytic, anticoagulant, and antiplatelet therapy. 
Macroembolism can be treated either surgically 
or by thrombolysis or amputation.129

Key Notes

 1. An abdominal aortic aneurysm is a focal 
dilation of the aorta, is defined as an aortic 
diameter of at least 50% larger than normal 
or a diameter of greater than 30 mm.

 2. The majority of AAAs are infrarenal and are 
located several centimeters below the renal 
arteries. Pararenal AAAs are aneurysms that 
involve the renal ostia and include juxtarenal 
AAAs, which involve the renal artery origin 
and suprarenal AAAs, which involve the 
aorta above the renal arteries.

 3. AAAs associated with mural thrombi have 
increased coagulation and fibrinolytic activ-
ity, produce local hypoxia in the media, 
which can lead to neovascularization and 
inflammation.

 4. The majority of AAAs are asymptomatic 
and are discovered during routine screening. 
Ultrasound is the recommended screening 
modality CT or MRI are used to delineate the 
anatomy of the aneurysm, and aortography, 
the gold standard, is reserved for patients with 
inconclusive studies.

 5. For ruptured AAAs, the triad of symptoms 
include sudden onset of mid-abdominal or 
flank pain radiating to the scrotum, circula-
tory shock, and a pulsatile abdominal mass.

 6. Open AAA repair is recommended for the 
majority of pararenal aneurysms, aneurysms 
with an enlarged neck or significant angula-
tion, and those with laminated thrombus at 
the stent-graft attachment. Open AAA repair 
does not require yearly surveillance as with 
endovascular techniques and is associated 
with improved patient quality of life as com-
pared with endovascular repair.

 7. The surgical approaches to open AAA 
include the transperitoneal and retroperitoneal 
approach, including total and assisted laparo-
scopic techniques. The retroperitoneal 
approach is associated with decreased pain 
and perioperative complications, and is the 
approach of choice for pararenal aneurysms.

 8. SIRS, more common in patients with 
RAAAs, is associated with the release of 
endotoxin, which causes the release of 
inflammatory cytokines, such as IL-6, TNFa, 
and IL-6b, leading to the development of 
ARDS and MOF.

 9. Advanced age, cardiac arrest with cardiopul-
monary resuscitation, hypotension, loss of 
consciousness, low hematocrit, and elevated 
creatinine are associated with a poor outcome.

 10. Since up to half of patients with AAAs have 
underlying coronary artery disease and peri-
operative cardiac complications are the major 
cause of morbidity and mortality, these 
patients should be evaluated according to the 
2007 ACC/AHA guidelines.

 11. Monitoring for patients with uncomplicated 
AAAs includes standard ASA monitors, 
along with arterial blood pressure, central 
venous pressure, and urine output. For high-
risk patients, additional monitoring may 
include pulmonary artery catheterization and 
transesophageal echocardiography.

 12. The effects of aortic cross-clamping depends 
on the level of the clamp, the baseline myo-
cardial function and presence of CAD, the 
type of aortic disease and degree of collater-
alization, volume status, and anesthetic 
technique.

 13. Aortic unclamping produces hypotension 
and acidosis, which is due to the release of 
vasodilating and myocardial depressant 
metabolites from ischemia and reperfusion. 
This can be treated with vasopressors, fluid 
administration, and reclamping, if necessary.

 14. The most important determinant of survival in 
patients with RAAA is time to aortic cross-
clamp. The goals of anesthetic management in 
these include performing a rapid evaluation, 
including hemodynamic status, obtaining 
large bore intravenous access, obtaining blood 
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and blood products for transfusion, and main-
taining hemodynamic stability, with vasoac-
tive agents

 15. Fluid and transfusion management for these 
patients should include fluid restriction and 
blood conservation techniques, including cell 
salvage. Patients with coagulopathy during 
AAA repair should be monitored with TEG 
and treated with blood products and factor 
VIIa, if necessary.

 16. Postoperative pain management in these 
patients is diverse and includes neuraxial 
analgesia with spinal opioids or epidural 
anesthesia, paravertebral analgesia, and intra-
venous patient-controlled analgesia.

 17. Although the most common perioperative 
complication is cardiovascular, other compli-
cations during AAA repair include renal, 
pulmonary, neurological, gastrointestinal, 
hemorrhage, DIC, and limb ischemia.
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Introduction

The well-known quote from the renal physiologist 
Dr. Homer Smith as he proposed that “…the 
composition of the blood is determined not by 
what the mouth ingests but by what the kidneys 
keep..”1 highlights not only the kidneys’ domain 
of influence, but why even the smallest functional 
perturbations can have widespread effects. The 
kidney plays a central role in homeostasis, including 
keeping extracellular composition and fluid 
volume constant, while excreting toxins and met-
abolic waste in the urine. Acute kidney injury 
(AKI) is a major complication of aortic surgery 
and highly associated with poor outcome.

As a collection of procedures, there are prob-
ably no interventions more associated with post-
operative AKI or dialysis than those involving 
the treatment of aortic pathology. This is due not 
only to the character of aortic interventions, 
which are often emergent and commonly involve 
disease close to the origin of the renal vessels, but 
also to the numerous kidney insults that are 
unavoidable as part of these procedures. Finally, 
the medical conditions that typically contribute 
to aortic disease make these patients vulnerable 
to perioperative AKI.

This chapter reviews renal physiology and 
pathophysiologic states as they relate to aortic 
surgery practice, and then addresses strategies for 
recognizing and managing patients at risk for 
renal failure.

Renal Anatomy and Physiology

Gross Anatomy/Ultrastructure 
(Fig. 15.1a and b)

The normal kidney is a reddish-brown ovoid 
organ measuring approximately 10 cm long, 5 cm 
wide, and 2.5 cm thick with a medial margin 
deeply indented and concave at its middle. The 
hilus is the vertical cleft in the medial aspect that 
lies at the level of the first lumbar vertebra and 
transmits structures entering and leaving the kid-
ney. The kidneys are retroperitoneal; the right is 
“crowded” by the liver and slightly lower than the 
left. Embryologically, the kidneys derive from the 
mesoderm and form below the pelvic rim, passing 
up and along the paravertebral gutters to lie in 
their adult position by the ninth week of gesta-
tion. During each kidney’s ascent, its blood sup-
ply comes from successive sources, and a residual 
accessory artery sometimes enters the lower pole 
of the kidney from the aorta. The rudimentary 
organs are adjacent and occasionally join forming 
a single large fused kidney, the ascent of which is 
presumably impeded by the inferior mesenteric 
artery; hence, the pelvic position of the adult 
“horseshoe” kidney. A thick fibrous capsule 
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surrounds each kidney separated from the more 
loosely applied renal fascia by a fatty layer.

Inspection of the cut surface of a kidney 
reveals an outer capsule surrounding a paler cor-
tex, which in turn encircles the darker, conical 
pyramids of the renal medulla. Visible in each 
pyramid are radial striations (medullary rays) that 
converge towards the hilus forming renal col-
umns. The funnel-like spaces separating medul-
lary pyramids are termed calyces, and these 
merge in the hilus forming the renal pelvis, which 
exits the kidney quickly narrowing to become the 
ureter that conveys urine on to the bladder. Each 
lobe of the kidney (pyramid and its covering of 
cortex) produces collecting tubules that discharge 
urine via renal papillae at the entrance of each 

pyramid into the calyceal system. The collecting 
tubules carry urine from deep within the radial 
striations where it is generated by the functional 
units of the kidney, the nephrons.

Usually, a single renal artery enters the hilum 
anterior to the renal pelvis and divides many 
times to produce arcuate arteries that travel along 
the boundary between cortex and outer medulla. 
Arcuate arteries give rise to interlobular arteries 
that produce large numbers of afferent arterioles, 
which supply each glomerulus with a capillary 
tuft, efferent arteriole, and peritubular capillaries. 
The glomerular capillary tuft is the porous barrier 
where plasma elements filter from the vascular to 
tubular space. An approximately parallel venous 
system conveys blood back to the renal vein and 

Fig. 15.1 The urinary tract includes the kidneys, ureters, 
urinary bladder, and urethra (a). A coronal section of the 
right kidney demonstrates the highly organized renal 
parenchyma and vasculature (b). Approximately 20% of 
plasma entering each glomerulus will be filtered into the 
renal tubule (c). The functional unit of the kidney is the 

nephron (d), which will pass through the specialized cap-
illary wall into Bowman’s capsule and enter the tubule to 
be processed and generate urine (From: (a–d) used with 
permission from http://academic.kellogg.cc.mi.us/her-
brandsonc/bio201_McKinley/Urinary%20System.htm - 
site accessed March 10, 2009)

http://academic.kellogg.cc.mi.us/herbrandsonc/bio201_McKinley/Urinary%20System.htm
http://academic.kellogg.cc.mi.us/herbrandsonc/bio201_McKinley/Urinary%20System.htm
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inferior vena cava. The renal arteries usually lie 
posterior to the veins at the hilum, and the right 
renal artery passes behind the inferior vena cava 
to reach the aorta.

Renal sympathetic innervation is provided by 
preganglionic fibers from T8-L1 including sensa-
tion (colic). Parasympathetic innervation comes 
from the vagus nerve while the ureters are sup-
plied through spinal segments S2–S4.

Ultrastructure (Fig. 15.1c and d)

A single kidney contains approximately 1 × 106 
tightly packed nephrons. Each nephron consists 
of a tuft of leaky capillaries and a tubule. At its 
proximal end in the cortex, an expanded portion 
of the tubule (Bowman’s capsule) envelopes the 
capillary tuft to form a specialized structure for 
filtering plasma (the glomerulus), while at its 
 distal end in the medulla this tube delivers 
 processed urine to the collecting ducts. The 
 vascular–tubular filtration interface within the 
glomerulus is highly specialized including fenes-
trated negatively charged capillary endothelial 
cells and tubular epithelial cells (podocytes) sepa-
rated by a basement membrane. As effluent filters 
into the tubule, it enters the highly metabolically 
active proximal convoluted tubule. This serpen-
tine segment then merges with the loop of Henle, 
a straighter portion that courses directly toward  
the medulla, with a hairpin turn, then away from 
the medulla. Nephrons are classified by the loca-
tion of their glomeruli into juxtamedullary (15%) 
and cortical (85%) types; these have  differing 
functions due to their different loops of Henle. 
Only loops of Henle from juxtamedullary 
nephrons course deep enough into the medulla  
to significantly participate in countercurrent 
exchange, a mechanism that facilitates the forma-
tion of highly concentrated urine. Effluent contin-
ues through the loops of Henle back to the cortex 
into the distal convoluted tubule and finally the 
collecting duct. Each collecting duct accepts efflu-
ent from numerous distal convoluted tubules. 
Feedback control of tubular function comes in 
part from a cluster of cells derived from the distal 

convoluted tubule and afferent arteriole known as 
the juxtaglomerular apparatus. It is the combined 
actions of the specialized segments of the nephron 
that forms urine and returns the vast majority of 
glomerular filtrate to the circulation.

Cells and proteins larger than 60–70 kDa are 
prevented from crossing the selectively perme-
able barrier of the glomerulus, and typically 
only 25% of the plasma elements pass into 
Bowman’s capsule. Notably, abnormalities of 
this barrier can occur with disease that permit 
much larger proteins and even red blood cells to 
enter the tubule; nephrotic syndrome (proteinu-
ria >3.5 g/24 h) or glomerulonephritis (hematu-
ria and proteinuria) may result. The peritubular 
capillaries derive from an efferent arteriole, 
which itself is generated from the convergence 
of glomerular capillaries; this arrangement 
involving two capillary beds connected in series 
by arterioles is unusual in the body. Peritubular 
capillaries that follow the loops of Henle deep 
into the medulla are known as vasa recta.

Correlation of Structure and Function

Renal tissues constitute only 0.4% of body weight 
but receive 25% of cardiac output making them 
by far the most highly perfused of any major 
organ. For comparison, this flow is eightfold 
higher per gram of tissue than heavily exercising 
muscle and is key to plasma filtration rates as 
high as 125–140 ml/min in adults. Such filtration 
generates a huge volume of tubular effluent, 
equivalent to a can of soda every 3 min, but reab-
sorption allows only 1% of this (approximately 
4 ml per 12 oz soft drink) to emerge from the 
kidney as urine. Beyond volume control, tubular 
processing also closely regulates solute homeo-
stasis (extracellular sodium, potassium, hydrogen 
ion, bicarbonate, and glucose) and clearance of 
nitrogenous and other waste products (e.g., crea-
tinine, urea, bilirubin, toxins, and many classes of 
drugs). Finally, the kidneys also serve endocrine, 
exocrine, immune, and metabolic functions.

A common measure to reflect the overall yield of 
water and solutes from filtration is the glomerular 
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filtration rate (GFR), expressed as the volume of 
plasma filtered per minute (mL/min). Plasma fil-
tration from the vascular space into Bowman’s 
capsule varies based on surface area and perme-
ability characteristics of the glomerular barrier 
(ultrafiltration constant – Kf ) and gradients 
between capillary (P

GC
) and oncotic pressures 

(p
GC

). P
GC

 is directly influenced by renal artery 
pressure, particularly by changes in arteriolar 
tone, both upstream (afferent) and downstream 
(efferent) from the glomerulus. A major increase 
in afferent arteriolar tone, as occurs with angio-
tensin II or sympathetic stimulation, causes a fall 
in filtration pressure and thus GFR. Milder angio-
tensin or sympathetic effects lead to selective 
efferent arteriolar vasoconstriction, which 
increases filtration pressure and GFR. Afferent 
arteriolar dilatation enhances glomerular flow 
and increases GFR by raising glomerular 
capillary pressure. The p

GC
 is directly dependent 

on plasma oncotic pressure.
Renal vasculature autoregulation maintains 

relatively constant rates of blood flow and filtra-
tion over a range of arterial blood pressures; how-
ever, since perfusion far exceeds oxygen demand 
for the whole kidney, it is unclear whether this 
response facilitates limiting excessive flow to the 
delicate glomeruli or optimization of oxygen 
delivery. The myogenic reflex theory holds that 
increasing arterial pressure causes afferent arte-
riolar stretch that triggers reflex vasoconstriction; 
likewise, pressure decreases cause afferent arte-
riolar dilatation. The other autoregulatory mech-
anism involves tubuloglomerular feedback 
through the juxtaglomerular apparatus – when 
renal blood flow and GFR decrease, the juxta-
glomerular apparatus, sensing a decrease in chlo-
ride delivery, responds by effecting afferent 
arteriolar dilatation and increased glomerular 
perfusion pressure, thus returning GFR to previ-
ous levels. Tubular chloride concentration also 
constitutes a feedback signal for control of effer-
ent arteriolar tone. Declining chloride delivery to 
the distal convoluted tubule is sensed by the 
juxtaglomerular apparatus triggering the release 
of renin and the formation of angiotensin II.

The energy consuming Na+/K + ATPase pump 
actively transports sodium from the nontubular 

(serosal) surface of cells and chloride ions follow. 
Also strongly coupled to proximal sodium reab-
sorption are reuptake of glucose, amino acids, 
and other organic compounds, but water 
 movement is passive and osmotically linked. 
Interestingly, higher peritubular capillary pres-
sures (e.g., related to inferior vena cava obstruc-
tion) oppose water reuptake and increase urine 
output. The proximal tubule accounts for approx-
imately two thirds of reabsorption, and a further 
15% comes from the loop of Henle. Beyond the 
proximal tubule, no further active sodium trans-
port occurs until the loop of Henle medullary 
thick ascending limb (mTAL). When fluid intake 
is limited, maximum water retention and solute 
excretion rely on the kidney’s ability to produce a 
concentrated urine. Although water follows 
osmotic gradients out of the descending loop of 
Henle, the thin ascending and mTAL portions are 
relatively water-impermeable and prevent water 
return. The remaining effluent passes to the distal 
tubule and the collecting duct where water 
reuptake is entirely controlled by antidiuretic 
hormone (ADH). ADH increases permeability 
allowing passive water diffusion back to the cir-
culation (under considerable osmotic pressure). 
The posterior pituitary responds to increased 
extracellular sodium concentration or osmolality 
by releasing ADH. Absolute or relative reduc-
tions in intravascular fluid volume also trigger 
ADH release through arterial and atrial barore-
ceptors. “Inappropriate” ADH release can occur 
in response to physiologic stresses such as sur-
gery and cause renal cortical vasoconstriction 
producing a shift in blood flow to the hypoxia-
prone renal medulla.

Drops in blood pressure, sympathetic stimula-
tion, and increased tubular chloride trigger renin 
release from the juxtaglomerular apparatus. 
Sympathetic stimulation also causes aldosterone 
release. Renin converts circulating angiotensino-
gen to angiotensin I, which is then converted to 
angiotensin II (ATII) in the lungs; this potent 
vasoconstrictor raises blood pressure and hence 
renal flow rates. ATII also promotes proximal 
tubular sodium reabsorption and ADH and aldos-
terone release. Aldosterone and ADH contribute 
to intravascular volume expansion by facilitating 
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sodium and water reabsorption from the distal 
tubule and collecting duct.

Volume expansion and vasoconstrictor effects 
are balanced by the actions of atrial natriuretic 
peptide (ANP), nitric oxide, and the renal prosta-
glandin system. Under volume expansion condi-
tions, atrial stretch triggers ANP release. ANP 
inhibits renin and aldosterone release, opposes 
the actions of angiotensin II,2 and blocks sodium 
reabsorption in the distal tubule and collecting 
duct. ANP also increases GFR and urine output 
through renal artery vasodilation. Nitric oxide 
and prostaglandin production within the kidney 
also opposes renal sympathetic and angiotensin 
II effects, promoting sodium and water excretion 
and participating in tubuloglomerular feedback.3 
Renal ischemia and other stress states including a 
drop in blood pressure stimulate renal prosta-
glandin production through cyclooxygenase and 
phospholipase A

2
 enzymes.4

Although the reflex phenomenon known as 
ischemic preconditioning that involves a brief 
exposure to ischemia that attenuates injury due to 
subsequent ischemic episodes is present in the 
kidney, the clinical relevance of this adenosine 
receptor-mediated phenomenon remains unclear.3

Clinical Assessment  
and Definitions of AKI

Most agree that urine output correlates poorly as 
a measure of perioperative renal function 
(Fig. 15.2)5; however, much can be learned 
assessing clearance of circulating substances and 
urine inspection.

Filtration is the most clinically assessed kid-
ney function. Filtration function guides drug dos-
ing and aids in preoperative risk stratification, but 
acute perioperative declines are also important 
since they indicate AKI and predict a more com-
plicated postoperative course.6 GFR normally 
ranges between 90 and 140 mL/min and refers to 
the plasma volume filtered by the kidneys per 
unit time. As a rule of thumb, GFR is 10 mL/min 
greater in men than women and declines 1% per 
year after age 30. In addition to gender and age, 
GFR is related to body weight and to some extent 
ethnicity. GFR values below 60 mL/min are con-
sidered impaired and rates below 15 mL/min 
often require dialysis.

Although more “ideal” substances exist to 
assess GFR, the most inexpensive and practical 

 Cr
(mg/dl)

0 50 100 150 200 250 300 400350
Mean intraoperative urinary output (ml/hour)

2.3

-2.5
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Fig. 15.2 Perioperative urine flow is commonly reported 
in renal preservation studies, and monitored by clinicians 
to assess kidney function despite questionable evidence 
that this variable is a meaningful assessment of perioperative 

AKI. Data from a study contrasting postoperative rises in 
serum creatinine (D Cr) with urine output after aortic 
surgery highlights that lack of correlation between these 
two variables (Used with permission from Alpert et al.2)
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test involves creatinine. Despite creatinine’s 
 limitations, its proven usefulness in numerous 
clinical settings cannot be disputed relative to 
other currently available markers. Although more 
“ideal” substances and other “early biomarkers” 
of AKI are being evaluated as clinical tools, none 
is yet ready to replace creatinine.

Using urine and blood creatinine tests, esti-
mates of GFR (eGFR) can be made from creati-
nine clearance (CrCl) determination. Two-hour 
urine collections are sufficient in stable, critically 
ill patients to calculate CrCl4 using the following 
formula:

( ) ( ) ( )( )
( ) ( )( )

= ´

´

Cr

Cr

CrCl mL / min U mg / dL V mL

P mg / dL time min

where U
Cr

 = urine creatinine, V = total volume of 
urine collected P

Cr
 = plasma creatinine, time = col-

lection time
Clinical use of GFR estimation from a single 

steady-state serum creatinine value is commonly 
used. Notably, predictive formulas are vulnerable 
to factors such as fluid shifts, hemodilution, and 
hemorrhage that may add “unsteadiness” to peri-
operative GFR estimates from a serum creatinine 
value. Nonetheless, serum creatinine remains 
unsurpassed particularly to reflect trends of 
change in renal filtration and to predict outcome 
even during the perioperative period.7–9 The 
Cockroft–Gault equation is one of the most dura-
ble predictive formulas,10 using patient gender, 
age (years), weight (kg), and serum creatinine 
(mg/dL) as follows:

( )
( ) ( ) ( )
( )

= - ´ ´

´

Cockroft - Gault eGFR mL / min

140 age weight kg / Cr 72

0.85 for females

A more recent method developed from the 
Modification of Diet in Renal Disease (MDRD) 
study that adds other factors including ethnicity 
(black versus nonblack) has also gained popular-
ity.11 However, even a detailed MDRD eGFR 
under ideal conditions often correlates poorly 
with a “gold standard”-determined GFR.11

Several consensus definitions for significant 
perioperative renal dysfunction exist. The Society 
of Thoracic Surgeons define postoperative renal 
failure as new dialysis or creatinine rise beyond 
2.0 mg/dL involving at least a 50% increase 
above baseline.12 Another definition requires cre-
atinine to rise more than 25% or 0.5 mg/dL 
(44 mmol/L) within 48 h.13 The AKIN (AKI 
Network) definition, a 1.5-fold or 0.3 mg/dL 
(³ 26.4 mmol/L) creatinine rise within a 48 h 
period or more than 6 h of oliguria (less than 
0.5 mL/kg/h), is a modification of its predecessor, 
the Acute Dialysis Quality Initiative (ADQI) 
Group so-called “RIFLE” citeria.2

Disappointment in the ability of traditional 
tests, such as creatinine, to allow sufficiently 
early intervention to improve the care of AKI has 
fueled a rebirth of interest in old indicators, and a 
search for new “early biomarkers.” These include 
markers of renal adaptive responses to stress, 
impaired filtration, tubular dysfunction (tubular 
proteinuria), or cell damage (tubular enzymuria). 
Although preliminary studies give hope that bet-
ter tools will become available, serum creatinine 
continues to be the mainstay of most renal func-
tion monitoring strategies.

Risk Factors for Surgery-Related AKI

Numerous factors have been linked with an 
increased likelihood of postoperative AKI; some 
are quite specific to aortic surgical procedures and 
relate primarily to patient and procedural character-
istics (Table 15.1, Fig. 15.3). The role of preexist-
ing renal disease as a risk factor is complicated. It is 
undeniable that patients with severe baseline renal 
disease need only have a small additional renal 
insult to lose sufficient renal function to require 
dialysis thus having acute renal failure. Postoperative 
patients requiring new dialysis are more likely to 
have preexisting renal dysfunction. However, 
although patients with preexisting renal dysfunc-
tion as a group have more associated comorbidities, 
interestingly they are not more likely to sustain a 
perioperative renal injury, described as a relative 
change in renal function perioperatively (e.g., 50% 
rise in serum creatinine).
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Mechanisms of Surgery-Related AKI

The diverse sources of perioperative renal insult 
are extensively reviewed elsewhere (Fig. 15.3).14 
Commonly, perioperative AKI represents a cumu-
lative burden of insult from diverse sources includ-
ing exacerbation of preexisting disease, ischemia/
reperfusion, nephrotoxins, oxidative stress, and 
inflammation. Hypoperfusion, inflammation, and 
atheroembolism are well studied contributors to 
aortic surgery-related AKI. Contrast dye is also an 
important insult as part of some hybrid proce-
dures,15 and a variety of other contributors such as 
rhabdomyolysis related to an ischemic limb may 

be important for some patients. In addition, par-
ticular surgeries add renal risk due to the nature of 
the procedure, such as those involving circulatory 
arrest or temporary renal artery occlusion. In gen-
eral, each patient assumes a cumulative burden of 
renal insult that combine with factors that influ-
ence vulnerability to injury such as genetic 
makeup16 to predict the kidney’s response. 
Unfortunately, preoperative risk assessment alone 
anticipates only a small fraction of the variability 
observed in postoperative AKI. Two common 
 primary pathways are thought to enact AKI-related 
renal cell death; these are  irreversible injury due to 
ischemia- reperfusion and apoptosis related to 
 activation of caspase “executioner” enzymes.

Fig. 15.3 Contributors to perioperative change in  
renal function are factors influencing baseline renal  
function and renal vulnerability (e.g., genetic back-

ground), numerous perioperative sources of renal  
insult. preop–preoperative, intraop–intraoperative, 
postop–postoperative
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Low output states, cardiopulmonary bypass, 
hypovolemic shock, vasoconstrictor use, and cir-
culatory arrest all may contribute to the renal 
ischemic burden of a surgery. Tissue disruption, 
endotoxemia from infectious or septic complica-
tions, transfusion, and cardiopulmonary bypass 
can serve as triggers for release of pro-inflamma-
tory cytokines such as tumor necrosis factor alpha 
[TNFa] and interleukin 6 [IL-6].

Clamp occlusion and cannulation of the aorta 
are actions that can cause embolization by dis-
rupting atheromatous plaque. Measures of aortic 
atherosclerosis and intraoperative arterial emboli 
counts are strong independent predictors of AKI 
after cardiac surgery.17,18 Embolic occlusion of 
renal vessels from dislodgement of atheromatous 
plaque can lead to segmental necrosis of an 
affected kidney (Fig. 15.4). Surgical procedures 
on atherosclerotic vessels are known to have high 

particulate emboli rates (57–77%),19,20 and emboli 
showers are predictably high, for example, at the 
time of aortic unclamping.21

Aortic stent-graft technology is rapidly chang-
ing the treatment of aortic disease. Some recent 
studies suggest that the reduced invasiveness of 
endovascular stent-graft or hybrid (surgery plus 
stent-graft) interventions may be associated with 
less AKI and acute dialysis compared to open 
procedures. However, while stent-graft proce-
dures require less aortic manipulation and avoid 
the stress of surgery, the imaging required cur-
rently obliges a potentially nephrotoxic contrast 
dye load, and thus benefits of reduced invasive-
ness may be traded for other renal insults. 
Moreover, it is unclear whether the AKI rate is 
best predicted by repair technique or the unique 
vulnerability of specific patients related to their 
vascular anatomy.

In a prospective nonrandomized study of 279 
elective abdominal aortic aneurysm repair by 
stent-graft or open surgery, Greenberg and col-
leagues found that stent-graft patients were less 
likely to develop AKI before hospital discharge 
(creatinine rise >30% or creatinine >2.0 mg/dL; 
5/198 vs. 8/79, p = 0.01), but in this study only one 
patient from each group required postoperative 
dialysis, and there was no difference between 
groups at 30 days, 6 months, or 12 months post-
operatively with regard to renal function.22 A sec-
ond retrospective study involving 22,830 matched 
pairs of Medicare patients undergoing open and 
endovascular abdominal aortic aneurysm proce-
dures found a twofold greater incidence of periop-
erative acute renal failure (p < 0.001) after open 
procedures.23 Fewer studies are available report-
ing outcomes from thoracic aortic procedures. In 
a retrospective study of 30 open and hybrid thora-
coabdominal aortic aneurysm procedures, Murphy 
and colleagues noted a reduced incidence of renal 
failure (0 vs. 42%, p = 0.002) despite a greater 
incidence of renal risk factors in the endovascular 
group.24 In contrast, a review of several case series 
by Chiesa and colleagues noted a 9.9% renal fail-
ure rate in 107 patients undergoing hybrid thora-
coabdominal aortic aneurysm repair, and these 
authors suggest that the rate of acute renal failure 
has not been significantly affected by the advent 
of endovascular stent-graft and debranching.25

Fig. 15.4 Organization of the renal vasculature means that 
embolic arterial obstruction is poorly compensated for by 
collateral flow. Examples in a gross kidney specimen (a) and 
by 30× angiography (b) demonstrate the typical “pizza-
slice” pattern of an embolic renal infarct. (Figure 15.4a used 
with permission from http://www-medlib.med.utah.edu/
WebPath/CINJHTML/CINJ015.html. Figure 15.4b used 
with permission from Bookstein and Clark127)

http://www-medlib.med.utah.edu/WebPath/CINJHTML/CINJ015.html
http://www-medlib.med.utah.edu/WebPath/CINJHTML/CINJ015.html
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Ten percent of all in-hospital AKI is attributed 
to contrast-induced nephropathy. Garwood and 
colleagues found elevated urine markers of tubu-
lar injury in a group of 27 cardiac surgery 
patients presenting within 5 days of cardiac 
catheterization.26 In a prospective study of 649 
cardiac surgery patients, Provenchere and col-
leagues found radiocontrast agent administra-
tion <48 h before surgery to be an independent 
predictor of AKI.27 Delaying elective surgery to 
permit recovery from contrast-associated neph-
ropathy would seem prudent. Patients with 
chronic kidney disease who undergo interven-
tional cardiology procedures have reduced risk 
of contrast-nephropathy with low osmolar con-
trast media accompanied by aggressive prestudy 
hydration.15

Sodium bicarbonate for AKI prophylaxis may 
be effective for contrast-induced nephropathy. 
In animal AKI models, pretreatment with sodium 
bicarbonate is more protective than sodium chlo-
ride.28 In a randomized trial of 119 angiography 
patients receiving either sodium chloride or 
sodium bicarbonate (154 mEq/L), as a bolus 
(3 mL/kg per hour for 1 h) prior to receiving iop-
amidol contrast, followed by a 6 h postprocedure 
infusion (1 mL/kg/h), contrast-induced nephrop-
athy was noted in eight patients (13.6%) receiv-
ing sodium chloride but only one (1.7%) with 
sodium bicarbonate (p = 0.02).29 Haase and col-
leagues made similar observations in a similarly 
designed study in cardiac surgery patients.30 
Whether renal benefit resulted from receiving 
sodium bicarbonate or from the potentially dele-
terious effect of sodium chloride was not explored 
in these studies.

Pigmenturia either from hemolysis sufficient 
to exceed the adsorptive capacity of circulating 
haptoglobin and renal tubular reuptake mecha-
nisms (hemoglobinuria) or with muscle cell 
necrosis (myoglobinuria) is a potent kidney 
insult. The mechanisms underlying myoglobin- 
and hemoglobin-related AKI are similar (renal 
vasoconstriction, tubular obstruction by casts, 
and direct cytotoxicity).31 Nonsteroidal anti-
inflammatory drugs (NSAIDs) have potent 
nephrotoxic effects causing renal vasoconstric-
tion through inhibition of local synthesis  

of  vasodilator prostaglandins. Aminoglycoside 
 antibiotics, aprotinin,32 and cyclosporin are 
other nephrotoxic agents that can have effects 
on renal function.

Despite steadily improving understanding of 
the time course and consequences of renal insults 
related to aortic and cardiac surgeries (Fig. 15.5), 
there has been very little progress in improving 
renal protection for these procedures.

Renal Preservation Strategies

Clinical management decisions may reduce 
AKI,3,6,33–48 and pharmacologic interventions have 
been studied for their renoprotective properties. 
These factors are reviewed below.

Modifiable Clinical Factors 
(Nonpharmacologic)

Preoperative Management
Contrast-induced nephropathy has been discussed 
above. Decisions about chronic preoperative 
medications are relevant, although there are no 
clear guidelines due to the very few studies avail-
able in this area. Angiotensin-converting enzyme 
inhibitors (ACEIs) and angiotensin I receptor 
blockers may precipitate AKI when angiotensin 
is critical to renal filtration regulation, such as 
with acute volume depletion or renal artery steno-
sis.49,50 In a prospective study of 249 aortic sur-
gery patients, Cittanova and colleagues observed 
a link between chronic ACEI therapy and postop-
erative AKI.51 However, Weightman and col-
leagues did not confirm preoperative ACEI as a 
risk factor for mortality in a retrospective analysis 
of 1,800 cardiac surgery procedures.52 Preoperative 
loop diuretic therapy was an independent risk fac-
tor for postoperative complications in a retrospec-
tive study of 248 cardiac surgery patients.53

Intraoperative Management
Fluid choices have been attributed risk based on 
data from some postoperative AKI studies. 
Several retrospective reports have linked the use 
of hydroxyethyl starch (HES) preparations for 



33915 Renal Protection Strategies

35

110 (~50% reduction in GFR)

- average peak
- daily average
(baseline to postop day 10)

90

70

%
∆C

r

50

30

10

−10

n=1365

OPCAB

aortic
PortAcc

mitral
PortAcc

mitral
mdn st

OPCAB all CABG all valve CABG
+ valve

ht txplt dbl lung
txplt

aortic
mdn st

CABG
1° non-

emergent

n=134 n=214 n=87 n=411 n=4421 n=8358 n=1331 n=1091 n=879 n=64 n=158

CABG aortic
valve
only

mitral
valve
only

aortic +
CABG

arch
repair +
DHCA

mitral +
CABG

ht txplt dbl lung
txplt

Total
D/TAAA

LVAD

n=2222 n=27698 n=18267 n=28978 n=79 n=16285 n=756 n=296 n=234 n=201

%
 P

at
ie

nt
s

Incidence of Dialysis after Cardiac Surgical Procedures

Patterns of Acute Kidney Injury after Cardiac Surgical Procedures

30

25

20

15

10

5

0

b

a

Fig. 15.5 Average peak (triangles) and average daily 
(diamonds) serum creatinine values represented relative 
to baseline for the first 10 days (a) and average (new) 
dialysis rates (b) for various surgical procedures. Peak 
creatinine values considerably exceed the highest daily 
average value since peaks occur on different days for dif-
ferent patients. Abbreviations: %DCr – peak fractional 
serum creatinine rise, PortAcc – port access mitral valve 
surgery, OPCAB – off-pump coronary artery bypass 

surgery, CABG – coronary artery bypass graft surgery, 
DHCA – deep hypothermic circulatory arrest, mdn st – 
median sternotomy, ht txplt – heart transplant, dbl lung 
txplt – double lung transplant, D/TAAA – descending/tho-
racoabdominal aortic aneurysm, LVAD – left ventricular 
assist device, 1° – nonemergent, postop – postoperative, 
aortic PortAcc – minimally invasive parasternotomy aor-
tic valve replacement. (Used with permission from 
Stafford-Smith et al.128)

volume expansion with perioperative AKI.54–57 In 
a randomized study of 129 septic patients receiv-
ing either 6% HES or 3% gelatin, the frequency 
of AKI and oliguria was higher in the HES 
group.58 In this study, HES was also an independent 
predictor of acute renal failure. In contrast, there 
was no evidence of increased renal risk in a 
smaller randomized study of 30 major abdominal 

surgery patients receiving either gelatin or 6% 
HES.59 The solutions supporting HES prepara-
tions and their potential to promote the onset of 
metabolic hyperchloremic acidosis may influ-
ence renal outcome.

Metabolic hyperchloremic acidosis is com-
monly observed in postoperative patients with the 
exclusive use of saline or saline-based colloid 
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solutions. In a randomized study of 47 elderly 
patients receiving 6% HES in either 0.9% sodium 
chloride (HESPAN®, B. Braun Medical, Inc., 
Irvine, CA) or a balanced salt solution (Hextend®, 
BioTime, Inc., Berkeley, CA), none of the balanced 
salt-based solution patients, but two thirds of those 
receiving the sodium chloride, developed hyper-
chloremic metabolic acidosis (p < 0.0001).60 Some 
have speculated that this acid–base abnormality 
may modify perioperative renal vulnerability.61 
Hyperchloremia and acidosis influences renin 
release, increases afferent arteriolar tone, and 
reduces renal blood flow and glomerular filtration 
rate.62,63 An appropriate clinical trial to address 
this question has not yet been reported.

Although CPB involves a small fraction of the 
perioperative period, this mode of circulatory 
support involves renal risk. Changes that occur 
with initiation of CPB include a disproportionate 
reduction of renal compared to systemic perfusion, 
and stress hormone and inflammatory responses 
known to be harmful to the kidney.64–66 In numerous 
studies, the duration of CPB predicts postcardiac 
surgery AKI.3,6,40,41

Low CPB perfusion pressures associated with 
low flow rates were linked with AKI and dialysis in 
one case control analysis.67 Although notably when 
low CPB perfusion pressures are associated with 
normal flow rates, no such relationship has been 
demonstrated.46,48,68,69 Interestingly, neither the 
presence nor severity of renal artery stenosis has 
been associated with postcardiac surgery AKI.70

Hemodilution is a controversial CPB manage-
ment issue. Although extreme CPB hemodilution 
(hematocrit <20%) is often tolerated, this prac-
tice has recently been linked to adverse out-
comes.71–73 Several large, retrospective studies 
have linked lowest hematocrit levels during CPB 
with postoperative acute renal injury and fail-
ure.74–77 Ironically, one alternative to tolerating 
extreme CPB hemodilution, transfusion has also 
been considered risky.74,77 Although optimal 
hematocrit management during CPB is difficult 
to define, it is well accepted that transfusion dur-
ing CPB may contribute to postoperative AKI 
and should be avoided until other strategies to 
avoid hemodilution have been exhausted.

Hypothermia reduces metabolism and is 
essential to renal preservation during ischemia 

for kidney transplant surgery. Although it would 
seem logical that CPB hypothermia during CPB 
would be renoprotective, three prospective ran-
domized studies have not confirmed renal protec-
tion from mild CPB hypothermia78–80; nonetheless, 
direct cooling appears to be renoprotective in the 
setting of renal artery occlusion.81

A possible explanation for the link between 
intraoperative hyperglycemia and AKI in cardiac 
surgery patients (regardless of diabetes history) 
may involve the greater likelihood of an exagger-
ated resistance to insulin in high-risk patients 
rather than inadequate insulin therapy.3,74 
Aggressive postoperative control of serum glu-
cose (target <150 mg/dL) with insulin therapy 
reduces the occurrence of acute renal failure,82 
but an equivalently aggressive intraoperative 
 glucose management strategy does not confer 
further benefit and may even portend harm.83

Infusion of vasoactive agents may compound 
indirect hemodynamic, humoral, and autonomic 
effects that typically influence perioperative renal 
blood flow.84,85 Retrospective studies identify ino-
tropic agents as predictors of postoperative AKI, 
independent of other markers of low cardiac 
output35,40,47; however, the differences among 
vasoactive agents are not well understood.

Postoperative Management
Many intraoperative issues remain pertinent to 
the postoperative period. Notably, the renopro-
tective benefits of insulin are most evident in the 
postoperative period. Patients at high risk for 
postoperative AKI are not good candidates for 
“fast track” recovery protocols. One study found 
an increased incidence of moderate and severe 
renal failure in high renal-risk patients86 that 
resolved when high-risk patients were returned to 
standard recovery protocols.

Pharmacologic Interventions

DA1 Agonist Agents (Dopamine, 
Fenoldopam, Dopexamine)
Selective stimulation of mesenteric dopamine-1 
(DA1) receptors by intravenous dopamine 
(<5 mg/kg/min) and fenoldopam increases renal 
blood flow, decreases renal vascular resistance, 
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and induces natriuresis and diuresis. Unfortunately, 
numerous randomized trials and meta-analyses of 
randomized trials have failed to support dopamine 
as a renoprotective agent in many different surgi-
cal and nonsurgical settings.87–90 In a meta-analy-
sis of 3,359 patients randomized to  “low-dose” 
dopamine versus control from 61 trials, there was 
no benefit regarding mortality, dialysis, or adverse 
events91; although, on the 1st day of dopamine 
therapy, there was a 24% increase in urine output, 
4% reduction in serum creatinine, and 6% increase 
in creatinine clearance, which had disappeared by 
the following day.

Fenoldopam mesylate is a more selective ago-
nist of DA1 receptors than dopamine. There is 
currently no consensus regarding the effective-
ness of fenoldopam as a renoprotective agent. A 
study involving 80 high-risk cardiac surgery 
patients found no benefit.92 A study of 160 cardiac 
surgery patients with baseline renal dysfunction 
noted lower postoperative serum creatinine values 
and higher creatinine clearance values compared 
to baseline with fenoldopam but not with placebo; 
no long-term outcome was evaluated in this 
study.93 A double-blind study of 155 post-cardiac 
surgery and other critically ill patients with estab-
lished renal injury found no benefit and even dis-
cussed possible increased adverse outcomes in 
diabetic patients.94,95 In 28 aortic surgery patients, 
Halpenny and colleagues found a decline in crea-
tinine clearance with aortic cross-clamp applica-
tion and higher postoperative day 1 serum 
creatinine values in patients receiving placebo but 
not in the fenoldopam group.96 Although a recent 
meta-analysis of 1,059 patients from 13 random-
ized and case-matched studies suggested benefit,97 
there is clearly a need for larger randomized trials 
to better assess this agent.

Dopexamine hydrochloride is a DA-1 receptor 
and beta 2-adrenoceptor agonist that is notable in 
that its metabolism is significantly reduced with 
liver dysfunction. A systematic review of 21 
randomized-controlled dopexamine trials found 
insufficient evidence to support the use of dopex-
amine for renoprotection.98

Diuretic Agents
Diuretics increase urine by reducing tubular 
reuptake of glomerular filtrate; this can occur 

through blocking active solute reuptake (e.g., loop 
diuretics), altering osmotic gradients to favor fil-
trate remaining in the tubule (e.g., mannitol), or 
through exogenous hormonal effects (e.g., ANP). 
The general rationale underpinning diuretic reno-
protection involves the “flushing” of tubular casts 
to prevent obstruction by increased solute flow, 
thus avoiding oligo/anuria and the need for dialy-
sis. Importantly, despite the irresistibly satisfying 
full urine bag, increased perioperative urine vol-
ume from diuretics has never been linked with 
improved renal function.5

Loop diuretics (furosemide, ethacrynic acid, 
and bumetanide) increase urine by inhibiting 
active reabsorption in the mTAL of the loop of 
Henlee. Furosemide also induces renal cortical 
vasodilation. Notably, early treatment with loop 
diuretics has demonstrated renoprotective benefit 
in some types of AKI, including those where tubu-
lar obstruction is a primary concern, and evidence 
indicates that forced diuresis is therapeutic. This 
includes conditions such as myoglobinuric and 
hemoglobinuric AKI, tumor lysis syndrome, and 
nephrotoxic drug effects such as lithium, theo-
phylline, and salicylates.99 However, there is little 
evidence to support the use of loop diuretics as 
routine perioperative renoprotective agents and 
reasonable evidence that these agents may even 
aggravate most perioperative AKI. Numerous ret-
rospective studies report no renal benefit and even 
harm with loop diuretics in critically ill and surgi-
cal patients.100–102 Several randomized trials have 
also found no renoprotective benefit. Hager and 
colleagues found no renoprotection from an 
extended postoperative furosemide infusion com-
pared to placebo in a randomized study of 121 
major thoracoabdominal or vascular surgery pro-
cedures.100 Notably, a similar study in 126 cardiac 
surgery patients indicated worsened renal out-
come in those receiving furosemide compared to 
dopamine or placebo.103 A study of 78 angiogra-
phy patients with chronic renal dysfunction receiv-
ing either prehydration alone, with furosemide or 
mannitol, found more contrast nephropathy with 
mannitol (11 vs. 28%) and furosemide (40%; 
p = 0.05) compared to prehydration alone.104

Mannitol augments renal blood flow and 
increases glomerular filtration and urine output 
and is often used in priming the cardiopulmonary 
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bypass circuit. A study involving 30 supra- and 
infrarenal aortic surgeries with cross-clamping 
found no benefit of mannitol.105 Other cardiac 
surgery studies report no benefit with a range of 
doses (0.5–1.0 g/kg).78,106 In addition, inappropri-
ately high-dosing of mannitol may cause harm to 
the kidney particularly in patients with impaired 
renal function.107 Unless a forced diuresis is desir-
able, there is little evidence to support the peri-
operative use of mannitol for renal preservation.

The natriuretic peptides are normally secreted 
in response to volume expansion, and their  primary 
effects include receptor-mediated vasodilation 
and natriuresis. Three natriuretic peptides have 
received most of the attention in human trials: 
ANP (Anaritide), urodilantin (Ularitide), and BNP 
(Nesiritide).108 ANP increases urinary output and 
glomerular filtration by dilating the afferent and 
constricting the efferent arterioles.109 Human reno-
protective trials of ANP have been inconclusive. 
In secondary analysis of data from a randomized 
trial of 504 critically ill patients with established 
AKI, a 24-h intravenous infusion of ANP (0.2 mg/
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).110 Unfortunately, a second study 
of 222 critically ill patients designed to reproduce 
the favorable findings of the first did not find any 
benefit.111 Fewer studies have evaluated urodila-
tin, another natriuretic peptide, but these have also 
provided inconclusive results.112

Finally, BNP is generated in response to ven-
tricular dilatation and has potent vasodilating 
properties. Although recent evidence suggests 
that BNP treatment may worsen renal function in 
heart failure patients,113,114 two randomized stud-
ies in cardiac surgery patients have indicated 
renoprotective benefit from this agent.115,116

N-Acetylcysteine
N-acetylcysteine is a vasodilator that enhances 
endogenous glutathione scavenging and has 
 antioxidant properties. Numerous contrast neph-
ropathy studies suggest renoprotective studies, 
although complicating interpretation of these 
studies is the inconvenient fact that N-acetylcysteine 
may affect circulating serum creatinine levels 

independent of any renal effects.117 Two 
meta-analyses of contrast nephropathy trials 
concluded that N-acetylcysteine renoprotective 
findings were inconsistent.118,119 In a similar evalu-
ation of patients with baseline renal dysfunction, 
N-acetylcysteine was felt to reduce the risk for 
contrast nephropathy.120 A study of 30 abdominal 
aortic surgery patients receiving either 
N-acetylcysteine, mannitol, or placebo suggests 
benefit.121 However, two large randomized com-
parisons with placebo in cardiac surgery patients 
did not indicate renoprotective benefit.122 123

Alpha 2 Adrenergic Agonist Agents
Alpha 2 adrenergic agonists mediate renal vaso-
dilation, inhibit renin release, and cause a water 
diuresis. Clonidine (an alpha 2 agonist) may 
counteract the adverse effects of vasoconstrictors 
that are known to contribute to the pathophysiol-
ogy of AKI and attenuate AKI. Two randomized 
studies involving 204 cardiac surgery patients 
have described early renal benefit from clonidine 
therapy.124 A 23 studies meta-analysis of 3,395 
patients receiving perioperative alpha 2 agonists 
(clonidine, dexmedetomidine, or mivazerol) also 
identified a survival benefit with these agents.125

Calcium Channel Blockers
Calcium channel blockers decrease renal vascu-
lar resistance and increase glomerular filtration. 
Although there have been many randomized 
renoprotection investigations of the three major 
classes of calcium antagonists (benzothiazepines - 
e.g., diltiazem, phenylalkylamines - e.g., verapamil, 
and dihydropyridines - e.g., nifedipine, nimo-
dipine), a meta-analysis of randomized cardiac 
surgery studies comparing perioperative use of 
these agents with placebo or other agents (e.g., 
nitroglycerin, dopamine) found overall inconclu-
sive evidence of calcium antagonist blocker-
mediated renal preservation.126

Summary

Thoracic aortic disease often presents as an 
emergent life-threatening condition, but, even 
when interventions are elective, many surgeries 
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historically have involved sufficient physiologic 
trespass that rates of morbidity and mortality 
considered intolerable for other operations have 
been accepted. Whether renal perfusion was pre-
served or not as part of these procedures, they 
have involved a high risk of AKI, and the highest 
rates of postoperative dialysis observed for any 
type of surgery. It is, therefore, with great enthu-
siasm that the advent of stent-graft technology 
has been embraced into the treatment of thoracic 
aortic pathology, offering the possibility of stent-
ing alone or in combination with less invasive 
surgery (i.e., hybrid procedures) as a viable less 
invasive alternative for most conditions. While 
the proximity of the renal blood supply and the 
requirements for these new thoracic aortic proce-
dures, such as a contrast dye load, assure contin-
ued risk to the kidneys, there is significant hope 
that a reduction in postoperative complications 
will include better renal preservation, and that 
improved long-term outcomes will result.

Key Notes

 1. Acute kidney injury is a common complica-
tion of aortic surgery, and its occurrence in 
any degree is associated with higher morbidity 
and mortality rates.

 2. Factors related to perioperative AKI in aortic 
surgical patients are numerous and diverse, 
but can be primarily grouped into categories 
that influence renal vulnerability, or ischemia/
reperfusion, inflammation, and toxin-medi-
ated renal insult.

 3. Indirect tools such as observing serum creati-
nine trends are the best practical currently 
available perioperative tools to assess for 
changes in renal function.

 4. Specific definitions for AKI have been 
described that primarily involve serum creati-
nine rise exceeding a certain threshold.

 5. Urine formation during aortic surgery proce-
dures depends on numerous factors and is an 
unreliable and insensitive method to assess 
risk of postoperative AKI.

 6. Markers for earlier recognition of AKI hold 
promise and are a current focus of much 

research that may soon lead to new tests able 
to provide prompt clinical information. 
Notably, these tools have yet to be validated 
for their association with major adverse out-
comes associated with AKI (e.g., mortality).

 7. Although much research has been directed 
towards identifying renoprotective strategies, 
there has been very little success in improving 
the course of established AKI. Avoidance of 
renal insult, however, through such adjust-
ments as procedure modification (e.g., stent-
graft vs. open) may offer significant renal 
benefit in high-risk aortic surgery candidates.
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Thoracic Aortic Trauma

Thoracic aortic trauma frequently occurs in the 
setting of chest trauma. As such, victims of aortic 
trauma may have multiple life-threatening thoracic 
injuries involving the chest wall, trachea, bronchus, 
lungs, pleura, heart, diaphragm, esophagus, and 
great vessels (Table 16.1). Multisystem injuries 
such as head, face, abdomen, spine, and extremities 
frequently co-exist in patients sustaining thoracic 
aortic trauma (Table 16.2).1,2 The purpose of this 
chapter is to provide an up-to-date clinical review 
of the anesthetic management of adult patients with 
thoracic aortic trauma. The incidence, pathophysi-
ology, surgical options, and preoperative issues will 
be discussed, following which the anesthetic con-
siderations will be explored.

Incidence and Pathophysiology

Trauma is the third leading cause of death in the 
United States and the leading cause of death in 
individuals under the age of 40 years. Thoracic 
trauma accounts for 20–25% of traumatic deaths, 
and traumatic aortic rupture (TAR) is one of  
the commonest causes of death by motor vehicle 

accidents, accounting for 8,000 deaths per year in 
the United States.3 Blunt aortic injury accounts 
for 20% of fatal motor vehicle accidents with 
extremely high prehospital mortality (80–90%).4 
In the classic study of Parmley, of those who 
survived for 1 h (e.g., aortic rupture contained by 
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Table 16.1 Type and incidence of thoracic injuries in 
patients with blunt chest trauma presenting to the operat-
ing room for emergency surgery

Type of injury Incidence (%)

Rib fractures 67
Pulmonary contusion 65
Pneumothorax 30
Hemothorax 26
Flail chest 23
Diaphragmatic injury    9
Myocardial contusiona 5.7
Blunt aortic injury (traumatic aortic 
dissection)

4.8

Tracheobronchial injury 0.8
Laryngeal injury 0.3

Modified and reprinted from Devitt et al.67

aDiagnosed by radionuclide angiography or at autopsy

Table 16.2 Extrathoracic injuries in patients with chest 
trauma

Injury Incidence (%)

Head injury 49
Cervical spine 12
Facial injuries 29.8
Abdomen and pelvis 49
Extremities including bony pelvis 72.6

Modified and reprinted from Devitt et al.67



350 C.E. Smith and D. Marciniak

adventitia), 30% died within 6 h, 40% within 
24 h, 72% by 8 days, 83% by 3 weeks, and 90% 
died by 10 weeks if the lesion was not diagnosed 
and treated.5

High-speed motor vehicle collisions involving 
frontal and side impacts or occupant ejection, and 
motorcycle crashes are frequent causes of blunt 
aortic injury (BAI).6 Other causes of aortic injury 
include autopedestrian collisions, falls, blast inju-
ries, airplane and train crashes, and penetrating 
chest injuries. The mechanisms associated with 
BAI involve sudden and violent deceleration as 
well as a crushing mechanical load on the organs 
within the thorax. Trauma associated with a rapid 
deceleration and stress mostly affects the aortic 
isthmus, which is the junction between the rela-
tively fixed descending aorta and relatively 
mobile aortic arch (Fig. 16.1).3 The deceleration 
response is also associated with deformation in 
the spine and thoracic cage due to their flexibility, 
which can transfer a crushing mechanical load on 
organs within the chest. Direct loading of the 

pressurized descending thoracic aorta resulted in 
isthmus injury secondary to aortic wall strain in 
an animal model.7 A critical load is required to 
cause transection and exsanguination.

Shearing and bending stresses are most likely 
responsible for BAI at the isthmus, whereas tor-
sion stress and stress from the water–hammer 
effect (high pressure wave reflected back along 
the aorta when flow of blood is suddenly occluded 
due to mechanical compression) are more likely 
to affect the ascending aorta.

Pathology

Aortic ruptures occur at isthmus in 80% of cases in 
pathological series versus 95% in clinical series. 
Ascending aorta is involved in 10–20% of autopsy 
series versus 5% in clinical series.5,8,9 This indicates 
the high prehospital mortality. Other sites involved 
are distal descending aorta (12%) and infrarenal 
abdominal aorta (4.7%). Blunt trauma may also 

Fig. 16.1 Blunt trauma to the great vessels and heart (Reprinted from Pretre and Chilcott123 with permission from New 
England Journal of Medicine: Copyright c [1997] Massachusetts Medical Society. All rights reserved)
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result in injuries to the brachiocephalic vessels, most 
commonly the base of the innominate artery.10

According to the study by Parmley et al.,5 
TAR can be classified pathologically as: intimal 
hemorrhage with or without laceration, medial 
laceration, complete laceration, false aneurysm 
formation, and periaortic hemorrhage. Intimal 
hemorrhage and tears may heal spontaneously. 
When the lesion involves media and intima, 
false aneurysm formation occurs, which is fusi-
form in circumferential lesions and saccular in 
partial lesions. Complete rupture of the aorta 
including adventitia and periadventitial con-
nective tissue lead to immediate death, unless 
the rupture is contained by the formation of 
hematoma in periaortic and mediastinal tissues 
(15% of cases). In a few cases of TAR, the 
intima and media tears form a flap, which acts 
as a ball-valve, partial aortic obstruction occurs, 
with upper extremity hypertension reported as 
pseudocoarctation (10%).11

Prehospital Care

Improved prehospital care and rapid transporta-
tion have increased survival, but mortality from 
thoracic aortic injury still remains high. In patients 
with aortic injury and hemorrhagic shock, control 
of the bleeding in the operating room is the goal. 
Efforts to stabilize with rapid intravenous fluids 
and pneumatic antishock trousers may dislodge 
the clot or hematoma at the aortic injury site and 
worsen the situation.12,13 Rapid transport to the 
appropriate facility after initial airway control 
with cervical stabilization is advised.

Emergency Room Care

Once the patient arrives at the emergency room, 
evaluation and resuscitation following principles 
of the American College of Surgeons Advanced 
Trauma Life Support® (ATLS®) are done.14 
Teamwork between trauma surgeons, emergency 
department personnel, anesthesiologists, radiolo-
gists, nurses, and specialists is essential. 
Management begins with the primary survey 

together with resuscitation of vital functions 
 (oxygen supplementation, tracheal intubation, 
large bore intravenous (IV) access, fluid resuscita-
tion, control of bleeding, and chest  decompression), 
followed by adjuncts to the primary survey such 
as chest x-ray (CXR), fast-focused abdominal 
sonography for trauma, a detailed secondary sur-
vey, and definitive care. Immediate  life-threatening 
aortic and other injuries are identified during pri-
mary survey since they present with massive 
bleeding. The patient may require emergency sur-
gery at this point, and should be transported 
immediately to the operating room for exploration 
by a qualified surgeon. Another group of patients 
with aortic injuries are identified during the sec-
ondary survey and are stable enough to undergo 
further diagnostic imaging. Further management 
is planned based on the results of the tests.

Clinical Presentation  
and Preoperative Evaluation

The degree of external trauma may not fully pre-
dict the severity of injury; thus, clinical suspicion 
of pulmonary, cardiac, and great vessel trauma 
should be heightened in patients who have 
sustained high-energy decelerating trauma. 
Patients who sustained TAR should be screened 
for associated other organ system injuries as they 
are frequent (90%). Long bone, pelvic and spine 
fractures, pulmonary contusion, cardiac injury, 
closed head injury and abdominal visceral inju-
ries (especially liver and spleen) often dominate 
the clinical picture.

Respiratory distress and hemodynamic insta-
bility are common presenting features. Loss of 
consciousness may be present. Back pain, mid-
scapular pain, and retrosternal pain are reported 
in 20–75% of patients.15 Dysphagia, hoarseness, 
upper extremity ischemia, and paraplegia (6%) 
are other presenting features. Difference in the 
blood pressure between the two upper extremities 
and between lower and upper extremities may be 
present.15 Upper extremity hypertension can be 
attributed to pseudo-coarctation or compression 
by aortic hematoma. Loss of lower extremity 
pulses may also indicate embolization. Systemic 
hypertension (17%) may occur due to reflex 
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induced by stretching and stimulation of cardiac 
plexus at isthmus.15 Negative physical examina-
tion is reported in 5–14% of cases15 Signs of rup-
ture or impending rupture include recurrent 
bleeding into pleural space, hypotension below 
90 mmHg in spite of adequate fluid resuscitation, 
vocal cord palsy, tracheal or superior vena cava 
compression.15,16 Finally, substance abuse may be 
a contributing factor in many instances, and a his-
tory of intoxication should be documented.

All laboratory and diagnostic imaging should 
be reviewed with particular emphasis on hemoglo-
bin, hematocrit, electrolytes, arterial blood gases, 
coagulation studies, toxicology, electrocardiogram 
(ECG), and imaging studies (CXR, pelvic X-ray, 
abdominal ultrasound, transthoracic echocardio-
gram (TTE), Computerized Tomographic (CT) 
scan of head, neck, chest, and abdomen). Prior 
interventions during the prehospital, emergency 
department, and other phases of resuscitation such 
as radiology and intensive care unit (ICU) should 
be noted including the primary and secondary 
trauma surveys. Interventions preceding diagnos-
tic studies may include definitive airway control, 
cardiorespiratory resuscitation, blood transfusion, 
tube  thoracostomy, and in some cases craniotomy, 
thoracotomy, laparotomy, and pelvic fixation.17 

Identification of any head injuries and interven-
tions to resuscitate and  stabilize these patients 
 following initial presentation take priority.

Diagnostic Imaging of Aortic  
Trauma

Chest Roentgenography  
(Fig. 16.2a and b)

Suggestive radiological signs are evident on the 
CXR and they are not specific (Table 16.3).18 
Most of these signs are valuable by their absence, 
rather than by their presence as indicators of rup-
ture. True erect CXR has high negative predictive 
value (98%) and has been utilized in the past as a 
screening test for identifying subjects who will 
require further imaging studies.19

Computerized Tomography 
(Fig. 16.3a–c)

Chest CT is more commonly used in the acute 
 setting as it allows concurrent evaluation of 
other thoracic trauma.20 Improvements in CT 

Fig. 16.2 Chest radiograph after blunt trauma showing a widened mediastinum (a) and left hemothorax (b)
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technology with helical and multirow detector 
CT, and multiplanar reformation and volume 
rendering techniques have resulted in CT being 
the definitive screening test for major thoracic 
vascular injury.21 In the AAST2 (American 
Association for the Surgery of Trauma 2) study, 
there was nearly complete elimination of 
 aortography and TEE as the method of defini-
tive diagnosis of BAI.22 Both the contrast-
enhanced and non-contrast-enhanced CT scans 
are used to maximize the ability to identify the 
aortic pathologies such as dissection and intra-
mural hematoma. Findings suggestive of  aortic 
 disruption include wall thickening, filling defects, 
aortic hematoma (para-aortic and intramural), 

Table 16.3 Chest radiographic evidence suggestive of 
aortic injury

Widened mediastinum >8.0 cm
Mediastinum:chest ratio >0.25
Opacification of aorto-pulmonary window
Irregular aortic knob
Blurred aortic contour
Deviation of nasogastric tube
Tracheal deviation to patient’s right
Depressed left main bronchus
Elevation and rightward shift of right bronchus
Pulmonary contusion
Widened left paraspinal stripe
Left apical cap
Fractures (rib, thoracic spine, clavicle, and scapula)

Modified from Aydin et al.18

Fig. 16.3 (a–c) Traumatic disruption of the aorta. (a) 
Axial image of a chest CT that demonstrates posttraumatic 
aortic wall disruption (arrow) in a young patient with a 
normal aorta. (b) Multiplanar reconstruction view in the 
same patient demonstrates the bulging of the aorta (black 
arrow) just distal to the left subclavian artery (white 

arrow). (c) Volumetric 3D reconstruction of the same CT 
scan demonstrates the aortic transection just distal to the 
origin of the left subclavian artery. The heart and pulmo-
nary artery have been removed to facilitate visualization 
of the aortic arch and descending thoracic aorta (Reprinted 
with permission from Aydin et al.18)
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intimal flaps, and contrast extravasation. CT 
imaging is crucial in determining the suitabil-
ity of an endovascular repair and for procedural 
planning. Important information for endovas-
cular repair consists of proximal and distal 
landing zones, access vessels, and device siz-
ing. Injuries to the brachiocephalic vessels will 
also be identified with CT imaging. Because 
CT provides  high-quality images with reduc-
tion in artifacts and acquisition time, CT is the 
method of choice to evaluate polytrauma 
patients with suspected BAI.

Aortagraphy

Aortography has been used as a standard in the 
past to diagnose BAI. Linear filling defect at 
the level of isthmus with focal bulge with 
delayed washout are highly specific for aortic 
rupture (Fig. 16.4). Several cases of mortality 
(without cause and effect relationship) and the 
high rate of complications (10.5%) make aor-
tography not a recommended procedure in this 
era of high resolution noninvasive modalities 
in polytrauma patients with suspected BAI.23,24 
Aortography still has a role, where new- 
generation CT is not available. In addition, aortic 
arch and branch vessel injuries are difficult to 

diagnose by CT, and this information may be 
important in surgical planning.

Transesophageal Echocardiography 
(Fig. 16.5)

TEE does have specific advantages, especially 
portability25,26 (Table 16.4). TEE is valuable for 
diagnosing BAI (intraluminal thick stripes, 
intramural hematoma, intimal flap, disruption, 
aneurysm, dissection, and increased aorta-probe 
distance) and can be used to grade BAI accord-
ing to therapeutic implications27 (Table 16.5). 
However, TEE may miss injuries in the distal 
ascending aorta, proximal aortic arch, and 
branch vessels. Moreover, TEE cannot be done 
in patients with esophageal injury. In a study of 
121 trauma patients admitted to the emergency 
room with a diagnosis of possible BAI, TEE 
could not be completed in 28 patients due to 
lack of available equipment or operators to per-
form the study (20 patients), difficulty in achiev-
ing sedation (six patients), refusal of consent 
(one patient), and mandibular fracture (one 
patient).28 Compared with helical chest CT, mul-
tiplane TEE was more sensitive for the detection 
of superficial thoracic aortic injuries involving 
the aortic intimal or medial layers and blunt car-
diac trauma.29 The key to TEE diagnosis is to 
understand that imaging of the descending tho-
racic aorta is normally excellent, but when the 
aorta is disrupted and surrounded by hematoma, 
there is echocardiography “dropout” leading to 
poor imaging. Furthermore, the aorta decreases 
in size as it travels distally. If the aortic diameter 
increases in size from the arch to the descend-
ing, then BAI must be suspected. Finally, severe 
aortic atheroma is very uncommon in patients 
less than 50 years old. Disruption to the intima 
can appear like severe aortic atheroma, and, in 
the setting of a young person with a deceleration 
injury, then this points to aortic transection. TEE 
also allows the diagnosis of associated cardiac 
injuries. TEE evaluation of aortic trauma is fur-
ther described in detail in the chapter on echocar-
diography of aorta.

Fig. 16.4 Aortography showing extravasation of contrast 
material distal to the left subclavian artery



35516 Comprehensive Management of Patients with Traumatic Aortic Injury

Fig. 16.5 TEE exam of the descending thoracic aorta showing aortic disruption with adventitial containment (Reprinted 
with permission from Oxorn et al.124)

Table 16.4 Advantages and disadvantages of transesophageal echocardiography in aortic trauma

Advantages Disadvantages

Portability Requires experienced specialist (operator-dependent)
Ease of performance Contraindicated in esophageal pathology
Ease of follow-up examinations Potential to exacerbate unstable cervical spine injuries
No perceptible delay in primary or secondary survey Potential airway problems if not tracheally intubated
Excellent imaging of descending thoracic aorta, 
proximal ascending aorta, distal aortic arch, right and 
left heart chambers, valves, interatrial septum, and 
intracardiac lesions

Unable to visualize portions of the ascending aorta, aortic arch, 
and brachiocephalic branches due to the tracheal air column
Decreased diagnostic ability if pneumomediastinum

Modified and reprinted with permission from Ben-Menachem26

Table 16.5 Transesophageal echocardiography findings 
and possible management of blunt aortic injury

Severity and characteristic 
finding Therapy

Grade 1: Intramural hematoma 
or limited intimal flap

Medical follow-up

Grade 2: Subadventitial rupture 
or modification of the geometric 
shape of the aorta

Open or endovascular 
repair. Urgent vs. 
Delayed

Grade 3: Aortic transection with 
active bleeding or aortic 
obstruction with ischemia

Emergency repair

Modified and reprinted with permission from Goarin27

Magnetic Resonance Imaging

MRI has high diagnostic accuracy (100%) in BAI 
and can differentiate circumferential and partial 
lesions, hematomas, and aneurysms. Patient 
access and the imaging time are limitations. In the 
era of stabilization and delayed surgery, MRI can 
be utilized in the subacute phase to monitor the 
aortic lesion before surgery because of its nonin-
vasiveness, high accuracy, and reproducibility.
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Modern Therapeutic  
Strategies for BAI

Three types of clinical presentations are 
described for patients with aortic injuries. The 
first group has massive injuries and dies at the 
scene or on transport. A second group presents 
to the hospital in a hemodynamically unstable 
condition, but may have time for diagnostic 
imaging and operative intervention. Their mor-
tality is high despite immediate surgery. 
Endovascular stenting is another therapeutic 
option in unstable patients. A third group pres-
ents to the hospital with stable hemodynamics 
and have contained aortic rupture as diagnosed 
by chest CT or aortography. Aortic injury related 
death is very rare in this group. Mortality is usu-
ally dependent on associated other major inju-
ries. Life-threatening conditions (liver injury, 
spleen rupture, and intracranial bleeding) 
should be treated first to prevent hypovolemic 
shock and multiorgan failure. Pulmonary 
 contusions increase the chance of ARDS post-
operatively. Lesions such as open fractures and 
major burns are prone to develop sepsis and 
should be stabilized. Systemic heparinization, 
which may be required to repair the aorta early, 
may precipitate fatal hemorrhage in the brain, 
abdomen, lungs, and elsewhere. Persistent sys-
tolic blood pressure above 140 mmHg is associ-
ated with increased risk of aortic rupture, 
mandating medical therapy with antihyperten-
sives such as beta-blockers and vasodilators. 

The concept of medical therapy with delayed 
definitive repair has gained wide acceptance.22 
Delayed surgical approach consists of serial 
imaging and monitoring of the aortic lesion.30  
A management algorithm of modern therapeutic 
strategy of BAI is shown in Fig. 16.6.31

Open Surgery for Aortic Trauma

Ascending aortic tears require sternotomy, and 
may necessitate replacement/repair of the aortic 
valve and reimplantation of coronary arteries. 
A period of deep hypothermic circulatory arrest 
with antegrade cerebral perfusion (axillary artery 
cannulation) may be used, especially if the distal 
ascending aorta, arch, and arch vessels are 
involved. The average duration of circulatory 
arrest was 31 min in one study of acute and 
chronic traumatic great vessel injuries.32 Injuries 
involving the origin of innominate and left carotid 
can be bypassed with a graft to ascending aorta. 
Partial occluding clamp without cardiopulmo-
nary bypass (CPB) can be done.33,34

Open surgical repair of descending thoracic 
aorta injury requires left thoracotomy. Overall sur-
gical mortality in a meta-analysis was 21.3% rang-
ing from 0 to 54.2%.35 In a more recent review, the 
mortality decreased and ranged from 8 to 15%.36 
Advances in surgical and anesthesia techniques, 
perfusion management, neuromonitoring, neuro-
protection strategies, and postoperative manage-
ment have contributed to significant reductions in 
morbidity and mortality over the past 50 years.37–40

Fig. 16.6 Management Algorithm for traumatic aortic injury (Modified with permission from Langanay et al.31)
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Nonetheless, open repair has the potential to 
induce major hemodynamic, respiratory, and 
physiologic stresses on trauma patients with 
complex injuries. Considerations include the 
potential for massive blood loss; hemodynamic 
alterations induced by aortic cross-clamping; 
requirement for one-lung ventilation; spinal cord 
and visceral ischemia during cross clamp; hypo-
thermia, and coagulopathy.

The patient is positioned in right lateral decu-
bitus position with hips rolled back towards a 
supine position to get access to femoral vessels. 
One lung ventilation is required to facilitate 
access to the aorta. Distal perfusion technique 
using left atrial to femoral artery partial bypass is 
employed.

One of the significant issues is anticoagula-
tion for partial or full bypass in the setting of 
head injury or other severe trauma. In such 
cases, left heart bypass with centrifugal pump 
can be performed either without heparin, with 
heparin-coated extracorporeal circuits, or with 
low-dose heparin, thus reducing bleeding com-
plications.41 Distal perfusion techniques attenu-
ate proximal hypertension, provide blood flow 
to the lower body, prevent metabolic acidosis 
and hypotension after unclamping, and may 
possibly decrease the incidence of renal failure 
and paraplegia.42

Adequate blood products are made available 
and cell-saver device is used to suck the blood 
from the chest for autotransfusion. Femoral artery 
cannulation is done before thoracotomy if the 
chances of rupture of false aneurysm and bleed-
ing are high during thoracotomy and dissection. 
Fibrosis around the lesions make the late repair 
difficult compared to fresh cases. Proximal con-
trol is achieved between left carotid and left sub-
clavian arteries because efforts to clamp will 
result in release of false aneurysm and exsan-
guination. Patients with left internal mammary 
artery graft may require CPB and circulatory 
arrest. The vertebral artery, a branch of the left 
subclavian artery (SCA), also perfuses the spinal 
cord. Clamps proximal to the left SCA may 
decrease collateral flow to the cord. If this is rec-
ognized, the clamp should be moved beyond the 
left SCA. The distal clamp is applied as close to 

the aneurysm to preserve perfusion to the spinal 
cord by intercostals. Low placement of the distal 
aortic clamp may interfere with the artery of 
Adamkiewiz arising from T5-T8 in 12–15% of 
patients. After excision of the aortic lesion, direct 
continuity is reestablished by end-to-end suture 
or a graft interposition.

Spinal cord ischemia remains unpredictable 
and a major cause of morbidity after open repair 
of descending aortic tears.43 The increased risk of 
paraplegia is heightened during repair of TAR 
because of the lack of preformed collaterals. Risk 
factors for developing paraplegia after aortic sur-
gery include duration of aortic cross-clamping, 
intraoperative hypotension, and surgical tech-
nique. Limiting the aortic cross-clamp time to 
£30 min is crucial in determining the frequency 
of postoperative spinal cord injury after descend-
ing thoracic aortic surgery.44 The incidence of 
paraplegia is decreased from 16 to 14% by using 
some form of distal perfusion.36,45 Von Opell et al. 
found that paraplegia was 19% with clamp and 
sew, 11% with passive shunts, and 2.3% with dis-
tal circulatory support.35 The hypothesis that 
decreasing cerebrospinal fluid (CSF) pressures 
with the use of intrathecal catheters will prevent 
postoperative neurologic deficit after aortic repair 
for TAR has yet to be adequately studied in 
humans. Use of nitroprusside to control proximal 
aortic pressure during cross-clamp may result in 
lower distal aortic pressures, higher CSF pres-
sures, lower spinal cord perfusion pressures, and 
an increased incidence of postoperative paraple-
gia.46 Other complications after open aortic repair 
include respiratory failure, pneumonia, renal fail-
ure, suture line failure, stroke, coagulopathy, 
worsening of pre-existing injuries, and recurrent 
nerve palsy.

Endovascular (Endoluminal) 
Stenting

In recent years, delayed aortic surgery has repre-
sented one of the advances in the treatment of 
polytrauma with BAI.47,48 Delaying surgery is not 
without risk. Studies quote 5% risk of rupture.4,49,50 
Repeated hemothorax and uncontrolled blood 
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pressure are signs of impending rupture. In these 
patients, endovascular repair is a suitable alterna-
tive to operative repair. Endovascular stent graft-
ing can also be employed in acute aortic trauma 
patients and in the treatment of chronic posttrau-
matic false aneurysms. Endovascular stent grafts 
may enable definitive repair or serve as a bridge 
until the patient is stable enough to undergo an 
operation, if necessary.18

Endovascular stent grafting is a technology 
where patient comorbidities have driven this 
therapeutic option (Fig. 16.7). Experience gained 
from endovascular abdominal aortic repair has 
allowed the successful treatment of aortic pathol-
ogy involving the distal aortic arch and thoracic 
aorta including aneurysms, dissection, pseudoa-
neurysms, and trauma rupture. Endovascular  
repair has replaced open repair in many centers, 

Fig. 16.7 (a) Axial CT scan in the same patient as in 
Fig. 16.9 following endovascular stent graft placement 
(arrow), which demonstrates exclusion of the transected 
portion of the thoracic aorta with no evidence of extravasa-
tion of contrast. (b) Multiplanar reconstruction in the same 
patient showing the stent graft placed in the proximal 

descending thoracic aorta just distal to the origin of the left 
subclavian artery. Note contrast filling of the left subclavian 
artery demonstrating patency. (c) Volumetric 3D reconstruc-
tion of the postprocedure CT scan demonstrating a thoracic 
stent graft in situ with successful exclusion of the aortic 
transection (Reprinted with permission Aydin et al.18)
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 resulting in a major reduction of mortality and 
procedure-related paraplegia.51–54 Endovascular 
stenting of BAI has been shown to have excellent 
mid-term results and acceptable rates of morbidity 
and mortality.55–58 Potential benefits include the 
option to perform this procedure under local and 
regional anesthesia and nonrequirement for thora-
cotomy, one-lung ventilation, aortic cross-clamp-
ing, and cardiopulmonary bypass. Avoidance of a 
thoracotomy minimizes post-operative pain, and 
associated respiratory compromise. Endovascular 
exclusion of an aortic disruption reduces blood 
pressure shifts and surgical blood loss, and mini-
mizes visceral organ ischemic time. Requirement 
for anticoagulation is minimal, which is desirable 
in patients with intracranial, orthopedic, and 
abdominal injuries.

Limitations of endovascular repair include 
rigorous anatomic criteria as to the suitability of 
endograft procedure, development of an endoleak, 
lack of long-term outcome data, nonavailability 
of the stent grafts in many centers, lack of trained 
personnel, and access issues.59,60 During stent-
graft deployment, complications may arise from 
use of vasodilators, adenosine, or controlled ven-
tricular fibrillation. Temporary pacing may be 
required along with vasopressors. Collapsed graft 
with aortic coarctation has been reported in one 
patient at 3-month follow-up.61

Adequate proximal and distal landing zones 
must be present for fixation of the stent graft in 
the thoracic aorta. Anatomic criteria for endo-
vascular graft include proximal neck of the lesion 
should be more than 10 mm in length, distance 
of more than 5 mm from the left subclavian 
artery, and absence of thrombus, calcification, 
and hemorrhage on the aortic wall on the neck 
site. CT imaging is done along with postimaging 
analysis to ensure that the anatomy is appropri-
ate for an endovascular repair. Analysis must 
also include an assessment of the femoral and 
iliac access vessels. Patients with access vessels 
of inadequate size, significant calcification, or 
tortuosity may require the creation of an iliac 
conduit, or distal aortic conduit to permit deliv-
ery of the stent graft.

Endoleaks are uncommon after treatment of 
BAI with endograft. Healthy aorta proximally 

and distally from rupture site means a satisfactory 
seal can be easily accomplished without type 1 
leak. Since the rupture is at the isthmus and few 
intercostal arteries arise from this pathologic seg-
ment, there is minimal risk of type 2 endoleak. 
Furthermore, as a single stent graft is used, the 
risk of type 3 endoleak is also minimized.62

Given that the majority of the traumatic aortic 
disruptions are in proximity to the left SCA, con-
sideration must be given to SCA coverage. The 
safety of overstenting of the SCA was demon-
strated in different series.62,63 Since prophylactic 
carotid to SCA bypass itself carries the risk of 
stroke, a bypass procedure can be done if symp-
toms of vertebral insufficiency or upper extrem-
ity ischemia develop postoperatively. Recent 
literature and imaging studies suggest that the 
risk of vertebrobasilar and spinal cord ischemia is 
low.64 In the unusual setting of the patient who 
has had the left internal thoracic artery utilized as 
a coronary bypass graft, coverage of the left SCA 
orifice may lead to coronary ischemia and myo-
cardial infarction.

The incidence of paraplegia following stent-
graft repair approaches zero, which is in stark con-
trast to the incidence following open repair.4,18 In a 
retrospective study of 74 patients with acute trau-
matic aortic rupture, hospital mortality was lower 
in the endovascular group compared with the open 
surgical repair group (7.7% vs. 20%).65 In the 39 
patients in the endovascular group, one patient 
required conversion to conventional surgery, while 
stent-graft implantation was successful in the 
remaining cases, without peri-interventional com-
plications or procedure-induced paraplegia. In 
nine patients, the left subclavian artery was cov-
ered with the device. Two patients underwent sur-
gical repair 15 days and 4 months after endografting 
because of injury of the aortic wall by the stent 
and development of an aneurysm.

In a retrospective analysis of the New Zealand 
stent database, 27 patients had endovascular 
repair of acute thoracic aortic injuries between 
2001 and 2007.66 Primary technical success was 
achieved in 26 patients, endoleaks occurred in 4, 
maldeployment occurred in 1 (stent graft covered 
the left vertebral artery arch origin with partial 
occlusion of the left common carotid artery), and 
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common femoral artery thrombosis occurred in 
one. No deaths occurred during the endovascular 
procedure and no patient developed paraplegia. 
Mean length of stay was 24 days. Other compli-
cations were related to multiple trauma and con-
sisted of pulmonary contusion with collapse/
consolidation, chest infection, atrial fibrillation, 
confusion, oliguria, intra-abdominal bleeding, 
and bile leak. Two patients died after stent graft-
ing- one from intra-abdominal hemorrhage (1 day 
after stenting) and one from sepsis and head 
injury (59 days post-procedure).

In a comparative study of patients with similar 
lesions and severity scores, endovascular grafting 
(n = 29) was associated with no mortality and 
paraplegia, compared to 21% mortality and 7% 
of paraplegia associated with open repair (n = 35). 
Mean follow-up period was 46 months.62

Endovascular management of BAI represents 
a major advance in the care of trauma patients, 
and has achieved excellent technical success, low 
mortality, and a very low incidence of paraplegia. 
The technical expertise and knowledge required 
to successfully treat BAI in an endovascular man-
ner requires endovascular skills and advanced 
imaging equipment. Careful follow-up in patients 
undergoing endovascular repair of aortic trauma 
is necessary to prove the long-term efficacy of 
this treatment modality.

Intraoperative Monitoring

Standard Monitoring

Standard monitoring includes ECG, noninvasive 
blood pressure, pulse oximetry, end-tidal CO

2
, 

precordial or esophageal stethoscope, and tem-
perature. A peripheral nerve stimulator is used to 
assess the degree of neuromuscular blockade. 
Electroencephalogram, evoked potentials, and 
cerebral oximetry are useful, especially for 
patients undergoing cardiopulmonary bypass and 
DHCA (see section on neurologic monitoring). 
Peak and plateau airway pressures are continu-
ously monitored during mechanical ventilation. 
Tidal volumes of 6 ml/kg are generally employed. 
Peak airway pressures are maintained at £30 cm 

H
2
O. Any sudden increases in pressure during 

volume-controlled ventilation may signify  tension 
pneumothorax. Similarly, any sudden decrease in 
tidal volume using pressure-controlled ventilation 
must be critically investigated. If a chest tube has 
been placed, ongoing blood loss from the affected 
hemithorax can be monitored.67

Invasive Monitoring

Direct measurement of arterial blood pressure is 
routine. Insertion of an arterial catheter allows for 
precise beat-to-beat measurement of blood pres-
sure. The arterial catheter also facilitates sampling 
of arterial blood gases, blood chemistry, hemat-
ocrit, hemoglobin, and coagulation parameters.  
A left radial (or brachial) arterial line is used for 
ascending and arch repairs, which may require 
circulatory arrest. In these cases, right axillary 
cannulation with antegrade cerebral perfusion can 
be done together with EEG and cerebral oximetry 
monitoring. A right radial (or brachial) and right 
femoral arteries are cannulated to monitor the 
blood pressures above and below aortic cross-
clamp during open descending thoracic aorta sur-
gery. Right radial arterial line is also recommended 
for endovascular cases where the left SCA may be 
covered by endograft.

Arterial pulse contour analysis provides use-
ful information in the form of pulse pressure and 
systolic pressure variation (SPV).68 Systolic pres-
sure variation (SPV) and pulse pressure variation 
(PPV) can be valuable tools in assessing volume 
status. Arterial pulse contour changes stem from 
changes in preload during the respiratory cycle. 
The patient must be mechanically ventilated and 
in sinus rhythm to derive meaningful data. When 
pleural and transpulmonary pressures are 
increased during mechanical ventilation of the 
lung, systemic venous return is impaired, causing 
a decrease in right ventricular (RV) filling and an 
increase in RV afterload and, thus, a transient 
decrease in RV ejection.69,70 Reduced RV stroke 
volume results in a preload reduction of the left 
ventricle (LV). This cyclical respiratory variation 
in LV stroke volume can be observed in arterial 
pressure throughout the respiratory cycle.71,72
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Systolic pressure variation (SPV) is the differ-
ence in minimum and maximum systolic BP over 
one respiratory cycle (Fig. 16.8). SPV is divided 
into two components, Dup and Ddown. These 
values represent the maximum and minimum 
variation in systolic blood pressure during one 
respiratory cycle compared to a reference value. 
These changes represent changes in LV stroke 
volume by a combination of changes in LV pre-
load and afterload, or extramural aortic pressure. 
SPV ³ 12 mmHg is considered a threshold value 
for volume responders versus nonresponders.73

PPV variation is the change in the difference 
between the diastolic and systolic BP, with a peak 
and trough over a single respiratory cycle 
(Fig. 16.9). Pulse pressure variation depends on 
changes in aortic transmural pressure, and is 
directly proportional to LV stroke volume and 
inversely related to arterial compliance. Pulse 
pressure variation is not directly influenced by 
changes in pleural pressure, since the increase in 
pleural pressure by positive pressure ventilation 
will influence both systolic and diastolic pres-
sures. In patients undergoing coronary artery 
bypass grafting, a pulse pressure variation ³11% 
was found to have a sensitivity of 100% and a 

specificity of 93% as an indicator for an increase 
in cardiac output after volume administration.74

SPV has been evaluated in assessing the effects 
of hemorrhage on pulse contour in humans and 
animals and has been compared to pulse pressure 
variation in conditions of severe hemorrhage in 
an animal study.75–79 Data supports using these 
measures as assessors of intravascular depletion. 
A particular advantage of pulse pressure variation 
and SPV in the trauma setting is that it is a 
dynamic estimate of volume status. A practical 
advantage to using arterial waveform analysis as 
a guide to fluid resuscitation in trauma is that it is 
relatively safe, is less prone to complications, and 
is typically much faster than placing a central 
venous line or a pulmonary artery catheter.

Central venous pressure catheters provide secure 
access for fluid therapy, drug infusions, and for CVP 
monitoring. Trends in CVP are useful in managing 
patients requiring massive fluid resuscitation and in 
those patients requiring infusion of vasopressors 
and inotropes. With pericardial tamponade, there is 
elevation and equalization of diastolic filling pres-
sures. The x descent is preserved and the y descent 
is dampened because of restricted early right ven-
tricular filling. With pulmonary contusion, CVP 

SPV

2 sec

end-expiratory pause

∆up

∆down

line of reference

Fig. 16.8 Respiratory changes during mechanical ven-
tilation. The difference between maximal and minimal 
values of systolic blood pressure over a single respira-

tory cycle is the systolic pressure variation (SPV) 
(Adapted from Michard and Teboul125 (Permission from 
Springer))
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may be a better estimate of cardiac preload com-
pared with pulmonary capillary wedge pressure, 
due to increased pulmonary vascular resistance, 
airway resistance, and dead space ventilation.80

The pulmonary artery (PA) catheter allows 
for accurate hemodynamic assessment and mod-
ification of therapy. It is a useful monitor in 
patients with impaired cardiac function who 
require vasoactive drug therapy to maintain per-
fusion and/or pressure. Although it is reasonable 
to assume that more precise knowledge of car-
diovascular parameters will permit more appro-
priate treatment, there are many well-known 
risks of PA catheter monitoring.

Transesophageal Echocardiography 
(TEE)

TEE monitoring of ventricular function and pre-
load are useful in the management of open repair, 
especially during cross-clamp and reperfusion 
periods.81,82 TEE can assess preload more accu-
rately than PA catheters. TEE is also used to 

monitor RV function after myocardial contusions. 
TEE is an excellent diagnostic tool for valvular 
disease, pericardial effusion and tamponade, 
hemothorax, and mediastinal hematoma. TEE 
may be the only imaging technique readily avail-
able in trauma patients undergoing surgery in the 
operating room. In these patients, TEE can 
be used to define the presence and extent of aortic 
injury to guide further management (immediate 
versus delayed surgical repair of BAI/surgical 
versus endovascular repair). The sensitivity and 
specificity of TEE in comparison to other diag-
nostic modalities are given in Table 16.6. TEE 
can also be used during endograft procedures to 
evaluate the landing zone, guide the wire placement, 

Table 16.6 Sensitivity and specificity of various modalities 
in diagnosing blunt aortic injury (aortic transaction)

Sensitivity (%) Specificity (%)

Contrast-enhanced CT 100 100
Transesophageal 
echocardiography

63–100 84–100

Aortography 100 100

From Aydin et al.18
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Fig. 16.9 Respiratory changes in blood pressure and air-
way pressure during mechanical ventilation. Pulse pres-
sure (PP) variation is the difference between the diastolic 

and systolic blood pressure, with a peak and trough over a 
single respiratory cycle (Adapted from Michard and 
Teboul125 (Permission from Springer))
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assess for endoleaks immediately after endograft 
deployment, and evaluate any procedure-related 
injuries after the procedure.83 TEE has also been 
used to prevent the unintentional entry of the 
stent introducer into a descending aorta psuedoa-
neurysm with potential disruption of a contained 
aortic transection.84

Neurologic Monitoring

Electroencephalogram (EEG)
Several monitors are available, which convert 
select EEG signals into a single number that 
reflects the patient’s level of consciousness. This 
number is used to guide pharmacologic therapy 
and depth of anesthesia. In trauma, depth of anes-
thesia monitors would be predicted to behave 
normally. The brain-injured patient potentially 
presents a special case. Several studies have taken 
place trying to correlate Glasgow Coma Scale 
score (GCS) and observational sedation scales 
with BIS levels in the brain-injured patient. 
A correlation exists between GCS score and BIS 
so that the higher the GCS score, the higher the 
BIS. This relationship was maintained both with 
and without sedation, validating the use of BIS 
in brain-injured patients.85,86 Use of a processed 
EEG monitor does not guarantee lack of 
awareness.87,88

Evoked Potentials
Evoked potentials measure nervous system elec-
trical activity that has been elicited by a stimulus. 
Evoked potentials are described in terms of 
amplitude, latency, and morphology. The most 
common evoked potentials used in the operating 
room are sensory and motor.

Somatosensory Evoked  
Potentials (SSEPs)

The somatosensory system relays vibration, pro-
prioception, and light touch information from the 
periphery to the central nervous system. Electrical 
stimuli are applied to peripheral nerves (most 

commonly the median, ulnar, common peroneal, 
and posterior tibial nerves) and signals are 
assessed along the path of the nerve to the cortex. 
Typically, electrical potentials are assessed at the 
level of the cortex by scalp electrodes. Many sig-
nals are averaged from repeated stimulation to 
obtain a clinically useful waveform.89 SSEP sig-
nals are carried mostly in the posterior spinal col-
umn; thus, anterior damage due to aortic 
cross-clamping may not be recorded by the SSEP. 
Anesthetic agents have variable effects on the 
signal.

Motor Evoked Potentials (MEPs)

Transcranial or spinal cord electrical stimulation 
produces a descending signal that can be recorded 
over the spinal cord, peripheral nerve, or muscle. 
Damage to anterior spinal tracts (motor tracts) 
not identified by SSEPs might be recognized by 
MEPs. MEPs are sensitive to inhaled anesthetic 
agents and a total intravenous anesthetic approach 
is commonly employed without neuromuscular 
blockade.90

Cerebral Oximetry
Cerebral oximetry is a noninvasive measure of 
cerebral perfusion. Regional cerebral saturation 
monitors use near-infrared spectroscopy, similar 
to pulse oximetry, to measure tissue saturation 
(rSO2). Regional cerebral saturation is measured 
noninvasively using cutaneous patches placed on 
the forehead. The alteration of regional cerebral 
perfusion and thus rSO2 can be detected by the 
sensors. Cerebral oximetry is used in patients 
requiring bypass and circulatory arrest.

Studies have shown improvements in stroke 
rates and major organ morbidity and mortality 
when cerebral saturation is measured and inter-
ventions performed to keep the saturation within 
75% of baseline.91 Cerebral oxygen saturation can 
be improved by various anesthetic and perfusion 
interventions in a stepwise approach (Table 16.7). 
Cerebral oximetry is also useful in head trauma 
patients. Cerebral blood flow depends on cerebral 
perfusion pressure (CPP). Therapy in head trauma 
patients is guided towards improving CPP and, 
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thus, cerebral perfusion in the setting of elevated 
intracranial pressure (ICP). In the past, many 
patients needed to have invasive ICP monitors 
placed in order to determine CPP. A study showed 
a correlation of CPP to cerebral saturation. 
Cerebral oxygen saturation greater than 75% 
 suggested that CPP was adequate to meet meta-
bolic demands whereas rSO2 < 55 suggested 
inadequate CPP.92 A follow-up study showed a 
correlation of cerebral hypoxia (rSO2 < 60%) 
with lower GCS scores, lower CPP, more severe 
head computed tomography score, and decreased 
survival.93

Limitations of cerebral oximetry include effect 
of temperature on near-infrared absorption spec-
trum, contamination of the signal by chromophores 
in the skin, and differences between the various 
manufacturer’s devices. Despite these limitations, 
cerebral oximetry together with BIS is routinely 
used during hypothermic circulatory arrest.

Specific Anesthetic Agents

While open surgical repair requires general anes-
thesia with OLV and extensive monitoring, endo-
vascular procedures can be done using monitored 
anesthesia care (MAC), local, regional, or gen-
eral anesthesia. The selection of specific agents 
for induction and maintenance of anesthesia and 
neuromuscular blockade is less important than 
applying appropriate physiological and pharma-
cological principles to the patient.

Induction Agents

The hemodynamically compromised patient is 
especially susceptible to the cardiovascular sup-
pression of bolus doses of propofol and thiopen-
tal. Opioids enjoy a wide therapeutic margin in 
the presence of blood loss. Etomidate is better tol-
erated in patients with hemodynamic instability.

Maintenance of Anesthesia

Anesthesia can be maintained with inhalational 
agents or propofol infusion together with opioid 
supplementation. During aortic surgery with 
suprarenal cross-clamp, propofol anesthesia was 
superior to sevoflurane as evidenced by less neu-
trophil infiltration, lower plasma proinflamma-
tory cytokine levels, lower production of oxygen 
free radicals, less lipid peroxidation, and reduced 
nitric oxide synthase activity during reperfu-
sion.94 Sevoflurane has been shown to attenuate 
hemodynamic sequelae of ischemia reperfusion 
injury induced by thoracic aorta occlusion.95

Low-dose ketamine can be infused together 
with propofol and midazolam, often in a TIVA 
combination.96 Ketamine produces bronchodilata-
tion, maintains hypoxic pulmonary vasoconstric-
tion, confers hemodynamic stability, and has 
neuroprotective, analgesic, and anti-inflammatory 
effects. The incidence of psychomimetic effects 
when combined with propofol is 0–2%. When 
subjects are controlled for arterial carbon dioxide, 
there was no increase in intracranial pressure 
(ICP). There is no human in vivo evidence of 
myocardial depression. S(+)-ketamine is thought 
to have a lower incidence of side effects (psycho-
tropic effects, salivation) and more rapid metabo-
lism, yet produce more intense analgesia at an 
equimolar dose in comparison to R(-)-ketamine.

Ketamine may increase the heart rate. The 
advantages of ketamine in trauma patients out-
weigh the disadvantages.

All volatile agents produce dose-dependent 
decreases in myocardial function. Isoflurane, 
enflurane, and halothane blunt coronary auto-
regulation. Hypoxic pulmonary vasoconstriction 
(HPV) is impaired by the volatile agents in a 

Table 16.7 Cerebral desaturation treatment algorithm

1. Increase inspired oxygen to 100%
2.  Check head and cannula position to ensure adequate 

venous drainage
3.  If PaCO2 <40 mmHg, increase PaCO2 to 

>40 mmHg
4. If MAP <50, increase MAP to >60 mmHg
5. If hematocrit <20%, transfuse PRBC’s
6.  If none of the above interventions improve cerebral 

saturation, decrease cerebral oxygen consumption by 
increasing anesthesia depth

Reprinted with permission from www.scahq.org (May 
and Greilich127).
MAP mean arterial blood pressure, PRBCs packed red 
blood cells.

http://www.scahq.org
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concentration-dependent fashion, which can be 
clinically significant in patients with respiratory 
problems requiring one-lung ventilation. All 
inhalational agents are respiratory depressants. 
They also result in dose-dependent decreases in 
renal and hepatic blood flow. With general anes-
thesia, nitrous oxide is avoided because of the 
risk of expanding air-filled spaces.

In hypotensive unstable patients requiring gen-
eral anesthesia, midazolam 1–2 mg or scopol-
amine 0.4 mg may be given for amnesia. Low-dose 
isoflurane (0.4%) together with synthetic opioids 
are generally well tolerated in most instances fol-
lowing shock resuscitation. Hemodynamic insta-
bility during low-dose volatile-opioid anesthesia 
is generally the result of other causes rather than 
anesthetic agents. Neuromuscular blocking drugs 
are used to facilitate tracheal intubation and pro-
vide surgical relaxation. Complete paralysis is 
necessary during placement and manipulation of 
double lumen endobronchial tubes (DLTs) and 
bronchial blockers to avoid excessive coughing 
due to the proximity to the carina.

Adjuncts to Anesthesia

With transluminal techniques, the self-expanding 
stent arm vascular endoprosthesis is passed retro-
grade into the aorta. Current-generation endografts 
can be deployed using controlled hypotension 
(systolic BP 80 mmHg) to prevent distal migra-
tion of the device as a result of the forward flow 
during systole.97-99 There is variability of stent-
graft deployment times related to the complexity 
of the anatomy within the vascular segment being 
repaired. A duration of 55–172 s has been reported 
by Kahn et al. for stent-graft repair of descending 
thoracic aneurysms using controlled ventricular 
fibrillation.99 Complex thoracic stent cases may 
require adenosine cardiac arrest or rapid ventricu-
lar pacing. Anesthesiologists should be familiar 
with such methods. The bolus dose of adenosine 
necessary to produce a 20–30-s period of asystole 
varies widely (12–45 mg), but after the dosage is 
determined, the action of adenosine is predictable 
and reproducible. Therefore, the minimum dose 
of adenosine to produce transient asystole of >20 s 

has to be established for each patient.100 When the 
stent-graft device is in position, this bolus dose of 
adenosine is administered, and the device is 
deployed after the occurrence of cardiac arrest.

One-Lung Ventilation for Open 
Surgical Repair

One-lung ventilation (OLV) is indicated for open 
repair of descending thoracic aortic tears. OLV 
facilitates surgical exposure in the left thoraco-
tomy incision. OLV may not be well tolerated in 
the presence of right-sided pulmonary contusion 
or pneumo-hemothorax. Surgery may be delayed 
until the contusion resolves. The optimal tech-
nique for providing OLV depends on patient fac-
tors, available equipment, and skills and training 
of the anesthesiologist.101 Preferred methods for 
OLV and each of their advantages and disadvan-
tages are shown in Table 16.8. A left-sided dou-
ble-lumen tube (DLT) is the authors’ first choice 
for providing OLV for open repairs because of 
experience of the anesthesia and surgical teams 
with this tube. In patients requiring postoperative 
mechanical ventilation, the DLT is usually 
changed to a single-lumen tube. In patients with 
difficult airways where insertion of DLT is diffi-
cult or anticipated difficulty in exchanging to sin-
gle-lumen tube at the end of the procedure (e.g., 
c-spine injury, maxillofacial trauma, laryngeal or 
pharyngeal edema), a Univent tube or single-
lumen tube with bronchial blockers are used.

Fluid and Transfusion Management

The degree of exsanguination determines the 
type and volume of fluid and blood therapy102 
(Table 16.9). Patients with estimated blood loss 
>30% of blood volume require resuscitation with 
blood and crystalloid. Patients with lesser degrees 
of blood volume deficit may be managed more 
conservatively. Use of large quantities of crystal-
loid before hemorrhage has been controlled may 
decrease resistance to flow around a partially 
formed thrombus due to increased BP and dilute 
clotting factors (Fig. 16.10). In a randomized, 
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Table 16.9 Asanguinous fluid options for aortic trauma

Lactated Ringers (LR) Preferred isotonic crystalloid solution for most trauma resuscitations. Do not 
mix with blood or use in blood lines because it contains calcium

0.9% Saline Preferred isotonic crystalloid solution for head trauma. Only solution used 
in blood transfusion lines and to dilute PRBCs. May cause hyperchloremic 
metabolic acidosis [with normal anion gap] due to excess chloride displac-
ing serum HCO3

Hespan (6% hetastarch in 0.9% 
saline)

High MW hetastarch. Not recommended because of adverse effects on 
hemostasis, Half-life 30 h. Abandoned at author’s institution in favor of 
Hextend

Hextend (6% hetastarch in balanced 
electrolyte solution)

High MW hetastarch. Half-life 30 h. Less coagulopathy + platelet dysfunc-
tion compared with Hespan. Maximum dose 10–15 ml/kg

Low + medium MW hetastarch Colloid solutions with less coagulopathy + platelet dysfunction compared 
with high MW hetastarch. Low MW hetastarch associated with improved 
muscle oxygen tension, lower markers of inflammation + endothelial 
activation compared with LR. Available in Europe + Canada. Not currently 
available in US

Table 16.8 Methods for lung isolation during open repair of descending thoracic aorta injury

Options Advantages Disadvantages

Double lumen tube
Can be placed via laryngos-
copy, tube exchanger, and/or 
fiber-optically

– quickest to place successfully – size selection more difficult
– repositioning rarely required
– bronchoscopy to isolated lung
– suction to isolated lung
– CPAP easily added
– can alternate 1LV to either lung easily
–  placement still possible if bronchos-

copy not available

–  difficult to place in patients with 
difficult airways or abnormal tracheas

–  nonoptimal postoperative 2 lung 
ventilation

– laryngeal trauma
– bronchial trauma

Bronchial Blockers – size selection rarely an issue – more time needed for positioning
1. Arndt – easily added to regular ETT – repositioning needed more often
2. Cohen – allows ventilation during placement – bronchoscope essential for positioning
3. Fuji –  easier placement in patients with 

difficult airways and in children
–  bronchoscopy to isolated lung 

impossible
4. Fogarty catheter –  postoperative two lung ventilation 

easily accomplished by withdrawing 
blocker

– minimal suction to isolated lung

– selective lobar lung isolation possible – difficult to alternate 1LV to either lung
– CPAP to isolated lung possible

Univent – same as bronchial blockers – same as bronchial blockers
–  less repositioning compared to 

bronchial blockers
–  ETT portion has higher air flow 

resistance than regular ETT
–  ETT portion has larger diameter than 

regular ETT
ETT advanced into right 
mainstem bronchus

–  easier placement in patients with 
difficult airways

–  does not allow for bronchoscopy, 
suctioning, or CPAP to isolated lung

– cuff not designed for lung isolation
–  difficult right lung 1LV due to 

obstruction of right upper lobe

Modified from Kanellakos and Slinger.101

ETT endotracheal tube, DLT double lumen tube, CPAP continuous positive airway pressure, 1LV one lung ventilation.

(continued)
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prospective trial of immediate versus delayed 
fluid resuscitation in patients with penetrating 
trauma, there was increased mortality, length of 
stay, and postoperative complication rate in the 
immediate versus the delayed group.12

Goals of fluid and blood include maintenance of 
normovolemia, oxygen delivery, and hemostasis. 
Arterial pressure contour analysis is extremely use-
ful. Measurement of SPV is routine. Manifestations 
of improved perfusion and organ function after 
aortic trauma include improved mental status, 
increased pulse pressure, decreased HR, increased 
urine output, resolution of acidosis and base defi-
cit, brisk capillary refill, and improvement in mixed 
venous oxygen saturation.103

Decisions about transfusion should take into 
account cardiovascular and pulmonary status, blood 
loss, and hemoglobin concentration104 (Table 16.10). 
A hemoglobin level of 8.0 g/dl appears to be an 
appropriate threshold for transfusion in patients 
with no risk for myocardial ischemia, cardiac inju-
ries, or pulmonary contusion. Hematocrit, arterial 
blood gas, and thromboelastography are used to 

guide transfusion of blood products. A higher goal 
may be targeted if active hemorrhage is occur-
ring.105 Massive transfusion guidelines are followed 
in patients who have experienced severe blood loss 
(Table 16.11). In addition to surgery and anesthe-
sia, this entails the close cooperation of blood bank, 
nursing, and transport. Recombinant factor (RF) 
VIIa and cryoprecipitate may be given after the 2nd 
shipment of blood products using the massive 
transfusion protocol according to attending physi-
cian preference. RF VIIa has been used for hemo-
stasis in cases of persistent and excessive bleeding 
that is unresponsive to other means.106

Other Intraoperative Problems

Other intraoperative problems such as hypox-
emia, hypotension, hypothermia, and coagulopa-
thy are common in patients with aortic trauma, 
especially with open repair.

vigorous fluid
resuscitation

hemodilution,
increased
bleeding

recurrent
hypotension

Fig. 16.10 Vicious cycle of vigorous crystalloid fluid 
resuscitation may lead to hemodilution and increased 
bleeding (Reprinted with permission from Dutton126)

Table 16.10 Approach to transfusing red blood cells 
(RBCs)

1. Transfuse RBCs if hemoglobin <6 g/dl
2. Do not transfuse RBCs if hemoglobin >10 g/dl

3.  Decision to transfuse RBCs should be individualized 
based on
–  presence of organ ischemia (altered mental status, 

myocardial ischemia, acidosis, low mixed venous 
oxygen saturation)

– rate of bleeding
– magnitude of bleeding
–  intravascular volume status and cardiopulmonary 

reserve

Modified From Novikov and Smith.103

Albumin (5%) Little effect on coagulation. May pass into interstitial compartment if 
impaired vascular integrity with resultant endothelial swelling + impaired 
microcirculatory perfusion. Increased mortality after head trauma  
in SAFE study (vs. 0.9% saline)140

Hypertonic saline Variety of solutions/concentrations. May be combined with colloid  
to prolong duration of action. Efficiently restores intravascular  
volume + decreases extravascular volume + tissue edema. Decreases 
ICP + increases CPP. Especially advantageous in prehospital  
situations + in head trauma with refractory increased ICP.  
Not associated with improved neurological outcomes

Modified From Novikov and Smith.103

MW molecular weight, ICP intracranial pressure, CPP cerebral perfusion pressure, PRBC packed red blood cells.

Table 16.9 (continued)
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Hypoxemia

Frequent causes of hypoxemia include DLT or 
endotracheal tube malposition, hypoventilation, 
airway obstruction, aspiration, lung contusion, 
pneuomothorax, hemothorax, pulmonary edema, 
pulmonary embolism, bronchospasm, and hemo-
globinopathies. Hypoxemia can also be caused by 

accidental administration of a low F
I
O

2
 or from 

problems related to the anesthesia breathing cir-
cuit. Increased oxygen consumption, low cardiac 
output, and decreased oxygen content can also 
produce hypoxemia.

Rarely, lung torsion can occur.107 Signs and 
symptoms of intraoperative pulmonary torsion 
such as hypoxemia, hypotension, and increased 

Table 16.11 Massive transfusion protocol at MetroHealth Medical Center for trauma

PRINCIPLE
The policy has been developed to assist the trauma team in the resuscitation of the injured patient. The protocol is 
designed to achieve volume support, increased oxygen-carrying capacity, and stabilization of the coagulation 
process for the trauma patient undergoing emergency surgery. Massive transfusion is defined as

•  One blood volume loss in 24 h or four or more units replaced in 1 h with continued bleeding
•  50% blood volume loss in 3 h
•  50 units blood lost in 48 h
•  20 units blood lost in 24 h
•  Blood loss exceeding 150 ml/min

Adapted from Repine et al.128

The trauma team will utilize the massive transfusion protocol when one the following circumstances occur
1. 5 units of blood loss in 1 h (50% blood volume) or
2. 10 units blood loss anticipated in the case or within 12–24 h of observation (one blood volume) or
3.  Hypovolemic hypotension uncorrected by crystalloid and packed red blood cell resuscitation during ongoing 

hemorrhage

ACTIVATION
The clinician contacts the Blood Bank and activates the MTP. The Massive Transfusion Protocol is then followed

SPECIMEN
Pre- or posttransfusion blood sample (signed, 7 mL pink top tube) from massively transfused patient

PROCEDURE
When clinician contacts Blood Bank on the distinct-ring, MTP Hot-line phone and gives a verbal order to begin the 
MTP on a patient, complete a pink verbal PHONE ORDER form. Record two patient identifiers, the date, location, 
the physician’s name and identification number, and the person calling and initiating the MTP
A runner will come to the Blood Bank to obtain the products. Do NOT tube the blood

FIRST MTP PACK – Collect the 4 O Negative RBCs and 2 AB plasma units already set up for emergency release. 
Pack in a blood bank insulated cooler. Complete the ALERT label for the insulated cooler, the INSULATED 
COOLER – BLOOD STORAGE TRACKING SHEET, and the INSULATED COOLER SIGN-OUT SHEET
As soon as the 1st MTP pack is issued, begin preparing the 2nd MTP pack
If a sample has not yet been submitted, contact the blood bank medical director and inquire as to whether the patient 
should be switched to O Rh Positive

SECOND MTP PACK – 6 units of RBCs (O Neg/Pos or type-specific if sample has been submitted) 4 units of 
Plasma (AB or type-specific if sample has been submitted), second insulated cooler, necessary emergency release/
insulated cooler paperwork
As soon as the 2nd MTP pack is issued, begin preparing the 3rd MTP pack
Third and subsequent packs should have the RBCs crossmatched using an abbreviated crossmatch procedure since 
10 RBCs will at that point be issued in less than a 24 h period

THIRD AND ALL SUBSEQUENT MTP PACKS CONSIST OF THE FOLLOWING
6 units of RBCs (O Neg or type-specific if sample has been submitted)
4 units of plasma (AB or type-specific if sample has been submitted)
6 random A/AB platelets (or one five-day pool or one apheresis platelet product)
Insulated cooler (Do NOT place platelets in cooler, for RBCs/Plasma only)
Necessary emergency release/insulated cooler paperwork
Continue with preparing an MTP pack after an MTP pack has been issued until the blood bank has been notified by 
a clinician to discontinue the MTP. Record on a verbal phone order the two patient identifiers, the date, location, the 
physician’s name and ID #, and the person calling to inactivate the MTP order

RBC red blood cells, MTP massive transfusion protocol
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airway pressures may be attributable to other 
processes. Bronchoscopy may show obliterated 
left mainstem bronchial lumen, the differential 
diagnosis for which includes extrinsic compres-
sion of the bronchus, endobronchial mass, or 
bronchial wall edema. Re-exploration of the 
chest and detorsion of the lung are mandatory. 
Spillage of necrotic material from the torsed 
lung tissue into adjacent lung tissue may occur. 
Detorsion may lead to profound hemodynamic 
consequences even in the absence of hemor-
rhagic bronchorrhea due to flow into the left 
atrium of deeply hypoxemic and acidotic blood 
released from the pulmonary veins of the tor-
sioned lung or showering of emboli from the 
pulmonary veins.

Hypotension

Hemorrhage and hypovolemia are the most com-
mon causes of hypotension, although other causes 
such as tension pneumothorax, anaphylaxis, and 
neurogenic shock from high spinal cord injury 
should be considered (Table 16.12). Cardiogenic 
shock may occur due to blunt cardiac injury 
(BCI), tamponade, air embolism, valvular rup-
ture, coronary ischemia, and infarction. BCI may 
result in  subendocardial or subepicardial hemor-
rhage, intramyocardial hemorrhage, or injury to a 
branch of coronary artery. BCI often causes con-
duction disturbances or arrhythmias and may 
result in right ventricular dysfunction.

Tension pneumothorax can result from 
 pulmonary laceration, rupture of the trachea or a 
major bronchus, esophageal rupture, or from 
inadequate sealing of an open pneumothorax. 
Hypoxia, hyperresonance of the chest wall, 
increased airway pressures, and diminished 
breath sounds occur. If untreated, obstructive 
shock follows. Immediate decompression is life-
saving.

High spinal cord lesions cause anatomic sym-
pathectomy. Other clues to support this diagnosis 
are bradycardia, warm skin, bounding pulses, 
priapism, and neurologic deficit. Treatment con-
sists of fluids and vasopressors such as phe-
nylephrine or dopamine. Atropine may be 
necessary for bradycardia.

Hypothermia

Hypothermia is a marker of profound injury.  
It is often the result of exsanguinating injury 
and subsequent massive resuscitative effort. 
Severe hemorrhage causing hypovolemia leads 
to tissue hypoperfusion, diminished oxygen 
delivery at the cellular level, and reduced heat 
generation. The adverse effects of hypothermia 
(Table 16.13) include arrhythmias, decreased 
cardiac output, increased systemic vascular 
resistance, major coagulation derangements, 
peripheral vasoconstriction, metabolic  acidosis, 
and impaired immune response.108 Hypothermia 
slows enzymatic rates of clotting factors and 
reduces platelet function. Hypothermia also 
impairs citrate, lactate, and drug metabolism; 
increases blood viscosity; impairs red blood 
cell deformability; increases intracellular 
potassium release; and causes a leftward shift 
of the oxyhemoglobin dissociation curve.

Temperatures of less than 34.5°C are associ-
ated with an increased prevalence of multiorgan 
dysfunction and increased need for vasopressor 
and inotropic support. Every effort should be 
made to avoid hypothermia by increasing ambi-
ent temperature (³28°C), using convective and 
conductive warmers, and warming all fluids and 
blood transfusions to 37°C.109 Evaporation from 
the respiratory tract can be prevented by use of 
active airway humidifiers or passive heat and 

Table 16.12 Selected causes of hemodynamic instabil-
ity and persistent hypotension in aortic trauma

Undetected or underestimated blood loss
Pneumothorax
Hemothorax
Cardiac tamponade
Air embolism
Spinal cord injury
Acidosis
Hypothermia
Hypocalcemia
Blunt cardiac injury with myocardial contusion and 
right ventricular dysfunction
Pre-existing medical disease (e.g., cardiomyopathy, 
valvular heart disease)
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moisture exchangers. Effective fluid warmers 
with high thermal clearances are routinely 
employed to prevent iatrogenic hypothermia 
 during massive transfusion.

Pain Management

Inadequate treatment of pain after injury is 
 common because pain control is often the last 
 priority in hemodynamically unstable patients.110 
Inadequately treated acute pain after aortic injuries 
may result in chronic pain syndromes and 
 disability.111 The effects of pain from penetrating 
and blunt injuries and the related stress response 
are almost always detrimental to the patient. The 
stress response includes hyperglycemia, lipolysis, 
protein catabolism, increased antidiuretic hormone 
and catecholamine levels, immunosuppression, 
and a hypercoagulable state.112 Untreated pain 
contributes to the neuroendocrine response with 

peripheral inflammation, central sensitization, and 
release of multiple substances including pros-
tanoids, cytokines, serotonin, bradykinin, hydro-
gen ions, potassium, and acute phase reactants. 
Untreated pain can increase adverse effects on 
normal physiologic functions of the cardiovascu-
lar, respiratory, renal, and gastrointestinal systems 
with resultant hypertension, tachycardia, deep 
venous thrombosis, pulmonary embolism, immo-
bility, splinting, ventilation-perfusion mismatch, 
reduced gastrointestinal motility, water and salt 
retention, hypoxia, and infections.113 Adequate 
thoracic pain management fosters earlier rehabili-
tation and may reduce the incidence of long-term 
chronic pain syndromes.

Aortic trauma patients frequently present with 
injuries to multiple areas of the body necessitat-
ing flexibility in terms of pain management tech-
niques. For example, it may be necessary to avoid 
the use of analgesic techniques that reduce the 
ability to evaluate sensory and motor function. 

Table 16.13 Pathophysiological consequences and complications from hypothermia

System affected Examples

Impaired cardiorespiratory function •  Cardiac depression
•  Myocardial ischemia
•  Arrhythmias
•  Peripheral vasoconstriction
•  Decreased tissue oxygen delivery
•  Increased oxygen consumption during rewarming
•  Blunted response to catecholamines
•  Increased blood viscosity
•  Acidosis
•  Leftward shift of hemoglobin–oxygen dissociation curve

Impaired coagulation •  Decreased function of coagulation factors
•  Impaired platelet function

Impaired hepatorenal function and 
decreased drug clearance

•  Decreased hepatic blood flow
•  Decreased clearance of lactic acid
•  Decreased hepatic metabolism of drugs
•  Decreased renal blood flow
•  Cold-induced diuresis

Impaired resistance to infections 
(pneumonia, sepsis, wound infections) 
Impaired wound healing.

•   Decreased subcutaneous tissue perfusion mediated by vasoconstriction 
(norepinephrine)

•   Anti-inflammatory effects and immunosuppression, including reduced 
T-cell-mediated antibody production and reduced nonspecific 
oxidative bacterial killing by neutrophils

•  Decreased collagen deposition

From Soreide and Smith.109
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Issues such as monitoring of central and periph-
eral neurological function must be considered. 
Monitoring issues may take priority over 
advanced pain management techniques.

Analgesics are administered to minimize 
patient suffering and to improve ventilatory 
mechanics, allowing patients to breathe more 
deeply and to cough more effectively (Table 16.14). 
Adequate pain control diminishes the likelihood 
of atelectasis, decreases respiratory infections, 
and prevents episodes of hypoxia that lead to 

increased requirement for mechanical ventilation. 
Acute pain control techniques include intercostal 
nerve blocks, paravertebral block, interpleural 
catheter, and epidural analgesia.114

Intravenous Opioids

Effective analgesia requires recognition and 
acceptance that relief of pain is an important part 
of treating trauma patients. Intravenous opioids 
can be given together with anxiolytics and other 
adjuncts (multimodal therapy – see below). There 
is inherent variability in analgesic requirements 

Table 16.14 Principles of pain management in aortic 
trauma

DESIRED CHARACTERISTICS OF AN IDEAL 
ANALGESIC TECHNIQUE IN TRAUMA
Safe
Simple
Predictable
Extended analgesia
Minimal hemodynamic disturbance
Minimal respiratory disturbance
No interference with neurological monitoring
High degree of patient acceptance
Minimal complications
Reduces chronic pain
Economical
Minimal effect on immunity

ADVANTAGES AND LIMITATIONS OF 
REGIONAL ANESTHESIA/ANALGESIA

Advantages
Opioid sparing/eliminating
Less nausea
Less paralytic ileus
Less immunosuppression
Improved dynamic pain relief
Less blood loss
Lower incidence of thromboembolism
Improved patient satisfaction
Early recovery
Reduced resource utilization
Reduced chronic pain syndromes
Reduced pulmonary morbidity
Reduced cognitive dysfunction
Reduced infective complications
Reduced sedative effect
Economical
Extendable
Smooth transitional analgesia

Limitations
Need for trained personnel
Need for special equipments
Inability to position for neuraxial block
Time required to initiate

(continued)

Table 16.14 (continued)

Failure rate (2–20%)
Nerve injuries (0.5–8%)
Diaphragm and motor weakness
Horner’s syndrome
Pneumothorax (0.04–0.15%)
“Masking compartment syndrome”
Epidural spread with paravertebral block
Local anesthetic toxicity
Catheter malfunction (20–25%)
Infection/colonization (1–1.9%/28–57%)
Neuraxial hematoma

PHARMACOLOGICAL ADJUVANTS TO 
REGIONAL ANALGESIA

Epinephrine
Clonidine
Ketamine
Opioids
Sodium
bicarbonate
Tramadol
Verapamil
Hyaluronidase
Neostigmine
COX 2 inhibitors
Muscle relaxants

COMMONLY USED LOCAL ANESTHETICS 
AND DOSAGES FOR VARIOUS REGIONAL 
BLOCKS

Paravertebral block
0.5% 20–25 ml followed by 0.35% ropivacaine or 
0.25% bupivacaine 8–10 ml/h
Epidural block
Bupivacaine 0.25% 5–8 ml followed by bupivacaine 
0.1% with hydromorphone 10–20 ug/ml; continuous 
infusion 6–10 ml/h or patient-controlled analgesia 3 ml 
every 20 min PRN

From Dhir and Ganapathy.110
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and frequent dose adjustments are necessary to 
achieve the desired level of analgesia.

Patient-Controlled Analgesia (PCA)

Intravenous patient-controlled analgesia (IV PCA) 
is a major improvement over IV infusions in 
cooperative patients. There is “built-in safety” 
since the patient can self-administer medication 
during periods of alertness. The patient also has a 
sense of control when using IV PCA. Pain and 
oversedation cycles are reduced using this tech-
nique. The technique also is less demanding on 
nursing resources.

Nerve Blocks

Intercostal nerve blocks have been utilized for 
many years to alleviate thoracic pain. The tech-
nique increases maximal inspiratory flow rates, 
relieves pain, and improves the ability to cough 
and breathe deeply. Continuous or single-shot 
technique can be used. There is a risk of pneu-
mothorax. Rapid vascular absorption of local 
anesthetics can occur with a risk of toxicity. 
Paravertebral block can provide intermittent or 
continuous pain relief in patients with rib 
 fractures together with improved pulmonary 
function.

Intrapleural Analgesia

An interpleural catheter placed for thoracic pain 
allows for continuous infusions or intermittent 
injections to provide prolonged pain relief. The 
major concerns are that the peak plasma level of 
local anesthetics is relatively high and pain relief 
is not consistently achieved. In addition, in 
patients with thoracostomy tubes, there is a risk 
of suctioning the injected local anesthetics. This 
risk is minimized by placing the catheter distant 
from the thoracostomy tube or delaying the suc-
tion of the thoracostomy tube for 15–30 min after 
injection of the local anesthetic through the inter-
pleural catheter. The use of intrapleural catheters 

is patient-position-dependent. The tip of the 
catheter can migrate in certain patients leading to 
inadequate analgesia.

Epidural Analgesia

Beneficial Effects
Epidural analgesia improves vital capacity, func-
tional residual capacity (FRC), airway resistance, 
and dynamic lung compliance after surgery and 
trauma.115–118 Patients receiving continuous epi-
dural analgesia have decreased ventilator days, 
shorter ICU stays, shorter hospitalizations, and 
decreased incidence of tracheostomy when com-
pared to control-matched groups with similar 
injury severity indices.115 Epidural analgesia  
significantly reduced pain with chest wall excur-
sion compared with PCA and was associated with 
improved pulmonary function and immune 
response.119 Epidural analgesia leads to a lower 
incidence of respiratory depression, utilizes 
smaller doses of narcotics, and allows earlier 
ambulation and discharge when compared to 
other modes of analgesia. The mortality rates, 
frequency of respiratory infections, and quality 
of pain relief reported by the patient are also 
superior in patients receiving epidural analge-
sia.115 Epidural analgesia can be delivered in 
intermittent boluses, as continuous infusion, and 
as patient-controlled epidural analgesia. Typically, 
combinations of low concentrations of long-acting 
local anesthetics with an opioid provide optimal 
analgesia and minimum motor block.

Limitations
Factors that preclude the use of epidural analgesia 
techniques in aortic trauma include insufficient 
time for insertion of epidural catheter and inade-
quate positioning for catheter placement (e.g., 
uncleared spines, pelvic fracture). Patients with 
associated spinal cord injuries or with coagulopa-
thy are not candidates for epidural analgesia. The 
use of local anesthetics may produce hypotension 
and can hinder evaluation of neurologic function. 
Contraindications to placement of epidural cath-
eters include septicemia, untreated bacteremia, 
unstable spine, and altered mental status.
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Multimodal Approach

There are several nociceptive pathways mediating 
thoracic pain including the vagus, the phrenic, and 
intercostal nerves.120 Other less well-defined path-
ways may be connected with the autonomic ner-
vous system. Thus, a multimodal (local anesthetics, 
opioids, acetaminophen, nonsteroidal anti- 

inflammatory drugs (NSAIDS), alpha 2 agonists, 
gabapentin, tricyclic antidepressants, ketamine, 
tramadol, pregabalin) antinociception strategy is 
optimal for patients with thoracic pain.121 Local 
anesthetics are the most effective drugs to block 
pain. Opioids administered via PCA are extremely 
valuable as a fall-back in the event of failure of 
other techniques. Nonsteroidal anti-inflammatory 
drugs can be used as adjuvants, although the use 
of NSAIDS is controversial because of gastroin-
testinal, renal, and bleeding risks. Improvements 
in intrathecal drug delivery systems and develop-
ment of additional drugs make this modality 
appear appropriate for selected patients.

Postoperative Considerations 
Following Aortic Trauma

Patients sustaining aortic trauma often require 
postoperative aggressive management of various 
organ systems. Respiratory insufficiency may be 
related to ARDS, pneumonia, and pulmonary 
contusions. Ventilatory management, serial CXR, 
assessment of chest tube drainage for hemotho-
rax, monitoring and optimization of oxygen 
delivery, and good pain control are part of the 
management. Empyema and pneumothorax may 
complicate the picture. Treatment of head and 
spinal cord injuries can be challenging, and head 
injuries are a common cause of mortality in these 
patients.122 ICP and CPP monitoring are routine 
in patients with severe head trauma. Intensive 
care is also directed toward management of prob-
lems such as neuroendocrine response, hypergly-
cemia, fluid therapy, management of blood 
transfusion and coagulopathy, central nervous 
system depression, agitation, and complica-
tions of drug abuse. Other nonaortic injuries  

(e.g.,  cardiac injury, abdominal, retroperitoneal, 
 orthopedic, and vascular injuries) need further 
attention. Definitive treatment of spine, pelvic 
abdominal, and extremity fractures are required. 
Discharge to a rehabilitation facility is often nec-
essary for optimal recovery of function and long-
term care of injuries.

Postoperative complications after cardiac 
trauma include intracardiac shunts, valvular 
lesions, ventricular aneurysms, wall motion 
abnormalities, arrhythmias, and conduction 
blocks. Retained  foreign body, aortocaval, and 
aortopulmonary  fistula may also occur in survi-
vors of penetrating chest trauma.

Specific postaortic trauma complications 
include ARDS, deep venous thrombosis, multiple 
organ system failure, and sepsis, the last two 
being the major late causes of death in trauma. 
Anticoagulation complicates and may contrain-
dicate the use of epidural analgesia. An inferior 
vena cava filter may be required.

Key Notes

 1. Management of aortic trauma is complex 
because multiple organ systems may be simul-
taneously involved. Hypovolemic shock, car-
diac failure, head injury, and respiratory 
compromise may all be present.

 2. ATLS principles are followed initially until 
definitive care of injuries can be provided.

 3. Anesthetic care is directed towards restoring 
hemodynamic function, treating airway prob-
lems, providing intraoperative one-lung venti-
lation during open surgical repair of descending 
thoracic aorta injuries, facilitating endovascu-
lar stenting of aortic injuries, monitoring cere-
bral oximetry during circulatory arrest for 
aortic arch repair, maintaining intravascular 
blood volume, treating coagulopathy, per-
forming operative and ventilatory manage-
ment, and controlling postoperative pain.

 4. The importance of a clear understanding of 
the pathophysiology of aortic injuries is nec-
essary to optimally manage these challenging 
patients.
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 5. Chest CT has become commonplace for the 
diagnosis of BAI. MRI and TEE may be used 
in selected circumstances.

 6. Urgent repair of thoracic aortic transection in 
the setting of blunt trauma can be problematic 
in patients with concomitant traumatic brain 
injury, pulmonary contusion, cardiac trauma, 
or other injuries.

 7. Endovascular repair has been increasingly 
shown to be well tolerated with excellent 
early and midterm results. Endovascular 
stent grafting avoids the need for thoraco-
tomy, one-lung ventilation, and aortic cross-
clamp and is associated with improved 
mortality and decreased spinal cord ischemia 
and paraplegia.

 8. Epidural analgesia is superior for management 
of thoracic pain, but may be contraindicated in 
the setting of trauma due to coagulopathy, 
hemodynamic instability, abnormal neuro-
logic status, and other factors.
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Congenital Supravalvular Aortic 
Stenosis

Congenital supravalvular aortic stenosis (SVAS) is 
a rare form of left ventricular outflow tract (LVOT) 
obstruction that often is associated with peripheral 
pulmonary artery stenoses (approximately 40% 
of patients). Congenital SVAS is an elastin 
 arteriopathy and is most commonly associated with 
Williams–Beuren syndrome. Williams–Beuren 
syndrome, commonly referred to as Williams syn-
drome (WS), is characterized by the presence of 
SVAS and peripheral pulmonary artery stenoses in 
association with mental retardation and distinctive 
elfin facies. It is the result of a microdeletion in the 
q11.23 region of chromosome 7, which affects sev-
eral genes, including the elastin gene.1 SVAS also 
occurs in a familial autosomal dominant form and 
in sporadic isolated incidences due to null alleles in 
the gene encoding for production of  elastin; neither 
of these forms are associated with the extracardiac 
features of Williams–Beuren syndrome.

Elastin is responsible for the distensibility of 
the aorta and large arteries during systole and 
subsequent recoil during diastole. This allows 
storage of hydrodynamic energy during systole 
and its release during diastole, an effect known as 
the windkessel effect. While loss of aortic disten-
sibility alone is sufficient to elevate left  ventricular 
(LV) afterload, the major impedance to LV ejec-
tion is the development of an obstructive aortic 
lesion. The reduced deposition of elastin in the 
arterial wall leads to increased proliferation of 
smooth muscle cells in the media of large arteries 
and subsequent development of obstructive 
hyperplastic intimal lesions.2 A characteristic 
hourglass narrowing of the aorta develops at the 
sinotubular junction. In approximately 30% of 
cases, there is diffuse tubular narrowing of the 
ascending aorta often extending to the arch and 
the origin of the brachiocephalic vessels.3,4 There 
may also be localized stenosis in the renal and 
mesenteric arteries.4

While peripheral pulmonary artery stenoses 
are characteristically associated with congenital 
SVAS, it is not uncommon for central pulmonary 
artery (pulmonary artery proximal to the hilum) 
stenoses to exist as well. The natural history of 
the pulmonary artery lesions is one in which there 
is a lessening in severity throughout childhood 
and adolescence.5,6 Nonetheless, in approxi-
mately 40% of patients, severe pulmonary artery 
stenoses and right ventricular pressure overload 
exist in conjunction with SVAS and left ventricu-
lar pressure overload at the time surgical relief of 
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SVAS is undertaken.4 These patients may have 
right ventricular systolic pressures as high as 
200 mmHg and right ventricular to descending 
aortic pressure ratios as high as 2.0.

The aortic valve itself may also be pathologi-
cally involved in congenital SVAS, creating an 
additional source of LVOT obstruction. The sino-
tubular junction, the usual location of aortic wall 
constriction in SVAS, is also the peripheral attach-
ment point of the aortic valve commissures.7 The 
sinotubular junction normally expands during sys-
tole, allowing the free edge of the leaflets to assume 
a position parallel to flow during ejection. The nar-
rowed, nondistensible  sinotubular junction in 
SVAS inhibits alignment of the leaflets with blood 
flow and renders the aortic valve leaflets redundant 
relative to the size of the aorta. This mechanism is 
felt to be responsible for the development of the 
thickened aortic valve leaflets, which have been 
reported in association with SVAS.3

Mechanical impairment of coronary blood flow 
is a frequent and often unappreciated feature of 
WS and nonsyndromic SVAS. Adhesion of the 
right or left aortic leaflet edge to the narrowed sino-
tubular junction can restrict coronary blood flow 
into the sinus of Valsalva. It has been suggested 
that the left coronary sinus of Valsalva is affected 
more frequently in this process than the right one.3,5 
Cases of total isolation of the left and right coro-
nary artery from the sinus of Valsalva as a result of 
complete fusion of a leaflet edge to a prominent 
sinotubular ridge have been reported.8–10

The presence of both ostial and diffuse left and 
right coronary artery stenoses must be considered 
as well. The etiology of direct coronary artery 
involvement appears to be multifactorial. The 
elastin arteriopathy may diffusely involve the cor-
onary arteries, while a thickened aortic wall can 
directly narrow the coronary ostia.11 Displacement 
of the coronary ostia superiorly to a position just 
below the sinotubular ridge with subsequent 
obstruction has been reported in three cases of 
sudden cardiac death.12 Coronary artery dilation 
and tortuosity due to exposure of the coronary 
arteries to high prestenotic pressures may lead to 
development of accelerated coronary atheroscle-
rosis and coronary aneurysms.13,14 It should be 
noted that significant obstruction to coronary 
blood flow with associated fatal myocardial 

infarction has been reported in both the presence 
and the absence of hemodynamically significant 
SVAS12,13,15–19; in other words, although these 
patients are typically followed and assessed by 
echocardiography, the possibility of significant 
coronary obstruction via one or more of the 
mechanisms outlined can exist independent of 
the degree of aortic obstruction.

Left and right ventricular hypertrophy induced 
by outflow tract obstruction is a risk factor for devel-
opment of subendocardial ischemia. Myocardial 
oxygen consumption is increased by the mass of 
the myocardium, the prolonged  ejection phase, and 
a high-pressure isovolumic contraction phase. 
Myocardial oxygen delivery is compromised by a 
reduced diastolic interval  (prolonged ejection 
phase), absence of systolic coronary perfusion, par-
ticularly in the right  ventricle due to elevated right 
ventricular systolic pressure, elevated LVEDP due 
to reduced LV compliance, low aortic diastolic 
 pressure due to loss of the windkessel effect, and 
compression of subendocardial vessels. The pres-
ence of obstructed coronary blood flow via any of 
the mechanisms previously described further 
increases this risk.

The natural history of SVAS is one of progres-
sive left ventricular pressure overload and concen-
tric hypertrophy complicated by progressive 
compromise of coronary blood flow. If left 
untreated, SVAS progresses to produce severe left 
ventricular dysfunction as a result of chronic pres-
sure overload, myocardial ischemia, and infarc-
tion.13 Additionally, there is a risk for aortic 
dissection due to high pressure and abnormal aortic 
wall structure.13 Surgical intervention is necessary 
to prevent the development of these sequalae.

Diagnosis

In patients with Williams–Beuren syndrome, the 
noncardiac features of the syndrome generally 
bring the patient to medical attention. The extent 
of SVAS and peripheral pulmonary artery stenoses 
are initially evaluated with echocardiography. 
Cardiac catheterization is usually  necessary to 
delineate the etiology and the extent of coronary 
artery abnormalities. In isolated SVAS, the initial 
presentation is usually chest pain or  syncope. 
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A unique feature of SVAS is the presence of 
higher blood pressures in the right as opposed 
to left upper extremities in some patients. This is 
felt to be a consequence of the Coanda effect with 
a greater portion of kinetic energy imparted to the 
right-sided arch vessels.

Identifying those patients with congenital 
SVAS at risk for myocardial ischemia is 
 challenging.20 Echocardiography is useful in 
assessing ventricular outflow tract gradients, 
 ventricular hypertrophy, and wall motion abnor-
malities, but is an insensitive method for detect-
ing and delineating compromise of ostial, 
proximal, and distal coronary blood flow. Of par-
ticular  concern in this regard is the fact that sig-
nificant coronary arterial flow impairment can 
occur in the absence of significant SVAS. 
Therefore, while the absence of significant SVAS 
(identified by echocardiographic imaging as 
“only” minimal or mild LV to aorta pressure 
 gradients) may be reassuring to the clinician, in 
actuality it does not exclude the possibility that 
significant impairment of coronary blood flow 
exists. Cardiac magnetic resonance imaging 
(CMRI) and computer tomography show increas-
ing promise as noninvasive imaging modalities 
capable of delineating obstruction to coronary 
blood flow.21 However, at present, cardiac cathe-
terization with coronary and aortic angiography 
remains the gold standard for delineation of  aortic 
leaflet tethering and assessment of coronary 
artery lumen caliber. Obviously, cardiac catheter-
ization carries its own risks in these patients. 
Thus, evaluation and risk assessment, particularly 
as pertains to elective or noncardiac procedures 
in patients with SVAS, remains problematic.

Treatment

Patients with bilateral outflow tract obstruction 
and/or those with known coronary blood flow 
compromise represent a high-risk subset of 
patients. These patients may require intervention 
to relieve outflow tract obstruction prior to 
 noncardiac surgical procedures. Percutaneous 
balloon dilation of congenital SVAS is usually 
ineffective while outcome following surgery for 
SVAS is generally good, with 10–20 year survival 

of 96% and 77% respectively.7 As opposed to 
surgical augmentation of a single aortic sinus 
(Fig. 17.1a), techniques that provide symmetrical 
reconstruction of the aortic root (Figs. 17.1b–d) 

Fig. 17.1 Surgical techniques used for relief of supraval-
vular aortic stenosis. (a), Single diamond or tear 
drop shaped patch extending into noncoronary sinus. 
(b), Inverted, bifurcated patch extending into noncoronary 
and right coronary sinuses. (c), Transection of aorta with 
patch insertions in all three sinuses with aortic reanasto-
mosis as described by Brom.69 (d), Transection of the 
aorta with incisions into all three sinuses with subsequent 
tailoring and reanastomosis of distal aorta. (e), Positions 
of the three sinus incisions relative to coronary arteries. 
(Redrawn with permission from Stamm et al. 2001)3
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result in superior hemodynamics (reduced gradient 
and prevalence of aortic insufficiency) and 
reduced mortality rate and need for reoperation.7 
In instances where diffuse tubular hypoplasia of 
the aorta and arch exists, symmetrical recon-
struction of the ascending aorta with extension of 
the patch to the underside of the aortic arch is 
necessary. Surgical relief of coronary ostial 
stenosis may be necessary and long-segment 
coronary stenosis may require coronary revascu-
larization, usually with an internal thoracic arte-
rial conduit.7

Surgical therapy for relief of proximal pulmo-
nary artery obstructions tends to be palliative in 
that reoperation or subsequent catheter-based 
intervention is commonly needed.6 Percutaneous 
balloon dilation of peripheral pulmonary artery 
stenoses plays an important role in long-term 
management of these patients. Balloon dilation of 
significant peripheral pulmonary artery stenoses is 
indicated to reduce right ventricular afterload prior 
to surgical relief of SVAS, regardless of whether 
surgical relief of more proximal pulmonary artery 
stenoses is also anticipated.6 The hypertrophied 
right ventricle is particularly susceptible to isch-
emic injury following cardioplegic arrest, so that 
presurgical reduction of afterload will improve 
right ventricular function in this setting.

Anesthetic Management

In congenital SVAS, myocardial ischemia has 
been implicated in the majority of cases of sudden 
death occurring in conjunction with anesthesia or 
sedation.20 Features common to the reported cases 
are sudden, rapid hemodynamic deterioration 
associated with hypotension and bradycardia, and 
a lack of response to aggressive resuscitative mea-
sures. It should also be recognized that catheter 
manipulation during cardiac catheterization can 
produce hemodynamic instability due to induc-
tion of dysrhythmias, exacerbation of outflow 
tract obstruction, creation of semilunar and 
 atrioventricular valve insufficiency, and exacerba-
tion of compromised coronary blood flow during 
 aortic and coronary angiography. These problems 

can of course occur regardless of the sedation or 
anesthetic technique.19 Furthermore, while some 
fatalities during cardiac catheterization have been 
associated with catheter manipulation, others 
have occurred before the procedure had begun or 
after apparently successful completion.

A particularly tenuous myocardial oxygen 
supply:demand relationship exists in these 
patients. As previously stated, the incidence of 
impaired coronary blood flow is often underesti-
mated. As such, all patients with congenital 
SVAS should be considered at risk for myocar-
dial ischemia and treated accordingly. The anes-
thetic management of these patients has recently 
been reviewed.20 Although there are insufficient 
data to recommend a specific anesthetic tech-
nique, a prudent approach would involve meticu-
lous attention to balancing myocardial oxygen 
supply and demand. Tachycardia will increase 
myocardial oxygen consumption while simulta-
neously reducing diastole and coronary perfu-
sion, with the combination of hypotension and 
tachycardia being particularly deleterious. In 
either case, the presence of ventricular hypertro-
phy will further jeopardize subendocardial perfu-
sion. The anesthetic goals for these patients are 
summarized in Table 17.1. As with coronary 
insufficiency patients, the best approach is one 
that employs a combination of drugs with offset-
ting hemodynamic effects used judiciously in 
small doses.

Coarctation of the Aorta

Coarctation of the aorta is a focal narrowing of the 
aorta. It accounts for 6–8% of all congenital cardiac 
defects, has a male predominance, and is the most 
common lesion in patients with Turner  syndrome. 
Almost half of all cases have  associated cardiac and 
noncardiac anomalies, with a bicommissural aortic 
valve being the most frequent (22–42% of cases).22 
The anatomic pathology is remarkably consistent 
with a discrete posterior shelf or invagination pres-
ent just distal to the left subclavian artery opposite 
the insertion of the ductus arteriosus (juxta-ductal). 
In some instances, this shelf may be circumferential. 
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Longer segment coarctation and coarctation of the 
abdominal aorta are also seen.

It has been postulated that coarctation devel-
ops as the result of fetal blood flow patterns, 
which reduce antegrade aortic blood flow with a 
proportionate increase in pulmonary artery and 
ductus arteriosus blood flow. It is, therefore, not 
surprising that coarctation is associated with aor-
tic valve stenosis or a bicuspid aortic valve, with 
hypoplasia of other left-sided structures such as 
the mitral valve and left ventricle, and with hyp-
oplasia of the aortic arch. Hypoplasia of the aor-
tic isthmus (the region of the aortic arch from the 
left subclavian to the ductus arteriosus) is the 
 isolated aortic arch lesion most commonly asso-
ciated with coarctation. Ventricular septal defects 
(VSD), particularly posterior malaligment VSD 
that cause LVOT obstruction and divert flow from 
the ascending aorta into the pulmonary artery, are 
also associated with coarctation. In contrast, 
coarctation is virtually never found in association 
with right-sided obstructive lesions. Closure of 

the ductus arteriosus may also be associated with 
constriction of the aorta at the level of the ductus, 
presumably due to the presence of ductal tissue in 
this area.23

Despite remarkably consistent anatomic 
pathology, the pathophysiology of coarctation is 
varied and depends on the severity of the coarcta-
tion and the presence of associated lesions 
(Fig. 17.2). These variations in pathophysiology 
have led to the use of confusing terms such as 
infantile and adult coarctation or pre- and post-
ductal coarctation, which are of little practical 
significance. The ductus arteriosus plays a criti-
cal role in pathophysiology and presentation will 
be in infancy for all patients except those capable 
of tolerating ductal closure without overt hemo-
dynamic compromise. In general, presentation 
beyond infancy is limited to patients with an iso-
lated coarctation of mild to moderate severity or 
to those with rapid compensatory collateral 
 formation. In these patients, there is a secondary 
phase of fibrosis that occurs in the first 2–3 months 

Table 17.1 Anesthetic management goals in patients with supravalvular aortic stenosis (SVAS)

1. Maintain an age-appropriate heart rate
	 •	 Use	of	vagolytic	drugs	(atropine,	glycopyrrolate)	and	drugs	with	sympathomimetic	activity	(pancuronium,	

ketamine) should be avoided, particularly in combination
	 •	 The	dose	of	atropine	or	glycopyrrolate	given	in	conjunction	with	neostigmine	for	reversal	of	neuromuscular	

blockade should be chosen so as to avoid excessive tachycardia
2. Maintain sinus rhythm
	 •	 Aggressive	treatment	of	supraventricular	tachycardia	is	necessary;	cardioversion	(regardless	of	systemic	blood	

pressure) may be preferable to pharmacologic interventions (esmolol, adenosine), which may cause 
hypotension

	 •	 Treatment	of	junctional	rhythm
3. Maintain preload
	 •	 Agents	that	increase	venous	capacitance	(propofol,	sodium	thiopental,	inhalation	anesthetics)	should	be	used	

with consideration given to agent-specific dose-related effect
	 •	 In	the	presence	of	severe	left	ventricular	hypertrophy,	rapid	intravascular	volume	augmentation	may	cause	a	

precipitous increase in left atrial pressure resulting in pulmonary vascular congestion
4. Maintain contractility
	 •	 Agents	with	negative	inotropic	effects	(propofol,	sodium	thiopental,	inhalation	anesthetics)	should	be	used	

with consideration given to agent-specific dose-related effect
5. Maintain systemic vascular resistance
	 •	 Agents	that	reduce	systemic	vascular	resistance	(propofol,	sodium	thiopental,	inhalation	anesthetics)	should	

be used with consideration to agent-specific dose-related effect
	 •	 Hypotension	should	be	treated	aggressively.	A	pure	a-adrenergic agent (phenylephrine) may be most 

appropriate unless significant bradycardia is also present in which case ephedrine or low-dose epinephrine 
(0.1–1.0 mcg/kg) is appropriate

6. Avoid increases in pulmonary vascular resistance
	 •	 Avoid	hypercarbia	and	hypoxemia	and	maintain	the	lowest	mean	airway	pressures	consistent	with	adequate	

minute ventilation, particularly in patients with right ventricular outflow tract obstruction
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of life. As the child grows and the ligamentum 
arteriosum continues to fibrose, a thick fibrous 
shelf forms within the lumen of the aorta.

Diagnosis

Beyond infancy, upper extremity hypertension 
and/or a murmur is the most common presenta-
tion. In the presence of extensive collateral devel-
opment, it is not at all uncommon for even a 
severe coarctation to be completely asymptom-
atic. Symptoms when present include exercise 
intolerance, headache, chest pain, and lower 
extremity claudication. Physical examination, 
however, will reveal elevation of blood pressure 
in the upper extremities one or two standard devi-
ations above the mean for age. Blood pressure in 
the arms and legs will generally reveal a signifi-
cant difference. In the presence of an anomalous 
right subclavian artery (take-off from the descend-
ing aorta distal to the coarctation), the right arm 
and lower extremity blood pressures will be 
equal. Femoral pulses will be weak or delayed, 
but this may be a subtle finding in the presence of 
extensive collateral development. Murmurs may 
be due to the coarctation itself, collateral blood 

vessels, or associated cardiac defects. The  systolic 
murmur of a narrowed descending thoracic aorta 
may be best heard along the left paravertebral 
area between the spine and scapula. Continuous 
murmurs may be heard along the chest wall due 
to collateral vessels supplying tissues beyond the 
coarctation. These collaterals may originate from 
the internal thoracic, intercostals, subclavian, 
and/or scapular arteries. Other murmurs can be 
due to coexistent aortic valve stenosis and/or 
VSDs.

Electrocardiography may appear normal or 
display evidence of left ventricular hypertrophy 
with nonspecific ST-T wave changes. Chest 
 radiography, similarly, may be consistent with 
increased cardiac size. Rib notching may be 
seen on chest radiographs in older patients with 
 extensive collateralization. Two-dimensional 
echocardiography and Doppler evaluations can 
establish the diagnosis of coarctation and delin-
eate its location and severity as well as define 
and quantitate additional intracardiac lesions 
 including LVOT obstruction. Magnetic reso-
nance  imaging (MRI) can provide high-resolution 
three-dimensional anatomic reconstruction of 
the region of coarctation. Specifically, gadolinium-
enhanced 3-D MR angiography (MRA) is used 
to define extracardiac vascular anatomy, in which 
the signal from blood is particularly high and 
strongly contrasts with nonvascular structures. 
Computerized tomography is also useful for the 
diagnosis of coarctation. Cardiac catheterization 
is rarely indicated.

Treatment

Treatment of coarctation depends on a number of 
variables including age, severity, and associated 
defects. Presentation as an infant generally leads 
to medical stabilization followed by surgical 
intervention. The optimal treatment for neonates, 
infants, and children is currently felt to be com-
plete excision of the area of coarctation and 
 surrounding ductal tissue with end-to-end anas-
tomosis. Alternatively, a reverse subclavian patch 
repair can be undertaken. In this technique, the 
left subclavian artery is ligated and transected 

a b

Fig. 17.2 Typical appearances of coarctation of the aorta. 
(a). Coarctation associated with hypoplasia of the aortic 
isthmus and ductal-dependent perfusion of the descending 
aorta present at birth. Closure of the ductus arteriosus will 
likely result in LV afterload mismatch, compromise of 
systemic perfusion and oxygen delivery, and presentation 
in infancy. (b). Coarctation of the aorta in a patient who 
has tolerated ductal closure and developed extensive col-
lateralization. Extensive fibrosis in the juxtaductal region 
in association with growth of the native aorta has pro-
duced a discrete hourglass constriction. Presentation will 
be as a child or young adult
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with the proximal portion of the artery used as a 
flap to augment the area of coarctation. Following 
this procedure, left arm pulses will be weak or 
absent. Dacron patch aortoplasty following 
resection of the posterior coarctation ridge has 
also been used; however, this technique is asso-
ciated with late development of hypertension and 
aneurysm formation as compared to end-to-end 
anastomosis.24 In the case of coarctation associ-
ated with a hypoplastic aortic isthmus, complete 
excision in conjunction with an extended end- 
to-end or end-to-side anastomosis is recom-
mended.25 In this circumstance, the descending 
aorta is anastomosed to the underside of the aor-
tic arch in an end-to-end or end-to-side fashion. 
It has been argued that resection with extended 
end-to-end anastomosis should be applied to all 
infants and young children with coarctation as 
young age and arch hypoplasia are two impor-
tant risk  factors for recoarctation.26 Percutaneous 
 balloon angioplasty can be considered as an 
 alternative to reoperation for treatment of 
recoarctation.27

In adults, coarctation resection and a primary 
end-to-end aortic anastomosis via a left postero-
lateral thoracotomy is the preferred technique 
but placement of an interposition graft may be 
necessary when there is insufficient mobility of 
the aorta to allow this approach.28–30 Generally, a 
clamp and sew technique is used, with use of 
shunts, left heart bypass, or deep hypothermic 
circulatory arrest reserved for those patients 
with complex anatomy or inadequate collateral 
blood supply.28,31 Balloon angioplasty and endo-
vascular stent placement to treat adult coarcta-
tion are increasingly being employed.32 Because 
patients with aortic coarctation are generally 
young and have hypertension as their sole 
comorbidity, they are a distinctly different sub-
set than the elderly patient with multiple comor-
bidities deemed to be high-risk operative 
candidates who may benefit from a nonoperative 
approach. Experience to date indicates that while 
morbidity associated with catheter-based 
approaches to adult coarctation is similar to a 
surgical approach, the incidence of restenosis 
and the need for reintervention is higher following 
catheter-based techniques.32

Anesthetic Management

The anesthetic management of patients for repair of 
coarctation is not substantially different from those 
of any proximal descending aortic lesion. Because 
patients with repaired coarctation may present for 
additional cardiac or noncardiac surgery, of equal 
importance to the anesthesiologist is recognition of 
the long-term consequences of coarctation repair 
on blood pressure and left ventricular mass.

Persistent arterial hypertension in the absence 
of recoarctation and regardless of the type of 
repair is present in as many as one third of 
repaired coarctation patients in long-term follow-
up studies.29,33–35 In addition, the majority of 
patients with normal blood pressure at rest show 
an abnormal blood pressure increase with  exercise 
and activities of daily living.36 Systolic blood 
pressure is positively associated with LV mass in 
this cohort, and elevated systolic blood pressure 
and LV mass are both important risk factors for 
late morbidity and mortality from heart failure 
and coronary and cerebrovascular disease.34,35,37 
While it has been suggested that the risk of devel-
oping subsequent hypertension is reduced by 
repair in the first year of life,38 more recent series 
do not support this contention.39,40

The etiology of this persistent hypertension is 
multifactorial. The pulsatility of the post coarcta-
tion descending aorta remains reduced following 
hemodynamically ideal repair.41 In addition, as 
compared to the lower body, upper body vascular 
responses to reactive hyperemia and glyceryl trin-
itrate are reduced and pulse wave velocity is 
increased in successfully repaired coarctation 
patients. This suggests the presence of abnormal 
smooth muscle relaxation or structural abnormali-
ties of the arterial wall.35,42 The geometry of the 
aortic arch following coarctation and distal aortic 
arch repair is also a determinant of subsequent 
upper body vascular responses, pulse wave veloc-
ity, and left ventricular mass. Anatomy with a high 
arch height to width ratio (Gothic arch) is associ-
ated with impaired vascular response, increased 
pulse wave velocity, central aortic  stiffness, and 
increased LV mass as compared to anatomy with 
a lower arch height to width ratio (Crenel and 
 normal Romanesque arch anatomy).43,44 These 
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 anatomies are illustrated in Fig. 17.3. While early 
repair may be associated with preservation of con-
duit artery elasticity, vascular reactivity remains 
impaired.40 Abnormalities in baroreceptor reflexes 
and in the renin–angiotensin–aldosterone system 
have also been implicated as factors in persistent 
hypertension following successful coarctation 
repair.33 Recent evidence suggests that abnormali-
ties in cardiovascular reflexes are already present 
in neonates with coarctation prior to repair.45

Inherent aortic wall abnormalities and persistent 
hypertension contribute to an increased  incidence 
of cardiovascular complications  following success-
ful repair of coarctation. As compared to the gen-
eral population, these patients are at increased risk 
for aortic aneurysm and fistula formation, aortic 
dissections and rupture, premature coronary ath-
erosclerosis, cerebral vascular disease, and endart-
eritis at the repair site.29,33 Advanced age and the 
presence of a bicuspid aortic valve appear to be 
independent risk factors for aortic complications.46

Vascular Rings

A vascular ring is an aortic arch anomaly in 
which the trachea and esophagus are surrounded 
completely by vascular structures. Rings are 

formed by abnormal persistence and/or  regression 
of components of the aortic arch complex. These 
vascular structures, which need not be patent, can 
cause compression of the trachea, bronchi, and 
esophagus. In a vascular sling, tracheal and 
esophageal compression may be produced with-
out the trachea and oesophagus being completely 
encircled. Although accounting for less than 1% 
of all congenital heart defects, vascular rings and 
slings represent an important source of airway 
and esophageal obstruction. Approximately 29% 
of patients have associated intracardiac defects.47 
Table 17.2 lists the vascular anomalies associated 
with airway and/or esophageal compression and 
the required surgical approach.48,49

The vast majority of patients with a vascular 
ring have either a double aortic arch with right 
arch dominance (Fig. 17.4) or a right aortic arch 
with mirror image branching, an aberrant left 
subclavian artery, and intact left ligamentum 
arteriosum (Fig. 17.5).47–49 A right aortic arch 
passes rightward and posterior to the trachea 
while a left aortic arch passes leftward and 
 anterior to the trachea. With mirror image branch-
ing, the arch gives off, in order, the common 
trunk of the left common carotid and left subcla-
vian, the right common carotid, and the right sub-
clavian arteries. With a double aortic arch with 

Fig. 17.3 Magnetic resonance imaging of the three 
types of aortic arch anatomy following coarctation 
repair with primary resection and end-to-to-end or 
extended end-to-to-end anastomosis. The Gothic arch 

has the highest height to width ratio while the 
Romanesque arch (normal arch anatomy) has the low-
est; Crenel is intermediate. (Reproduced with permis-
sion from: Ou et al. 2007)43
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right arch dominance, the anteriorly located left 
aortic arch gives rise to the left carotid and left 
subclavian arteries. This left arch is generally 
atretic or severely hypoplastic beyond the origin 
of either the left carotid or left subclavian artery.

Diagnosis

Vascular rings and slings generally present in 
childhood with the most common symptoms 

Table 17.2 Classification of vascular rings and slings associated with airway and/or esophageal compression

Lesion Surgical approach

Double aortic Arch
•	 Right	arch	dominant Left thoracotomy
•	 Left	arch	dominant Right thoracotomy
•	 Equal	dominance Left thoracotomy
Right aortic arch
•	 Mirror-image	branching	and	aberrant	left	subclavian	artery	 

with left ligamentum arteriosum
Left thoracotomy

•	 Mirror-image	branching	and	right	retro-esophageal	 
ligamentum arteriosum

Left thoracotomy

Left aortic arch
•	 Aberrant	right	subclavian	artery	with	right	ligamentum	arteriosum Right thoracotomy
•	 Right	descending	aorta	and	right	ligamentum	arteriosum Right thoracotomy
Anomalous innominate artery Right thoracotomy or median sternotomy
Cervical aortic arch Median sternotomy
Pulmonary artery sling Median sternotomy

Fig. 17.4 A double aortic arch with right arch domi-
nance creating a vascular ring encircling the trachea and 
esophagus. The ligamentum arteriosum is seen arising 
from the underside of the left arch. The vessels arising 
from the posterior right arch from left to right in the figure 
are the right carotid and right subclavian arteries. The 
 vessels arising from the anterior left arch from left to right 
in the figure are the left carotid and left subclavian arter-
ies. In this figure, both arches are patent. The left arch is 
 generally small or atretic distal to the left carotid or left 
subclavian artery

Fig. 17.5 A right aortic arch with mirror image  branching, 
an aberrant left subclavian artery, and intact left ligamen-
tum arteriosum, creating a vascular ring encircling the 
 trachea and esophagus. (Asc Ao = ascending aorta; 
MPA = main pulmonary artery; LPA = left pulmonary artery; 
RSCA = right subclavian artery; RCA = right carotid artery; 
LCA = left carotid artery; LSCA = left subclavian artery)
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being inspiratory stridor, dysphagia, wheezing, 
dyspnea, cough, and recurrent respiratory tract 
infections.47 Feeding problems are common. 
Presentation in adulthood is uncommon and 
symptoms are often attributed to asthma.50–52 The 
development of hypertension and atherosclerotic 
changes associated with aging may result in 
 exacerbation of symptoms due to development of 
vascular rigidity, tortuosity, or frank aneurysm 
formation.

Treatment

The goal of operative repair is to divide the com-
pressive vascular ring, relieve tracheobronchial 
and/or esophageal compression, and maintain 
normal perfusion of the aortic arch. The surgical 
approach to the most common vascular rings is 
via a left posterolateral thoracotomy; alternately, 
a video-assisted thoracoscopic approach (VATS) 
can be utilized. Patients with vascular rings com-
posed of nonpatent vascular structures are con-
sidered ideal candidates for VATS.53 Patients with 
vascular rings composed of patent vascular struc-
tures can be approached with a limited thoraco-
tomy and endoscopic video-assistance. With 
VATS, four trocars are placed through separate 
thoracostomies in the posterolateral chest wall. 
The arch elements are dissected free, and the 
appropriate ring elements are divided between 
sutures or vascular clips, with division of any 
remaining fibrous bands overlying the oesopha-
gus. Advantages of VATS compared to open tho-
racotomy may include smaller incision(s), 
improved vision inside the chest cavity, reduced 
postoperative pain, and reduced risk of chest wall 
deformity.

Correction for right aortic arch with aberrant 
left subclavian artery and intact left ligamentum 
arteriosum involves division of the ligamentum. 
In circumstances where the diverticulum of 
Kommerell is large, it may be necessary to excise 
it as well. Correction for double aortic arch with 
right arch dominance involves division of the 
fibrous tissue distal to either the left carotid or 
subclavian arteries. Bronchoscopy is often per-
formed in conjunction with these repairs to assess 

the degree to which compression has been 
relieved and to assess the potential degree of 
dynamic airway collapse. Long-standing tracheal 
compression in adult patients may lead to trache-
omalacia. Aortopexy, innominate artery suspen-
sion, tracheal reconstruction, or stenting may be 
necessary if symptoms persist following release 
of the ring.50,54,55 Chylothorax is an uncommon 
perioperative complication.

The potential for a variable course and rela-
tionship of the recurrent laryngeal nerve (RLN) 
to the ligamentum arteriosum and descending 
aorta makes the RLN susceptible to injury during 
either type of surgical approach to vascular ring. 
In the largest reported series, there was a 5.3% 
incidence of unilateral vocal cord paralysis.56 
Intraoperative RLN monitoring for adults has 
been reported, but a technique for infants and 
small children has also been described.57

Anesthetic Management

The choice of anaesthetic technique will depend 
on the type of vascular ring, the type and sever-
ity of underlying congenital heart disease, and 
the nature of the planned surgical procedure. 
Because of airway compression, some advise 
similar considerations in approaching these 
patients as for those with anterior mediastinal 
masses.58 On the other hand, it is not clear how 
frequently, if ever, these lesions behave in a 
fashion that is analogous to anterior mediastinal 
masses in terms of increased dynamic compres-
sion of airway and cardiovascular structures in 
response to positive pressure ventilation and 
muscle relaxation. Spontaneous ventilation and 
avoidance of muscle relaxation may be benefi-
cial in terms of maintaining airway patency dur-
ing inhalation (radial traction due to negative 
intrathoracic pressure) and having some degree 
of active expiratory force generation to over-
come obstruction during exhalation. Conversely, 
agitated breathing and forced exhalation can 
increase dynamic intrathoracic airway collapse 
(e.g. tracheomalacia) and airflow turbulence at 
the site(s) of obstruction. It is, therefore, impor-
tant to understand the cause, degree, and  location 
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of airway compromise in as great a detail as 
possible. In general, the majority of these 
patients are best approached by careful induc-
tion, assurance of the ability to ventilate with 
positive pressure, and then muscle relaxation; 
the application of positive pressure and removal 
of respiratory effort will usually result in 
improved airflow. An anaesthetic technique that 
avoids muscle relaxants is required if RLN 
monitoring is used.

In most cases with significant airway nar-
rowing, the endotracheal tube should be passed 
so that it lies proximal to the stenotic segment 
in order to avoid edema and granulation tissue 
formation caused by tube impact on the nar-
rowed area. Alternatively, cases of severe col-
lapse may require “stenting” with an 
endotracheal tube or rigid bronchoscope to 
ensure adequate ventilation. When not contrain-
dicated by the nature, location, or degree of air-
way narrowing, the surgical approach (and 
VATS in particular) may benefit from single-
lung ventilation techniques.

Major postoperative issues relate to concur-
rent cardiac defects and residual airway disor-
ders. Successful tracheal extubation is possible in 
most patients with isolated vascular rings at the 
conclusion of the procedure.59 It is important to 
remember that successful repair of the ring may 
not immediately relieve airway obstruction; this 
may be observed immediately on extubation, or 
as a remote problem after surgery. Persistent 
obstruction may be due to residual compression, 
secondary airway wall instability (malacia), or 
associated structural anomalies. Tracheomalacia 
and bronchomalacia are among the commonest 
problems, can be severe postoperatively, and may 
persist for months after successful surgery. Both 
can be exacerbated by posttraumatic edema, 
other airway lesions, and upper airway obstruc-
tion due to sedation or swelling. Prolonged intu-
bation to provide internal stabilization may be 
required to maintain airway patency in long- 
segment malacia, but can lead to endoluminal 
airway complications such as granulation tissue 
formation. When RLN injury occurs, there is a 
risk for stridor, hoarseness, and the potential for 
aspiration.

Patent Ductus Arteriosus

A patent ductus arteriosus (PDA) connects the 
main pulmonary trunk near the origin of the left 
pulmonary artery with the proximal descending 
aorta just distal to the origin of the left subclavian 
artery (Fig. 17.6). With a large, nonrestrictive 
PDA, there is little or no pressure gradient across 
the ductus and the direction and magnitude of 
shunting is determined by the ratio of pulmonary 
vascular resistance (PVR) to systemic vascular 
resistance (SVR). The more restrictive the PDA, 
the less influential the ratio of PVR:SVR becomes 
in determining shunt direction and magnitude.

The high PVR present after birth tends to limit 
the shunt magnitude until PVR begins to decrease. 
As PVR decreases, a physiologic left-to-right 
shunt (recirculation of pulmonary venous blood 
to the pulmonary artery) with increased pulmo-
nary blood flow develops. If the PDA is large and 
nonrestrictive, pulmonary blood flow will be high 
and pulmonary artery pressures will be systemic. 
In this setting, elevated pulmonary artery flow 
and pressure will eventually produce an elevation 
in PVR. Eisenmenger’s physiology will result 
with bidirectional shunting (both a physiologic 
left-to-right and right-to-left shunt) or a pure 
right-to-left shunt (recirculation of systemic 
venous blood to the aorta). Adults presenting 
with PDA generally have a restrictive PDA with 
subsystemic pulmonary artery pressures and a 

Fig. 17.6 Patent ductus arteriosus. (Asc Ao = ascending 
aorta; Desc Ao = descending aorta)
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pulmonary to systemic blood flow ratio (Q
P
:Q

S
) 

<1.5:1. In order for systemic blood flow to be 
maintained in the presence of a physiologic left-
to-right shunt, left ventricular output is increased 
and a volume load is imposed on the left ventri-
cle. In addition, the increased pulmonary blood 
flow increases pulmonary venous return and left 
atrial pressure.

Diagnosis

The murmur associated with continuous left to 
right flow across the PDA is heard at the first or 
second left intercostal space and is continuous in 
nature with a crescendo–decrescendo pattern 
(loudest in systole, diminished in diastole). 
Echocardiography typically is used to establish 
the diagnosis of PDA and to delineate size and 
direction of blood flow. In addition, the extent of 
left ventricular volume overload can be deter-
mined and indirect assessment of pulmonary 
artery pressures can be made. Echocardiography 
can also be used to quantify Q

P
:Q

S
. In the absence 

of other cardiac lesions and in the presence of left 
to right shunting, volumetric measurements at the 
mitral valve or left ventricular outflow tract will 
yield Q

P
 (total volume traversing the pulmonary 

artery and delivered to the pulmonary veins) 
while volumetric measurements at the tricuspid 
valve or right ventricular outflow tract will yield 
Q

S
 (total volume traversing the aorta and deliv-

ered to the systemic veins). Recently, use of the 
proximal isovelocity surface area (PISA) method 
to directly quantify PDA shunt volume has been 
described.60 MRI can provide high-resolution 
three-dimensional anatomic reconstruction of the 
region of the PDA. Cardiac catheterization is not 
indicated unless there is concern that significantly 
elevated PVR is present.

Treatment

Closure of the PDA was the first “cardiac” opera-
tion successfully performed by Robert Gross at 
Children’s Hospital Boston in 1938. The usual 
surgical approach is via a left thoracotomy or via 

VATS. The ductus is either ligated or ligated and 
transected. The left pulmonary artery, left main 
stem bronchus, and descending aorta are at risk 
of inadvertent ligation if the PDA is misidenti-
fied. Injury to the recurrent laryngeal nerve is 
also possible. In some adults, calcification and 
friability of the aorta and the PDA may preclude 
ligation. In this circumstance, a median sterno-
tomy and CPB is necessary. The preferred tech-
nique is closure of the ductal orifice via a 
transpulmonary artery approach using either a 
patch, a purse string, or pledgeted sutures.61–63 
With this approach, a balloon-tipped catheter is 
used to occlude the aortic end of the ductus to 
facilitate exposure by preventing back-bleeding 
(Fig. 17.7). Rarely, deep hypothermic circulatory 
arrest is utilized to facilitate exposure without use 
of balloon occlusion.64 Some patients with 
Eisenmenger’s physiology are not candidates for 
closure as removal of the right-to-left “pop-off” 
results in right ventricular failure and low cardiac 
output syndrome.

Fig. 17.7 Illustration of transpulmonary artery approach 
to PDA. A balloon-tip catheter is passed through a patch 
via a purse string and used to occlude the PDA while on 
cardiopulmonary bypass. Once the patch is sewn in place, 
the balloon is deflated, the catheter is removed, and the 
purse string closed. (Redrawn with permission from Toda 
et al. 2000)61
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Both percutaneous device closure and covered 
stent placement in the aorta have been used as 
nonoperative approaches to PDA.65,66 In patients 
with Eisenmenger’s physiology, percutaneous 
device closure offers the advantage of assessing 
hemodynamics immediately following test bal-
loon occlusion of the PDA prior to definitive clo-
sure.67,68 Percutaneous device or stent placement 
can be complicated by dislodgement of the hard-
ware downstream into the pulmonary artery or 
aorta; retrieval may require surgical intervention.

Anesthetic Management

The anesthetic management goals are summa-
rized in Table 17.3. There are a few additional 
considerations. Patients undergoing ligation via 
VATS or thoracotomy will benefit from single-
lung ventilation techniques. Blood pressure 
should be monitored in an upper and lower 
extremity. The right arm is preferable to the left 
arm because the surgeon may have to place a 
clamp on the aorta if control of the aortic end of 
the PDA is lost during dissection or ligation. 
Consideration should also be given to use of 
 cerebral near-infrared spectroscopy (NIRS) to 
monitor cerebral perfusion if clamping is likely 
to compromise left carotid blood flow. In patients 
with a large left to right shunt, there will be an 
increase in aortic diastolic blood pressure 
 following ligation due to cessation of runoff of 

blood into the pulmonary circulation. An upper 
and lower extremity blood pressure should be 
compared following ligation to assure that a 
coarctation has not been created.

Key Notes

 1. In patients with SVAS, the risk of sudden 
death related to procedural sedation/anesthe-
sia is underestimated. All patients with con-
genital SVAS should be considered at risk for 
myocardial ischemia and treated accordingly. 
SVAS patients with concomitant right ven-
tricular outflow tract obstruction are a particu-
lar risk.

 2. Adults with successfully repaired coarctation 
of the aorta can be expected to have systemic 
hypertension due to both anatomic abnor-
malities of the aorta and impaired vascular 
reactivity.

 3. The vast majority of patients with a vascular 
ring have either a double aortic arch with right 
arch dominance or a right aortic arch with 
mirror image branching, an aberrant left sub-
clavian artery, and intact left ligamentum arte-
riosum. Many of these patients will have 
associated tracheomalacia that may be slow to 
resolve following successful surgery.

 4. Patients with PDA will have right ventri-
cular volume overload, the severity of which 
 parallels the magnitude of the physiologic 

Table 17.3 Anesthetic management goals in patients with PDA

1.  Maintain heart rate, contractility, and preload to maintain cardiac output. A reduction in cardiac output may 
compromise systemic perfusion, despite a relatively high pulmonary blood flow.

2.  Avoid decreases in the PVR:SVR ratio. The increase in pulmonary blood flow that accompanies a reduced 
PVR:SVR ratio necessitates an increase in cardiac output to maintain systemic blood flow.

3.  Avoid large increases in the PVR:SVR ratio. An increase may result in production of a right-to-left shunt.
4.  In instances in which a right-to-left shunt exists, ventilatory measures to decrease PVR should be used. In 

addition, SVR must be maintained or increased. These measures will reduce the magnitude of the right-to-left 
shunt.

5.  Control of ventilation with manipulation of PaO
2
, PaCO

2
, pH, and lung volumes are the best methods for altering 

PVR independently of SVR. PVR is lowest when lung volumes are at or near FRC. A combination of a high 
inspired FiO

2
, a PaO

2
 higher than 60 mmHg, a PaCO

2
 of 30–35 mmHg, a pH of 7.50–7.60, and low inspiratory 

pressures without high levels of PEEP, will produce reliable reductions in PVR. Conversely, a reduced FiO
2
, a 

PaO
2
 of 50–60 mmHg, a PaCO

2
 of 45–55 mmHg, and the application of PEEP, can be used to increase PVR.

PDA = patent ductus arteriosus; PVR = pulmonary vascular resistance; SVR = systemic vascular resistance; 
FRC =  functional residual capacity.
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 left-to-right shunt. Some adult patients will 
require PDA closure on CPB due to calcifica-
tion of the aorta or aortic atheromatous disease.
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Introduction

On May 6, 1953, John H Gibbon Jr., a Philadelphia 
surgeon, performed the world’s first successful 
open heart procedure in which total heart–lung 
bypass was employed.1 Since that time, aortic 
manipulation and postoperative neurological 
complications have coexisted. Aortic atheroscle-
rosis remains a significant marker of coronary 
artery disease, perioperative vascular events, 
stroke, and even renal dysfunction. Although car-
diac surgery is unique in that manipulation of the 
ascending aorta is almost routine, surgical han-
dling of a diseased aorta is not always without 
risk.

The early days of valve replacement surgery 
were marked by frequent and severe cerebral 
complications. Fatal ischemic brain injury was 
observed in 9–14% of patients.2–4 However, vari-
ations in methodology were responsible for large 
differences in the incidence of central nervous 
system (CNS) complications.5 Prospective stud-
ies reported that postoperative CNS complica-
tions were common and manifest in over 60% of 
patients, whereas retrospective studies reported 

cerebral complications detectable in as little as 
1–6% of patients.6–9 Mechanisms contributing to 
those complications were thought to be mainly 
cerebral hypoperfusion as well as macro- and 
microembolizations of air, particulate matter, or 
aggregated blood elements.5 However, despite 
advances in surgical and perfusion techniques, 
neurological complications after cardiac surgery 
remained a clinically relevant problem.

In 1996, halfway into what was later known 
as “the decade of the brain,”10 Roach et al. pub-
lished the results of a prospective observational 
study on adverse cerebral outcomes after coro-
nary artery bypass surgery (CABG).11 They 
reported a 6.1% incidence of adverse cerebral 
outcomes (coma, stroke, transient ischemic 
attacks – TIAs, seizures, or cognitive deficits). 
This study led to widespread recognition of a 
problem that had been described in similar set-
tings since the early 1980s.12,13 In the current era, 
these complications mainly present as deficits in 
memory and learning, and are often defined as 
postoperative neurocognitive deficits (POCD) 
that may exist in a large proportion of patients 
undergoing cardiac surgery.14 The spectrum of 
neurological dysfunction after cardiac surgery 
therefore ranges from ischemic stroke to the 
more subtle POCD. Atherosclerotic disease of 
the aorta is considered one of the most important 
etiologic risk factors common to all types of neu-
rological dysfunctions.
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Neurological Dysfunction After 
Cardiac Surgery

Atherosclerotic disease of the aorta is strongly 
associated with neurological complications after 
cardiac surgery (Fig. 18.1). Both stroke and 
POCD can be devastating for the patient and their 
family, and have major implications for quality of 
life and hospital resource utilization. The rela-
tionship between aortic atheroma and stroke fol-
lowing cardiac surgery has been confirmed in 
several studies.15–17 The location of atheroma in 
separate regions within the ascending aorta have 
also been evaluated in their association with 
stroke.17 From a mechanistic viewpoint, the rela-
tionship is simple – atheroma may be detached 
from surgical manipulation for cannulation, 
cross-clamping and aorto-coronary anastomoses, 
and get redirected to the cerebral circulation 
where they cause ischemic complications. 
However, the relationship between aortic athero-
sclerosis and POCD is more complex.

The incidence of POCD after cardiac surgery 
varies between 20% and 80%, depending on the 
definition used, population studied, tests used to 
evaluate POCD, and the timing of the evaluation 
after surgery.18 In a longitudinal study by the 
Neurological Outcomes Research Group at our 
institution, the incidence of POCD after CABG was 

found to be 53% at discharge, 36% at 6 weeks after 
operation, and 24% at 6 months.18 Importantly, 
 neurocognitive decline significantly reduced qual-
ity of life after surgery, which may have important 
social and financial implications, again highlighting 
the importance of preventing this complication.19

While the etiology of postoperative stroke 
has been established, the causative factors for 
POCD are less clearly defined. Some known 
risk factors for POCD after cardiac surgery 
include advanced age, lower level of education, 
apolipoprotein E4 genotype, atrial fibrillation, 
rate of rewarming after hypothermic cardiopul-
monary bypass (CPB), and postoperative hyper-
thermia.20 A major mechanism implicated in 
POCD after cardiac surgery is multiple brain 
microemboli, and a correlation exists between 
atherosclerotic aortic disease and the number of 
cerebral emboli detected by transcranial Doppler 
(TCD) (Fig. 18.2).21 Some studies have reported 
a correlation between degree of aortic atheroma 
burden and incidence of POCD,22 while others 
have not confirmed such an association.23

Several large studies have grouped adverse 
cerebral outcomes after cardiac surgery into type I 
(death to stroke or hypoxic encephalopathy, non-
fatal stroke, TIA, or stupor or coma at time of dis-
charge) or type II (decline in intellectual function, 
memory deficit, or seizures) outcomes. Roach 
et al. reported a 3.1% and 3.0% incidence of both 

Fig. 18.1 Intraoperative transesophageal echocardio-
graphic view of the descending aorta in long axis demon-
strating a large intraluminal atheroma
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Fig. 18.2 Relationship between atheroma burden in the 
aortic arch and number of emboli detected by transcranial 
Doppler (Permission obtained from Mackensen et al.21)
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outcomes, respectively, after CABG surgery. In a 
study examining patients undergoing intracardiac 
procedures combined with CABG, Wolman found 
adverse cerebral outcomes in 16% of patients, 
being nearly equally divided between type I 
(8.4%) and type II outcomes (7.3%).24 Their 
group also showed that resource utilization was 
 significantly increased with this complication. 
Considering the large number of cardiac surgical 
procedures performed worldwide, the implica-
tions of these adverse events on healthcare stay 
and costs are significant. As an example, estimated 
costs for patients with stroke after CABG surgery 
exceed $2–4 billion annually worldwide.11

Several patient factors for neurological 
 dysfunction have been identified over the years 
(Table 18.1). While some are more specific to 
type I outcomes (proximal aortic atherosclerosis, 
history of neurologic disease, age of 70 or more, 
history of hypertension, pulmonary disease, dia-
betes mellitus, and unstable angina), other risk 
factors are more common in type II complica-
tions (prior cardiac surgery, dysrhythmias, exces-
sive alcohol consumption, history of peripheral 
vascular disease, pulmonary disease, age and 
hypertension).11 In addition, Newman et al. iden-
tified older age, lower level of education, and evi-
dence of cognitive decline at discharge as 
predictors of cognitive decline 5 years after 
CABG surgery.18 A relatively recent development 
is the finding that certain genetic variations may 
increase susceptibility for cardiac surgery-associated 

adverse cerebral outcomes. Mathew and  colleagues 
have shown that certain platelet glycoprotein 
polymorphisms and P-selectin and C reactive 
protein variants  predispose individuals to POCD 
after CABG surgery.25,26

In the following text, a select few factors 
 proposed as primary causes of adverse cerebral 
outcomes will be briefly discussed. These are 
important, in that they may represent modifiable 
factors in our efforts to prevent neurological com-
plications after cardiac surgery.

Microemboli

Microemboli are defined as emboli less than 
200 mm in size. Microembolization of gas or par-
ticulate material into the cerebral circulation can 
result in focal ischemia with devastating effects. 
Particulate material mostly consists of aortic 
atheroma, thrombus, or other debris from the 
 surgical area, released during aortic manipula-
tion, for instance, during cannulation or cross-
clamping.27 During CPB, the pulmonary vascular 
bed that under normal conditions functions as a 
natural filter between the venous and arterial cir-
culation, is removed. At the end of the 1980s, 
evidence accumulated that bubble oxygenators – 
compared to membrane oxygenators – produce 
large quantities of microbubbles that can be 
detected in cerebral and carotid arteries when 
compared to membrane oxygenators.28,29 As a 
result, bubble oxygenators were slowly replaced 
by membrane oxygenators, and in modern car-
diac surgery, these are now the standard of care. 
The change in oxygenator type is an excellent 
example of how research in neurological out-
comes prompted a relevant change in clinical 
practice.

Cognitive decline after cardiac surgery has 
also been related to the cerebral microembolic 
load during CPB and the length of CPB and aor-
tic cross-clamp times.30,31 Katz and colleagues 
showed a relationship between the severity of 
protruding aortic arch atheroma and the incidence 
of stroke.15 The severity of aortic atheromatous 
disease in the descending aorta as diagnosed by 
transesophageal echocardiography (TEE) has 

Table 18.1 Preoperative patient factors increasing the 
risk of postoperative neurologic dysfunction after cardiac 
surgery

Older age
Obesity
Advanced proximal aortic atherosclerosis with risk of 
cerebral embolism
Cerebrovascular disease
History of neurologic disease (stroke, transient 
ischemic attack, or depression)
Other systemic illnesses (Hypertension, diabetes, renal 
insufficiency, chronic pulmonary disease, coronary 
artery disease, peripheral vascular disease)
Hypercoagulability
Lower education level and lower baseline cognition
Presence of CRP1059G/SELP1087G polymorphisms
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also been shown to be a predictor for stroke in 
CABG surgery.16 Even outside the setting of car-
diac surgery, significant thoracic aortic plaques 
(>4 mm) are found to be an independent risk fac-
tor for ischemic stroke and patients suffering 
from a stroke may now routinely undergo TEE 
examinations to monitor the progress of their 
atheromatous disease.32,33

A postmortem study examining brains of 
patients who died shortly after surgery using CPB 
revealed small capillary arteriolar dilatations 
(SCADs). These SCADs occur in large numbers 
and are thought to be the result of microembo-
lization of lipids.34,35 Non particulate emboli are 
mostly gaseous in composition and are often 
introduced into the circulation during cannula-
tion or insufficient de-airing after open-chamber 
procedures (Fig. 18.3).36

Hypoperfusion

Hypoperfusion, as a result of generalized hypoten-
sion, is also considered an important etiologic 
factor. Hypotension may also be associated with 
increased incidence of stroke, especially when it 
occurs in combination with severe atheromatous 
disease of the descending aorta.16 Several studies 

have identified prolonged hypotension as a risk 
factor for adverse cerebral outcomes.11,37 In a ran-
domized trial, Gold et al. showed that a higher 
MAP (80–100 mmHg) during bypass improves 
outcomes in long- and short-term follow-up when 
compared to low MAP (50–60 mmHg).38

Temperature Management

Animal studies have repeatedly demonstrated 
the beneficial effect of hypothermia in experi-
mental cerebral ischemia.39–41 However, in the 
clinical setting, its neuroprotective effects 
remain unclear. A large number of clinical trials 
have failed to demonstrate any benefits of hypo-
thermia for the prevention of postoperative neu-
rologic and  neurocognitive deficits.42–44 One 
possible explanation for the lack of difference in 
the various “hypothermia versus normothermia” 
studies is that all of the hypothermic patients 
eventually had to undergo rewarming. The 
rewarming process itself may have mitigated 
any benefit related to hypothermia by causing an 
“overshoot” in cerebral temperature during 
rewarming and relative cerebral hyperthermia.45 
During active rewarming, harmful cerebral 
hyperthermia might occur as the perfusate tem-
perature often is 4–6°C higher than the nasopha-
ryngeal temperature. While the impact of 
delayed rewarming (and thus hypothermia itself) 
on cognitive outcome from CPB has been dem-
onstrated to provide benefit both experimentally 
as well as clinically,46,47 this paradigm recently 
has been challenged. Boodhwani et al.48 per-
formed a randomized double-blind trial in 262 
patients to examine the effects of sustained mild 
hypothermia (34°C) versus normothermia 
(37°C) on POCD after CABG surgery. This 
study found that mild intraoperative hypo-
thermia did not decrease the incidence of neu-
rocognitive deficits as measured 3 months 
postoperatively. This conclusion was supported 
by another report of a 5-year follow-up by 
Nathan et al. who found benefit from delayed 
rewarming as late as 3 months.49 However, after 
5 years, efforts to identify benefit were 
inconclusive.50

Fig. 18.3 Air in the left ventricular cavity during de-airing 
after open cardiac procedure in the mid-esophageal long 
axis view. Air can be seen as a bright echogenic mobile 
mass (arrow) with significant acoustic drop-out. The mass 
quickly dissipates into micro-bubbles that escape through 
the aortic valve and may be vented out or embolize into the 
cerebral circulation
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Collectively, these studies indicate an adverse 
effect from rapid rewarming and cerebral hyper-
thermia. Therefore, in light of experimental evi-
dence showing that very small differences in 
temperature may significantly alter outcomes fol-
lowing cerebral ischemia, hyperthermia in the 
setting of cardiac surgery should be avoided.51

Inflammation

The conduct of CPB is associated with an 
enhanced systemic inflammatory response. 
Contact of blood components with the nonen-
dothelialized artificial surfaces of the circuit, 
along with the reaction to tissue injury due to sur-
gery itself, possible endotoxemia from the gut, 
and the inevitable ischemia-perfusion injury of 
heart and lungs all lead to activation of leuko-
cytes, endothelial cells, and coagulation cascades. 
This leads to leukocyte extravasation, lipid 
 peroxidation, cell death, and organ dysfunc-
tion.52,53 However, evidence for this sequence of 
events in humans is indirect (measurement of 
cytokine levels) or extrapolated from animal 
studies. In a rat model of CPB, Hindman et al. 
showed that bypass induces upregulation of the 
proinflammatory cyclooxygenase-2 gene in the 
brain.54 In rats, it was also shown that CPB per se 
induces apoptosis-related caspases in the brain,55 
but direct evidence of a relationship between 
inflammation and outcomes remains unclear.

Westaby et al. found no correlation between 
inflammation and neurologic outcomes in CABG 
patients.56 Interestingly however, studies suggest 
that genetic variability associated with inflamma-
tory pathways, like certain interleukin (IL-6) and 
C-reactive protein (CRP) polymorphisms, are sig-
nificantly associated with postoperative stroke.25,57 
In more recent work, we have also identified 
 single-nucleotide polymorphism of P-selectin and 
CRP genes that modulate susceptibility to cogni-
tive decline after cardiac surgery. In 513 patients, 
logistic regression revealed that in addition to age, 
baseline cognition, and years of education, a CRP 
1059 G/C SNP and an SELP (P-selectin) 1087 G/A 
SNP were significantly associated with postoper-
ative cognitive decline.25 Functionally, these CRP 

and SELP SNPs were associated with reductions 
in serum CRP and platelet activation, respectively, 
suggesting that therapies aimed at reducing the 
perioperative inflammatory and prothrombotic 
state may be beneficial. In summary, these find-
ings suggest that specific genes modulate the inci-
dence and variability of cerebral injury after 
cardiac surgery.

Echocardiographic Assessment  
of Atheromatous Disease

The high risk of neurological dysfunction associ-
ated with aortic atherosclerosis is a compelling 
argument for routine atheroma screening of the 
thoracic aorta during cardiac surgery.58 Practice 
guidelines published by the American College 
of Cardiology/American Heart Association/
American Society of Echocardiography consider 
the use of TEE for cardiac surgery utilizing CPB 
a class IIA indication for the assessment of aortic 
atheroma.59,60

The anatomical proximity of the aorta with the 
esophagus makes TEE an ideal imaging modality 
for the thoracic aorta. Echocardiographic views 
must keep the relationship between the esopha-
gus and the aorta in perspective at all times. Since 
the aorta and TEE probe are in proximity, high-
resolution images can be acquired at an imaging 
depth of about 5–7 cm in most adult patients. 
This imaging depth also provides adequate spa-
tial resolution to measure atheroma burden in the 
aorta. Detailed TEE examination of aorta is 
described in the chapter on echocardiography of 
aorta.

The thoracic aorta can be divided into six 
zones corresponding to potential manipulations 
during cardiac surgery. Zone 1 (proximal ascen-
ding) is the site of aortotomy for valve replace-
ment. Zone 2 (mid ascending) is the site of 
proximal anastomosis of coronary grafts. Zone 3 
(distal ascending) is the site of antegrade car-
dioplegia cannulation and aortic cross-clamping. 
Zone 4 (proximal arch) is the site of aortic can-
nulation. Zone 5 (distal arch) is not manipulated 
directly but can be affected by jet stream of  
CPB flow and prone for sand blasting effect of 
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atheromas from the aortic cannula tip (Fig. 18.4).61 
Zone 6 is the proximal descending aorta and is 
the position of correctly placed IABP. Zones 3 
and 4, the sites of important manipulations dur-
ing cardiac surgery, are difficult to visualize using 
TEE because of the so-called “blind-spot.” At 
this level, the air-filled trachea and left main 
bronchus are interposed between the esophagus 
and the ascending aorta and therefore echocar-
diographic visualization with TEE becomes dif-
ficult.62 A meta-analysis published in 2008 
showed that conventional TEE is not sufficiently 
capable of adequately assessing the ascending 
aorta for clinically relevant atherosclerosis.63 The 
low sensitivity of TEE (21%) implies that in case 
of a negative TEE result, further verification by 
additional testing using an alternate technique 
may be indicated.

Some of these alternate techniques include a 
novel saline-filled balloon catheter that replaces 
the air in the trachea, and epiaortic ultrasound 
imaging.

A-View Catheter

The newly introduced A-view catheter (Cordatec 
Inc., Zoersel, Belgium) uses a saline-filled bal-
loon catheter to replace the air in the trachea to 
overcome the “blind spot of TEE.”64,65 The saline 
creates an ultrasound conducting medium through 

which imaging of the distal ascending aorta is 
feasible. After several minutes of preoxygen-
ation, the catheter is gently introduced through 
the endotracheal tube into the trachea and left 
main bronchus of the patient and filled with ster-
ile saline. The A-view catheter exhibited good 
agreement when compared to epiaortic ultra-
sound (EAU) in detecting plaque presence, but 
performed poorly with regard to plaque-size 
measurements. This catheter might prove to be a 
quick and reliable technique to assess atheroma-
tous disease when epiaortic scanning is unavail-
able (closed chest) or considered a risk (e.g., 
introduction of infection?) and may also prove to 
be very suitable in perioperative assessment of 
dissections. A prospective randomized trial that 
examines the usefulness of the A-view catheter to 
assess the severity of atheromatous disease of the 
ascending aorta as compared to regular epiaortic 
scanning and surgical palpation of the aorta is 
ongoing in the Netherlands (personal communi-
cation, Dr. A. Nierich).

Epiaortic Ultrasound

Although still not routinely applied in all settings, 
EAU has consistently been shown to be superior 
in localizing atheromatous disease when com-
pared to direct surgical palpation. Marshall et al. 
showed that when digital palpation identified 
24% of CABG patients with atherosclerotic dis-
ease in the ascending aorta, EAU identified 58% 
of the study population with atheromatous dis-
ease.66 In a recent study, 12% of patients were 
determined to have atheromatous disease with 
digital palpation compared with 20% on TEE and 
53% by EAU.67 Palpation therefore seems to 
underestimate the presence of atherosclerotic dis-
ease in the ascending aorta, while EAU appears 
to currently be the best imaging modality for 
determining severity of atheromatous disease in 
the ascending aorta intraoperatively. Detailed 
description of the technique are provided in a 
recent ASE/SCA guidelines document that fea-
tures intraoperative EAU (Fig. 18.5).68

The ASE/SCA guidelines for EAU  recommend 
a minimum of five views, starting from the 

Fig. 18.4 Upper esophageal view of the junction of the 
distal aortic arch and descending aorta demonstrating the 
proximity of the aortic cannula to a large atheroma located 
on the opposite wall
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 sinotubular junction and extending up to the 
 origin of the innominate artery and the aortic 
arch. Each of the proximal, mid and distal seg-
ments in short axis should be obtained along with 
a long axis image of the ascending aorta and a 
long axis view of the aortic arch including all 
three major vessels (Fig. 18.6a and 18.6b). It is 
imperative that all pertinent findings should be 
reported to the surgical team before manipulation 
of the aorta as this knowledge will enable the sur-
geon to optimize surgical technique for the indi-
vidual patient and reduce the risk of stroke.

3D TEE

A relatively new development in ultrasound tech-
nology, real-time three-dimensional TEE (RT-3D-
TEE), may provide more detailed information on 
the extent and location of atheromatous disease. It 
also allows for volumetric imaging of atheroscle-
rotic plaque. While a live 3D slice is easier to 
obtain, a live 3D zoom image or a full volume 
loop allow offline volumetric assessment. The 
limitations of imaging the distal ascending aorta, 
however, remain with RT-3D-TEE. Some of these 
may be overcome with 3D epiaortic imaging. 
While real-time 3D ultrasound images can be 

acquired using a 3D surface probe, these are 
 subject to the same pros and cons as 2D epiaortic 
imaging. Another disadvantage could be the rela-
tively lower imaging resolution when using a 
4 MHz 3D probe compared to the superior resolu-
tion from the more typical 10–12 MHz 2D sur-
face probes. Some authors have described the use 
of live 3D imaging for the identification and local-
ization of plaque and correlating this with the pro-
posed surgical entry sites. The full-volume mode 
was then used to evaluate the proposed sites com-
pletely and to ensure that no plaques were missed 
at those sites during the live 3D scanning.69  
A case series using RT-3D EAU showed that 3D 
was better in displaying diffusely dispersed 
plaques. Another advantage of 3D epiaortic scan 
might be the inclusion of discernable landmarks 
within the aorta like the AV to clarify the relative 
position of the plaque.70 To our  knowledge, no 
grading scale specific to 3D assessment of aortic 
atheroma has been described so far.

Grading of Atheroma

Several investigators have attempted to objec-
tively define the risk of postoperative complica-
tions with aortic atheromatous disease. Grading 
systems have evolved to categorize atheromatous 
plaques based on physical appearance during 
perioperative ultrasound imaging.

The appearance of an atheroma primarily 
determines its prognostic value. An ideal grading 
system must take several factors into consider-
ation. First, a smooth intimal surface poses less 
risk compared to irregular intimal thickening. 
Second, protruding atheromas carry a higher risk 
compared to simple intimal thickening. Third, 
atheromas with mobile elements have the highest 
risk and must receive special attention. Complex 
plaques with calcification and/or ulcerations also 
carry a higher risk of detachment and emboliza-
tion. They may represent a more severe form of 
generalized atherosclerosis and are strongly asso-
ciated with adverse outcome.

Location of the atheroma is another important 
consideration in determining the risk of adverse 
outcome. Investigators attempting to quantify 

Fig. 18.5 Technique of epiaortic ultrasound examination 
of the ascending aorta. Picture shows the surgeon placing 
the epiaortic probe covered in the sterile sheath directly on 
the aorta. A saline standoff (arrow) can be placed between 
the aorta and the probe for the better visualization of the 
anterior wall of aorta. Anesthesiologist looks at the 
echocardiography machine screen and interprets the  aortic 
pathology
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risk of aortic atheroma have done so using  various 
techniques (epiaortic ultrasound, biplane TEE, 
grayscale density) in different locations (ascend-
ing, arch, and descending aorta). The alteration 
of surgical technique after detection of atheroma-
tous disease also confounds risk assessment. 
However, if an atheroma of any grade greater 
than simple intimal thickening is detected in a 
manipulation zone by epiaortic ultrasound, a suit-
able alternate location is usually explored.

There is considerable variability between 
 qualitative and quantitative interpretation of ather-
oma. There is no uniform definition of irregularity 
of surface, echocardiographic appearance of 
ulcerated plaques, calcified lesions, or grayscale 
intensity. Therefore, these features cannot be uni-
versally applied to a common grading protocol. For 
instance, grayscale intensity of an atheromatous 
lesion can be altered by the machine operator, 
while the  distinction between a calcified plaque 

Fig. 18.6 Epiaortic image of ascending aorta in short 
axis (18.6a) and long axis (18.6b) obtained with phased 
array transducer. A anterior, P posterior, RL right lateral, 

LL left lateral walls of ascending aorta, RPA right pulmo-
nary artery, SVC superior vena cava (Reprinted with 
 permission from Glas et al.68)
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versus a densely fibrotic one may not be simple. On 
the other hand, size and mobility are objective criteria 
that are less subject to variability in interpretation.

Several grading protocols have been described 
(Table 18.2). These studies have used TEE in dif-
ferent patient populations and categorized ather-
omas in various locations in the thoracic aorta. 
They are common in that they have attempted to 
use atheroma grades to predict mortality, stroke, 
or other embolic phenomena.

Kronzon and associates introduced a widely 
used grading protocol in 1992.15 They classified 
atheromas based on intraoperative TEE in any 
location in the aorta. They also correlated the 
grade or severity of atheroma with postoperative 
stroke. They found a highly significant associa-
tion between mobile plaques and stroke and con-
cluded that aortic manipulation during surgery 
played an important role in detachment of these 
mobile atheromas.

The French Study of Aortic Plaques in Stroke 
Group classified atherosclerotic plaques in the aorta 
based on the maximal size of plaque in the “far 
wall” of the image in 250 patients with history of 
stroke compared with 250 controls.33 They did 
not separately classify plaques with a mobile ele-
ment, but did find that plaques greater than 4 mm 
in thickness were strongly associated with cere-
bral infarction. Ferrari and colleagues adapted 
the grading system from the French group and 
classified mobile atheroma separately.71 These 
investigators also found a strong association 
between mobile atheroma (referred to as aortic 
debris) and mortality or embolic events.

In an analysis of 104 of 3,661 patients undergo-
ing CABG determined to have mobile aortic 
plaques on TEE examination, Trehan et al. reported 
one incident of postoperative stroke.72 Significantly, 
surgical technique was modified when a mobile 
plaque was observed in order to reduce the risk of 
an adverse neurological outcome.

Almost all studies have reported a strong asso-
ciation between higher grades of atheroma and 
adverse outcome (Table 18.3). This association is 
particularly strong when the atheroma has a 
mobile element to it. Although mobile atheromas 
represent a severe form of atherosclerosis, other 

versions of the same disease process may exist. 
These are termed as “complex” plaques with 
 calcification, ulceration, or thrombosis. Each of 
these lesions also represents severe atheroscle-
rotic disease that is associated with adverse neu-
rological outcome.

A common feature of studies on aortic ather-
oma and outcome has been a universal admission 
of TEE being a poor modality for imaging the 
proximal-mid aortic arch. The anatomical inter-
position of an air-filled trachea between this 
 portion of the aorta and the esophagus makes 
TEE imaging difficult. Another limitation of TEE 
is that by only using maximal height of an ather-
oma, the atheroma “burden” of more extensive 
plaques may be underestimated. Some investiga-
tors have attempted to overcome this limitation 
by using area of atheroma to represent total ather-
oma burden (Fig. 18.7).21 This, however, is a con-
tinuous measure rather than a categorical one and 
cannot be extrapolated to currently used grading 
systems. In addition, area measurements of ather-
oma burden are made using specialized software 
and are usually analyzed “offline.” This does not 
enable instantaneous decision-making in the 
operating room, and therefore is not typically 
used for preventive surgical strategies.

A systematic analysis of grading systems in 
published literature revealed nine unique categor-
ical grading systems. Of these, two grading 
 systems15,73 were used in 17 studies involving 
10,300 cardiac surgery patients from 1992 to 
2005 (Table 18.3). The remaining grading sys-
tems were not validated by other investigators. 
Two distinct features were clear. Mobile athero-
mas confer the highest risk of adverse neurologi-
cal outcome regardless of size. A comparison of 
outcomes between patients who have atheromas 
less than 5 mm and less than 3 mm is not feasible, 
since studies that grouped atheromas less than 
5 mm also included cases with atheromas less 
than 3 mm.

The American Society of Echocardiography 
(ASE) and the Society of Cardiovascular 
Anesthesiologists (SCA) have published recom-
mendations for atheroma grading as part of the 
guideline document on epiaortic ultrasound.68
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Strategies for Preventing 
Neurological Dysfunction

Multiple strategies exist that can be utilized to 
minimize embolization of atheromatous material 
liberated from the aortic wall to the cerebral  
circulation. As outlined above, the use of TEE and 
epiaortic scanning facilitates a “knowledgeable 
avoidance” of the atheromatous ascending aorta 
with respect to cannulation, clamping, and anasto-
mosis placement.74–76 Optimal placement of the 
aortic cannula in an area relatively devoid of 
plaque,61,75 and the use of specialized cannulae with 
optimal hydrodynamics and less “sandblasting” 
effects can also be considered to decrease embo-
lization of the plaque.77 Cannulation of the axillary 
artery for patients with extensive aortic plaque 
may also be beneficial and is used by many centers 
as an alternative approach.78 Without question, 
patients with severe atheromatous burden in the 
aortic arch are at highest risk for the development 
of perioperative stroke. However, endarterectomy 
of the aortic arch does not appear to be a suitable 
approach to prevent embolization of atheromatous 
material during surgery in these patients. In fact, 

the opposite is the case as it has been shown to 
increase the risk of serious embolization signifi-
cantly. In a subgroup of 43 patients that were part 
of a larger study of cardiac surgery patients with 
severe aortic arch plaque, aortic arch endarterec-
tomy was performed to prevent perioperative 
stroke. Of note, the stroke rate was nearly three 
times higher (34.9%) if an endarterectomy was 
done just before the onset of cardiac surgery 
than if an endarterectomy was not performed.79 
Manipulation of the diseased aorta may have 
resulted in embolization of debris or the disruption 
of the intimal surface may have resulted in forma-
tion of new thrombus that subsequently became 
dislodged. Ascending aortic replacement has also 
been reported in patients with moderate to severe 
plaque in the ascending aorta without postopera-
tive stroke.80 The conflicting data and the lack of a 
large randomized trial comparing these rather 
aggressive interventions with a standard approach 
indicate more conservative alterations of the surgi-
cal technique. These include the change of the 
aortic cannulation site, the use of an axillary or 
femoral cannulation site, or the conduct of  
single aortic cross-clamping fibrillatory arrest. 
Other strategies to reduce manipulation of the 

Fig. 18.7 Atheroma burden estimation using the technique described by Mackensen et al. (Permission obtained from 
Mackensen et al.21)
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Fig. 18.8 Neurobehavioral status at 6 months. p = 0.179 
by Fisher’s exact test. Neuropsychological deficits in all 
three groups up to 6 months. At 6 weeks and 6 months, 
patients assigned to the single clamp technique had a sig-
nificantly lower incidence of neurocognitive deficits than 
those treated with multiple clamp technique. Patients 

undergoing off-pump surgery were not different from those 
with reduced aortic manipulation suggesting that the surgi-
cal technique may indeed play a primary role. Multi = mul-
tiple aortic cross-clamp; OPCAB = off-pump coronary 
artery bypass grafting; Single = single aortic cross-clamp 
(Reproduced with permission from Hammon et al.82)

diseased aorta include the use of all arterial grafts 
such as internal mammary arteries, single aortic 
cross-clamping, or off-pump cardiac surgery 
with the use of an aortic side-clamp only.81 
Using a single aortic cross-clamp application, 
Hammon et al. have demonstrated that minimiz-
ing manipulation of the ascending aorta can  
significantly reduce postoperative cognitive loss 
(Fig. 18.8).82

Specialized cannulae that contain filtering 
technologies have been developed and while they 
have been shown to be safe and effective with an 
emboli capture rate of up to 97%, a multicenter 
randomized trial showed no difference in stroke, 
transient ischemic attack, or mortality rates in the 
filtered versus the nonfiltered group.

Although it may seem reasonable to assume that 
the elimination of CPB with off-pump coronary 
bypass surgery (OPCAB) would reduce some of 
the cerebral injury associated with aortic athero-
sclerosis, other mechanisms of cerebral injury 
remain and cognitive dysfunction is well docu-
mented in OPCAB patients.83 In fact, a  randomized 
controlled trial of off-pump versus on-pump car-
diac surgery reported an incidence of 30.8% of 

cognitive decline at 12 months in the off-pump 
group.83,84 The reason for this may be explained 
by the complex underlying pathophysiology. 
OPCAB, with its continued use of sternotomy, 
heparin administration, and wide hemodynamic 
swings activates the inflammatory processes that 
play a role in mediating cardiac surgery-related 
cerebral injury.85 Traditional embolic theories are 
also still valid, as ascending aortic manipulation 
with the resultant particulate embolization is still 
commonly used. In addition, hemodynamic com-
promise due to manipulation of the heart has been 
associated with significant jugular venous desat-
uration,86 which in turn is associated with cogni-
tive decline.87

With a recent meta-analysis concluding that 
graft patency in OPCAB is inferior to that in on-
pump CPB,88 there is increasing interest in deter-
mining the effect of OPCAB on neurological 
outcome. The largest trial to date comparing 
OPCAB to conventional on-pump CABG surgery 
failed to show a difference in stroke rate or neu-
rocognitive outcome in low-risk patients at 1 year 
and 5 years after surgery.83,84 Al-Ruzzeh et al. 
 re-examined the potential benefit of OPCAB in a 

409



F. de Lange et al.

more recent study (n = 168) that better controlled 
for some of the aortic manipulative limitations.89 
They demonstrated better neurocognitive func-
tion in the OPCAB group at both 6 weeks and 
6 months postoperatively, without any compro-
mise in coronary angiographic outcome in the 
OPCAB group. A meta-analysis performed by 
Wijeysundera et al. assessed the effects of 
OPCAB surgery on mortality and morbidity, and 
included 37 randomized controlled trials and 22 
risk-adjusted observational studies. While obser-
vational studies showed OPCAB to be associated 
with a reduced stroke rate (OR 0.62; 95% CI 
0.55–0.69), the randomized controlled trials did 
not show a statistically significant reduction (OR 
0.52; 95% CI 0.25–1.05).90 Results of further 
prospective studies will not only help to clarify 
whether OPCAB procedures will lower neuro-
logical complications, but also in which patient 
population this procedure should be optimally 
targeted. Are high-risk neurologic patients the 
best choice for OPCAB, where a compromise of 
potentially incomplete adequate revasculariza-
tion may be made in order to prevent debilitating 
stroke? Or should we perform OPCAB proce-
dures predominantly in younger patients, in 
whom the risk of neurological complications is 
lower, but who would gain from the longer graft 
patency from conventional CABG?

As outlined above, there are multiple sources 
of emboli, both particulate and gaseous, during 
the normal conduct of CPB. The CPB circuit itself 
contributes to this load through the generation of 
particulate emboli in the form of platelet–fibrin 
aggregates and other debris produced within the 
circuit. Shed blood that is returned to the venous 
reservoir from the surgical field via cardiotomy 
suction has been identified as a major contribut-
ing factor as it adds to the embolic load by increas-
ing thrombin and platelet activation,91 levels of 
lipid microparticles, as well as other cellular 
debris.34,92 Due to its small size and deformability, 
most of this material will unfortunately pass 
through standard arterial line filters. Despite evi-
dence that leukocyte-depleting filters may reduce 
cerebral microemboli during CPB based on tran-
scranial Doppler measurements, this resulted only 
in a trend toward improved neuropsychological 
outcome in the filtered group.93 There is also 

 evidence that lipid microparticles may embolize 
into the cerebral circulation as they can be found 
in cerebral vasculature after cardiac surgery.94 
Two recent prospective randomized double-blind 
trials investigated the effect of blood processing 
via a cell-saver system as opposed to cardiotomy 
suction on cognitive outcome after cardiac sur-
gery. Rubens et al. who included 264 patients 
undergoing CABG and/or aortic valve surgery 
reported no clinical evidence of a beneficial effect 
on postoperative cognition.95 In the second trial 
that also compared the use of cell-saver with car-
diotomy suction (defined as control), processing 
shed blood resulted in a significant reduction in 
postoperative neurocognitive dysfunction after 
CABG surgery in the elderly.96 Importantly, there 
were significant differences in the study design of 
these two trials that may have contributed to the 
 conflicting results. Among others, these include 
 differences in the definition of cognitive decline 
and the use of two very different cell-saver  
systems with uniquely diverse processing capa-
bilities. Further, both trials demonstrated an 
increase in bleeding and transfusion, a risk that 
may outweigh any potential benefit of this tech-
nique and may be due to a reduction of both plate-
let and coagulation factors.

Neurological Dysfunction After 
Aortic Surgery

Patients undergoing aortic surgery are at a higher 
risk for the development of postoperative neuro-
logic dysfunction than any other cardiac surgery. 
Manipulation of the diseased aorta, which is 
unavoidable in these patients, and the use of hypo-
thermic circulatory arrest predispose them to the 
higher incidence of stroke and POCD. Risk is high-
est with aortic arch surgery (up to 30%), but neuro-
logical deficits are not uncommon following 
ascending aortic (1.8–5.9%), descending thoracic 
aortic (6%), and endovascular aortic surgery 
 (2.3–8.7%). In addition to preoperative patient fac-
tors (Table 18.1), numerous perioperative risk fac-
tors have been identified (Table 18.4). Neurological 
complications after aortic surgery may range from 
transient reversible dysfunction (delirium, 
 confusion, agitation, lethargy) to serious permanent 
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deficits. Permanent dysfunction can be focal 
(stroke) or global (extended encephalopathy, coma, 
psychosis, parkinsonism, and gait disturbances). In 
addition, patients who developed transient dysfunc-
tion are more prone for persistent long-term cogni-
tive dysfunction. While it is well known that 
prolonged circulatory arrest time is a major risk fac-
tor for neurological dysfunction, the impact of ante-
grade and retrograde cerebral perfusion in 
preventing the stroke and cognitive dysfunction is 
not clear. Antegrade cerebral perfusion should be 
considered, when the circulatory arrest time is more 
than 30 min based on the evidence from the avail-
able literature. However, there is a clear need for 
future research on strategies to improve neurologi-
cal outcomes after aortic surgery.

Key Notes

 1. Neurological injury after any cardiac surgery 
can be of two types: Type 1 injury is caused 
by macroembolization leading to cerebral 
infarction and stroke. Type 2 injury or tran-
sient neurologic dysfunction is multifactorial. 
While several risk factors have been  identified 

as important “players” in the etiology of 
 neurological injury, it is clear that micro and 
macroembolization from atherosclerosis of 
the aorta represents the most important risk 
factor that is strongly associated with adverse 
neurological outcomes after cardiac surgery 
including aortic surgery.

 2. Initial neuronal damage caused by ischemia/
hypoperfusion (atheroembolization, hypoten-
sion, rapid rewarming, prolonged hypothermic 
circulatory arrest, etc.) initiates cascade of 
events leading to ischemic reperfusion injury. 
Neurotransmitters (e.g., glutamate), apoptosis, 
calcium, oxygen free radicals, nitric oxide, 
and inflammatory mediators are involved 
in ischemia reperfusion injury. While experi-
mental studies on pharmacologic agents are 
targeted at these mechanisms to reduce neu-
ronal injury, no such drug with proven efficacy 
is available for clinical use. Therefore,  
prevention of ischemic injury should be given 
priority. Efforts must be made to diagnose 
atheromatous aortic disease, and apply strate-
gies to prevent embolization. In addition, 
adequate perfusion pressure and oxygen 
delivery should be ensured to prevent neuro-
logical compromise.

 3. Evaluation for atherosclerotic disease of aorta 
and its branches should include palpation of 
pulses, blood pressure measurement in both 
arms, duplex ultrasonography of carotid and 
subclavian vessels, and chest roentgenography 
(calcifications). Preoperative computerized 
tomographic angiography (CTA), magnetic 
resonance imaging (MRA), transthoracic 
echocardiography, and aortography, if avail-
able, should be reviewed for possible ather-
omatous aortic disease.

 4. Intraoperatively, TEE is used to evaluate the 
extent and severity of atheromatous disease. 
TEE evaluation of the distal ascending aorta is 
difficult because air-filled trachea and left main 
bronchus are interposed between the esopha-
gus and the distal ascending aorta. A-view 
catheter and the epiaortic ultrasound can be 
utilized to define atheromas at distal ascending 
aorta and proximal arch. Epiaortic scanning is 
superior to surgical palpation of the aorta in 
localizing atheromatous aortic disease.

Table 18.4 Perioperative risk factors for postoperative 
neurological dysfunction after aortic surgery

Intraoperative Postoperative

Surgery involving 
aortic arch

Reduced oxygen delivery 
(cardiac failure, respiratory 
failure, and multiorgan failure)

Urgent and 
emergency surgery 
(dissections and 
ruptured aneurysms)

Hemodynamic instability

Complex and 
prolonged repairs 
(prolonged bypass 
and cross-clamp 
time)

Hyperthermia

Blood loss and 
hemodynamic 
instability 
(hypotension)

Hyperglycemia

Long circulatory 
arrest time with 
inadequate cerebral 
perfusion

Atrial fibrillation

Hyperglycemia
Rapid rewarming
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 5. Several grading systems exist to define the 
echocardiographic severity of atheromatous 
disease. Higher-grade atheromas with mobile 
elements are associated with adverse neuro-
logical events.

 6. The use of TEE and epiaortic scanning facili-
tates a “knowledgeable avoidance” of the 
atheromatous aorta during cardiac surgical 
procedure. Such modifications of the surgical 
procedure include the use of alternate cannu-
lation sites (axillary), single clamp technique, 
off pump internal mammary arterial grafts 
only, off pump with side clamp only, the use 
of special cannulae with emboli-filtering tech-
nologies, and replacement of aorta in case of 
severe calcific atheromatous aortic disease.

 7. Neurological dysfunction after aortic surgery 
is associated with increased hospital mortality 
and morbidity, increased length of intensive 
care unit and hospital stay, and poor quality of 
life in discharged patients. While there is a 
need for more evidence-based guidelines, a 
multimodal strategy utilizing hypothermia, 
cerebral perfusion, cerebral monitoring, and 
pharmacologic agents should be adapted to 
reduce the incidence of neurologic deficits 
after aortic surgery.
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Introduction

Patients undergoing aortic surgery are generally 
high-risk patients, with high prevalence of gener-
alized atherosclerotic cardiovascular involve-
ment, hypertension, heart disease, cerebrovascular 
disease, renal impairment, and diabetes, which 
further complicate the postoperative course. 
There are over 10,000 aortic aneurysm surgeries 
performed in the US (2008, STS), and majority  
is ascending aortic surgery. The goals of 
 postoperative care of these patients are, conse-
quently, to minimize the risk of potentially severe 
 complications by  maintaining the following:

Serial clinical examination and high clinical •	
index of suspicion of potential complica-
tions in relation to the aortic aneurysm 
 disease (ascending, arch, descending, and 
thoracoabdominal)
Adequate cardiac index (CI) and well- controlled •	
blood pressure
Monitoring for cardiovascular and neurological •	
parameters
Adequate oxygenation and respiratory function•	
Attention to hemostatic function•	
Adequate urine output•	
Adequate analgesia•	

Patients undergoing open aortic surgery require 
admission to a high-dependency unit with a nurse 
to patient ratio of at least 1:1.

Specific Aortic Surgery 
Considerations

Aortic Root and Ascending Aorta

Surgery involving the ascending aorta with 
 coronary re-implantation can be complicated 
specifically by:
Coronary insufficiency secondary to kinking of 
the coronary stems or embolization of bioglue 
material, which may be used for hemostasis in 
these procedures.
Heart blocks due to the potentially vulnerable 
bundle of HIS in aortic root procedures.
Discussion with the surgeons regarding technical 
concerns is important, should any coronary insuffi-
ciency occur. Suspicion of coronary compromise 
should be immediately evaluated by coronary 
angiography or reoperations. Pacing wires function 
should be checked in aortic root procedures.

Aortic Arch Surgery

Surgery on the aortic arch involves placing the 
patient in deep hypothermic circulatory arrest 
(DHCA). Particular concerns of these patients:
Hypothermia: To avoid the deleterious effects of 
hypothermia, the patient should be restored to 
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normothermia gradually. Rapid rewarming may 
lead to hypotension, hence it is important to have 
after load restoration with adequate volume 
replacement.
Bleeding: Coagulopathy can be a challenging 
problem in these patients. 2.4–11.1% may 
require re-exploration for bleeding.1 Factor VIIa  
(2.4–4.8 mg) can be considered in difficult cases.
Neurological complications: Stroke complicates 
21.7% of aortic arch aneurysm surgery.1 It results 
from embolization of atherosclerotic debris 
leading to focal deficits, or microemboli of air or 
debris leading to diffuse brain injury.

Descending Thoracic  
and Thoracoabdominal Aortic Surgery

Paraplegia is a devastating complication of 
 thoracoabdominal aortic surgery. Other rare com-
plications include recurrent laryngeal nerve palsy 
and chylothorax.
Spinal cord ischemia and paraplegia. It is the 
most feared complication resulting from inter-
ruption of spinal cord blood supply during aortic 
clamping. Incidence varies substantially from 4% 
to 32%.2 Delayed paraplegia accounts for up to 
30% of paraplegia cases. Postoperative preven-
tive measures such as maintenance of adequate 
mean perfusion pressure should start in the 
operating room and continued in the postopera-
tive period.

Cerebrospinal Fluid (CSF) Drainage
Clamping the ascending aorta results in increased 
proximal hypertension that elevates the cerebro-
spinal fluid pressure and decreases distal spinal 
perfusion pressure. CSF  drainage to maintain a 
CSF pressure £ 10 mmHg ameliorates spinal cord 
ischemia and possibly removes the negative  
neurotrophic factors that accumulate in the CSF 
during the ischemic period. Studies have shown 
that CSF drainage substantially decreases the 
incidence of paraplegia.3

Method of CSF Drainage
CSF drainage is commenced in the operating 
room and continued in the ICU for 72 h.

An 18 G intrathecal catheter is placed through •	
the L

4
–L

5
 intervertebral space.

The catheter is connected to an external •	
 drainage system under sterile precautions via 
a three-way stopcock. This drainage system 
has a scale and a collecting chamber.
The 3rd port of the stopcock is connected •	
through a transducer to a bed side monitor.
CSF pressure is maintained at •	 10 mmHg. If 
the pressure is higher, then the CSF is allowed 
to drain in the drip chamber and the pressure is 
reassessed by closing the stopcock towards 
the draining port. The drainage limit should be 
kept <10–15 mls/h.
The process can be repeated until the target •	
CSF pressure is obtained.
Send samples daily for microbiology. Insertion •	
site should be kept dry.
Maintain a closed system and keep the con-•	
nections tight.

Recurrent laryngeal nerve palsy. Reported to 
occur in 8.6% of descending thoracic aneurysm 
surgery. It results in hoarseness and impaired 
phonation. Direct laryngoscopy should be per-
formed if these symptoms persist >2 weeks. 
There is a risk of aspiration pneumonitis.
Chylothorax. It is an infrequent but serious 
 complication of thoracic aneurysm surgery. It 
complicates 0.5–2% of cases. The chest drainage 
turns milky when the patient is on enteral feed-
ing. It can present as pleural effusion when the 
chest tube is already removed. Biochemical 
analysis reveals a triglyceride level >100 mg/dl. 
Cell count shows lymphocyte predominance 
(3.5–75 × 106/ml). Sudan III staining reveals fat 
globules  (chylomicrons). Management of 
 chylothorax includes instituting TPN and drain-
age. Refractory cases are managed by surgical 
intervention.

Patient’s Admission to the 
Postoperative Intensive Care Unit

There should be a smooth transition of care from 
the OR team to the postoperative recovery unit.4

Obtain a comprehensive report from the anes-•	
thesiologist (Table 19.1).
Obtain a full surgical report from the surgeon.•	
TEE report from OR including the correlation •	
of the hemodynamic parameters, with adequacy 
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of cardiac volumes, e.g. the  optimum pulmo-
nary diastolic pressure (PAD) to guide postop-
erative fluid management.
A thorough physical examination should be •	
undertaken. This should be a head-to-toe 
documentation of the baseline findings, includ-
ing the pupillary size and reaction to light, 
peripheral pulses, abdomen, and skin temper-
ature, urine output, and chest tube output.
Establish the invasive monitoring tools pro-•	
vided from OR, e.g. Swan – Ganz catheter, 
arterial lines, epidural catheters for patient-
controlled analgesia (PCA), intrathecal 
catheter for CSF drainage.
Obtain baseline complete blood count (CBC), •	
arterial blood gas (ABG), serum electrolytes, 
coagulation profile (prothrombin time (PT) 
and partial thromboplastin time (PTT)), and 
other blood biochemical tests (e.g., serum 
creatinine).
Assess initial chest radiograph systematically •	
for the position of central venous lines, chest 
and mediastinal tubes, lung and pleural space 
condition, and cardiac and mediastinal outline.

Hemodynamic Monitoring  
and Management

Blood Pressure Control
Invasive monitoring should be used for blood 
pressure and cardiac indices. Blood pressure 
should be obtained in upper limbs and lower 

limbs and on both sides and the difference 
should be noted. Initial target systolic blood 
pressure should be 90–110 mmHg. Begin with 
adequate analgesia and sedation to prevent 
surges in blood pressure. Beta-blockers are the 
preferred initial agents to decrease the force of 
myocardial contraction and heart rate (dP/dt); 
however, an alternative agent should be used in 
asthmatic patients. Use of nitroglycerin and 
nitroprusside could precipitate undesired reflex 
tachycardia.5

Pharmacological agents used to control 
hypertension:
 1. Nitroglycerin (NTG)
  NTG is a vasodilator. It lowers the blood 

 pressure by decreasing the preload. Hypo-
volemia should be corrected to prevent reflex 
tachycardia.

  Dose: 0.1–10 mcg/kg/min. Administration 
of the drug should be through a non- 
polyvinylchloride tubing, which may adsorb 
80% of the drug.

  Adverse reactions include reflex tachycardia 
and methemoglobinemia (metHb > 1% of total 
hemoglobin). Methemoglobinemia interferes 
with oxygen transport and it is managed by 
drug withdrawal or methylene blue (1% solu-
tion) 1 mg/kg.

 2. Sodium nitroprusside (Nipride)
  Nipride decreases blood pressure by causing 

arterial smooth muscle relaxation and a lesser 
effect on venous capacitance resulting in a 
decreased systemic vascular resistance (SVR) 
and pulmonary vascular resistance (PVR).

  Dose: 0.1–8 mcg/kg/min. It should be  protected 
from light to prevent metabolic breakdown.

  Continuous blood pressure monitoring is 
essential.

  Adverse effects include:
 a. Reflex tachycardia is minimized by 

optimizing the preload.
 b. Hypoxia: ventilation perfusion mismatch 

occurs as a result of inhibition of hypoxic 
vasoconstriction

 c. Myocardial ischemia results from shunting 
blood away from the ischemic zones.

 d. Cyanide toxicity: Occurs when doses in 
excess of 1 mg/kg are given over less than 
12–24 h. Hepatic dysfunction is a risk 

Table 19.1 Anesthesia report

•	 Preoperative	history
•	 	Surgical	procedure	and	procedural	issues	such	as	

second pump run, uncontrolled hemorrhage and 
unidentified surgical bleeder, aortic valve incompe-
tence, etc.

•	 	Anesthesia	technical	issues	such	as	difficult	
intubation, line insertion, etc.

•	 Anesthetic	regimen	used
•	 TEE	findings
•	 	Metabolic	and	gas-exchange	issues;	K+,	glucose,	

Alveolar-arterial gradients
•	 	Coagulation	pharmacotherapy	(protamine,	

tranexamic acid, DDAVP)
•	 Blood	products	use

419



E.O. Ahmed and D.C. Cheng

 factor. It is manifested by metabolic  acidosis 
and high mixed oxygen saturations (cyto-
toxic anoxia). Treatment consists of drug 
withdrawal and sodium thiosulfate, 
150 mg/ kg over 10 min. Metabolic acido-
sis is treated with IV sodium bicarbonate.

 e. Spinal cord ischemia: There is a potential for 
decreased spinal cord perfusion pressure 
( animal studies). Vigilance should be exercised 
and high doses of nipride should be avoided.

 3. Beta-blockers
  Beta-blockers reduce the force of myocardial 

contraction and slow the heart rate (dp/dt); 
hence, it is a preferred drug in the settings of 
aortic aneurysm surgery.
 a. Labetolol: It is a nonselective a- and 

b-blocker. Can be given in bolus of 
0.25 mg/ kg over 2 min (about 5 mg every 
5–10 min) or infusion at a rate of 1–4 mg/
min titrated to effect.

 b. Esmolol: It is a cardio-selective ultrashort 
acting b-blocker and should be avoided  
in patients with marginal cardiac indices 
(CI £ 2.2 l/min/m2) because of its negative 
inotropic effect. It can be used in asthmatic 
patients because of its cardio-selectivity. 
The recommended initial dose is 
0.25 mg/ kg load over 1 min, followed by 
50–100 mcg/kg/min infusion.

 4. Calcium channel blockers
  These are alternative agents for patients of bron-

chial asthma. Their use is limited by their nega-
tive inotropic effect or the prolonged duration 
of action (nicardipine) that is not desired in 
hemodynamically unstable patients.

Coagulation and Bleeding Management

 1. The postoperative blood drainage can be 
approached through addressing the following:
 a. Frequent assessment of chest tube output
 b. Establish surgical versus coagulopathy 

related bleeding? (Table 19.2)
 c. Is there any associated hemodynamic 

instability? What are the filling pressures?
 d. Are the drainage tubes patent?
 e. Does the patient need re-exploration?

 2. Generally, patients drain less than 2 ml/kg or 
100 ml/h in the immediate postoperative phase 
with a trend towards a tapering amount of 
drainage.

 3. Treat low cardiac preload by volume infusion. 
Generally, transfuse packed cells when hema-
tocrit drops below 26%.

 4. Treat coagulopathy guided by traditional labo-
ratory studies (PT, PTT, and platelet counts) 
or point of care coagulation studies such as 
thromboelastogram. The latter provide a qual-
itative assessment of coagulation deficiency 
with distinct contours.
 a. A high PTT is treated by protamine 50 mg 

IV infusion over 10–15 min.
 b. High PT and INR are corrected by 2–6 units 

of fresh frozen plasma (FFP) infusion.
 c. Thrombocytopenia of <50,000 is corrected 

by platelet transfusion (1–2 adult units)
 d. Hypofibrinogenemia 150 mg/dl is treated 

with cryoprecipitate one unit/10 kg.
 e. Suspected platelet dysfunction (renal failure 

and NSAIDs) can be treated by desmopres-
sin (DDAVP) 20 mcg IV over 20 min.

 f. Hypocalcemia is treated by 1 g calcium 
chlorine or calcium gluconate IV infusion 
over 30 min.

 5. Cardiac tamponade should be suspected if 
drainage of bleeding suddenly ceases with 
dropping cardiac index, equalization of dia-
stolic pressures, and reduced urine output. TEE 
can be helpful in these settings, but it should 
not delay timely surgical re-exploration.

 6. Guidelines for re-exploration include bleeding 
>400 ml in the first hour, >300 ml/h for 2–3 h, 
or 200 ml/h for 4 h.5

 7. Emergency re-exploration in the intensive care 
unit (ICU) is indicated for patients in  pre-arrest 

Table 19.2 Etiology of postoperative bleeding

1) Surgical
2) Coagulopathy:

– Anticoagulation (e.g. heparin rebound)
– Thrombocytopenia and platelet dysfunction
– Hypertension
– Clotting factors depletion
– Hypothermia
– Fibrinolysis
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or arrest situation (exsanguinations or 
 tamponade). Attending ICU team should be 
familiar with the technical aspects of this life-
saving procedure.

Temperature Management

 1. Hypothermia (<36°C) can result in adverse 
postoperative complications (Table 19.3). 
Treatment consists of warming blankets, 
forced air warming systems, and warming IV 
fluids.

 2. Rewarming the patient may be accompanied 
by profound vasodilatation and hypotension; 
therefore, adequate volume infusion may be 
needed to maintain cardiac filling pressure.

Analgesia and Sedation Management

Most aortic surgery patients arrive in the ICU 
while still under the effect of anesthesia. The sub-
sequent plan for sedation and analgesia depends 
primarily on the hemodynamic status and the 
potential for early extubation. When adequately 
addressed, postoperative analgesia and sedation 
decrease the stress load and the risk of stress-
associated complications.6–8

 a. As a general rule, short-acting agents for seda-
tion and analgesia are used for stable patients 
with anticipated early extubation.

 b. Propofol infusion 1–2 mg/kg/h is used for 
sedation.

 c. Analgesia: Narcotics boluses, e.g. morphine 
2–4 mg IV every 5 min as required, or fentanyl 
infusion 12.5–25 mcg/h can be used. Infusion 
is continued after extubation. This approach is 
avoided in overly sedated patients.

 d. Nonsteroidal anti-inflammatory agents are 
helpful, provided they are not contraindicated 
by peptic ulcer disease or renal dysfunction. 
Ketorolac 15–30 mg IV can be used for break-
through pains. Indomethacin 50 mg can also 
be used before discontinuation of sedation and 
extubation.

 e. Patients requiring prolonged ventilation due to 
hemodynamic status may be sedated with lon-
ger acting agents. Midazolam 1–4 mg/h com-
bined with morphine infusion. Fentanyl 
infusion (25–200 mcg/h) provides both anal-
gesia and sedation.

 f. Thoracic Epidural Analgesia (TEA) is a useful 
method of analgesia for thoracotomy patients. 
It is associated with decreased postoperative 
respiratory failure. However, patients who are 
coming from the operating room (OR) with 
epidural catheters and have been  anticoagu-
lated should be monitored for leg motor  
deficits secondary to epidural hematomas and 
infection. Analgesia can be provided using  
a combination of a local anesthetic and a  
narcotic (morphine or fentanyl 4 mcg/ml and 
bupivacaine 0.05%). The major side effects 
include itching, hypotension, and nausea.

Ventilation and Fast Track Management

Nearly all patients after midline sternotomy or 
thoracotomy have some degree of respiratory 
insufficiency (14%), which is well tolerated in 
most of the cases. Patients after thoracoabdom-
inal aortic surgery are at particularly high risk 
of pulmonary complications (20–30%). Fast 
tracking has been successful in open heart sur-
gery patients, including aortic surgery patients, 
and has sizeable economic benefits when a 
good clinical judgment is exercised.9-12

 1. Early Extubation
  On arrival to the ICU, the patient, after an 

uncomplicated aortic surgery that is not unduly 
prolonged, should have an initial evaluation to 
ensure hemodynamic stability, normothermia, 
and absence of bleeding. Early extubation within 
the first 10–12 h after uncomplicated aortic 
surgery should always be the aim, as this has 

Table 19.3 Complications of hypothermia

•	 Ventricular	arrhythmia
•	 Coagulopathy	and	bleeding
•	 Hypertension
•	 Shivering	and	increased	O

2
 consumption

•	 Increase	SVR	and	decrease	CI
•	 Delayed	extubation
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been shown to reduce pulmonary complications, 
encourage earlier mobilization, and is associ-
ated with shorter length of hospital stay.
Extubation Criteria
 a. Patient is fully awake and obeys command
 b. Stable hemodynamics (i.e. cardiac 

index > 2.2 l/min/m2 on minimal or no ino-
tropic support and absent arrhythmias)

 c. Bleeding £ 50 mls/h
 d. Normal ABG on minimal ventilatory set-

tings (i.e. Pressure support £ 5 mmHg, 
PEEP £ 5 mmHg, and FiO2 £ 0.5)

 e. Acceptable respiratory mechanics: 
Spontaneous respiratory rate £ 24/min; 
Negative inspiratory force (NIF) ³ 20 mmHg; 
Vital capacity ³ 10 ml/kg.

 2. Acute respiratory failure
  Acute respiratory failure is characterized by 

hypoxia (PaO
2
 £ 60 mmHg) and hypercapnia 

(PaCO
2
 ³ 50 mmHg), either of them may occur 

in isolation. Patients become agitated if awake, 
can have arrhythmias, or even go in cardio-
respiratory arrest. Ten to eighteen percent of 
patients may require prolonged ventilation. 
The etiology can be a single factor or multi-
factorial (Table 19.4).

 3. Management
 a. Clinical assessment
 b. Manual ventilation with high FiO

2
. Increase 

PEEP when the patient is back on the 
ventilator.

 c. Ensure optimum hemodynamics.
 d. Treat mechanical causes by addressing pneu-

mothorax and significant pleural effusions

 e. Bronchodilators for bronchspasm in 
 asthmatics and chronic obstructive pulmo-
nary disease (COPD) patients

 f. Bronchoscopy for lung collapse failing to 
percussion therapy

 g. Antibiotics for pneumonia
 h. Discontinue nitroprusside in hypoxic 

patients as it may cause ventilation perfu-
sion mismatch and shunting

 4. Postoperative Preventive Measures
 a. Adequate analgesia. The use of epidural 

analgesia in thoracotomy patients can reduce 
the incidence of respiratory morbidity

 b. Early extubation strategy
 c. Minimize blood transfusion and lowering 

the threshold for early re-exploration for 
bleeding patients

 d. Adequate bronchodilator therapy for COPD 
patients

 e. Diuretics in volume overloaded and con-
gestive heart failure (CHF) patients

 f. Patient education
 g. Physiotherapy and incentive spirometry

Myocardial Complications

 1. Incidence: Coronary insufficiency compli-
cates 2.5% of ascending aortic aneurysm sur-
gery and it is the most common cause of death 
after vascular surgery.

 2. Mechanism: In the context of aortic root and 
ascending aortic surgery, technical problems 
related to coronary re-implantation should be 
kept in mind. Increased myocardial oxygen 
demand, pre-existing coronary artery disease, 
postoperative hypercoagulopathy, cessation of 
antiplatelet medications prior to surgery, peri-
operative tachycardia, and hypotension are 
other etiologic factors for myocardial isch-
emia (MI).

 3. Presentation and diagnosis
  Patient in the immediate postoperative phase 

is kept under continuous surveillance in antic-
ipation of occurrence of this complication.
 a. Hemodynamic instability: Low cardiac 

output syndrome (CI £ 2.2 l/min/m²). 
Arrhythmias, Hypotension.

Table 19.4 Differential diagnosis of acute respiratory 
insufficiency

•	 	Mechanical:	Ventilator	malfunction,	endotracheal	
tube displacement

•	 Low	cardiac	output	states	and	pulmonary	edema
•	 	Pleural	problem:	Tension	pneumothorax	and	

pleural effusion
•	 	Pre-existing	COPD,	air	space	disease,	and	

atelectasis
•	 Transfusion-related	acute	lung	injury	(TRALI)
•	 Acute	respiratory	distress	syndrome	(ARDS)
•	 Medications,	e.g.	sodium	nitroprusside
•	 Pulmonary	embolism
•	 Pain
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 b. ECG changes: ST segment elevation, new 
onset Q waves, and new left bundle branch 
block (LBBB).

 c. Elevated cardiac enzymes: Creatinine 
kinase (CK-MB) levels exceeding five 
times the upper limit of normal. Troponin I 
in excess of 15 mcg/l. Troponin I peaks at 
12 h and returns to normal in 24 h.

 d. Echocardiography may reveal new regional 
wall motion abnormalities and decrease in 
the left ventricular ejection fraction (LVEF).

 4. Management
 a. Arrhythmias should be treated by electrical 

cardioversion if unstable. Amiodarone is 
the drug of choice when pharmacotherapy 
is indicated. The ACLS algorithms should 
be followed.

 b. Optimize CI by optimizing the preload, after-
load, and contractility. Excessive fluid admin-
istration may compromise cardiac function 
(Laplace law) as well as pulmonary function. 
The cardiac contractility may be enhanced 
by the use of milrinone (50 mcg/kg loading 
dose) in addition to the other inotropes.

 c. Intra-aortic balloon pump (IABP) can be 
used with great caution and should be avoided 
in the presence of complicated aortic dissec-
tion or severe peripheral vascular disease.

 d. Sinus tachycardia poses a particular man-
agement challenge, being a compensatory 
mechanism to low cardiac output and at 
the same time being deleterious to the 
myocardium.

 e. Commence antiangina medication, e.g. nitro-
glycerin and heparin infusion, if the blood 
pressure allows and no ongoing bleeding.

 f. Cardiac catheterization and reoperation: 
Perioperative MI should be evaluated by 
coronary angiography with or without 
reoperation.

Neurological Complications

Stroke is a dreaded complication of aortic sur-
gery. Type I neurologic dysfunction involves 
focal neurological deficit, while type II is a mani-
festation of diffuse brain insult.

 1. Incidence: Stroke complicates 1.8–5.9% of 
ascending aortic aneurysm surgery and up to 
21.7% of aortic arch surgery.1,13 Particulate 
embolism from the aorta is the most common 
cause of stroke.

 2. Postoperative assessment: Stroke can occur 
early or late. The early stroke manifests in the 
first 24 h by any one or combination of the 
following:
 a. Nonawakening patient
 b. Focal neurological deficit
 c. Severe confusion and combativeness
 d. Seizures

  These patients should be evaluated by thor-
ough clinical examination, electroencephalog-
raphy (EEG), computerized tomographic scan 
(CT), or magnetic resonance imaging (MRI) 
of the brain. Imaging helps to rule out hemor-
rhagic stroke, which alters the plan of 
management.

 3. Management
 a. Aim at preventing secondary brain injury 

by maintaining adequate oxygenation, per-
fusion pressure, and normoglycemia

 b. Heparin improves the microcirculation. 
The possibility of hemorrhagic transforma-
tion should be kept in mind when deciding 
about anticoagulation

 c. Antiplatelets therapy: Aspirin and clopidogrel
 d. Interventional neuroradiology is a promising 

field and should be involved in the evalua-
tion of acute stroke patients

 e. Early rehabilitation

Renal Complications

 1. Incidence: Acute renal insufficiency compli-
cates 6–18% of thoracoabdominal aortic 
 aneurysm surgery, 30% of these require hemo-
dialysis. The incidence is lower for the arch 
surgery (4.6%) and descending thoracic aorta 
(3–5%).

 2. Etiology: Renal failure in aortic surgery 
patients can be precipitated by these additional 
mechanisms:
 a. Renal ischemia secondary to suprarenal 

aortic cross-clamp
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 b. Atheroembolization
 c. Dissection involving renal arteries
 d. Rhabdomyolysis with myoglobinuria
 e. Low cardiac output states

 3. Assessment
 a. Monitor urine output on hourly basis. 

Oliguria (urine output £ 0.5 ml/h) is a sign 
of poor tissue perfusion. The majority of 
renal failure cases are nonoliguric.

 b. Calculate creatinine clearance as it paral-
lels the glomerular filtration rate (GFR), 
which is a better indicator of renal function 
compared to serum creatinine. A 2 h urine 
sample is analyzed for creatinine. It is cal-
culated using the following formula:

Ccr (ml/min) = Ucr (mg/dl) × V (ml)/Pcr •	
(mg/dl) × time (min) [where Ucr = urine 
creatinine, V = total volume of urine col-
lected, Pcr = plasma creatinine]
The normal value is 120 ml/min. Levels •	
of 15–25 ml/min occur in acute tubular 
necrosis (ATN).

 c. Establish prerenal from ATN based on clin-
ical judgment and biochemical parameters 
depicted in Table 19.5.

 d. Renal ultrasound
 4. Management of acute oliguric renal failure

 a. Assess urinary catheter for patency
 b. Optimize hemodynamic parameters: Ensure 

adequate filling pressures, adequate perfu-
sion pressure, and CI > 2.2 l/min/m2

 c. Persistence of oliguria after optimizing 
hemodynamics requires a trial of diuresis. 
Furosemide 10–100 mg IV (incremental 
doses up to 500 mg can be given) or 
10–40 mg/h infusion. The use of diuretics 
does not alter the natural history of ATN, 
but it can convert oliguric renal failure into 

nonoliguric renal failure, which may 
ameliorate pulmonary congestion

 d. Renal dose of dopamine (1–5 mcg/kg/min) 
is worth trying in spite of the lack of satis-
factory evidence to support it. It does not 
prevent occurrence of ATN nor does it alter 
its duration. Like furosemide, it can convert 
oliguric renal failure into nonoliguric renal 
failure, thus improving respiratory function

 e. Renal replacement therapy
 5. Management of acute or chronic renal 

insufficiency
 a. Maintain adequate perfusion pressure. It 

should be higher in hypertensive patients
 b. Fluid balance should be maintained. The 

intake should be equal to the output plus 
additional 500 ml for insensible losses

 c. Monitor electrolyte levels. Treat hyperkalemia 
(K+ > 6.0) by 1 g Ca-gluconate IV over 15 min 
to stabilize the cell membranes. Shift potas-
sium into the cells by administering 50 ml of 
50% Dextrose plus 10 units regular insulin. 
Give Kayexalate (Sodium Polystyrene) 30 g 
in 50 ml sorbitol PO or PR every 6 h. Each 
gram of resin removes up to 1 meq of K+

 d. Avoid nephrotoxic medications, e.g. amino-
glycosides, nonsteroidal anti-inflammatory 
drugs (NSAIDS), Angiotensin-converting 
enzyme inhibitors (ACEI), and adjust doses 
for renal excreted medications

 e. Nutrition: protein should not be restricted 
in patients on hemodialysis. Nondialysis 
patients should have low protein diet 
 (0.5–0.8 g/kg/D)

 f. Renal replacement therapy (Dialysis)
 6. Renal Replacement Therapy

 a. Indications
Volume overload•	
Metabolic acidosis•	
Refractory hyperkalemia•	
Uremic symptoms•	
Space creation for nutrition and medica-•	
tion administration

 b. Methods
Intermittent hemodialysis: Used for •	
hemodynamically stable patients. It takes 
3–4 h per session. It is the most effective 
in fluid and solute removal

Table 19.5 Distinction between prerenal azotemia and 
ATN

Test Prerenal ATN

Urine Osmolality >500 <350
Urine sodium <20 >40
FENa (5%) <1 >1

FENa Fractional excretion of sodium, ATN Acute tubular 
necrosis.
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Continuous hemodialysis/hemofiltration •	
(Continuous venovenous hemodialysis 
CVVHD, and Continuous venoarterial 
hemodialysis CAVHD). CVVHD is most 
commonly used for hemodynamically 
unstable patients. It requires some form 
of anticoagulation. CAVHD requires 
arterial access and it is rarely used
Peritoneal dialysis (PD) requires no anti-•	
coagulation. It is hemodynamically well 
tolerated, but is not tolerated by patients 
in respiratory compromise

Gastrointestinal Complications

 1. Stress ulcer prophylaxis: Sucralfate 1 g every 
6 h or ranitidine 50 mg IV every 8 h can be used 
in routine patients, whereas patients with a pre-
existing history of peptic ulcer disease should 
have a proton pump inhibitor (PPI) prescribed.

 2. Feeding: Early enteral feeding should be the 
aim in all patients, starting with water sips or 
green tea on the first postoperative day and 
gradually advanced to normal daily diet.

 3. Anticipation of visceral malperfusion: This 
is an important consideration in the postopera-
tive care of aortic aneurysm surgery patients, 
especially in the acute aortic dissection set-
tings. Mesenteric ischemia can be occult for 
hours before the diagnosis is made. Mesenteric 
ischemia results from intraoperative hypoten-
sion, thrombosis, embolization, or involve-
ment of mesenteric vessels in dissection 
leading to their occlusion or becoming sup-
plied by a no flow false lumen.
 a. Features indicating mesenteric ischemia

Bloody diarrhea•	
Intense abdominal pain•	
Leucocytosis•	
Fever•	
Increased nasogastric tube output•	
Refractory lactic acidosis•	
Tachycardia•	
Peritoneal signs indicate perforation•	

 b. Diagnostic tests and management
Given the high mortality related to •	
this complication, patients should have 

aggressive workup and hasty intervention. 
CT angiography can be negative for mes-
enteric occlusion in cases of nonocclusive 
mesenteric ischemia. Radiological find-
ings include bowel wall thickening, pneu-
matosis intestinalis, portal venous gas, 
and arterial or venous occlusion.
The best diagnostic test should be timely •	
exploratory laparotomy.
Fenestration, stenting, or revasculariza-•	
tion procedure may be required in dissec-
tion cases.14
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