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Heart failure is a formidable global public health 
problem affecting an estimated 26 million people 
worldwide1 including 15 million in the 51 coun-

tries represented by the European Society of Cardiology2 
and 6.5 million in the United States.3 Cardiac transplanta-
tion is regarded as the most effective therapy for those with 
refractory American Heart Association Stage D heart failure 
with reduced ejection fraction. However, its use has been 
severely restricted by the limited supply of donor hearts,4 
which has led to a rise in the use of left ventricular assist 
devices (LVADs) for bridge to transplant (BTT) and for 
destination therapy (DT), the permanent implantation of 
a LVAD in those deemed ineligible for cardiac transplan-
tation.5–7 Approximately 4%–49% of this growing cohort of 
patients will require noncardiac surgery8–14 underscoring 
the importance of understanding device management in the 
perioperative period. 

FUNCTIONAL MECHANICS
Since 2010, >95% of all newly implanted LVADs have been 
continuous-flow (CF) devices.7 Presently, the 2 most widely 
used LVADs are the second-generation HeartMate II (HM 
II; St Jude Medical, St Paul, MN) and the third-generation 
HeartWare Ventricular Assist Device (HVAD; HeartWare, 
Framingham, MA) with 20,000 and 10,000 patients treated 
worldwide, respectively.15,16 The HM II is US Food and Drug 
Administration approved for BTT (2008) and DT (2010), 
while the HVAD is approved only for BTT (2012).

The HM II and HVAD are CF LVADs that use a magnetic 
field to rotate an impeller, which directs flow parallel (axial-
flow HM II) or perpendicular (centrifugal-flow HVAD) to 
the axis of rotation17 (Figure 1, A-C). While centrifugal-flow 
pumps are more afterload sensitive and preload dependent 
than axial-flow pumps,17,19 the basic concepts governing the 
physiology of both devices are similar. An overview of the 

HM II will be provided as a general model for the functional 
mechanics of CF devices.

Device Design
The HM II is a fully implantable LVAD composed of an 
inflow cannula that connects to the left ventricular apex, a 
linear conduit that contains the motor and impeller, and an 
outflow cannula that connects to a graft sewn to the ascend-
ing aorta above the aortic valve (Figure 1D). As the impeller 
turns, the LVAD draws blood from the left ventricle (LV) 
into the ascending aorta, reducing the workload of a failing 
LV and providing cardiac output support to the body. The 
motor is powered by a percutaneous lead that connects to 
a system controller and then either to battery packs or to 
alternating current power. The HM II, as well as the HVAD, 
can provide up to 10 L/min of support.17

Determinants of Flow
The magnitude of blood flow through the HM II is deter-
mined by the pressure gradient across the pump and the 
speed in revolutions per minute (RPM).20–22

Pressure Gradient Across the Pump. Pump flow, or the 
amount of cardiac output support, is inversely proportional 
to the pressure gradient across the pump. The pressure 
gradient is defined as the difference between the outlet and 
inlet pressures of the pump, which correlate physiologically 
to the aortic and left ventricular pressures, respectively 
(Figure 2A). Larger pressure gradients result in less pump 
flow, while smaller pressure gradients result in greater 
LVAD flow. This phenomenon is apparent on a single-
beat basis resulting in increased flow during systole and 
decreased flow during diastole (Figure 2B, C).

Afterload Sensitivity. The pressure gradient dictating overall 
flow is determined in part by the patient’s outlet aortic 
pressure making CF LVADs “afterload-sensitive” devices. 
The hypertensive CF LVAD patient with a high mean arterial 
pressure (MAP) will receive less cardiac output support due 
to the increased pressure gradient. Hypotension increases 
pump flow, but may injure perfusion-dependent organs. 
Notably, a retrospective study by Mathis et al24 showed that 
an intraoperative MAP <70 mm Hg for >20 minutes was 
strongly associated with acute kidney injury. The inverse 
relationship between afterload and flow is illustrated in a 
series of HM II performance curves (Figure 2D). A goal MAP 
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Figure 1. Continuous-flow left ventricular assist devices. A, The HeartMate II, an axial-flow CF LVAD, propels blood parallel to the axis of rota-
tion of the rotor. B, The HeartWare ventricular assist device is smaller than the HeartMate II and attaches directly to the left ventricular apex. 
It provides centrifugal flow in which inflowing blood is propelled forward in a perpendicular direction, shown in (C). D, Various components of an 
implantable LVAD, including the inflow cannula and outflow graft, percutaneous lead, system controller, and batteries. Image (A) modified from 
Slaughter et al.18 Image (B) courtesy of HeartWare, Framingham, MA. Images (C and D) modified from Mancini and Colombo.17 All images were 
used with permission. CF LVAD indicates continuous-flow left ventricular assist device; LVAD, left ventricular assist device.



Copyright © 2017 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.

LVADs and Noncardiac Surgery

June 2018 • Volume 126 • Number 6 www.anesthesia-analgesia.org 1841

Figure 2. Determinants of flow. A, Locations of the outlet aortic root pressure and the inlet left ventricular pressure. B and C, Simulated 
HeartMate II waveform monitors demonstrating the variation in pump flow that occurs during the cardiac cycle. In (B), the yellow circle denotes 
systole during which left ventricular pressure (blue line) becomes identical to aortic root pressure (red line) resulting in a minimal pressure 
difference across the pump. This results in a relative increase in pump flow (green waveform). In (C), the yellow line marks the maximal differ-
ence between the aortic and left ventricular pressures that occurs during diastole. This increased pressure gradient correlates with a relative 
decrease in pump flow. Images (A–C) modified with permission from St Jude Medical. D, Effects of changes in afterload on the performance of 
the HeartMate II. Each individual line plots the pump flow at various pump speeds. The family of curves generated from left to right signifies 
increasing afterload (ie, increasing differential pressures as the outflow resistance is gradually increased in a mock loop). Afterload sensitivity 
is illustrated by examining the flows achieved at a fixed speed of 12,000 RPM; when the differential pressure increases from 20 mm Hg (top 
line, circle) to 140 mm Hg (bottom line, star), the flow decreases from ~12 to 3 L/min. Used with permission from Griffith et al.20. E, Effects 
of changes in preload on the performance of the HeartMate II (dotted lines). Each line plots the pump flow according to varying preload in a 
mock loop with a fixed afterload of 80 mm Hg. The family of curves generated from left to right was produced by increasing RPM in increments 
of 200 starting from 7000 RPM at the far left. Increases in preload result in increases in flow in a demonstration of preload dependency. The 
Jarvik 2000 (J2000, solid lines; Jarvik Heart, New York, NY), another continuous-flow LVAD, also demonstrates preload dependency. Used with 
permission from Khalil et al.23. LVAD indicates left ventricular assist device; RPM, revolutions per minute.
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of 70–90 mm Hg is recommended as a way to maintain a 
balance between flow and perfusion pressure.25,26

Preload Dependency. The pressure gradient dictating pump 
flow is also determined by preload, rendering CF LVADs 
“preload dependent.”23 An increase in LV preload increases 
inlet left ventricular end-diastolic pressure, which decreases 
the pressure gradient and increases the pump flow. 
Conversely, a decrease in LV preload decreases the pump 
flow. Figure  2E illustrates the direct relationship between 
preload and flow.

The preload-dependent CF LVAD is limited by the vol-
ume available in the LV. Low LV preload can occur from 
decreased venous return from multiple causes including 
hypovolemia (eg, overdiuresis or hemorrhage), position 
changes (eg, reverse Trendelenburg), or mechanical obstruc-
tive phenomena (such as tamponade). Low LV preload may 
also occur as a result of cardiogenic dysfunction, notably 
right ventricular failure. Adequate right heart function is 
crucial as successful LVAD pump function depends com-
pletely on the ability of the right ventricle (RV) to deliver 
volume to the LV. Increased pulmonary vascular resistance 
(PVR) can also limit LV preload.

When LVAD flow exceeds the available LV preload, the 
walls of the LV can collapse toward the inflow conduit caus-
ing a suction event. When this occurs, the HM II temporar-
ily decreases the speed in an attempt to promote LV filling.25 
Suction events can precipitate ventricular arrhythmias,27 
which may be asymptomatic or result in RV dysfunction and 
hemodynamic deterioration.28,29 A suction event can occur 
either from increased LVAD outflow or decreased LV preload.

Speed. Blood flow through the pump is directly proportional 
to the speed with higher RPMs generating more flow. 
Figure 3 illustrates the hemodynamic effects of increasing 
LVAD speed from 8000 to 10,000 RPM. As speed increases, 
the LV becomes more unloaded resulting in a decrease in LV 
systolic pressure; this corresponds to a decrease in height of 
the blue waveform. In addition, the aortic diastolic pressure 
rises25 resulting in a rise in mean pressure of the red 
waveform but also diminution of pulsatility. The occurrence 
of a narrow pulse pressure may increase the difficulty of 
palpating a pulse in the CF LVAD patient.

A key point is demonstrated with the waveform illustra-
tions at 8500 and 9500 RPM. At 8500 RPM, the aortic and LV 
waveforms overlap, which signifies the generation of a LV 
systolic pressure that exceeds aortic root pressure. In this 
instance, the aortic valve opens and blood flows through 
the valve and through the pump (pump flow in parallel). At 
9500 RPM, the increase in LVAD support results in a separa-
tion of these 2 waveforms as the LV no longer generates a 
systolic pressure that exceeds the aortic root pressure. The 
aortic valve remains closed throughout the cardiac cycle; 
consequently, blood bypasses the valve and flows exclu-
sively through the pump (pump flow in series).

A state of diminished pulsatility has been implicated 
in a number of long-term sequelae including aortic valve 
thrombosis,17,25,30–33 the development of aortic insufficiency 
(AI), which creates a futile circuit as LVAD flow regurgi-
tates back into the LV rather than moving forward as effec-
tive cardiac output,34–37 and the formation of arteriovenous 

malformations, which appear to partially account for the 
increased incidence of gastrointestinal bleeds (GIBs) in the 
HM II population.38–40 For these reasons, a state of pulsatility 
and regular opening of the aortic valve is desirable, which 
informs the upper limit of RPM. Some patients have over-
sewn aortic valves, which render them completely device 
dependent.

ANTICOAGULATION, BLEEDING, AND THROMBOSIS
Patients implanted with the HM II are typically anticoagu-
lated with warfarin and aspirin to reduce the risk of throm-
bosis; center-specific practices may augment antiplatelet 
therapy with dipyridamole. CF LVAD patients appear to 
have much higher rates of hemorrhagic compared with 
thrombotic complications.41 Boyle et al42 assessed 956 HM 
II outpatients, finding only 0.07 thrombotic events/patient-
year (embolic stroke, pump thrombosis) but 0.72 hemor-
rhagic events/patient-year (hemorrhagic stroke, bleeding 
requiring surgery or transfusion).

Hemorrhagic complication rates in HM II patients 
beyond the immediate perioperative period appear to range 
from 22% to 44% with GIB cited as the most prevalent bleed-
ing site (accounting for 45%–70% of bleeding events).40–43 
Overall GIB rates are reported at 9%–40%38–46 with approxi-
mately 30%–60% thought to be caused by arteriovenous 
malformations.38–40 Consequently, upper and lower endos-
copies have become frequent procedures in this patient 
population.24,47

The increased propensity to bleed in HM II patients 
may also be due to the development of an acquired type 
2A von Willebrand disease. Von Willebrand factor, a large 
multimeric glycoprotein, promotes primary hemostasis by 
binding to collagen in damaged endothelium and to plate-
lets. CF LVADs create a high-shear environment, which 
may induce glycoprotein unfolding and enzymatic cleav-
age by the metalloprotease ADAMTS-13 resulting in loss 
of the highest molecular weight multimers (HMWMs).48–51 
These HMWMs are the most hemostatically active; hence, 
the reduced ability to form a platelet plug is a possible con-
tributor to the increased bleeding seen in HM II patients. 
Interestingly, this acquired coagulation defect can occur in 
other scenarios involving high shear such as aortic stenosis.52

Loss of these multimers occurs in all patients implanted 
with a HM II43,53–55 within minutes of LVAD implantation56 
and resolves after device explantation or heart transplanta-
tion43,53,54,57; multimer loss also occurs in patients implanted 
with the HVAD.58,59 Despite the universal onset of this 
acquired von Willebrand disease, not all HM II patients 
develop hemorrhagic complications suggesting a multifac-
torial etiology.54,60

Our understanding of the risk of thrombosis is continu-
ing to evolve, as well. Data from the Interagency Registry 
for Mechanically Assisted Circulatory Support initially 
showed the overall risk of confirmed or suspected pump 
thrombosis requiring LVAD exchange to be 5.5% between 
2008 and 2012.61 However, 3 institutions reported an increase 
in their pump thrombosis rate from 2.2% to 12.2% between 
2011 and 2013.62,63 This finding was reflected in the larger 
Interagency Registry for Mechanically Assisted Circulatory 
Support population, but the trend then appeared to par-
tially reverse by 2014.64 Thrombotic risk appears to be 
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Figure 3. Hemodynamic effects of increasing LVAD speed. A–D, Illustration of the effects of increasing speed (8000, 8500, 9500, and 10,000 
RPM) on aortic (red waveform) and left ventricular (blue waveform) pressures, as well as on the pulsatility of pump flow (green waveform) in 
association with changes in the pulsatility index. See text for explanation. Modified with permission from St Jude Medical. E, These speed 
changes coincide with the flow trajectory of a single performance curve at constant afterload from Figure 2D. Adapted from Griffith et al.20 
RPM indicates revolutions per minute.



Copyright © 2017 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.
1844   www.anesthesia-analgesia.org ANESTHESIA & ANALGESIA

  E NARRATIVE REVIEW ARTICLE

decreased by specific surgical implant techniques, heparin 
bridging, and the avoidance of pump speeds <8600 RPM65 
and increased with active infection.66 Low levels of hemoly-
sis typically occur during normal pump function but eleva-
tion of lactate dehydrogenase >600 IU/L is concerning for 
thrombosis.61,64,66,67

PREOPERATIVE ASSESSMENT
Preoperative evaluation of the CF LVAD patient present-
ing for noncardiac surgery includes several questions 
beyond the usual anesthetic assessment. The type of LVAD 
implanted should be clarified. Knowledge of the therapeu-
tic strategy (BTT versus DT) may inform the decision to 
transfuse in scenarios exclusive of life-threatening bleeding. 
Blood products are typically minimized in the BTT popula-
tion to decrease alloimmunization, especially in those with 
panel reactive antibodies that increase the difficulty of a 
donor organ match. The designation of DT, however, may 
be misleading in certain patients who are initially labeled as 
such but then thrive on device therapy and are subsequently 
bridged to candidacy en route to becoming a full BTT.

Perioperative Anticoagulation
The perioperative anticoagulation plan for the HM II 
patient should balance the risk of excessive intraoperative 
bleeding with the risk of thromboembolic complications. 
Manufacturer guidelines suggest maintaining an interna-
tional normalized ratio of 2.0–3.0,68 but there are no clear 
guidelines on the management of anticoagulation in the 
perioperative period during noncardiac surgery. Expert con-
sensus opinion from the International Society for Heart and 
Lung Transplantation states that “for non-emergent proce-
dures, warfarin and antiplatelet therapy may be continued 
if the risk of bleeding associated with the procedure is low. 
If therapy needs to be stopped, warfarin and antiplatelet 
therapy should be held for an appropriate period of time as 
determined by the type of procedure being undertaken and 
risk of bleeding. Bridging with heparin or heparin-alterna-
tive while a patient is off warfarin may be considered.”69

There is considerable interinstitutional variability on the 
management of anticoagulation in the perioperative period 
for the elective case. Practices range from holding aspirin 
and warfarin from 2 to 7 days before surgery,9,10,13 main-
taining aspirin therapy but discontinuing warfarin 5 days 
before surgery with heparin bridging reserved for patients 
with additional indications for anticoagulation,12 and main-
taining anticoagulation at the lower level of manufacturer 
recommendations unless the patient undergoes a procedure 
with a high risk of bleeding such as with neurosurgical or 
ophthalmological surgeries.47 In a study of 68 endoscopies 
in patients with CF LVADs, warfarin was stopped in those 
presenting for an emergency procedure due to bleeding but 
was continued in those presenting electively for diagnostic 
procedures.70

Intraoperative packed red blood cell (PRBC) transfu-
sion rates for noncardiac surgery in the CF LVAD popula-
tion have been reported to range from 15% to 38%,10–12,47,71 
though it is difficult to disentangle the role of multiple vari-
ables in these small studies. In the largest retrospective anal-
ysis of CF LVAD patients undergoing noncardiac surgery, 
Mathis et al,24 who studied 702 noncardiac surgeries (92% 

of 246 patients had CF devices), reported a mean preopera-
tive international normalized ratio of 1.7 and the use of a 
preoperative heparin bolus or infusion in 28% of the cases; 
only 6.7% of cases were emergent and 1.1% designated as 
American Society of Anesthesiologists status V. In this set-
ting, 1.4% of procedures had an intraoperative estimated 
blood loss >500 mL and 6.4% (45 cases) required exogenous 
transfusion (PRBC, fresh frozen plasma, platelets, desmo-
pressin, factor VIIa) with 4.2% requiring intraoperative 
PRBC transfusion. Those 45 cases included 7 endoscopies 
for GIB and 30 major noncardiac cases, the most common 
of which were general surgical, neurosurgical, and vascular 
procedures. Device thrombosis occurred in 0.6%.24

Emergent cases may require reversal of anticoagulation 
with fresh frozen plasma, prothrombin complex concentrate 
or vitamin K taking into consideration its slower onset of 
action.69 Ultimately, the perioperative anticoagulation regi-
men may need to be tailored to the type of surgery (major or 
minor), the timing (elective or emergent), and to a particu-
lar individual’s history (eg, recurrent GIB versus embolic 
stroke or deep vein thrombosis/pulmonary embolism) and 
risk factors (ie, presence of mechanical valves, atrial fibrilla-
tion with or without additional risk factors for stroke, or an 
inherited or acquired hypercoagulable state).13

Preoperative RV Assessment
Function of the unsupported RV should be known. 
Echocardiographic data may be helpful, as well as the his-
tory of hospitalizations and therapies for RV failure (ie, 
need for inotropes or devices in the past). A greater sever-
ity of preexisting RV dilation and dysfunction suggests less 
reserve, a greater need for RV protective strategies, and sets 
a higher pretest probability for the possibility of intraop-
erative RV failure. This knowledge is particularly pertinent 
in surgeries with a high risk of bleeding where a balance 
must be struck between under- and over-resuscitation, both 
of which can result in inadequate LV preload, low flow/
power, and suction events. Over-resuscitation can result in 
low LV preload when RV distension limits RV stroke vol-
ume and decreases right-sided output; a dilated RV can 
also limit LV filling and stroke volume due to ventricular 
interdependence.72 Hence, differentiating the causes of low 
flow/power in the context of low pulsatility (see Pulsatility 
Index below) can be crucial for dictating management, as 
low LV preload due to hypovolemia warrants volume ther-
apy while low LV preload due to RV failure may require, 
among other therapies, judicious fluid administration or 
even cessation of resuscitation and diuresis.73,74

Assessing the optimal degree of resuscitation may require 
invasive monitors, the usage of which varies between series 
(central venous pressure [CVP], 0%–27%; pulmonary artery 
catheter, 0%–16%; transesophageal echocardiography 
[TEE], 1.1%–19%).10–12,24,47,71,75 One study reported that 51% 
of cases had a preoperative central venous line, peripher-
ally inserted central catheter, or midline in place.71 The CVP, 
when elevated, may aid in the recognition of right ven-
tricular volume overload or dysfunction. Pulmonary artery 
catheters allow for monitoring of pulmonary artery pres-
sures, assessment of cardiac output by thermodilution, and 
determination of mixed venous oxygen saturation (Svo2), 
though the latter 2 parameters will be depressed with 
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both hypovolemia and RV dysfunction; however, access to 
thermodilution and Svo2 may be useful when additional 
corroborating data are required beyond the trend of dis-
played ventricular assist device (VAD) parameters. TEE 
provides direct visual assessment of right-sided function. 
Arterial catheter utilization is discussed in Intraoperative 
Management.

In the 2 largest retrospective studies of noncardiac sur-
geries in the CF LVAD population, the most common cases 
were found to be endoscopies, tracheostomies, and vascular 
access procedures47 and cardiology and gastroenterology 
cases.24 Reported rates of general anesthesia versus moni-
tored anesthesia care range from 19% to 88% and 11% to 
81%, respectively.10,24,71 In 1 study, 93% of endoscopies were 
performed with monitored anesthesia care.70 Regional block 
and neuraxial anesthesia rates have been reported at 0.2%–
2.7% and 0%, respectively24; 2 studies each reported single 
instances of spinal anesthesia.10,71

Location and Staffing
The noncardiac surgery of a LVAD patient would ideally 
take place in the implanting center or in a hospital with per-
sonnel familiar with LVADs, as the input of a cardiothoracic 
surgeon or VAD nurse or perfusionist can be invaluable, rec-
ognizing that travel and emergency situations may obviate 
such intents. Increasing familiarity with LVAD technology 
and rising case loads have led to the growing involve-
ment by noncardiac anesthesiologists. Care by noncardiac 
anesthesiologists has been reported to range from 21% to 
100%11,12,70,71,75 with trends toward increased involvement 
over time noted by Stone et al47 (who have implemented for-
mal didactic LVAD training at their institution since 2001) 
as well as by Mathis et al,24 who reported noncardiac anes-
thesiologist involvement rising from 43% in 2004–2010 to 
67% in 2011–2015, although they noted case clustering with 
gastroenterology procedures.24

Evans and Stone76 have called for a systematic approach 
to staffing noncardiac surgeries in the LVAD popula-
tion, suggesting that the appropriately trained noncardiac 
anesthesiologist may, with the immediate availability of 
a knowledgeable colleague, provide care for the LVAD-
supported patient without major comorbidities undergo-
ing a minor procedure, and that these may be performed in 
their out-of-operating room locations. They suggest that a 
cardiac anesthesiologist become involved when the patient 
is on pharmacological support, has significant comorbidi-
ties, or is undergoing a major procedure.76

As with any patient undergoing general anesthesia, an 
assessment of the suitability of the out-of-operating room 
environment for a given patient with a LVAD should be 
made, particularly with regard to adequacy of space and 
presence of needed equipment. Similarly, depending on 
institutional resources and patient considerations, prior 
communication with a cardiac surgeon to ensure prepro-
cedural knowledge of the location, date, and nature of the 
intervention may be prudent.

INTRAOPERATIVE MANAGEMENT
Power Source
The patient’s holster holds 2 batteries, which together pro-
vide 6–10 hours of power (14-V lithium-ion batteries at 

12,000 RPM utilizing 10 W77). The patient should be changed 
to an alternating current source to avoid the possibility of 
battery depletion. Batteries should be available in the event 
of a power failure.

Monitoring VAD Monitor
LVAD variables may be accessed through the patient con-
troller or with a HM II monitor, which continuously dis-
plays speed, power, flow, and pulsatility index (PI). The set 
speed is displayed in RPMs, with typical settings between 
8600 and 9800 RPM (range, 6–15,000 RPM).25,78,79 The power 
utilized by the pump is a directly measured parameter 
that, at typical RPM settings, normally spans 4–9 W (range, 
0–25.5 W).25,78,79 Power usage is increased by higher RPMs 
or with greater flow through the pump. Power increases 
>10–12 W at stable RPMs are concerning for the develop-
ment of thrombus on the rotor causing an increase in drag.79

In contrast to these directly measured parameters, flow 
is calculated from RPM and power,25,78 with higher RPMs 
and power resulting in higher displayed flows. Calculated 
flow tracks correctly with actual pump flow when changes 
in power are a result of adjustments to speed or shifts in the 
pressure differential, but will register erroneously high if an 
increase in power is actually due to thrombus on the rotor. 
Calculated flows are imprecise when <3 L/min.25

Pump flows should not be used as an absolute measure 
of the patient’s cardiac output. At normal flows between 4 
and 6 L/min, the displayed flow and the actual flow through 
the outflow graft as measured with an ultrasonic flow probe 
may differ by as much as 20% or up to 1 L/min.80 Also, flow 
estimates alone will not capture total cardiac output if pump 
flow is in parallel with significant native circulation through 
the aortic valve. While the displayed flow may not be com-
pletely accurate, the trend can be useful; though imperfect, 
alterations in displayed flow may be easier to intuit than 
alterations in power when assessing a patient’s condition.

Pulsatility Index. The PI is a dimensionless measure of 
pulsatile flow through the pump. It can be conceptualized 
as follows:

Q Q
Q

max min

avg

−
×10

where Qmax is maximum pump flow, Qmin is minimum 
pump flow, and Qavg is the average pump flow over a car-
diac cycle,20 though it is actually calculated by power pulses 
(highest W − lowest W divided by average W × 10).78 The 
magnitude of these pulsations is measured and the PI is cal-
culated, averaged over 15 seconds, and then displayed. The 
PI can range between 1 and 10, but typically spans 3–6 dur-
ing clinical use.25,81 A PI <3 generally warrants investigation.

As shown earlier in Figure 2B and C, the native heart con-
tributes to pulsatile flow when the LV contracts and increases 
LV systolic pressure. Pulsatility is influenced by the magnitude 
of LVAD support compared with this native heart function. 
Relative increases in LVAD support or decreases in native heart 
contribution result in less pulsatile flow and decreased PIs.

For example, Figure  3 demonstrates the relationship 
between speed and PI. Augmentation of LVAD support 
from 8000 to 10,000 RPM results in a decrease in the pulsatil-
ity of pump flow (green waveform). The difference between 
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the maximum and minimum flow becomes attenuated 
resulting in smaller PIs. The lowest PI at 0.4 signifies the 
least pulsatile flow and is associated with the highest level 
of LVAD support. Decreased pulsatility can also occur at a 
stable RPM when drops in afterload promote greater LVAD 
unloading of the LV or when low LV preload (resulting in 
less Frank-Starling augmentation of contractility) results in 
a reduction in the generated LV systolic pressure.25,26,81,82 In 
general, a low PI may be viewed as resulting from condi-
tions that create a more decompressed LV.

The PI can be a useful parameter to follow in the periop-
erative setting. It should not be utilized as a sole dictate of 
management but can contribute to the overall picture pro-
vided by signs, symptoms, information from other moni-
tors, and clinical context. Assuming no changes in RPM or 
intrinsic contractility, a decreased PI can signal 2 important 
pathological processes: low afterload or low LV preload.22 
Low afterload is associated with high pump flow/power, 
while low LV preload is associated with low pump flow/
power; this is similar to non-LVAD patients who can be in 
a high output state from vasodilatory processes (eg, sep-
sis) or a low-flow state from a preload or cardiac etiology. 
As stated earlier, when low LV preload is suspected due 
to a low PI with low flow/power, differentiation between 
hypovolemia and RV failure is essential. As continuously 
displayed variables, the PI and flow/power can be moni-
tored for changes and responses to treatment.83,84 The dif-
ferential diagnosis for a low PI assuming stable RPM is 
shown in Figure  4. Much of this algorithm overlaps with 
the approach to hypotension in the LVAD patient with the 
exception of a low PI induced by increased RPM, which 
generally increases flow and blood pressure.

Monitoring Pulse Oximeter
Depending on the RPM as well as the preload, afterload, 
and native contractility at a particular moment, the patient 
implanted with a CF LVAD may exhibit anywhere from 
minimal to significant pulsatility. Decreased pulsatility may 
affect the reliability of the pulse oximeter, which requires 
a change in blood volume adequate to differentiate the 
light absorbance of arterial blood from venous blood.85 The 

use of a cerebral oximeter, which does not require a pulse 
and provides a regional measurement of venous-weighted 
oxyhemoglobin saturation,86 has been reported both as an 
adjunct to the pulse oximeter75,82,87,88 as well as a gauge of 
cardiac output.89 Arterial blood gas analysis can be used to 
assess oxygenation when noninvasive modalities fail or are 
unavailable.

Monitoring Blood Pressure
The degree of pulsatility also affects the odds of successful 
noninvasive blood pressure (NIBP) cuff use in the CF LVAD 
patient. Bennett et al90 assessed the performance of various 
NIBP modalities in patients with the HM II, and found that 
Doppler ultrasound was the most reliable technique with a 
94% success rate. The NIBP was successful only 53% of the 
time but when obtained, was accurate when compared with 
arterial line systolic and mean pressure; notably, 41% of the 
time, only a single mean value was displayed.

Lanier et al91 corroborated these findings by showing 
success rates of 100%, 63%, and 91% with Doppler, NIBP, 
and the Terumo Elemano BP monitor (Terumo Medical 
Corporation, Somerset, NJ), a slow-deflation double cuff 
that is able to detect blood pressure in patients with a 
reduced pulse pressure; interestingly, they found that a 9 
mm Hg increase in arterial line pulse pressure correlated 
with a 300% increase in the odds of NIBP success. These 
measurements all showed strong correlation with arterial 
line blood pressures. Lanier et al91 also found that Doppler 
correlated more closely with systolic blood pressure (SBP) 
rather than MAP, particularly in pulsatile patients; in 
patients with diminished pulsatility, Doppler measure-
ments of SBP tended to be more similar to MAP due to the 
small pulse pressure. Interpretation of Doppler-derived 
measurements must be done with care given the potential 
for mistaking SBP for MAP in the pulsatile patient.

Several studies have found the intraoperative use of the 
NIBP to be sufficiently reliable as the sole source of blood 
pressure monitoring,14 particularly in 1 series of 68 endos-
copies.70 Arterial line utilization rates of 0%–72% have been 
reported11,12,14,70,71,75 and reports of decreased usage over 
time24,47 are also suggestive of the success of various centers 

Figure 4. The differential for low PIs in the setting 
of stable RPMs. This algorithm also represents 
the approach to hypotension in the patient with a 
continuous-flow LVAD. Adapted from Feldman et al.69 
The differential for high PIs (not shown) depends on 
the presence of low flow/power (increased afterload, 
decreased speed) or high flow/power (increased 
myocardial contractility from recovery, inotropes 
or exercise22 or greater LV filling resulting in Frank-
Starling augmentation of contractility81). CVP indi-
cates central venous pressure; LV, left ventricle; 
LVAD, left ventricular assist device; MAP, mean arte-
rial pressure; PAC, pulmonary artery catheter; PEEP, 
positive end-expiratory pressure; PI, pulsatility index; 
RPM, revolutions per minute; RV, right ventricle.
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in using the NIBP in CF LVAD patients. Mathis et al24 found 
a decrease in arterial line usage from 31% to 16%, but also 
found that 55% of patients undergoing noncardiac surgery 
demonstrated monitoring gaps >20 minutes.

It appears that the NIBP may be successfully used in 
the CF LVAD patient; its use should be seriously consid-
ered, particularly in BTT patients in whom repeat surgery 
is anticipated, as these patients may benefit from minimiz-
ing arterial cannulations, which can lead to scarring and 
subsequent difficulty of access. However, depending on 
the surgery and the patient, arterial monitoring may be of 
greater benefit than risk, particularly given the possibility 
of decreased organ reserve and greater sensitivity to hypo-
tension in the CF LVAD patient as well as the potential for 
fluctuations in pulsatility that may result in the erratic per-
formance of noninvasive monitors. Furthermore, intrapro-
cedural placement of an arterial line may be challenging 
if the absence of a palpable pulse requires ultrasound or 
Doppler for localization of an arterial vessel.

Hemodynamic Goals and Assessment of 
Pulsatility
The intraoperative management of the CF LVAD patient 
undergoing noncardiac surgery should focus on maintain-
ing afterload (MAP 70–90 mm Hg), providing adequate 
preload and incorporating strategies to prevent iatrogenic 
strain on the right heart. In addition, the patient’s pulsatility 
should be monitored. The CF LVAD patient will likely exhibit 
dynamic changes in their PI during the normal course of an 
anesthetic due to events such as medication boluses and sur-
gical stimulation. However, significant losses of pulsatility 
(PI <3) that are sustained and unexplained should be noted, 
as treatment for detrimental changes in afterload, preload, or 
right heart function may be required. The baseline pulsatility 
should be taken into consideration, as some patients with 
chronic RV dysfunction may reside at a low PI. Decreases 
in pulsatility may be accompanied by loss of fidelity of the 
pulse oximeter or decreased success of the NIBP; conversely, 
monitoring reliability may be restored with maneuvers that 
restore pulsatility. Cerebral oximetry can provide supple-
mentary data during brief periods of diminished pulsatility.

Iatrogenic RV strain should be avoided by minimiz-
ing PVR. Spontaneous ventilation attenuates PVR so long 
as hypoxia and significant hypercarbia are limited. When 
positive pressure ventilation is required, ventilator settings 
should be optimized to avoid high tidal volumes and high 
positive end-expiratory pressure, although some positive 
end-expiratory pressure may be required to prevent atelec-
tasis, which also increases PVR.73,92 The risk of RV disten-
sion can be minimized by avoiding overaggressive fluid 
resuscitation in the patient who is not volume responsive 
and is without preload-recruitable RV cardiac output.73,74

RV failure is most directly diagnosed via TEE, but can 
be inferred by a high CVP coupled with a low PI with low 
flow/power and signs of shock such as hypotension or esca-
lating pressor requirements, low cardiac output, low Svo2, 
and lactate production. Treatment may require pulmonary 
vasodilation by nitric oxide or prostaglandin therapy; ino-
tropic support with milrinone, dobutamine, or epineph-
rine; vasopressor therapy to prevent right ventricular 
ischemia; and control of RV overload.73 In several studies, 

intraoperative use of vasoactive medications beyond phen-
ylephrine appears rare,24,70,71 suggesting that RV failure may 
be an uncommon cause of low LV preload.

Other Perioperative Issues
The role of von Willebrand factor repletion in the setting 
of significant bleeding has not been clarified. It is unclear 
whether endogenous release by desmopressin or exog-
enous repletion by Humate P (von Willebrand factor/fac-
tor VIII concentrate; CSL Behring, Melbourne, Australia) or 
Wilfactin (von Willebrand factor concentrate; LFB Group, 
Les Ulis, France) would be effective in these patients who 
likely have ongoing degradation of HMWMs. However, 
there are, intriguingly, case reports of patients with refrac-
tory GIBs who were successfully treated with these agents 
without thrombotic complications.93–95 The reported rate of 
desmopressin usage is quite low at 0.3%.24

Intraoperative malignant arrhythmias are uncommon, 
occurring in 1.2% of patients.24 In addition to evaluating for 
general precipitating factors (electrolyte derangements, ino-
tropic medication, etc), the possibility of a suction event as a 
cause should be considered. Management can be pharmaco-
logic or by external cardioversion or defibrillation.

Device failure is a rare but disastrous complication of 
LVAD therapy with an intraoperative occurrence reported 
at 0.1%.24 Unless the patient has recovered myocardial func-
tion, a pump stop may require pharmacologic temporiza-
tion of acute unstable heart failure with vasopressors and 
inotropes until definitive surgical therapy can be achieved. 
Treatment will likely be complicated by retrograde flow 
through the device, similar to AI, at rates of 1–2 L/min due 
to the lack of valves.25

The occurrence of hemodynamically unstable events 
may require advanced cardiac life support, whose execu-
tion may be complicated by lack of a detectable pulse. 
Manufacturer guidelines state that the use of chest compres-
sions is concerning for dislodgement of LVAD cannulae but 
that clinical judgment should be used in deciding whether 
or not to initiate them.79 A recent consensus statement from 
the American Heart Association asserted that withholding 
compressions may cause more harm than the potential to 
dislodge the device in patients in circulatory failure (defined 
as MAP <50 mm Hg and/or intubated end-tidal CO2 <20 
mm Hg in the unresponsive or altered LVAD patient29).

HEARTMATE III
The HeartMate III (HM III; St Jude Medical, St Paul, MN) is 
a third-generation CF LVAD17,96 that is emerging in promi-
nence in Europe, where it is already approved for BTT and 
DT (2015), as well as in the United States, where it is cur-
rently undergoing evaluation in the MOMENTUM 3 trial. 
The interpretation of the PI in the HM III has not yet been 
established (D. Abate, personal communication; St Jude 
Medical, St Paul, MN). Unique characteristics of the HM 
III include full magnetic levitation (rather than mechanical 
contact bearings) and wide flow gaps, which not only mini-
mize friction and stasis but also allow for the sharp speed 
changes that produce an artificial pulse every 2 seconds 
(2000 RPM decrease for 0.15 seconds, 4000 RPM increase for 
0.2 seconds then a return to set speed).97,98 It remains to be 
seen whether these design elements will preserve HMWMs 
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by reducing shear stress, decrease thrombosis due to better 
blood flow around the impeller, and mitigate the risk of GIB 
and AI with induced pulsatility.

CONCLUSIONS
The use of durable, implantable CF LVADs for the treat-
ment of refractory end-stage heart failure is rising. As such, 
anesthesiologists must continue to cultivate their work-
ing knowledge of the altered physiology of these patients. 
Challenges in the care of these patients include manage-
ment of afterload sensitivity and preload dependency, non-
pulsatility and its effect on the reliability of noninvasive 
monitoring, altered coagulation, assessment of the risk of 
intraoperative bleeding and thrombosis, and decisions 
regarding the need for invasive monitoring. E
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