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Cardiac risk assessment prior to kidney and liver transplantation is controversial. Given the
paucity of available organs, selecting appropriate recipients with favorable short- and long-
term cardiovascular risk profile is crucial. Using noninvasive cardiac imaging tools to guide
cardiovascular risk assessment and management can also be challenging and controversial. In
this article, we address the burden of coronary artery disease among kidney and liver trans-
plant candidates and review the literature pertaining to the diagnostic accuracy and the
prognostic value of noninvasive cardiac imaging techniques in this population. (J Nucl Cardiol
2015;22:282–96.)
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INTRODUCTION

Cardiac risk assessment prior to liver and kidney

transplantation is controversial. Due to the paucity of

available organs, the selection of appropriate recipients

with an acceptable post-operative and long-term cardio-

vascular risk profile is critical. The general perioperative

cardiovascular evaluation guidelines and the appropriate

use criteria are not applicable in, or intended for, this

special population.1,2 The American Heart Association

(AHA) and American College of Cardiology (ACC) have

recently addressed the evaluation and management of

cardiac disease in this population in a comprehensive

consensus statement, endorsed by the American Society of

Transplant Surgeons, the American Society of Transplan-

tation, and the National Kidney Foundation.3 In this

review, we will discuss coronary artery disease (CAD)

burden in patients undergoing kidney and liver transplan-

tation evaluation and expound on the use of cardiac

imaging in the assessment of CAD in this population within

the context of the recent AHA/ACC consensus statement.

KIDNEY TRANSPLANTATION

In 2011, more than 17,000 kidney transplantations

were performed in the United States. There are currently

more than 100,000 patients listed for kidney transplantation

with a median waiting time of 2.6 years.4 It is established

that a successful kidney transplant improves the quality of

life and reduces the mortality risk when compared with

maintenance dialysis.5 Although transplantation confers

the highest survival benefit among all the different renal

replacement therapies, renal allograft recipients still have a

high mortality rate as compared to the general population.6

Coronary Artery Disease Burden

Cardiovascular disease is nearly endemic in the

end-stage renal disease (ESRD) population. Multiple
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investigators have shown that approximately 80% of

patients being evaluated for kidney transplant had

angiographic findings of at least mild coronary athero-

sclerosis, with up to 45% having significant disease.7,8

Congestive heart failure is also widely prevalent, as

more than 50% of patients awaiting transplant carry this

diagnosis.4 At all times after kidney transplantation,

cardiovascular disease is the leading cause of death in

patients with functioning allografts, accounting for

nearly 40% of mortality, with the highest rates being

in the peri-operative period.9 Therefore, careful cardio-

vascular evaluation is paramount prior to listing for

kidney transplantation.

Coronary Disease Surveillance

The purpose of preoperative cardiac risk evaluation

in ESRD patients is the reduction of cardiovascular

short- and long-term morbidity and mortality. As in

other aspects of cardiovascular disease, screening

asymptomatic patients should be used only if the

benefits of screening outweigh the harm, and if the

findings would lead to management changes aimed at

improving patient outcome. The ACC/AHA guidelines

on perioperative cardiovascular evaluation and care for

non-cardiac surgery were not designed for and not

necessarily applicable to this special population.1

Several observational studies have identified inde-

pendent risk predictors of cardiovascular disease and

cardiac mortality in kidney transplant candidates. These

include, but are not limited to: diabetes mellitus, left

ventricular hypertrophy, age[50 years, more than 1 year

on dialysis, tobacco abuse, hypertension, left ventricular

ejection fraction\40%, and dyslipidemia.10-13 Despite a

general agreement on these risk predictors, there has been

some disagreement between the recommendations from

various professional societies on how to select candidates

for additional noninvasive evaluation.3,14-16 The 2012

AHA/ACC consensus statement on the evaluation and

management of cardiac disease among kidney and liver

transplant candidates states that ‘‘noninvasive stress

testing may be considered in kidney transplantation

candidates with no active cardiac conditions on the basis

of the presence of multiple CAD risk factors regardless of

functional status (Class IIb – Level of Evidence C)’’.3

Relevant risk factors among transplantation candidates, as

per the 2012 AHA/ACC statement, include: diabetes

mellitus, prior cardiovascular disease,[1 year on dialy-

sis, left ventricular hypertrophy, age[60 years, smoking,

hypertension, and dyslipidemia.3 The statement indicated

that ‘‘the specific number of risk factors that should be

used to prompt testing remains to be determined, but the

committee considers C3 to be reasonable’’.3 The weak

‘‘class IIB - level of evidence C’’ recommendation

highlights the lack of scientific evidence, not only as it

pertains to risk stratification prior to transplantation, but

more importantly, as to whether such testing and the

resultant downstream interventions can improve the

outcome of transplant recipients.

Despite the high prevalence of CAD among kidney

transplant candidates, routine coronary angiography is

not justified since the data is conflicting as to whether

significant angiographic coronary stenoses alone can

predict subsequent clinical events. De Lima et al

reported that in patients undergoing transplant evalua-

tion, there was a statistically significant increase in

cardiac events in those with coronary stenosis C70%.17

In contrast, Hage et al showed that the prevalence and

severity of CAD was not predictive of survival, and

coronary revascularization did not impact survival

except in ESRD patients with three-vessel disease.18

Furthermore, Jeloka et al showed that patients who

underwent pre-transplant coronary revascularization still

had a 43% cardiac event rate in the post-transplant

period.19 Thus, ‘‘routine’’ coronary catheterization with

subsequent revascularization may not reduce adverse

event rates post-transplant. Therefore, noninvasive test-

ing seems to be a reasonable approach. Exercise ECG

stress, without imaging, is often not feasible in ESRD

patients due to poor functional status as well as high

prevalence of left ventricular hypertrophy which limits

the specificity of the test.3 Moreover, ESRD patients

often have uncontrolled hypertension which may impede

performing a maximal symptom-limited exercise stress

test. Currently, dobutamine stress echocardiography

(DSE) and vasodilator stress myocardial perfusion

imaging (MPI) with single photon emission computed

tomography (SPECT) remain the mainstays of CAD

surveillance in this population.

Vasodilator and catecholamine pharmacologic

stress agents are believed to be safe in patients with

ESRD. Although, regadenoson, a novel A2A receptor-

agonist vasodilator stress agent, is predominantly

cleared by the kidneys (57%), its use has been shown

to be safe and well tolerated in ESRD patients, with the

exception of excess gastrointestinal side effects as

compared to controls.20,21 Intravenous aminophylline

use can prevent these side effects.22,23

Diagnostic Accuracy of Noninvasive Testing

Myocardial Perfusion Imaging and Stress
Echocardiography. Several studies have examined

the diagnostic accuracy of DSE and SPECT-MPI in this

population (Table 1). The pooled analysis of seven

SPECT-MPI studies yielded a 66% sensitivity and 75%

specificity for coronary stenosis C70% (Table 1).

Figure 1 depicts examples of normal (A) and abnormal
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(B) SPECT-MPI from kidney transplant candidates. The

diagnostic accuracy of DSE for coronary stenosis of

C70% is comparable; a pooled analysis of nine studies

yielded a sensitivity of 73% and a specificity of 88%

(Table 1). A recent Cochrane database systematic

review suggested that DSE had improved accuracy over

SPECT-MPI in detecting coronary artery stenosis

C50%. However, when only studies assessing the

predictive accuracy for a coronary stenosis threshold

of C70% were included, the results were not signifi-

cantly different.24 The reason behind the relatively low

MPI sensitivity for CAD in ESRD patients is unclear,

but may be relevant in light of recent reports suggesting

poor sensitivity of SPECT imaging in other study

populations.25,26 Poor SPECT-MPI sensitivity may be

related to the fact that all previously published reports

utilized older SPECT technology, which lacks the use of

attenuation correction and other hardware and software

advancements. Furthermore, the low sensitivity of stress

testing probably reflects the occasional discordance

between coronary anatomy and physiology which may

be particularly relevant in an asymptomatic patient

population.27 It is well established in other settings that

functionally insignificant lesions, though anatomically

severe, may not translate into worse outcomes.

Moreover, it has been extensively documented in

nuclear cardiology literature that SPECT-MPI provides

incremental prognostic value beyond coronary angiog-

raphy.28 The predictive accuracy for DSE and SPECT-

MPI seems comparable; therefore, the choice of testing

modality should be based upon the expertise of the

particular transplant center.3

While the superiority of positron emission tomog-

raphy (PET) as compared to SPECT in the general

population has been well described,29 the diagnostic

accuracy of positron emission tomography specifically

in ESRD patients has not been reported in the literature.

This also holds true for hybrid imaging including PET/

computed tomography (CT) and SPECT/CT.

Cardiac Computed Tomography. This tech-

nique is a less well studied noninvasive imaging

modality in this population. Coronary CT angiography

is frequently avoided in ESRD patients due to the high

levels of coronary calcification causing ‘‘blooming

artifacts’’.30 However, Mao et al demonstrated that

nearly one-third of pre-kidney transplant patients on

dialysis may not have significant coronary calcifications

and have interpretable coronary CT angiography with

minimal to no CAD. Thus, in younger patients on short

duration of dialysis, coronary CT angiography seems to

Table 1. Diagnostic accuracy of stress testing for coronary artery disease in kidney transplant
candidates

Study, year N Prevalence (%) SN (%) SP (%) PPV (%) NPV (%)

I. Myocardial perfusion imaging

Gowdak et al, 201087 219 63 62 62 73 50

Boudreau et al, 199088 80 53 86 79 82 83

Worthley et al, 200389 40 38 87 88 81 92

Schmidt et al, 200190 27 44 83 40 53 75

Vandenberg et al, 199691 41 39 63 76 63 76

De Lima et al, 200317 65 41 64 53 49 68

Dahan et al, 199892 60 22 92 89 71 98

Pooled analysis (7 studies) 569 50 68 71 70 69

II. Dobutamine stress echocardiography

Sharma et al, 200993 140 29 90 95 88 96

Sharma et al, 200594 125 29 89 94 86 95

Ferreira, 200795 148 23 71 85 63 89

Cai et al, 201096 38 61 65 87 88 62

De Lima et al, 200317 89 38 44 87 68 72

West et al, 200097 33 39 92 87 60 92

Herzog et al, 199998 50 32 75 76 60 87

Garia-Canton et al, 199899 27 44 92 83 85 93

Gang et al, 2007100 40 48 47 95 90 67

Pooled analysis (9 studies) 668 34 73 88 76 86

N, Number of patients in the study; SN, sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative predictive value.
Adapted from Wang et al Cochrane Database Syst Rev 2011;12, with permission.24
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be a good option.31 A few studies assessed the diagnos-

tic accuracy of cardiac CT in comparison to invasive

coronary angiography in patients with ESRD.32-37 Bud-

off and co-workers showed that coronary calcium score

has a reasonable discriminative capacity for coronary

atherosclerosis in ESRD patients, with areas under the

curve of 0.77 and 0.75 for detecting coronary stenoses

C50% and C70%, respectively.32 Rosario et al showed

that Agatston’s score C400 was associated with a higher

number of significant stenoses by invasive coronary

angiography.34 Park et al reported that as compared to

invasive coronary angiography, the sensitivity, specific-

ity, positive predictive value (PPV), and negative

predictive value (NPV) of coronary CT angiography

for severe (C70%) coronary stenosis was 100%, 59%,

44%, and 100%, respectively.35
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The Prognostic Value of Noninvasive
Cardiac Imaging

Identifying patients at risk for perioperative and

long-term major adverse cardiac events is paramount in

pre-transplant evaluation. Several studies evaluated the

prognostic value of SPECT-MPI. Wong et al demon-

strated that patients with a reversible defect on MPI

were three times more likely to have a fatal cardiac

event or death in the peri-operative period.38 Similarly,

Iskandiran and co-workers showed that patients with a

normal MPI pre-transplant were five times less likely to

have a cardiac event by 42 months post-transplant.39

Most recently, in a retrospective analysis of 387 patients

who underwent pre-transplant SPECT-MPI, Chew et al

reported that patients with reversible perfusion defects

are 4.4 times more likely to have a ‘‘soft end point’’ of

coronary revascularization or admission with angina

within 5 years post-transplant.40 They also showed that

patients with a reversible perfusion defect trended

toward having a statistically insignificant higher rate of

‘‘hard events’’ of cardiac death or MI (Figure 2).

While there is no current data on the prognostica-

tion of perfusion PET imaging in ESRD patients, there is

some information on the use of coronary flow reserve.

Murthy et al showed that using PET coronary flow

reserve improved risk stratification beyond comprehen-

sive clinical assessment, LV systolic function and semi-

quantitative measures of myocardial ischemia.41

A small number of studies have evaluated the

prognostic value of DSE in this population. Bergeron

et al demonstrated that having a normal pre-transplant

DSE was associated with 80% survival after 3 years of

follow-up. However, having any evidence of ischemia

on pre-transplant DSE is associated with double the risk

of death over the first 3 years post-transplant.42 More-

over, having a large area of ischemia ([25% of

myocardial segments) was associated with an even

higher death rate. Fixed wall motion abnormalities,

indicating a scar, were associated with a higher death

rate than a normal DSE, but not as high as patients with

any evidence of ischemia.42 Furthermore, Tita et al

showed that stress echocardiography had a NPV of 96%

for major cardiac events occurring in the first year post

transplantation, and that patients with an abnormal stress

echo were seven times more likely to suffer from an

event than those who had a normal test.43 In a meta-

analysis of 12 studies (8 DSE and 4 SPECT-MPI

studies) addressing prognostic value of noninvasive

testing in kidney transplant recipients, Rabbat et al

showed similar findings of increased risk for major

adverse cardiac events in kidney transplant patients with

abnormal stress tests.44 They showed that any abnormal

stress test is associated with almost three times the risk

of cardiac death (Table 2). They also showed that

patients with a reversible abnormality on DSE or MPI

(ischemia) were almost four times more likely to suffer

from cardiac death or MI with even higher risks in the

diabetic subpopulations.44 In summary, both DSE and

SPECT-MPI provide comparably valuable short- and

long-term prognostic data in kidney transplant

recipients.3

A small number of outcome studies on coronary CT

angiography in ESRD patients have shown that this

imaging modality may be a reasonable alternative to

other noninvasive techniques for prognostication. de Bie

et al showed that not only was CT angiography

interpretable in most patients, but that those with no

significant CAD were less likely to have an incidence of

cardiovascular events at 2-year follow-up.45 Further-

more, Shantouf et al showed that ESRD patients with a

coronary artery calcium score of [400 had a signifi-

cantly higher adjusted risk of death than those with a

score of 0.46

Repeat Noninvasive Testing Awating
Kidney Tranplantation

Given the prolonged wait time for a donor kidney

(median 2.6 years), it is plausible that CAD severity

may progress while awaiting a kidney transplant after

the initial cardiovascular evaluation. This concern is

particularly relevant among patients with multiple CAD

Figure 1. SSS, Summed stress score; SDS, summed difference
score; TID, transient ischemic dilation; LVEF, post-stress gated-
SPECT left ventricular ejection fraction; LVMi, left ventricular
mass indexed to the body surface area; LVEDVi, left ventricular
end-diastolic volume indexed to the body surface area. (A) Rest-
regadenoson stress 99mTc-tetrofosmine SPECT myocardial
perfusion imaging of a 39-year-old African American man
who was evaluated for kidney transplantation. He had been on
hemodialysis for 3 years due to end-stage kidney disease caused
by long standing uncontrolled hypertension. He has electrocar-
diographic signs of left ventricular hypertrophy. As illustrated,
his myocardial perfusion was normal; the inferior wall defect
was likely caused by diaphragmatic attenuation, as the gated-
SPECT imaging was normal. Note left ventricular dilatation
(LVEDVi = 84 mL�m-2; normal is \75 mL�m-2 for a male)
due to chronic left ventricular volume overload caused by
longstanding systemic shunting (arterial-venous fistula used for
dialysis). (B) Rest-regadenoson stress 99mTc-tetrofosmine
SPECT myocardial perfusion images of a 59-year-old man
who was evaluated for kidney transplantation. He has a history of
hypertension, dyslipidemia, long standing diabetes mellitus, and
end-stage renal disease presumed to be due to diabetic
nephropathy. He was recently initiated on hemodialysis. Note
a severe, predominantly reversible perfusion abnormality in the
apical anterior, apical lateral, and apical segments of the left
ventricle. The gated SPECT images demonstrated stress-
induced hypokinesis in the aforementioned segments. Coronary
angiography confirmed severe stenosis in a large diagonal
branch of the left anterior descending coronary artery.

b
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risk factors. In a prospective study of 152 subjects,

Rakhit et al showed that approximately 22% of ESRD

patients developed new wall motion abnormalities on

DSE during a 1.8-year follow-up period.47 However, an

observational study of patients on the kidney transplant

wait list in British Columbia (Canada) showed that

periodic cardiac stress testing may be unnecessary, as

there was no difference in the observed cardiovascular

event rates between patients tested routinely vs. those

tested only on the basis of symptoms.48 Clinical trials

and outcome studies are needed to address the value of

repeat testing awaiting kidney transplantation, as the

wait time for organs is expected to continue to increase.

In view of the paucity of data, the AHA/ACC consensus

statement indicated that the usefulness of periodically

screening for myocardial ischemia in asymptomatic

kidney transplantation candidates while on the transplant

waiting list to reduce the risk of major adverse cardiac

events is uncertain (Class IIb—level of evidence C).

Conclusions and Recommendations

ESRD patients undergoing kidney transplant evalu-

ation have a high burden of cardiovascular disease.

Identifying patients at risk is paramount as cardiovascular

disease remains the leading cause of mortality in patients

pre- and post-transplant. In light of the recent AHA/ACC

consensus, further cardiac evaluation should be per-

formed in symptomatic patients being considered for

kidney transplant. Noninvasive stress testing may be

considered in asymptomatic patients based on the pre-

sence of three or more risk factors [diabetes mellitus, prior

Figure 2. Survival after kidney transplant based on perfusion imaging results. Kaplan-Meier
curves for soft end-point and hard end-point events in myocardial perfusion imaging positive and
negative groups. Hard end points included admission for an acute myocardial infarction or cardiac
death. Soft end-points included admission for unstable angina, percutaneous coronary intervention,
or coronary artery bypass grafting. From Chew et al Nephrology 2013;18:376-81, with
permission.40

Table 2. Relative risks for myocardial infarction and cardiac death based on stress imaging findings

Test finding

Myocardial infarction, N 5 670 Cardiac death, N 5 913

RR P value RR P value

Positive vs. negative 2.73 .01 2.92 .001

Reversible vs. negative 6.19 .006 3.82 .001

Fixed vs. negative 1.12 .92 4.74 .001

Reversible vs. fixed 7.07 .06 0.78 .29

Meta-analysis of 12 investigations (8 with dobutamine stress echocardiography and 4 with SPECT myocardial perfusion imag-
ing). A reversible defect is when a perfusion defect or wall motion abnormality is present at stress but not at rest. A fixed defect is
when a perfusion defect or wall motion abnormality is present at both stress and rest. A positive test includes any stress test with
either a fixed or reversible abnormality.
Adapted from Rabbat et al JASN 2003;14:431-9, with permission.44
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cardiovascular disease,[1 year on dialysis, left ventric-

ular hypertrophy, age[60 years, smoking, hypertension,

and dyslipidemia], regardless of functional status.

Although they have only modest diagnostic accuracy, an

abnormal SPECT-MPI or DSE has modest excellent

prognostic NPV. On the other hand, an abnormal SPECT-

MPI or DSE predicts increased peri-operative and long-

term event rates. Therefore, the selection of either DSE or

MPI should be based on the local expertise of the

transplant center. Cardiac CT angiography is often inter-

pretable in well-selected patients with ESRD, as coronary

calcifications do not seem to be a major impediment to

image interpretation. Cardiac CT angiography has an

excellent diagnostic sensitivity and prognostic NPV; thus

it is a reasonable diagnostic option, particularly for young

patients on dialysis for a short period of time. The value of

repeat testing in patients awaiting kidney transplantation

is uncertain.

Areas for Future Research

Additional research is needed to better identify

candidates for CAD surveillance prior to listing and to

examine the value of repeat CAD surveillance while

awaiting kidney transplantation. More importantly, out-

come research and interventional trials are needed to

define the impact of preoperative coronary revasculari-

zation in asymptomatic kidney transplant candidates on

the perioperative and long-term outcomes after transplant.

LIVER TRANSPLANT

There are currently 17,000 patients on the liver

transplant waiting list. Although the number of donors

has remained constant, the number of liver transplant

candidates in the United States continues to rise annu-

ally, leading to longer pre-transplant wait time and older

recipient age.49 Given the scarcity of donors and the

significant cost involved, selecting patients with accept-

able short- and long-term cardiovascular risk profiles is

paramount. Cardiovascular evaluation in orthotopic liver

transplant candidates is crucial, as cardiovascular death

remains one of the leading causes of mortality in the first

year post-transplant, second only to sepsis.50 Because of

their baseline poor functional status, a significant pro-

portion of patients with end-stage liver disease (ESLD)

remain asymptomatic despite significant CAD, making

the assessment and management particularly

challenging.51

Coronary Artery Disease Burden

It was previously believed that ESLD patients were

at lower CAD risk than the general population, as these

patients tend to have low cholesterol levels, low blood

pressure due to low systemic vascular resistance, and

higher levels of circulating estrogens; all thought to be

protective against cardiovascular disease.50 However,

over the past two decades, studies have shown that the

prevalence of CAD in this population can be as high as

27%, well above the general population.52 Proposed

hypotheses for high CAD burden include the chronic

inflammatory state associated with long-standing liver

disease and high prevalence of smoking among patients

with certain etiologies of ESLD.53 With improving

survival of patients with ESLD, advanced age has also

become a significant risk factor.54 Moreover, as non-

alcoholic fatty liver disease has been an increasingly

common cause of liver cirrhosis, diabetes mellitus, and

metabolic syndrome have emerged as important CAD

risk factors in ESLD.52,55

The impact of CAD on the outcome of liver

transplant patients is significant. Plotkin et al reported

81% morbidity and 50% mortality among patients with

CAD who underwent liver transplantation.56 This series,

however, was limited by the lack of a control group.

This limitation was addressed by Diedrich et al who

evaluated 42 patients with known CAD who were age

and gender matched to 42 controls without CAD. They

reported nearly four times higher cumulative mortality

and morbidity in the coronary disease group at both 1

and 3 years (Figure 3).57

Cardiovascular morbidity and mortality has been

attributed to the profound hemodynamic burden of liver

transplantation, such as intra-operative hemorrhage,

aggressive fluid and blood replacement, decreased

pre-load secondary to inferior vena cava clamping,

and electrolyte or acid-base disturbances.58 In addition,

restoration of peripheral vascular resistance after liver

transplantation causes a sudden postoperative increase

in afterload, leading to acute ventricular failure in

vulnerable patients. This is further exacerbated by

reduced myocardial contractility from graft-produced

cytokines, such as TNF-alpha.59 Additionally, immu-

nosuppressants, such as calcineurin inhibitors, often

cause a hypertensive response, further increasing after-

load.59,60 The need therefore arises for careful

evaluation of these patients prior to liver transplanta-

tion, addressing the perioperative and long-term

cardiovascular risks.

Coronary Disease Surveillance

Given the considerable prevalence of CAD and its

impact on the outcome of liver transplant recipients,

there is a general agreement that CAD surveillance in

‘‘high risk’’ ESLD patients prior to transplantation is

reasonable, irrespective of symptoms, and functional
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status.3,61 Nonetheless, there is less certainty regarding

the definition of ‘‘high risk’’. The AHA/ACC consen-

sus statement indicates that noninvasive stress testing

may be considered in liver transplant candidates with

no active cardiac conditions on the basis of the

presence of multiple CAD risk factors regardless of

functional status. The statement defined the relevant

risk factors in liver transplant candidates as diabetes

mellitus, prior cardiovascular disease, left ventricular

hypertrophy, age [60 years, smoking, hypertension,

and dyslipidemia.3 The statement suggested that it

would be ‘‘reasonable’’ to consider patients who have

C3 risk factors as ‘‘high risk’’. They left the choice of

noninvasive testing to the local expertise. The panel

gave this recommendation class IIb—level of evidence

C (expert opinion), which underscores the lack of high

quality data.3

CAD surveillance can be challenging in patients with

ESLD. Due to excessive bleeding risk and frequent renal

dysfunction, routine coronary angiography is not a fea-

sible strategy.3 Since many patients tend to have poor

functional capacity, exercise stress testing is often not an

option.51 Thus, the majority of the patients undergo

pharmacologic stress testing, which may be challenging

as well. With dobutamine stress, ESLD patients are

frequently unable to achieve their target heart rate due to

autonomic dysfunction.62 In a study by Williams et al, 34

out of 60 (57%) patients who received dobutamine stress

echo prior to liver transplant were unable to achieve their

target heart rate despite maximum doses of dobutamine

and atropine.62 On the other hand, hypotension among

ESLD patients is a frequent limitation to using vasodilator

stress with radionuclide MPI. Furthermore, patients with

ESLD are maximally vasodilated at baseline, which may

theoretically diminish the sensitivity of vasodilator stress

MPI.63 Thus, some experts suggested that DSE may be

preferred in this population.61 However, this recommen-

dation is not supported by clinical data.

Vasodilator and catecholamine pharmacologic

stress agents are believed to be safe in patients with

ESLD. Although regadenoson, an A2A selective vaso-

dilator stress agent, is partially excreted by the liver

through the biliary tract, it has been shown to be safe

and well tolerated among patients with ESLD.64

Diagnostic Accuracy of Noninvasive Testing

Myocardial Perfusion Imaging. Three studies

have reported on the accuracy of SPECT-MPI as

compared to invasive coronary angiography (Table 3).

Figure 4 illustrates examples of normal (A) and abnor-

mal (B) SPECT-MPI from liver transplant candidates.

Davidson et al retrospectively analyzed 83 consecutive

ESLD patients without known CAD who underwent

dipyridamole- or adenosine-stress, dual-isotope SPECT-

MPI followed by coronary angiography, irrespective of

MPI findings. Abnormal MPI was defined as any

perfusion abnormality regardless of reversibility. Severe

CAD was defined as C70% diameter stenosis in one or

more coronary segments.63 The sensitivity and specific-

ity of SPECT-MPI were 37% and 63%, respectively;

while the PPV and NPV were 22% and 77%, respec-

tively. The prevalence of CAD in this population was

23% (Table 3).

Figure 3. Cumulative morbidity and mortality in liver transplant recipients based on coronary
artery disease status. Morbidity is defined as new arrhythmias, myocardial infarction, or cardiac
intervention. Adapted from Diedrich et al Transplant Proc 2008;40:3554-7, with permission.57
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More recently, Bhutani et al reported on 473 non-

consecutive patients with ESLD who underwent aden-

osine or regadenoson 99mTc-tetrofosmin SPECT-MPI

and were selected to undergo coronary angiography on

the basis of MPI findings or the clinical risk profile.65

Patients with known CAD were excluded, and severe

CAD was defined as C70% diameter stenosis. The

prevalence of disease in this population was 10%. The

sensitivity of SPECT-MPI was poor, while the specific-

ity was acceptable, at 82% and 88% for adenosine and

regadenoson stress, respectively (Table 3). The NPV for

SPECT-MPI was 93% and 95% for adenosine and

regadenoson stress, respectively, clearly inflated by low

disease prevalence.65

In 2009, Aydinalp et al reported on 93 consecutive

liver transplantation candidates who underwent dipyrid-

amole-stress SPECT-MPI with thallium-201, followed

by coronary angiography irrespective of risk factors,

symptoms, or MPI findings. Abnormal MPI was defined

as reversible perfusion defects and CAD was angio-

graphically defined as C70% stenosis in one or more

coronary segments or C50% stenosis corresponding

with an abnormal MPI.66 The prevalence of CAD was

only 6.5%. The sensitivity and specificity of SPECT-

MPI were 100% and 61%, respectively, with PPV and

NPV of 15% and 100%, respectively (Table 3).66 This

remarkably higher sensitivity may simply be due to

chance (small sample size and low disease prevalence),

but it may also be due to the preferential use of exercise

stress modality and radiotracer choice of 201Tl vs.
99mTc-based agents, as shown in Table 3. It has been

postulated that vasodilator stress with regadenoson,

adenosine, or dipyridamole may be a suboptimal stress

modality in patients with ESLD since they are already in

a vasodilated state at baseline.66 Thus, choosing stress

modalities that do not primarily rely on coronary

vasodilation, such as exercise or dobutamine stress,

may be advantageous in this patient population.61 By the

same token, radiotracers with higher extraction fraction

and better linearity, such as 201Tl, may also be theoret-

ically advantageous in demonstrating disparities in

radioisotope uptake at high coronary flow states.67 It

has been established that 201Tl is slightly more sensitive

for reversible perfusion abnormalities than 99mTc-tetro-

fosmin.67 Although this advantage is clinically

negligible in the general population, it may be signif-

icant in the vasodilated state of ESLD, resulting in

superior sensitivity. Nonetheless, the potential impact of

stress modality and radioisotope choice on the diagnos-

tic performance of SPECT-MPI in this population

remains speculative.

In addition, poor sensitivity of SPECT-MPI in this

population may be attributed to dated technology used in

the published studies, discordance between functional

and anatomic significance of coronary lesions, and

inferiority of this technique in asymptomatic individu-

als. However, it has been shown in other populations

that SPECT-MPI is more predictive of patient outcome

than coronary angiography, irrespective of diagnostic

accuracy.28

PET perfusion imaging is generally better suited to

overcome many of the limitations of SPECT-MPI,

providing higher overall diagnostic accuracy.29 None-

theless, PET imaging has not been specifically studied in

liver transplant candidates.

Stress Echocardiography. As with SPECT-

MPI, the diagnostic accuracy data with DSE as com-

pared to coronary angiography has been conflicting. An

Table 3. Diagnostic accuracy of noninvasive stress testing in liver transplant candidates

Study, year N Prevalence (%) SN (%) SP (%) PPV (%) NPV (%)

I. Myocardial perfusion imaging

Davidson et al, 200263 83 24 37 63 22 77

Aydinalp et al, 200966 93 7 100 61 15 100

Bhutaniet et al, 201365

Regadenoson 293 10 35 88 23 93

Dipyridamole/adenosine 180 12 62 82 30 95

Pooled analysis (3 studies) 649 11 53 74 21 92

II. Dobutamine stress echocardiography

Donovan et al, 199669 18 22 75 57 33 89

Plotkin et al, 199868 21 10 100 100 100 100

Findlay et al, 200584 73 14 100 0 14 0

Harinstein et al, 200870 64 38 17 88 44 64

Nguyen et al, 201372* 110 28 32 78 37 75

N, Number of patients in the study; SN, sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative predictive value.
*Pooled analysis study.
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earlier small study by Plotkin et al reported 100%

sensitivity and specificity for DSE in detecting CAD,

defined as coronary stenosis C70%.68 Another study

by Donovan et al reported a 75% sensitivity for

coronary stenosis C50%.69 Subsequent larger studies

by Harenstein et al70 and Patel et al71 reported a

substantially lower sensitivity and reasonable specificity

(Table 3). The findings of the latter two studies were

corroborated by Nguyen et al who analyzed pooled data

of 110 patients from four studies. These authors reported
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pooled sensitivity, specificity, PPV, and NPV of 32%,

78%, 37%, and 75%, respectively.72

In reviewing the diagnostic accuracy data of

SPECT-MPI and DSE, poor sensitivity and PPV with

acceptable specificity and NPV seem to be the common

theme, thus supporting the AHA/ACC consensus state-

ment in basing the choice of noninvasive testing on the

local expertise.3

Cardiac Computed Tomography. Coronary

calcium score may help in identifying patients at risk

for CAD. In a cohort of 85 liver transplant candidates,

Kemmer et al demonstrated that only patients with

coronary calcium scores C400 were found to have

obstructive CAD, defined as C50% stenosis in C1

coronary artery.73 Furthermore, a few studies have

recently demonstrated the feasibility and potential role

of coronary CT angiography in the evaluation of liver

transplant candidates.73-78 Limitations of coronary CT

angiography include nephrotoxicity in this population

with a high prevalence of renal dysfunction and some

concern for hypotension with nitroglycerin and b-

blocker use.79

Cardiac Magnetic Resonance Imaging. In

an observational study of 51 liver transplant candidates,

Reddy et al explored the feasibility of a comprehensive

‘‘one-stop shop’’ evaluation of cardiac function, struc-

ture, coronary disease, and viability along with

thoracoabdominal vasculature and liver anatomy using

magnetic resonance imaging.80 Although promising, the

wide scale applicability of this technique is question-

able. The diagnostic accuracy and outcome data of

cardiac magnetic resonance in this population are

lacking.80 Gadolinium related nephrotoxicity is also a

concern.

Although the current data and AHA/ACC consensus

statement do not identify a clear advantage for any

noninvasive modality, certain techniques may be better

suited for particular patient subsets. For example,

patients with low baseline heart rate due to autonomic

dysfunction or b-blockade (for the prevention of variceal

bleeds) may benefit more from a cardiac CT or MPI

rather than DSE, while among individuals with con-

comitant renal dysfunction MPI or DSE may be

preferred over cardiac CT.

The Prognostic Value of Noninvasive
Cardiac Imaging

The Prognostic Value of SPECT Myocardial
Perfusion Imaging. Very few studies have evaluated

the prognostic value of SPECT-MPI in liver transplant

recipients. Zoghbi et al followed 87 patients who

underwent adenosine (n = 24), dipyridamole (n = 51),

or exercise (n = 12) 99mTc-sestamibi SPECT-MPI stud-

ies for an average of 21 months and found that a normal

MPI had 99% and 96% NPV for peri-operative and late

cardiac events, respectively.81 This suggests that the

prognostic value of normal MPI remains excellent

irrespective of angiographic coronary disease.

Additionally, Bradley et al retrospectively reviewed

291 patients who underwent liver transplantation after a

SPECT-MPI and were followed for a median of

25 months.82 Among the 273 patients with low risk

MPI (normal perfusion or a small perfusion defect), they

reported a 2% rate of cardiac events (non-fatal myocar-

dial infarction) within 30 days from transplantation, i.e.,

a prognostic NPV of 98%. Given the small sample size,

little could be learned from this study regarding the

outcome of patients with intermediate or high risk scans

(n = 18).82 Both studies discussed above were limited

by small sample size, retrospective design, and being

derived from a single center experience.

The Prognostic Value of Stress Echocardi-
ography. A few outcomes studies evaluated the use of

DSE in predicting adverse events in liver transplant

recipients. Safadi et al evaluated 356 patients who

underwent DSE prior to liver transplantation and

reported a NPV of 89% for death or nonfatal MI within

30 days, whereas the PPV was only 27%.83 Similarly,

Williams et al evaluated a subset of 61 patients who had

DSE prior to liver transplantation and found that, after

excluding nondiagnostic studies, the NPV for adverse

cardiac events was 80%. This investigation was limited

by the fact that there were only two abnormal studies

and 34 patients were unable to achieve their target heart

rate.62 On the other hand, a study of 73 liver transplant

Figure 4. SSS, Summed stress score; SDS, summed difference
score; TID, transient ischemic dilation; LVEF, post-stress
gated-SPECT left ventricular ejection fraction. (A) Rest-
regadenoson stress 99mTc-tetrofosmine SPECT myocardial
perfusion imaging of a 67-year-old man with end-stage liver
disease who was evaluated for liver transplantation. He has a
history of dyslipidemia and 50 pack-year tobacco use. As
illustrated, his myocardial perfusion was normal; the inferior
defect was likely caused by diaphragmatic attenuation as the
gated-SPECT imaging was normal. (B) Rest-regadenoson
stress 99mTc-tetrofosmine SPECT myocardial perfusion
images of a 67-year-old woman who was evaluated for liver
transplantation. She has a history of liver cirrhosis caused by
autoimmune hepatitis. Note mild small reversible anteroseptal
defect. Also note an apparent improved perfusion of the
inferior wall on the post-stress images as compared to the rest
images. The latter finding reflects stress-induced ischemia in
the remainder of the myocardium, such that the inferior wall is
being normalized relative to ischemic myocardium causing an
apparent improvement in normalized count statistics in the
inferior wall. Transient ischemic dilation further supports this
interpretation. Coronary angiography showed left main coro-
nary artery disease and severe stenosis in the proximal left
anterior descending coronary.

b
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recipients by Findlay et al found no correlation between

pre-operative DSE results and post-transplant myocar-

dial injury, defined by troponin elevation.84

Tsutsui et al sought to enhance the sensitivity of

DSE by evaluating myocardial perfusion using micro-

bubble ultrasound contrast, such as Optison� or Defin-

ity�. Among 85 patients who underwent liver

transplantation, four had abnormal myocardial perfusion

by echo contrast, 50% of whom (2/4) had perioperative

adverse events vs. only 2% (2/81) among patients with

normal echo contrast perfusion, thus suggesting a

possible value of this imaging technique.85

Umphrey et al evaluated the outcome of 157

patients who underwent DSE prior to liver transplanta-

tion and found an increased rate of adverse

cardiovascular events in patients who were unable to

achieve their target heart rate (22% vs. 6%, P = .01)

and those with low (\16,333) peak rate-pressure product

(17% vs. 5%, P = .02).86 Although there have been no

other confirmatory studies, this investigation suggests

that additional testing may be warranted in patients

unable to achieve their target heart rate during DSE.

The Prognostic Value of Cardiac Computed
Tomography. A study by Cassagneau et al evaluated

52 patients who underwent coronary CT angiography

prior to liver transplantation. A negative scan was

defined as normal coronary CT angiography or non-

obstructive disease. They reported a NPV of 95% for

major cardiac events and 100% for major coronary

events. However, the PPV was only 17% for both

outcomes.78

Conclusions and Recommendations

CAD is prevalent among liver transplant candidates

and has an important impact on perioperative and long-

term outcome; thus, cardiac evaluation should be per-

formed in symptomatic patients being considered for

liver transplantation. In light of the recent AHA/ACC

consensus statement, noninvasive stress testing may be

considered in asymptomatic patients based on the

presence of three or more risk factors [diabetes mellitus,

prior cardiovascular disease, left ventricular hypertro-

phy, age [60 years, smoking, hypertension, and

dyslipidemia] regardless of functional status. All pub-

lished reports addressing the diagnostic and prognostic

value of noninvasive cardiovascular imaging in this

population are limited by small sample size and by their

uncontrolled, retrospective, single-center design. Both

DSE and SPECT have poor sensitivity, reasonable

specificity, but good NPV. Irrespective of diagnostic

accuracy, a normal DSE or SPECT-MPI is associated

with low perioperative and long-term risk. However, the

risk associated with abnormal MPI or DSE is less

certain. Therefore, the selection of stress test modality

should be based on the local expertise of the transplant

center. Coronary CT angiography and coronary calcium

score may have a role in the assessment of liver

transplant candidates, but requires additional research.

Areas for Future Research

Prospective multicenter studies are needed to

address deficiencies in the currently available data.

Additional studies addressing the role of cardiac PET,

cardiac CT, and myocardial perfusion echocardiography

are needed. Well-designed prospective studies evaluat-

ing the impact of coronary revascularization on patient

outcomes after liver transplantation are also needed.
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