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Heart transplantation (HT) is an established life-saving treatment option for patients with end-stage heart

failure. Despite many advances in the field, the development of acute cellular rejection (ACR) and cardiac

allograft vasculopathy (CAV) represent significant causes of 1-and 5-year morbidity and mortality, respectively.

The search for noninvasive techniques to assess cardiac allograft function and detect treatable ACR and CAV

remains a priority objective for heart transplant professionals. In this review we will: 1) highlight the clinical

significance of ACR and CAV in adult cardiac transplant recipients and 2) discuss how different noninvasive

imaging modalities (echocardiography, cardiac computed tomography, myocardial perfusion imaging, and

cardiac magnetic resonance) have been used in the evaluation of these clinical challenges after HT.
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Heart transplantation (HT) is an established
life-saving treatment option for patients with
end-stage heart failure. Despite many advances
in the field, the development of acute cellular
rejection (ACR) and cardiac allograft vascu-
lopathy (CAV) represent significant causes of
morbidity and mortality (1). Historically, sur-
veillance for ACR and CAV has been based on
invasive procedures, which carry inherent risks
and high costs. The search for noninvasive
techniques to assess allograft function and
detect treatable ACR and CAV remains a
priority objective for heart transplant profes-
sionals. Noninvasive imaging techniques used
in this regard include transthoracic echocardi-
ography, multidetector computed tomography
(MDCT), single-photon emission computed
tomography-myocardial perfusion imaging
(SPECT-MPI), and cardiac magnetic reso-
nance (CMR). The ideal test for the detection

of ACR and CAYV should be highly sensitive
and specific, able to evaluate changes before
and after treatment, noninvasive with high
reproducibility, and associated with low cost
and favorable outcome. In this review, we will:
1) highlight the clinical significance of ACR
and CAV in adult cardiac transplant recipients;
and 2) discuss how different noninvasive imag-
ing modalities have been used in the evaluation
of these clinical challenges after HT.

ACR

Clinical significance. In ACR, effector T cells
mediate an inflammatory response that leads to
myocardial edema and myocyte damage. Rou-
tine surveillance of ACR is currently performed
with endomyocardial biopsy (EMB) and is
associated with good clinical results. The cur-
rent management strategy depends on the his-
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tologic type and grade of rejection and the presence
or absence of hemodynamic compromise (decreased
allograft systolic function and/or hemodynamic in-
stability). Using the International Society of Heart
and Lung Transplantation revised grading system,
EMB grade 2R (previously 3A) or higher rejection
is considered clinically significant and prompts the
use of high-dose corticosteroids and possibly the
use of lymphocyte-depleting agents in patients with
hemodynamic compromise.

Although EMB is considered the gold standard
for the diagnosis of ACR, its value may be limited
by sampling error, interobserver variability, and
wide variability in the frequency and duration of its
use as surveillance among transplant centers. Several
noninvasive imaging techniques (clinically accepted
and investigational) have been performed to detect
ACR at different stages in the disease process (Fig. 1).
With current advances in immunosuppression, the
majority of patients who develop ACR have no
significant changes in left ventricular (LV) ejection
fraction regardless of the imaging modality used
(2-4). However, monitoring cardiac allograft sys-
tolic function is important in suspected or proven
ACR because more aggressive immunosuppression
can lead to improvement in LV function in patients
with depressed function.

Echocardiography and ACR. CONVENTIONAL ECHO-
CARDIOGRAPHY. Although wall thickness and LV
mass measured by M-mode and 2-dimensional
echocardiography have been shown to increase dur-
ing ACR episodes (5), ACR-induced myocardial
edema may manifest by subtle changes in relative
wall thickness, accounting in part for the conflicting
results on the usefulness of these echocardiography
parameters to detect ACR (6-8). Investigators
have also noted that the presence of a pericardial
effusion in cardiac transplant recipients is associated
with a higher incidence of ACR (9). Pericardial
effusion, however, occurs frequently in the post-
operative period, hence its low sensitivity (~49%)

and specificity (~74%) to detect ACR (10).

SPECTRAL DOPPLER IMAGING. Early investigations
demonstrated altered L'V diastolic twist mechanics
in the absence of systolic dysfunction to suggest that
diastolic dysfunction precedes systolic abnormalities
in patients with ACR (11). Multiple studies have
also evaluated LV Doppler inflow indexes to detect
ACR, including early diastolic (E) peak velocity,
late diastolic (A) peak velocity, E/A ratio, E-wave
pressure half time (PHT), and isovolumic relax-
ation time (IVRT) (12,13). Standard transmitral

Doppler-derived indexes in cardiac transplant re-
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cipients have had limitations in predicting ACR;
these limitations relate to the influence of several
parameters on these indexes including donor age,
heart rate (which may be variable in the setting of
cardiac denervation), loading conditions, and the
dissociation between the electrical activity of 2 atria
(especially important with the biatrial anastomosis
technique when evaluating older studies). Mena et
al. (12) performed a systematic review of the pub-
lished literature between 1967 and 2005 and re-
ported that the majority of studies that examined
the change in the mitral E and A peak velocities
over time did not predict ACR and the correlation
between ACR and PHT and IVRT was not con-
sistent (sensitivity and specificity range for PHT
23% to 87% and 76% to 98%; IVRT 28%
to 85% and 80% to 98%, respectively)
(12). The discordance in the literature may
be in part related to significant interpa-
tient and intrapatient variability and the
dependence of these indexes on multiple
factors in addition to ACR (8). In addi-
tion to transmitral Doppler indexes, sev-
eral studies have examined changes in
pulmonary vein flow indexes (8,10,14),
LV diastolic flow propagation (8,15), and
the myocardial performance index (16,17)
to detect ACR—with conflicting results.

TISSUE DOPPLER IMAGING (TDI). More
recently, the use of TDI to detect ACR has
been investigated, with improved results.
Investigators from Berlin, Germany, using
pulsed wave—TDI obtained from the basal
posterior wall, have demonstrated that a
reduction in peak systolic radial velocity
(Sm) and peak early diastolic velocity (Em
[also known as Ea]) is helpful in detecting
cardiac rejection (sensitivity and specificity
for Sm reduction >10%, ~87% and ~94%; sensitivity
and specificity for Em reduction >10%, 90% and
96%, respectively) (3,18). These investigators have
also reported on the value of serial TDI screening
based on the high negative and positive predictive
values of changes in diastolic parameters (i.e., >10%
Em reduction) for ACR to guide the effective use of
EMBs (19). In contrast, with the mitral valve annulus
used as the site for analysis, some studies have found
significant decreases in systolic velocities with ACR
(8,20), whereas other investigators have not (15).
Discordant results have also been seen by color Dopp-
ler or conventional TDI (12,20). These discrepancies
with regard to the clinical usefulness of these param-
eters may be secondary to differences in methodology,
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HT = heart transplantation
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IVUS = intravascular ultrasound

MACE = major adverse cardiac
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Figure 1. Different Noninvasive Imaging Techniques Performed at Various Stages of Cardiac Involvement to Detect Acute

Cellular Rejection

ACR = acute cellular rejection; CMR = cardiac magnetic resonance; CT = computed tomography; ISHLT = International Society of Heart

and Lung Transplantation.

some studies using pulsed wave versus color TDI and
using tissue Doppler Ea from different myocardial
walls or mitral valve annulus locations (3,14,15,20).
Finally, the E/Ea ratio—a validated parameter for
estimation of LV filling pressure in the transplanted
heart (21) (Fig. 2)—has been evaluated by 2 different
groups to detect ACR, with conflicting results
(10,14). The clinical usefulness of this TDI-derived
index to detect ACR remains unclear given that
paradoxical septal motion is noted often in cardiac
transplant recipients and in the current era of immu-
nosuppression, patients with ACR are often asymp-
tomatic with normal ventricular filling pressure.

PROMISING ECHOCARDIOGRAPHIC TECHNIQUES.
Novel echocardiographic techniques have been re-
cently developed and have been applied to the
evaluation of ACR. These include strain and strain
rate imaging (22) (Fig. 3), 2-dimensional derived
integrated backscatter (6), automated border detec-
tion with acoustic quantification to measure LV
peak filling rate (23), and color Doppler imaging to
measure late isovolumic relaxation myocardial ve-
locity gradients and early diastolic timing interval
differences (14) (Table 1). These quantitative echo-
cardiographic techniques of regional and global
myocardial function show promise to identify sub-
clinical LV dysfunction in a small number of cardiac
transplant recipients and need further validation in
larger studies.

CMR and ACR. Although many transplant centers
use echocardiography to detect cardiac allograft
systolic dysfunction in the setting of cardiac rejec-

tion, CMR enables imaging throughout the cardiac
cycle and provides excellent spatial resolution to
accurately measure diastolic and systolic volumes
and hence left and right ventricular ejection frac-
tions (24) (Fig. 4). CMR may also be useful in the
detection of ACR by its ability to quantitate
changes in myocardial mass (25) or more specifi-
cally to detect myocardial edema. The latter is
accomplished by measurement of myocardial T2
values, which are elevated in the setting of increased
myocardial water content. Marie et al. (26) demon-
strated in 68 cardiac transplant recipients that a
higher than normal T2 value (=56 ms) was suffi-
ciently accurate (sensitivity 89%; specificity 70%) to
detect ACR defined by EMB (grade =2R). An
abnormal T2 value was also a strong predictor of
subsequent biopsy-defined ACR, suggesting early
detection of ACR. Although promising, this inves-
tigation involved a select cohort of patients with
suspected rejection on the basis of clinical or echo-
cardiographic data; therefore, the true sensitivity
and specificity of this method to detect ACR in
unselected cohorts is currently unknown and needs
further evaluation.

With the administration of a paramagnetic con-
trast medium, gadolinium, CMR studies have also
been used to detect inflammatory changes in the
myocardium. Almenar et al. (2), using gadolinium-
diethylene triamine pentaacetic acid-enhanced
CMR in 40 cardiac transplant recipients, showed an
increase in relative myocardial contrast uptake in
patients with necrosis on EMB compared with
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those without necrosis. Although their series re-
quired extensive image analysis to compute changes
in signal intensity in various tissues (heart and
pectoralis muscle) before and after administration
of contrast, our experience has shown that the use
of traditional delayed enhancement CMR may also
demonstrate areas of hyperenhancement in the
setting of ACR. These areas appear to diminish
after treatment of the ACR episode (Fig. 5). In
general, CMR studies have been limited by small
sample size with few confirmatory validations. In
addition, gadolinium use in patients with acute or
chronic severe renal insufficiency (estimated glo-
merular filtration rate <30 ml/min) carries a sig-
nificant risk for development of nephrogenic sys-
temic fibrosis. Because of these drawbacks and the
lack of widespread availability, the role of CMR in
evaluation of ACR is still evolving.

CAV

Clinical significance. Cardiac allograft vasculopathy,
prevalent in approximately 54% of survivors 10
years after HT, is characterized by diffuse intimal
hyperplasia that is likely the result of cumulative
endothelial injuries (1,27). The early diagnosis of
CAV is challenging because typical clinical symp-
toms of ischemia are lacking, given cardiac dener-
vation and the fact that coronary angiography can
underestimate the severity of disease. Early recog-
nition is important because rapid CAV progression,
as defined by intravascular ultrasound (IVUS), has
been shown to be a powerful predictor of all-cause
mortality and myocardial infarction (27). Although
IVUS is considered the most sensitive tool to detect
CAYV, coronary angiography is still the standard in
many transplant centers.

Treatment of CAV focuses on the use of prolif-
eration signal inhibitors to decrease progression,
statin therapy for long-term survival benefit, anti-
platelet therapy, and percutaneous revasculariza-
tion, although the benefit may be limited because of
the diffuse nature of the disease (27). Given the
drawbacks of the invasive nature and high cost of
both IVUS and coronary angiography, a noninva-
sive imaging modality is needed to identify patients
at risk for CAV. Several imaging modalities (clin-
ically accepted and investigational) have been used
for the detection of CAV at various stages in the
disease process (Fig. 6).

Echocardiography and CAV. REST CONVENTIONAL
ECHOCARDIOGRAPHY AND TDI. Resting wall mo-
tion abnormalities as detected by 2-dimensional
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Figure 2. Noninvasive Detection of Elevated Left Ventricular Filling Pressure in

Cardiac Transplant Recipients Using Doppler Echocardiography

(A) Pulsed Doppler recording of the mitral flow velocity and the corresponding annular velocities

by tissue Doppler at the time of first right-sided cardiac catheterization. (B) Pulsed Doppler of
mitral inflow and the corresponding tissue Doppler velocities at the time of the repeat right-
sided cardiac catheterization (4 weeks later). Mean measured pulmonary capillary wedge pres-

sure (PCWP) decreased from 24 to 11 mm Hg. The E/Ea ratio decreased from 15 to 5, predicting
a decrease in estimated wedge pressure from 24 to 9 mm Hg (PCWP = 2.6 + 1.46 [E/Ea)). E =

peak mitral inflow velocity; Ea = peak mitral annular velocity; MV = mitral valve.
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Figure 3. Global Radial Strain Derived From the Speckle-Tracking Technique

(A) Global radial strain (38%), peak 47%, obtained from the parasternal short axis view
in a patient 1 week post-heart transplantation (biopsy grade 2R performed on the same
day). (B) Improvement in the global radial strain (58%), peak 68%, 2 weeks later after
enhancement in immunosuppression (biopsy grade 1R). ACR = acute cellular rejection;
AVC = aortic valve closure.

echocardiography derived from 12 different studies
are in general associated with low sensitivities
(~47%; range 12% to 80%) but high specificity for
the presence of CAV (~84%; range 69% to 100%),
supporting the notion that this finding should
prompt further testing to exclude CAV (13). A few
studies have examined resting TDI to detect CAV
(18,28). After excluding ACR, Hummel et al. (18)
reported that pulse wave TDI-derived radial peak
systolic velocity (Sm value <10 cm/s) was associ-
ated with a 97% likelihood for CAV, whereas Sm
values >11 cm/s excluded accelerated CAV with
90% probability. This group of investigators also
demonstrated that serial TDI can potentially spare
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patients unnecessary routine invasive examinations
(28). These are promising results that need further
validation but may point to advanced CAV, affect-
ing myocardial properties at rest.

STRESS ECHOCARDIOGRAPHY. Stress echocardiog-
raphy using exercise, dipyridamole, and dobutamine
has been evaluated to detect CAV (Table 2). The
blunted heart rate response to exercise because of
cardiac denervation limits the sensitivity (range 15%
to 33%) of exercise testing to detect CAV (29-31).
In contrast, the use of pharmacologic stress testing
(dipyridamole and dobutamine) to detect CAV has
been shown to be more sensitive (~85%; range 50%
to 100%) (32-43). The variable specificity (range
41% to 95%) of dobutamine stress echocardiogra-
phy (DSE) is likely a reflection of the differences in
defining the presence and severity of CAV by
coronary angiography. When compared with
IVUS—a more sensitive gold standard—the speci-
ficity of DSE for CAV is higher (83% to 88%)
(42,43). In comparison, Eroglu et al. (40) demon-
strated that quantitative DSE using strain rate
imaging detects CAV accurately regardless of the
angiographic significance and that a post-systolic
strain index >34% at peak stress was the best
parameter.

PROGNOSTIC VALUE OF ECHOCARDIOGRAPHY. The
clinical usefulness of noninvasive imaging in
CAV relates also to the test’s prognostic value
(Table 3). Several investigators have demon-
strated the impact of resting wall motion abnor-
malities and DSE findings on major adverse
cardiac events (MACE) after HT, including
heart failure, unstable angina, myocardial infarc-
tion, revascularization, retransplantation, and
cardiac death (32-37,42,44-48). The majority of
studies were performed more than 3 years after
HT, with a follow-up on average of <3 years.
The negative predictive value of a normal DSE
was very high (~3% risk of experiencing MACE
over the ensuing year). As demonstrated by Spes
et al. (42), serial DSE may best prognosticate
based on the finding that worsening DSE results
were as predictive of subsequent events as serial
coronary angiography or IVUS. Based on these
overall results, annual evaluation with DSE is an
acceptable alternative to invasive means for de-
tection of CAV in transplant centers experienced
in stress echocardiography.

PROMISING ECHOCARDIOGRAPHIC TECHNIQUES.
Contrast-enhanced echocardiography is a recent
technique that allows quantification of coronary
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Table 1. Studies Evaluating the Accuracy of Different Echocardiography Techniques to Detect Acute Cellular Rejection

Total Patients Method Gold standard
Author, Year (Ref. #) (Prevalence of ACR) (Parameter Cutoff Value) (EMB Score) Sensitivity Specificity NPV
Angermann et al., 1997 (6) 52 (18%*) Integrated backscatter Grade =1B
(PW 2D-IB increase >1.5 dB) 88% 89% 97%
(Septal 2D-IB increase >1.5 dB) 83% 85% 96%
Puleo et al., 1998 (15) 121 (13%) PW-TDI Grade =3A
(Ea of inferior wall <16 cm/s) 76% 88% 96%
Mankad et al., 1999 (20) 78 (18%) Color-coded TDI Grade =1B
(combined peak MV systolic and peak 93% 71% 98%
diastolic velocity <135 mm/s)
(posterior wall tissue Doppler diastolic 91% 61% 97%
time-gradient integral <0.26)
Moidl et al., 1999 (23) 94 (20%) Automated border detection Grade =2
(peak filling rate <4.0 EDV/s) 100% 70% 100%
(peak filling rate <4.0 EDV/s and 100% 95% 100%
>18% reduction)
Stengel et al., 2001 (8) 41 (39%) PW-TDI Grade =3A
(Aa of lateral MV annulus <8.7 cm/s) 82% 53% 82%
Dandel et al., 2002 (3) 190 (17%%*) PW-TDI Clinically relevantt
(Sm of basal posterior wall reduction =10%) 88% 95% 97%
(Ea of basal posterior wall reduction =10%) 89% 97% 98%
Palka et al., 2005 (14) 44 (27%) PW and color M-mode TDI Grade =3A
(Ea of septal MV annulus <12 cm/s) 69% 46% 80%
(peak late IVR MVG$ >0.1/s) 88% 58% 93%
(onset E wave —onset Emed§ >—35 ms) 81% 84% 92%
(onset ETric —onset EMitr|| >15 ms) 81% 84% 92%
Sun et al,, 2005 (10) 2-D and standard Doppler Grade =1B
(=2 among PE, IVRT <90 ms E/A >1.7)
223 (37%*) Post-HT =6 months 57% 54% 68%
183 (27%%) Post-HT >6 months 60% 93% 86%
264 (29%*) PW-TDI
(Aa of septal/lateral MV annulus <9.0 cm/s) 67% 49% 78%
Marciniak et al., 2007 (22) 31(32%) Color TDI Grade =1B
(mid-LVPW radial peak systolic strain =<30%) 85% 90% 93%
(mid-LVPW radial peak systolic SR <3.0 s-1) 80% 86% 90%

velocity (EMitr).

*Prevalence of ACR based on the percentage of biopsies with ACR defined by the EMB score. tClinically relevant ACR defined as EMB grade >2 plus grades 1A and 1B when accompanied by
clinical symptoms. $Peak late isovolumic relaxation myocardial velocity gradient of the left ventricular posterior wall. §Timing difference between onset of mitral early diastolic velocity (E wave)
and early diastolic septal MV annulus velocity (EMed). |[Timing difference between onset of early diastolic velocity at lateral tricuspid (ETric) annulus and LV early diastolic lateral MV annulus

Aa = peak late diastolic velocity; ACR = acute cellular rejection; dB = decibels; Ea = peak early diastolic velocity; EDV = end diastolic volume; EMB = endomyocardial biopsy; HT = heart
transplantation; IVRT = isovolumic relaxation time; LVPW = left ventricular posterior wall; MV = mitral valve; NPV = negative predictive value; PE = pericardial effusion; PW 2D-IB = pulsed
wave 2-dimensional-integrated backscatter; Sm = peak radial systolic velocity; SR = strain rate; TDI = tissue Doppler imaging.

flow reserve and/or myocardial perfusion mismatch
to detect significant coronary artery disease. Prelim-
inary studies in cardiac transplant recipients using
stress echocardiography with contrast (49,50) show
relatively high accuracy (85% to 89%) to detect
CAV (Table 2). Moreover, Tona et al. (51) have
demonstrated the validity of a lower coronary flow
velocity pattern and flow reserve with contrast
echocardiography as noninvasive markers of CAV-
related MACE. These results, however, are based

on a small number of patients, and further valida-

tion studies are warranted before widespread adop-
tion can be advocated.

MPI and CAV. MPI DIAGNOSTIC VALUE. Similar to
DSE, several studies have examined MPI using exer-
cise, dipyridamole, and dobutamine to detect CAV
(Table 2). The overall sensitivity and specificity range
of MPI to detect CAV is broad (21% to 92% and 55%
to 100%, respectively) (45,46,52-56). This variability
may be explained by differences in the timing of the
examinations, the stressors and/or MPI agents used,
and the variable criteria used to diagnosis CAV.
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Figure 4. CMR Assessment of Left and Right Ventricular Systolic Function Pre- and Post-Treatment of an Episode of

(A) Pre-treatment biventricular dysfunction with a large thrombus in the right ventricular apex (arrow). (B) Two weeks post-treatment
there was substantial improvement in biventricular function, and the thrombus appears to have decreased in size with anticoagulation
therapy. Full-motion cine images can be viewed online. LVEF = left ventricular ejection fraction; RVEF = right ventricular ejection

Similar to the DSE literature, the sensitivity to detect
CAYV overall increases with the inclusion of studies that
define CAV as coronary stenosis =50% (45,54,57). In
addition, early studies were performed using thallium,
which may encounter more attenuation artifacts than
technetium-labeled radiopharmaceuticals and may ac-
count for the reported reduced accuracy compared with
more recent studies (sensitivity ~86% and specificity
~80%) using technetium-labeled agents (46,52-54).
Compared with exercise and dipyridamole, dobut-
amine has been reported to be advantageous as a
stressor because of its more reliable induction of
ischemia in cardiac transplant recipients (inotropic
effect, less blunted heart rate response). Moreover, the
use of vasodilators with MPI may be limited in cardiac
transplant recipients because the diffuse, microvascular
CAV may impair the necessary increase in coronary
flow reserve to trigger the flow heterogeneity to detect
significant stenosis. Despite these observations, more
recent studies using dipyridamole MPI have demon-

strated comparable sensitivity (range 80% to 92%) and
specificity (range 86% to 92%) to dobutamine stress
MPI to detect CAV (46,52-54).

MPI PROGNOSTIC VALUE. Similar to DSE, the po-
tential clinical usefulness of SPECT-MPI relates to
its prognostic value. Although exercise testing
linked with echocardiography and MPI is associ-
ated with low sensitivity to detect CAV, investiga-
tors have demonstrated that a normal exercise MPI
at 1 year is a significant predictor of 1- and 5-year
survival (45,48). Elhendy et al. (58) reported on 65
patients who underwent symptom-limited bicycle
exercise with technetium-99m tetrofosmin MPI
and demonstrated a similar ability to predict cardiac
death in comparison with dobutamine. In contrast
to these studies, Bacal et al. (34) reported that
thallium scintigraphy with treadmill testing in a
smaller number of patients was not an independent
predictor of long-term 4-year survival.

Similar to the overall results of exercise MPI,



JACC: CARDIOVASCULAR IMAGING, VOL. 2, NO. 9, 2009
SEPTEMBER 2009:1126-40

Multimodality Cardiac Imaging in the Transplanted Heart

1 Week
Post-Transplant;
EMB grade 1R

B

4 Weeks
Post-Transplant;
EMB grade 2R

C

6 Weeks
Post-Transplant;
EMB grade 1R

A Short Axis

4-Chamber

¢ ~

Figure 5. Hyperenhancement on Cardiac Magnetic Resonance Images in a Patient With ACR

(A) No hyperenhancement 1 week post-transplant. (B) Areas of hyperenhancement in the lateral wall and basal septum (red arrows) dur-
ing an episode of (grade 2R) ACR. (C) Follow-up demonstrating near-complete resolution of the hyperenhancement in the lateral wall
(red arrows) after treatment with intravenous steroids and enhancement of immunosuppression with corresponding EMB revealing
resolving (grade 1R) ACR. ACR = acute cellular rejection; EMB = endomyocardial biopsy.

pharmacologic stress MPI also has significant
prognostic value (Table 3). Two different inves-
tigators demonstrated that a normal dobutamine
stress MPI study was associated with a 96%
to 98% negative predictive value for MACE at
~2 years (54,58). In comparison, the use of
dipyridamole MPI to predict MACE after HT is
limited to 1 study (46) that demonstrated a lower
sensitivity and negative predictive value, possibly
because of the longer duration of follow-up
(6.5 £ 2 years), supporting the notion that serial
stress testing, whether with DSE or MPI, is
required to maintain high sensitivity for subse-
quent events and for better prognostication.

MDCT coronary angiography and CAV. Initial studies
with CT examined the diagnostic value of coronary
calcium scoring with electron beam tomography to
detect CAV, with conflicting results (59). MDCT
coronary angiography, however, has been shown to
detect significant coronary disease with relatively

high sensitivities (70% to 100%) and specificities
(81% to 100%) (60—66) (Table 2). MDCT offers
the advantage of evaluating the coronary lumen as
well as the wall. This may be potentially useful
clinically to allow detection, grading, and follow-up
of CAV, given that wall thickening and intimal
hyperplasia are pathologic characteristics of CAV.
Preliminary studies have demonstrated that changes
in vessel wall can be accurately assessed using
longitudinal and cross-sectional images of the cor-
onary arteries to ensure adequate visualization of
the concentric grey area surrounding the contrast-
enhanced vessel lumen (63,66) (Fig. 7). Further-
more, up to ~ 50% of the segments considered
thickened by MDCT may be considered normal by
coronary angiography, highlighting the potential
for early CAV detection (63). There is, however, a
paucity of studies correlating changes in vessel
wall by MDCT to IVUS to assess its true

sensitivity.
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Figure 6. Different Noninvasive Imaging and Invasive Techniques Performed at Various Stages of Cardiac Involvement to Detect

CE = contrast-enhanced; CMR = cardiac magnetic resonance; CMV = cytomegalovirus; CT = computed tomography; DE-CMR=delayed
enhancement cardiac magnetic resonance; DSE = dobutamine stress echocardiography; HTN = hypertension; IVUS = intravascular ultra-
sound; MDCT = multidetector computed tomography; MPI = myocardial perfusion imaging; SRI = strain rate imaging; TDI = tissue

The use of MDCT does pose the technical
challenge of reducing the heart rate enough (ideally
<65 beats/min) to minimize motion artifact. As a
result of cardiac denervation, the resting heart rate
in cardiac transplant recipients is typically elevated,
between 80 and 110 beats/min. Pre-medication
with beta-blockers has been associated with a de-
crease and delay in heart rate reduction. Pre-
medication with relatively high doses and increased
frequency of beta-blockers have reduced the heart
rate in cardiac transplant recipients to an acceptable
level in some studies (63,67), whereas heart rates
remained high, despite similar efforts, in another
study (66). A high mean heart rate during MDCT
scanning can impair image quality, as reported by
Pichler et al. (62) with incomplete visualization in
27% of patients (mean heart rate 87 = 9.7 beats/
min) mainly owing to cardiac motion. With newer
64-slice scanner technology and multisector recon-
struction algorithms, however, a heart rate of ~80
beats/min may permit adequate visualization.

Despite this limitation, several studies report a
relatively high diagnostic image quality with 81% to
96% of the coronary segments defined as either of
diagnostic or satisfactory quality (60,62,63,66). A

common reason, however, for nonevaluability of cor-

onary segments relates to the small-vessel nature of
CAV (60,66). The published reproducibility analysis
of MDCT (64-slice) angiography to detect significant
CAV seems good with an inter-rater kappa coefficient
of 0.70 with a standard error of 0.104 (95% confidence
interval: 0.496 to 0.905) (66). Potential limitations of
MDCT scanning in cardiac transplant recipients re-
late to the radiation and contrast media exposure
associated with this technique, which is especially
important given that chronic renal failure is frequent
in cardiac transplant recipients (1) and pre-existing
renal disease is a well-accepted risk factor for contrast-
induced nephropathy. Preliminary studies, however,
have demonstrated that with pre- and post-test hy-
dration and use of oral N-acetylcysteine in patients
with normal baseline renal function, contrast-acquired
renal dysfunction is an uncommon clinical problem
(60,63,66).

CMR and CAV. Delayed enhancement CMR may be
useful indirectly for the detection of CAV, based on
the ability to identify areas of delayed hyperen-
hancement that likely correspond to silent myocar-
dial infarctions (68). Steen et al. (68) examined 53
cardiac transplant recipients with delayed enhance-
ment CMR performed within 4 weeks of coronary
angiography. They classified patterns of hyperen-
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Table 2. Studies Evaluating the Accuracy of Different Noninvasive Imaging Techniques to Detect CAV
Total Patients Time Post-HT
Author, Year (Ref. #) (Prevalence of CAV) (yrs)* Gold Standard Sensitivity Specificity
Exercise Stress Echocardiography
Collings et al.,, 1994 (30) 51(27%) 4.2(1-17) CCAt 29% 82%
Mairesse et al., 1995 (31) 37 (11%) 28+ 14 CCA# 0% 97%
Cohn et al., 1996 (29) 51(51%) 2.5(1-6) CCAT (IVUS)§ 33% (15%) 85% (85%)
Dipyridamole Stress Echocardiography
Ciliberto et al., 1993 (35) 80 (31%) 23%5 CCAt 100% 72%
Ciliberto et al., 2003 (36) 68 (37%) 29+19 CCAt 100% 87%
Dobutamine Stress Echocardiography

Akosah et al., 1994 (33) 41 (51%) 4.8(0.25-10) CCAt 100% 1%
Herregods et al.,, 1994 (41) 28 (50%) 32+13 CCA# 50% 71%
Akosah et al., 1995 (69) 45 (53%) 4803 CCA+ 96% 52%
Derumeaux et al., 1995 (37) 41 (38%) 33+1.7 CCAt 100% 77%
Derumeaux et al., 1996 (38) 64 (47%) 33+1.2 CCAt 100% NR
Spes et al., 1996 (43) 46 (26%) 48+ 26 CCA* (IVUS)H 83% (79%) 56% (83%)
Akosah et al.,, 1998 (32) 22 (32%) 0.17 (0.04-0.33) CCAt 100% 59%
Derumeaux et al., 9 1998 (39) 37 (46%) 3117 CCA* 65% 95%

37 (70%) 4718 CCA* 92% 73%
Spes et al., 1999 (42) 109 (46%) 32%31 CCA% and/or IVUS|| 72% 88%
Bacal et al., 2004 (34) 39 (38%) 72*26 CCAt 64% 91%
Eroglu et al.# 2008 (40) 42 (19%) 6.0 £ 4.0 CCA+# 75%-88% 79%-88%

Contrast-Enhanced Stress Echocardiography
Rodrigues et al.** 2005 (49) 35 (29%) 6.0+ 26 CCAt 70% 96%
Tona et al. tt 2006 (50) 73 (47%) 80*45 CCAt 82% 87%
Exercise MPI
Ciliberto et al., 1993 (45) 50 (30%) 1.7 (1-5) CCA# 67% 100%
Rodney et al.,, 1994 (55) 25 (52%) 3111 CCA++ 77% 100%
Dipyridamole MPI
Smart et al., 1991 (56) 73 (26%) 25+13 CCAt or autopsy§§ 21% 88%
Ciliberto et al., 2001 (46) 78 (15%) 27*19 CCA++ 92% 86%
Carlsen et al.|/[| 2000 (52) 67 (7%) 5.6 (2.1-12) CCAt 80% 92%
Dobutamine MPI
Elhendy et al., 2000 (53) 50 (60%) 64+28 CCAt 90% 55%
Hacker et al., 2005 (54) 63 (17%) 74+35 CCAt 82% 87%
MDCT Coronary Angiography

Romeo et al., 2005 (63) 44 (14%) 76 *38 CCAt 83%11 95%11
Sigurdsson et al., 2006 (64) 54 (30%) NR CCATt (IVUS)## 94% (92%99) 79% (95%99)
Gregory et al., 2006 (60) 20 (80%) 58+ 44 IVUS*** 70%99 92%99
Pichler et al., 2008 (62) 60 (20%) 85=*52 CCAttt 88% 97%
von Ziegler et al., 2008 (66) 26 (19%) 7.7 =41 CCAt 100% 81%
Vermes et al., 2006 (65) 50 (19%) 7.7 £40 CCAt 87%91 100%99

MPI = myocardial perfusion imaging; NR = not recorded.

*In years = SD; if SD not reported, range of years is given. tCoronary stenosis >50% in at least 1 vessel. +Any coronary obstruction including luminal irregularities. §Standford IVUS class IIl to
IV. [Modified mean Standford class Il to IV. IDerumeaux et al. examined the accuracy of stress echocardiography in a single group of patients at 2 different time points. #Eroglu et al. used
conventional and quantitative stress echocardiography (post-systolic strain index response). **Rodrigues et al. used contrast-enhanced dobutamine stress echocardiography to assess perfusion.
t1Tona et al. used contrast-enhanced adenosine stress echocardiography to assess coronary flow reserve. $+Coronary stenosis >50% in at least 1 vessel and/or significant diffuse luminal
narrowing. §§Cross-sectional coronary obstruction >70% on autopsy. || [Carlsen et al. study included 4 patients with bicycle exercise testing as the stressor. 19Sensitivity and specificity analysis
by coronary segment. ##Any abnormal wall thickening by IVUS. ***IVUS intimal thickness >0.5 mm. tt+t+Coronary stenosis >70%. Modified from Thorn et al. (13).

CAV = cardiac allograft vasculopathy; CCA = conventional coronary angiography; HT = heart transplantation; IVUS = intravascular ultrasound; MDCT = multidetector computed tomography;

hancement with distinct subendocardial involve-
ment as “infarct typical” and likely indicative of
myocardial infarction. The prevalence of this pat-
tern increased with worsening of CAV (present in

only 25% of patients with mild CAV compared

with 84% in patients with severe CAV). The
presence of “infarct-typical” hyperenhancement was
also associated with worse LV function and higher
end-diastolic and -systolic volumes. Although these
findings suggest that CMR might be useful in the
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Table 3. Studies Evaluating the Accuracy of Different Noninvasive Imaging Techniques to Detect MACE
Detection of MACE
Total Patients Time Post-HT Length of Follow-Up
Author, Year (Ref. #) (Prevalence of MACE) (yrs)* (Months) Sensitivity Specificity NPV
2-Dimensional Echocardiography WMA
Ciliberto et al., 1993 (35) 80 (9%) 23*15 9.8 £45 100% 73% 100%
Verhoeven et al., 1996 (48) 46 (11%) NR 45+ 20 40% 98% 93%
Spes et al.,, 1999 (42) 109 (15%) 32=*31 >60 in some cases 75% 65% 94%
Ciliberto et al., 2001 (46) 78 (22%) 27*19 78 £24 41% 97% 85%
Ciliberto et al., 2003 (36) 68 (28%) 29*19 72 36 80% 68% 90%
Dipyridamole Stress Echocardiography
Ciliberto et al., 1993 (35) 80 (9%) 23*05 9.8 £45 100% 71% 100%
Ciliberto et al., 2003 (36) 68 (28%) 29*19 72 36 80% 68% 90%
Dobutamine Stress Echocardiography
Akosah et al., 1994 (33) 76 (16%) 4.8(0.25-10) 102 100% 41% 100%
Derumeaux et al., 1995 (37) 41 (5%) 33%£17 6.0 100% 66% 100%
Akosah et al., 1996 (44) 64 (25%) 4824 24(18-28) 100% 69% 100%
Lewis et al., 1997 (47) 63 (56%) 48*26 8.0 (4-14) 83% NR NR
Akosah et al., 1998 (32) 22 (10%) 0.17 (0.04-0.33) 3211 100% 61% 100%
Spes et al.,, 1999 (42) 109 (15%) 32*31 >60 in some cases 94% 57% 98%
Bacal et al., 2004 (34) 39 (25%) >4.0 48 60% 86% 87%
CE-Stress Echocardiography
Tona et al.,T 2006 (51) 66 (17%) 9.0*4.0 19*5 86%%+ 75%% 97%
91%8§ 62%§ 97%
Dipyridamole MPI
Ciliberto et al., 2001 (46) 78 (22%) 2719 78 £ 24 53% 82% 86%
Dobutamine MPI
Hacker et al.|| 2005 (54) 77 (13%) 74+35 22 (12-48) 90% 72%9 98%
90%# 88% 98%
Elhendy et al.** 2002 (58) 166 (10%) 74+25 30 69% 71% 95%
*Mean = SD; if not available, range is provided. tTona et al. used CE echocardiography to assess accuracy of deceleration time of diastolic flow velocity $(cutoff value <840 ms) and coronary
flow reserve §(cutoff value <2.6). [Hacker et al. compared visual1 and semiquantitative# (summed stress score >3) analysis. **Elhendy et al. study (65 of the 166 patients reportedly underwent
exercise not dobutamine testing; however, both stress modalities shared similar ability to predict cardiac death). Modified from Thorn et al. (13).
CE = contrast enhanced; HT = heart transplantation; MACE = major adverse cardiac event; MPI = myocardial perfusion imaging; NPV = negative predictive value; NR = not recorded;
WMA = wall motion abnormality.

detection of CAV, the clinical significance and
pathologic basis of these findings are unknown.
Validation and prospective outcome-based studies
are currently underway.

Conclusions

Despite many advances in the field of HT, ACR,
and CAV represent significant causes of early and
late morbidity and mortality, respectively. Different
imaging modalities, including echocardiography,
SPECT-MPI, MDCT, and CMR have been used
after HT to monitor multiple clinically important
parameters of cardiac graft structure and function.
In general, echocardiography represents the primary
noninvasive modality for monitoring cardiac func-
tion in transplant recipients based on its ability to
detect abnormalities of ventricular systolic function,
provide estimation of right- and left-sided filling

pressures with reasonable accuracy, and evaluate
pericardial effusions or other complications from
repeated biopsies.

With regard to the detection of ACR, when the
echocardiography literature is taken as a whole,
there are inconsistencies among various reports
brought about by small sample size, variability in
the reference gold standard used, and different
cutoff points for the different echocardiography
parameters evaluated. Today, echocardiographic
techniques lack the sensitivity and specificity to
replace EMBs to detect clinically significant ACR.
Promising echocardiography techniques involving
TDI and strain imaging are associated with rela-
tively high negative predictive values in the detec-
tion of ACR. However, further validation and
outcome-based studies are required before a specific
echocardiography parameter can be recommended
as a screening index to minimize the use of serial
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von Ziegler et al. (66) with permission.

Figure 7. MDCT Coronary Angiography Demonstration of Cardiac Allograft Vasculopathy

(A) Total vessel occlusion of left anterior descending (LAD) is illustrated by conventional coronary angiography. (B) Corresponding LAD
occlusion by MDCT volume-rendering angiography. (C) Maximum intensity projection; grey arrows indicate site of total vessel occlusion;
proximal of occlusion, an excentric noncalcified plaque is depicted in a cross-sectional image (note diffuse hypodense vessel wall
changes throughout the LAD course, causing no to minimal luminal irregularities in conventional coronary angiography). LCX = left
circumflex; LM = left main coronary artery; MDCT = multidetector computed tomography; RCA = right coronary artery. Adapted from

biopsies. CMR, similar to echocardiography, can
accurately detect ventricular systolic dysfunction,
and newer CMR techniques may allow the detec-
tion of myocardial edema and necrosis—hallmarks
of ACR.

In contrast, with respect to CAV, stress imaging
with DSE and MPI and coronary angiography with
MDCT are powerful techniques to identify this late
complication with high accuracy. DSE is the most-
studied technique with significant prognostic value
comparable to that of IVUS and invasive coronary
angiography. For transplant centers experienced in
stress echocardiography, an invasive examination to
detect significant CAV can be reserved for patients
with an abnormal annual DSE. Although echocar-
diography has the advantage of lower cost, the use
of MPI, especially with dobutamine, is a compara-
ble alternative in cardiac transplant recipients given
its prognostic value. MPI may be especially useful
in patients with inadequate acoustic windows de-
spite the use of a contrast echocardiography agent
and in centers without adequate experience in DSE.

Newer CMR techniques may allow the detection
of abnormal hyperenhancement to detect CAV

noninvasively; further pathologic and outcome
studies, however, are needed. With the ability of
MDCT coronary angiography to evaluate the cor-
onary wall in addition to the lumen, MDCT has
the potential for earlier detection of CAV compared
with echocardiography, MPI, and CMR. This ear-
lier detection of CAV may enhance research in this
field and prompt the early use of proliferation signal
inhibitors or other investigations to minimize CAV
disease progression and improve outcome. Further
validation of MDCT, however, is needed in larger
studies. Furthermore, because this technique is also
associated with radiation and contrast exposure, the
risk/benefit ratio needs to be concomitantly evalu-
ated, given the need for serial examinations and the
high incidence of renal insufliciency in this patient
population.

Reprint requests and correspondence: Dr. Jerry D. Estep,
Methodist DeBakey Heart and Vascular Center, Cardi-
ology, Smith Tower, 6550 Fannin Street, Suite 1901,
Houston, Texas 77030. E-mail: jestep@tmbs.org.

Estep et al.

1137


mailto:jestep@tmhs.org

1138 Estepetal.

Multimodality Cardiac Imaging in the Transplanted Heart

JACC: CARDIOVASCULAR IMAGING, VOL. 2, NO. 9, 2009

SEPTEMBER 2009:1126-40

REFERENCES

1.

w

w

6.

(o]

O

10.

11.

12.

Taylor DO, Edwards LB, Aurora P,
et al. Registry of the International
Society for Heart and Lung Trans-
plantation: twenty-fifth official adult
heart transplant report—2008. ] Heart
Lung Transplant 2008;27:943-56.

. Almenar L, Igual B, Martinez-Dolz

L, et al. Utility of cardiac magnetic
resonance imaging for the diagnosis
of heart transplant rejection. Trans-
plant Proc 2003;35:1962—4.

. Dandel M, Hummel M, Meyer R, et

al. Left ventricular dysfunction dur-
ing cardiac allograft rejection: early
diagnosis, relationship to the histo-
logical severity grade, and therapeutic
implications. Transplant Proc 2002;
34:2169-73.

Follansbee WP, Kiernan JM, Curtiss EI,
Zerbe TR, Mock C, Kormos RL.
Changes in left ventricular systolic func-
tion that accompany rejection of the trans-
planted heart: a serial radionuclide assess-
ment of fifty-three consecutive cases. Am
Heart ] 1991;121:548-56.

. Sagar KB, Hastillo A, Wolfgang TC,

Lower RR, Hess ML. Left ventricular
mass by M-mode echocardiography in
cardiac transplant patients with acute re-
jection. Circulation 1981;64:11217-20.

Angermann CE, Nassau K, Stempfle
HU, et al. Recognition of acute car-
diac allograft rejection from serial in-
tegrated backscatter analyses in hu-
man orthotopic heart transplant
recipients. Comparison with conven-
tional echocardiography. Circulation
1997;95:140-50.

. Ciliberto GR, Mascarello M, Gronda

E, et al. Acute rejection after heart
transplantation: noninvasive echocar-
diographic evaluation. ] Am Coll Car-
diol 1994;23:1156—61.

. Stengel SM, Allemann Y, Zimmerli

M, et al. Doppler tissue imaging for
assessing left ventricular diastolic dys-
function in heart transplant rejection.
Heart 2001;86:432-7.

. Ciliberto GR, Anjos MC, Gronda E,

et al. Significance of pericardial effu-
sion after heart transplantation. Am
Cardiol 1995;76:297-300.

Sun JP, Abdalla IA, Asher CR, et al.
Non-invasive evaluation of orthotopic
heart transplant rejection by echocar-
diography. ] Heart Lung Transplant
2005;24:160-5.

Yun KL, Niczyporuk MA, Daughters
GT I, et al. Alterations in left ventricular
diastolic twist mechanics during acute hu-
man cardiac allograft rejection. Circula-
tion 1991;83:962-73.

Mena C, Wencker D, Krumholz
HM, McNamara RL. Detection of
heart transplant rejection in adults by

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

echocardiographic diastolic indices: a
systematic review of the literature.
J Am Soc Echocardiogr 2006;19:
1295-300.

Thorn EM, de Filippi CR. Echocardi-
ography in the cardiac transplant recipient.
Heart Fail Clin 2007;3:51-67.

Palka P, Lange A, Galbraith A, et al.
The role of left and right ventricular
early diastolic Doppler tissue echocar-
diographic indices in the evaluation of
acute rejection in orthotopic heart
transplant. ] Am Soc Echocardiogr
2005;18:107-15.

Puleo JA, Aranda JM, Weston MW,
et al. Noninvasive detection of allo-
graft rejection in heart transplant re-
cipients by use of Doppler tissue im-
aging. ] Heart Lung Transplant 1998;
17:176—84.

Burgess MI, Bright-Thomas RJ, Yo-
nan N, Ray SG. Can the index of
myocardial performance be used to
detect acute cellular rejection after
heart transplantation? Am ] Cardiol
2003;92:308-11.

Vivekananthan K, Kalapura T, Mehra
M, et al. Usefulness of the combined
index of systolic and diastolic myocar-
dial performance to identify cardiac
allograft rejection. Am J Cardiol 2002;
90:517-20.

Hummel M, Dandel M, Knollmann
F, et al. Long-term surveillance of
heart-transplanted patients: noninva-
sive monitoring of acute rejection ep-
isodes and transplant vasculopathy.

Transplant Proc 2001;33:3539—-42.

Dandel M, Hummel M, Muller J, et
al. Reliability of tissue Doppler wall
motion monitoring after heart trans-
plantation for replacement of invasive
routine screenings by optimally timed
cardiac biopsies and catheterizations.
Circulation 2001;104:1184-91.

Mankad S, Murali S, Kormos RL,
Mandarino WA, Gorcsan J 3rd. Eval-
uation of the potential role of color-
coded tissue Doppler echocardiogra-
phy in the detection of allograft
rejection in heart transplant recipients.
Am Heart ] 1999;138:721-30.

Sundereswaran L, Nagueh SF, Vardan
S, et al. Estimation of left and right
ventricular filling pressures after heart
transplantation by tissue Doppler imag-
ing. Am J Cardiol 1998;82:352-7.
Marciniak A, Eroglu E, Marciniak M,
et al. The potential clinical role of
ultrasonic strain and strain rate imag-
ing in diagnosing acute rejection after
heart transplantation. Eur ] Echocar-
diogr 2007;8:213-21.

Moidl R, Chevtchik O, Simon P, et al.
Noninvasive monitoring of peak filling
rate with acoustic quantification echo-

24.

25.

26.

27.

28.

30.

31

32.

33.

cardiography accurately detects acute
cardiac allograft rejection. ] Heart Lung
Transplant 1999;18:194-201.

Bellenger NG, Marcus NJ, Davies C,
Yacoub M, Banner NR, Pennell DJ.
Left ventricular function and mass
after orthotopic heart transplantation:
a comparison of cardiovascular mag-
netic resonance with echocardiogra-
phy. ] Heart Lung Transplant 2000;
19:444-52.

Revel D, Chapelon C, Mathieu D, et al.
Magnetic resonance imaging of human
orthotopic heart transplantation: corre-
lation with endomyocardial biopsy.
J Heart Transplant 1989;8:139—-46.

Marie PY, Angioi M, Carteaux JP, et
al. Detection and prediction of acute
heart transplant rejection with the
myocardial T2 determination pro-
vided by a black-blood magnetic res-
onance imaging sequence. ] Am Coll

Cardiol 2001;37:825-31.

Schmauss D, Weis M. Cardiac allograft
vasculopathy: recent developments. Cir-
culation 2008;117:2131-41.

Dandel M, Knollmann FD, Welln-
hofer E, Hummel M, Kapell S,
Hetzer R. Noninvasive surveillance
strategy for early identification of
heart transplant recipients with possi-
ble coronary stenoses. Transplant Proc
2003;35:2113-6.

. Cohn JM, Wilensky RL, O'Donnell

JA, Bourdillon PD, Dillon JC,
Feigenbaum H. Exercise echocardiog-
raphy, angiography, and intracoronary
ultrasound after cardiac transplanta-
tion. Am ] Cardiol 1996;77:1216-9.

Collings CA, Pinto F], Valantine
HA, Popylisen S, Puryear JV, Schnit-
tger I. Exercise echocardiography in
heart transplant recipients: a compar-
ison with angiography and intracoro-
nary ultrasonography. J Heart Lung
Transplant 1994;13:604-13.

Mairesse GH, Marwick TH, Melin JA,
et al. Use of exercise electrocardiogra-
phy, technetium-99m-MIBI perfusion
tomography, and two-dimensional
echocardiography for coronary disease
surveillance in a low-prevalence pop-
ulation of heart transplant recipients.
J Heart Lung Transplant 1995;14:
222-9.

Akosah KO, McDaniel S, Hanrahan JS,
Mohanty PK. Dobutamine stress echo-
cardiography early after heart transplanta-
tion predicts development of allograft cor-
onary artery disease and outcome. ] Am
Coll Cardiol 1998;31:1607-14.

Akosah KO, Mohanty PK, Funai JT, et
al. Noninvasive detection of transplant
coronary artery disease by dobutamine
stress echocardiography. ] Heart Lung
Transplant 1994;13:1024-38.



JACC: CARDIOVASCULAR IMAGING, VOL. 2, NO. 9,

SEPTEMBER 2009:1126-40

34.

35.

36.

37.

38

39.

40.

41.

42.

43.

44,

Bacal F, Moreira L, Souza G, et al.
Dobutamine stress echocardiography
predicts cardiac events or death in
asymptomatic patients long-term after
heart transplantation: 4-year prospec-

tive evaluation. ] Heart Lung Trans-
plant 2004;23:1238-44.

Ciliberto GR, Massa D, Mangiavac-
chi M, et al. High-dose dipyridamole
echocardiography test in coronary ar-
tery disease after heart transplanta-
tion. Eur Heart ] 1993;14:48-52.

Ciliberto GR, Parodi O, Cataldo G,
et al. Prognostic value of contractile
response during high-dose dipyridam-
ole echocardiography test in heart
transplant recipients. ] Heart Lung
Transplant 2003;22:526-32.

Derumeaux G, Redonnet M, Mouton-
Schleifer D, et al. Dobutamine stress
echocardiography in orthotopic heart
transplant recipients. VACOMED Re-
search Group. ] Am Coll Cardiol 1995;
25:1665-72.

. Derumeaux G, Redonnet M, Mouton-

Schleifer D, Cribier A, Soyer R, Letac
B. [Value of dobutamine echocardiog-
raphy in the detection of coronary
disease in heart transplant patient.
Groupe de Recherche VACOMED].
Arch Mal Coeur Vaiss 1996;89:
687-94.

Derumeaux G, Redonnet M, Soyer R,
Cribier A, Letac B. Assessment of the
progression of cardiac allograft vascu-
lopathy by dobutamine stress echocar-
diography. ] Heart Lung Transplant
1998;17:259-67.

Eroglu E, D’'Hooge ], Sutherland GR,
et al. Quantitative dobutamine stress
echocardiography for the early detec-
tion of cardiac allograft vasculopathy
in heart transplant recipients. Heart

2008;94:€3.

Herregods MC, Anastassiou I, Van
Cleemput J, et al. Dobutamine stress
echocardiography after heart trans-
plantation. ] Heart Lung Transplant
1994;13:1039—44.

Spes CH, Klauss V, Mudra H, et al.
Diagnostic and prognostic value of
serial dobutamine stress echocardiog-
raphy for noninvasive assessment of
cardiac allograft vasculopathy: a com-
parison with coronary angiography
and intravascular ultrasound. Circula-

tion 1999;100:509-15.
Spes CH, Mudra H, Schnaack SD,

et al. Dobutamine stress echocardi-
ography for noninvasive diagnosis of
cardiac allograft vasculopathy: a
comparison with angiography and
intravascular ultrasound. Am J Car-
diol 1996;78:168—74.

Akosah KO, Olsovsky M, Kirchberg
D, Salter D, Mohanty PK. Dobut-
amine stress echocardiography pre-
dicts cardiac events in heart trans-

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

2009

plant patients. Circulation 1996;94:
11283-8.

Ciliberto GR, Mangiavacchi M, Banfi
F, et al. Coronary artery disease after
heart transplantation: non-invasive
evaluation with exercise thallium scin-
tigraphy. Eur Heart ] 1993;14:226-9.

Ciliberto GR, Ruffini L, Mangiavac-
chi M, et al. Resting echocardiogra-
phy and quantitative dipyridamole
technetium-99m sestamibi tomogra-
phy in the identification of cardiac
allograft vasculopathy and the predic-
tion of long-term prognosis after heart
transplantation. Eur Heart ] 2001;22:
964-71.

Lewis JF, Selman SB, Murphy JD,
Mills RM Jr, Geiser EA, Conti CR.
Dobutamine echocardiography for
prediction of ischemic events in heart
transplant recipients. ] Heart Lung
Transplant 1997;16:390-3.

Verhoeven PP, Lee FA, Ramahi TM,
et al. Prognostic value of noninvasive
testing one year after orthotopic car-
diac transplantation. ] Am Coll Car-
diol 1996;28:183-9.

Rodrigues AC, Bacal F, Medeiros
CC, et al. Noninvasive detection of
coronary allograft vasculopathy by
myocardial contrast echocardiogra-
phy. J] Am Soc Echocardiogr 2005;
18:116-21.

Tona F, Caforio AL, Montisci R, et
al. Coronary flow reserve by contrast-
enhanced echocardiography: a new
noninvasive diagnostic tool for cardiac
allograft vasculopathy. Am ] Trans-
plant 2006;6:998—-1003.

Tona F, Caforio AL, Montisci R, et
al. Coronary flow velocity pattern and
coronary flow reserve by contrast-
enhanced transthoracic echocardiog-
raphy predict long-term outcome in
heart transplantation. Circulation

2006;114:149-55.

Carlsen ], Toft JC, Mortensen SA,
Arendrup H, Aldershvile ], Hesse B.
Myocardial perfusion scintigraphy as a
screening method for significant cor-
onary artery stenosis in cardiac trans-
plant recipients. ] Heart Lung Trans-
plant 2000;19:873-8.

Elhendy A, Sozzi FB, van Domburg
RT, et al. Accuracy of dobutamine
tetrofosmin myocardial perfusion im-
aging for the noninvasive diagnosis of
transplant coronary artery stenosis.
J Heart Lung Transplant 2000;19:
360-6.

Hacker M, Tausig A, Romuller B, et
al. Dobutamine myocardial scintigra-
phy for the prediction of cardiac
events after heart transplantation.
Nucl Med Commun 2005;26:607-12.
Rodney RA, Johnson LL, Blood DK,
Barr ML. Myocardial perfusion scintig-
raphy in heart transplant recipients with

Multimodality Cardiac Imaging in the Transplanted Heart

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

and without allograft atherosclerosis: a
comparison of thallium-201 and tech-
netium 99m sestamibi. ] Heart Lung
Transplant 1994;13:173-80.

Smart FW, Ballantyne CM, Coca-
nougher B, et al. Insensitivity of non-
invasive tests to detect coronary artery
vasculopathy after heart transplant.
Am ] Cardiol 1991;67:243-7.
Howarth DM, Forstrom LA, Sam-
udrala V, Sinak LJ, McGregor CG,
Rodeheffer R]. Evaluation of 201Tl
SPET myocardial perfusion imaging in
the detection of coronary artery disease
after orthotopic heart transplantation.
Nucl Med Commun 1996;17:105-13.

Elhendy A, van Domburg RT, Vant-
rimpont P, et al. Prediction of mortal-
ity in heart transplant recipients by
stress technetium-99m tetrofosmin
myocardial perfusion imaging. Am J
Cardiol 2002;89:964-8.

Ratliff NB III, Jorgensen CR, Gobel
FL, Hodges M, Knickelbine T, Pritz-
ker MR. Lack of usefulness of electron
beam computed tomography for de-
tecting coronary allograft vasculopa-
thy. Am J Cardiol 2004;94:202-6.

Gregory SA, Ferencik M, Achenbach
S, et al. Comparison of sixty-four-slice
multidetector computed tomographic
coronary angiography to coronary an-
glography with intravascular ultra-
sound for the detection of transplant
vasculopathy. Am ] Cardiol 2006;98:
877-84.

Iyengar S, Feldman DS, Cooke GE,
Leier CV, Raman SV. Detection of
coronary artery disease in orthotopic
heart transplant recipients with 64-
detector row computed tomography
angiography. ] Heart Lung Trans-
plant 2006;25:1363-6.

Pichler P, Loewe C, Roedler S, et al.
Detection of high-grade stenoses with
multislice computed tomography in
heart transplant patients. ] Heart
Lung Transplant 2008;27:310-6.

Romeo G, Houyel L, Angel CY, Bre-
not P, Riou JY, Paul JF. Coronary
stenosis detection by 16-slice com-
puted tomography in heart transplant
patients: comparison with conven-
tional angiography and impact on
clinical management. ] Am Coll Car-
diol 2005;45:1826-31.

Sigurdsson G, Carrascosa P, Yamani
MH, et al. Detection of transplant
coronary artery disease using multide-
tector computed tomography with ad-
aptative multisegment reconstruction.
J Am Coll Cardiol 2006;48:772-8.
Vermes E, Dupouy P, Kirsch M, Per-
nes J, Loisance D. Can multislice CT
scan replace systematic coronarogra-
phy in heart transplant recipients?
J Heart Lung Tranplant 2006;25
Suppl:599.

Estep et al.

1139



1140 Estepetal.

Multimodality Cardiac Imaging in the Transplanted Heart

66.

67.

von Ziegler F, Leber AW, Becker A,
et al. Detection of significant coronary
artery stenosis with 64-slice computed
tomography in heart transplant re-
cipients: a comparative study with
conventional coronary angiography.
Int J Cardiovasc Imaging 2009;25:
91-100.

Bogot NR, Durst R, Shaham D, Ad-
mon D. Cardiac CT of the trans-

68.

69.

JACC: CARDIOVASCULAR IMAGING, VOL. 2, NO. 9, 2009

planted heart: indications, technique,
appearance, and complications. Ra-
diographics 2007;27:1297-309.

Steen H, Merten C, Refle S, et al.
Prevalence of different gadolinium en-
hancement patterns in patients after
heart transplantation. ] Am Coll Car-
diol 2008;52:1160~7.

Akosah K, Olsovsky M, Mohanty
PK. Dobutamine stress-induced an-

SEPTEMBER 2009:1126-40

gina in patients with denervated car-
diac transplants. Clinical and angio-
graphic correlates. Chest 1995;108:
695-700.

Key Words: heart transplant ®
acute cellular rejection ®
vasculopathy ® cardiac imaging.



	The Role of Multimodality Cardiac Imaging in the Transplanted Heart
	ACR
	Clinical significance
	Echocardiography and ACR
	CONVENTIONAL ECHOCARDIOGRAPHY
	SPECTRAL DOPPLER IMAGING
	TISSUE DOPPLER IMAGING (TDI)
	PROMISING ECHOCARDIOGRAPHIC TECHNIQUES

	CMR and ACR

	CAV
	Clinical significance
	Echocardiography and CAV
	REST CONVENTIONAL ECHOCARDIOGRAPHY AND TDI
	STRESS ECHOCARDIOGRAPHY
	PROGNOSTIC VALUE OF ECHOCARDIOGRAPHY
	PROMISING ECHOCARDIOGRAPHIC TECHNIQUES

	MPI and CAV
	MPI DIAGNOSTIC VALUE
	MPI PROGNOSTIC VALUE

	MDCT coronary angiography and CAV
	CMR and CAV

	Conclusions
	REFERENCES


