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Background

Almost 6,000 orthotopic heart transplants (OHT) are 
performed each year, with approximately 700 performed 
in pediatric patients (1,2). Although there have been 
significant advances in the care of pediatric OHT recipients, 
acute rejection, cardiac allograft vasculopathy (CAV), and 
graft failure continue to be major causes of morbidity and 
mortality. Between 1 month and 5 years post-transplant, up 
to 15% of pediatric OHT mortality can be attributed to acute 
rejection (3). In contrast, CAV is a later finding, resulting in 
20% and 24% of OHT mortality at 5–10 years and >10 years 
post-transplant, respectively (3). Graft failure (which can 
result from diverse processes) accounts for approximately 
40% of pediatric OHT mortality at all timepoints (3,4). 
Given the potential for graft complications, OHT 

patients undergo routine screening, largely consisting 
of serial exams, laboratory assessment, cardiac imaging, 
and cardiac catheterization with endomyocardial biopsy  
(EMB) (5). This review will focus on the non-invasive 
imaging modalities commonly used during routine 
monitoring of OHT patients, as well as novel non-invasive 
imaging methods with the potential to modify current 
clinical practice (Table 1).

Pathophysiology of rejection and cardiac allograft 
vasculopathy

While a complete understanding of the pathophysiology 
of rejection and CAV is beyond the scope of this review, a 
limited understanding is necessary to adequately describe 
the strengths and weakness of various imaging methods. 
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In general, there are two types of rejection, acute cellular 
rejection (ACR) and antibody mediated rejection (AMR). 
ACR is classically described as a T-cell mediated process 
that leads to leukocyte infiltration of the myocardium. This 
infiltration leads to significant inflammation and results in 
necrosis and apoptosis (6,7). These areas of inflammation 
can be either diffuse or patchy in nature (7). AMR, on 
the other hand, is mediated by B-cells and manifests as 
intravascular macrophages, interstitial edema, myocyte 
necrosis, and hemorrhage (8). Both types of rejection 
are potentially modificable processes that may remain 
silent until extensive myocardial destruction leads to 
hemodynamic compromise. In this manuscript, ACR and 
AMR will be used when studies specifically characterize 
the type of rejection; for studies without more specific 
characterizations, we will use the more general term, 
“rejection.”

Cardiac allograft vasculopathy (CAV) is a gradual 
process initiated by endothelial dysfunction that may lead 
to graft hypoperfusion. It results from diffuse intimal 
thickening of the coronary arteries due to smooth muscle 
proliferation, inflammation, and deposition of lipids (9). 
This progressive vasculopathy is thought to be due to a 
complex interaction between multiple factors, including 
ischemia/reperfusion, rejection and immune response, 
immunosuppression, infection, metabolic abnormalities, 

and genetic predisposition (10). 

Current diagnosis of rejection and cardiac allograft 
vasculopathy

Cardiac catheterization with EMB is the current gold 
standard for the diagnosis of acute rejection. EMB allows 
for direct visualization of myocardial tissue for histologic 
evidence of either ACR or AMR, and also facilitates 
assessment of complement deposition in the setting of 
AMR. Cardiac catheterization also provides hemodynamic 
data (e.g., end diastolic pressures and pulmonary pressures) 
useful for clinical diagnosis. Unfortunately, EMB location is 
generally restricted to the RV surface of the interventricular 
septum, which limits diagnostic yield. Therefore, patchy 
ACR and/or ACR present in areas other than the septum 
may elude detection using EMB (7,11). Diagnosis of AMR 
using EMB can also be difficult, and though detection 
is improved using immunopathologic staining, these 
techniques do not provide 100% sensitivity (8,12). These 
limitations are compounded by significant inter-observer 
variability in the pathologic grading of rejection (13). 

The gold standard of CAV diagnosis is also based 
on cardiac catheterization,  either using standard 
angiography to detect luminal narrowing or intravascular  
ultrasound (IVUS).

Table 1 Clinically accepted and exploratory/research methods for assessment of the pediatric patients post cardiac transplant 

Post-operative 
assessment

Screening/diagnosis of rejection Screening/diagnosis of CAV

Clinically accepted Transesophageal 
echocardiography (Echo)

Transthoracic Echo Transthoracic Echo

Transthoracic Echo Cardiac catheterization with 
endomyocardial biopsy (gold 
standard)

Cardiac catheterization with angiography ± 
intravascular ultrasound or optical coherence 
tomography (gold standard)

Cardiac MRI (CMR)† CMR†

Exploratory/research Echo strain Echo strain

CMR strain Stress Echo

CMR tissue characterization‡ CMR strain

Stress CMR

CMR tissue characterization‡

Cardiac computed tomography
†, Use of CMR for ventricular volume and functional assessment is standard of care in some institutions, but not yet widely adopted.  
‡, CMR tissue characterization includes late gadolinium enhancement, T2-weighted imaging, T1 and T2 mapping, and determination of 
extracellular volume (ECV).
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Unfortunately, in addition to the limitations related 
to diagnostic yield, cardiac catheterization with EMB 
is invasive, involves radiation, may have associated 
complications from anesthesia or sedation, and may result 
in tricuspid regurgitation, bleeding, cardiac perforation, 
arrhythmia, and death (14-17). In addition, angiography 
can lead to renal dysfunction and IVUS has been associated 
with coronary artery dissection in as many as 1.6% of 
catheterizations (7,18,19). 

Non-invasive imaging modalities

Given the potential  r isks associated with cardiac 
catheterization, as well as the unclear mortality benefit 
of more frequent surveillance EMB (20), non-invasive 
modalities are increasingly used for routine screening of 
pediatric patients after OHT. The primary modalities are 
echocardiography (Echo) and cardiac magnetic resonance 
imaging (CMR). Cardiac computed tomography (CT) has 
also been used in patients with OHT. Echo is a readily 
available imaging modality used for periodic outpatient 
screening of myocardial health for patients with OHT. 
CMR provides reproducible functional imaging and novel 
tissue characterization. CMR has been adopted by some 
centers as standard practice for healthy chronic OHT 
recipients.

Of note, multiple studies using various methodologies 
have demonstrated that pediatric and adult OHT patients 
have significant decrements in heart function soon after 
transplant that resolve, in the absence of rejection, over the 
first 3–6 months. Presumably, these decrements are due to 
inflammation and ischemia related to initial procurement 
of the donor heart, and the slow recovery represents either 
resolution of inflammation or remodeling. Therefore, we 
recommend caution in the implementation of non-invasive 
imaging for screening purposes during this recovery period. 

Echocardiography

Echo provides the most readily accessible means of imaging 
the OHT recipient. It may be the first imaging modality to 
indicate a clinical issue. Echo can provide clues regarding 
myocardial health. New valvular regurgitation, pericardial 
effusion, or global reduction in function may suggest 
rejection. The initial comprehensive Echo post-transplant, 
either transesophageal or transthoracic, measures global 
myocardial function and also visualizes valves and suture 
lines. Potential areas of obstruction, to be interrogated well 

by Echo, depend upon the type of anastomosis, usually 
bicaval or biatrial. Post-operative Echo must ensure no 
pulmonary artery or aortic stenosis and must evaluate for 
systemic or pulmonary venous obstruction, especially after 
bicaval anastomosis.

In a study comparing adult OHT patients to healthy 
controls, OHT patients demonstrated larger atrial volumes 
post-transplant (21). They also tended to have thicker 
myocardial walls, a higher left ventricular (LV) mass, 
smaller LV end diastolic volumes, and slightly lower LV 
ejection fraction (LVEF) and fractional shortening (FS) 
compared to controls. The right side of the heart, on the 
other hand, tended to be larger, though most measures of 
right ventricular (RV) function were also lower compared 
with controls (21). We are unaware of a similar assessment 
of “normal” values in pediatric patients with OHT, but this 
work suggests that standard cut-offs may not be appropriate 
after OHT.

Functional assessment

Global myocardial function, assessed by methods outlined 
by the American Society of Echocardiography (22), include 
measures of LV systolic function: FS from a mid-short axis 
LV image, and fractional area change (FAC) and volumetric 
LVEF from apical four chamber plane. 2D short-axis 
imaging, rather than M-mode, is the recommended 
approach to obtain LV short-axis measurements (22). 
In contrast to adult studies, which suggest that biplane 
EF is preferable, pediatric studies demonstrate that 5/6 
area length EF is more accurate and reproducible in 
multiple disease processes (23,24). While this has never 
been evaluated specifically in pediatric OHT, the general 
familiarity with this technique in pediatric labs suggests 
it may be the preferred method. All of these methods 
of assessing systolic function are affected by loading 
conditions, but FAC and LVEF are less sensitive to 
abnormal chamber geometry and regional abnormalities. 

For the RV, Echo fares less well. Acoustic windows often 
limit full visualization of the RV, which lies immediately 
posterior to the sternum. In clinical practice, qualitative 
assessment of the RV size, mass, and function is the norm 
with relatively high inter-observer variability (25). While 
planimetry can be applied to the RV long-axis area and 
RV fractional area change has been used as an index of 
RV systolic function, Echo methods of RV assessment 
have significant limitations. Simsek evaluated multiple 
echocardiographic measures of RV function (RV FAC, 
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tricuspid annular plane systolic excursion (TAPSE), RV 
myocardial performance index (MPI), and RV global 
longitudinal strain) and their correlation with CMR for 
RVEF (26). They found that only RV FAC correlated with 
CMR RVEF, and this correlation was only moderately 
strong with r=0.75. There are little or no data regarding 
utility, accuracy, and reproducibility of Echo measures 
of RV function in children (27). Thus, practitioners have 
turned to CMR for assessment of RV volumes and function. 

Regional wall motion assessment by Echo may be 
considered as a way to understand myocardial health, 
which may be altered by acute rejection or hypoperfusion 
from coronary vasculopathy (28). However, qualitative 
visualization of wall motion is not robust; furthermore, 
pediatric providers have more limited experience with this 
assessment than adult cardiologists, who routinely view 
imaging studies for patients with coronary disease. Echo 
derived strain analyses have also been proposed as a means 
of quantifying the regional myocardial contractility. 

Three-dimensional (3D) echocardiographic imaging may 
also play a role in OHT. 3D TEE guidance of EMB in pediatric 
OHT patients demonstrated no complications and minimized 
required fluoroscopy time (29). Parthiban evaluated pediatric 
OHT patients using 3D echocardiography to calculate 
3D LVEF as well as the systolic dyssynchrony index, a 
measure of dyssynchrony based on segmental differences 
in timing to reach minimal systolic volume (30). They 
compared 3D LVEF to 2D measures and demonstrated 
significant divergence between the two values in OHT, 
and this divergence increased in those with higher levels 
of dyssynchrony. Their data suggests that 3D LVEF may 
be more accurate in pediatric OHT, particularly in those 
patients with significant dyssynchrony. 

Doppler assessment

The velocity of atrioventricular valve (AVV) inflow Doppler 
signals [peak E wave, peak A wave, A wave duration, 
deceleration times, isovolumic relaxation time (IVRT)] may 
be used to characterize diastolic function, but can be ill-
affected by rapid heart rates in children. Tissue Doppler 
assessment of AVV annular motion, using low Nyquist 
levels, has been suggested in recent years as a means of 
assessing diastolic function with normative data published 
for children. For instance, the ratio of the atrioventricular 
valve early inflow (E wave height) to the lateral annulus 
e’, can be applied to RV and LV. Tissue Doppler velocities 
are decreased in transplant patients without a history of 

rejection while isovolumic acceleration was no different 
from controls (31). During episodes of rejection, tissue 
Doppler indices demonstrate a further decrease and may 
be useful as a screening method for rejection (32-34). 
However, tissue Doppler is dependent on adequate image 
quality, is load dependent, and good Doppler alignment is 
critical (22). 

MPI (also known as the Tei index) is a measure of 
systolic and diastolic function and may be tracked for OHT 
recipients (35) (Figure 1). Abnormalities in myocardial 
relaxation, from either systolic or diastolic function, will 
prolong the MPI. MPI may also be applied to the RV. 
Investigators have shown that RV MPI normalized during 
the first year following transplant (36). A few publications 
discuss the use of serial MPI measures as a way to detect 
rejection (34,37,38). Flanagan, studying a cohort of 40 
pediatric OHT recipients with acute cellular rejection, 
showed that LV MPI was higher at the time of biopsy-
proven ACR (0.59±0.17) than on the preceding baseline 
echocardiogram performed in the absence of ACR 
(0.41±0.11; P<0.0001). In addition, LV MPI was higher 
for patients with ACR as compared to non-ACR matched 
controls (0.39±0.11; P<0.0001) (39). MPI has been proposed 
as a sensitive way to detect rejection but, because aging 
of the transplanted heart may affect the MPI, assessment 
of serial trends rather than an absolute cut-off may be 
necessary. 

Echo scoring methods

Given the poor sensitivity and invasiveness of cardiac 
catheterization, many authors have explored Echo 
scoring methods for either detecting, or ruling out, acute 
rejection. Of note, when used for screening purposes, a 
high negative predictive value may be more important than 
a high sensitivity or positive predictive value, as patients 
with clinical suspicion can undergo further testing while 
missing a patient with acute rejection could have significant 
consequences. Multiple non-invasive scoring methods 
have been evaluated, with varying sensitivity, specificity, 
and predictive values (40-47). Dodd and colleagues 
demonstrated that a scoring system using multiple M-mode 
parameters had a negative predictive value of over 97% 
in adult patients with OHT, and a similar scoring method 
created by the same group had a high sensitivity and 
specificity for detection of significant rejection in pediatric 
OHT (43,44). In infants, where EMB can be particularly 
high risk, Echo screening has high sensitivity and specificity 
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for detection of acute rejection (46). Hernandez created 
the global left ventricular relaxation index, which included 
E’ of the medial, lateral, and posterior walls as well as LV 
posterior wall thinning. When using a cut-off of 0.8, this 
model demonstrated an area under the ROC curve of 
0.99 for diagnosis of rejection and a negative predictive 
value of 100% (41). Of note, the majority of these studies 
were performed in small cohorts at single centers, making 
generalizability unclear.

Stress echo

Dobutamine stress echocardiography (DSE) has been 
employed for risk stratification in adult OHT recipients (48). 
Using a gradually increasing concentration of dobutamine 
(5 to a maximal dose of 40 micrograms/kg body weight per 
min at 3-min intervals) and a standardized scale [graded 
from 1 (normal) to 4 (dyskinesia)], the qualitative assessment 
of regional wall motion abnormalities can be mapped to the 

17-segment AHA model. Thus, the corresponding affected 
coronary can be discerned. DSE correctly identified the 
corresponding hypoperfused segments in patients with 
coronary vasculopathy with a sensitivity and specificity of 
86% and 91%, respectively (48). Dipchand demonstrated 
relatively high negative predictive value for DSE with 
angiography as the gold standard (49). Angiography was 
also able to detect lower grades of CAV. A recent study by  
Pahl (50) employed DSE for a small pediatric OHT 
population (n=46). Echocardiographic wall motion 
abnormalities during stress correlated with coronary 
arteriopathy. Larger multi-center trials are needed to show 
the usefulness of this test for pediatric OHT recipients 
during childhood. Furthermore, pediatric cardiologists 
require training and experience to adequately perform DSE. 

Myocardial strain

The ability of myocardial strain to detect subclinical 

A

C

B

Figure 1 Figure demonstrating representative mitral valve inflow Doppler (A), aortic valve outflow Doppler (B), and septal tissue Doppler 
(C). The left ventricular (LV) myocardial performance index (MPI) can be calculated using spectral Doppler of the mitral inflow and aortic 
outflow (assuming similar heart rates) or tissue Doppler. It is calculated from tissue Doppler by adding the isovolumic contraction time (IVCT) 
to the isovolumic relaxation time (IVRT) and dividing by the left ventricular ejection time (LVET). It can also be calculated by subtracting 
the LVET from the time from mitral valve close to open (which results in the sum of the IVCT and IVRT) and dividing by the LVET.
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myocardial abnormalities, including subtle wall motion 
abnormalities, has led many to explore strain as an early 
predictor of rejection. Of note, strain is mathematically 
increased (less negative) in the setting of worsening 
function. Echo strain may be limited by image quality, 
especially for the RV when acoustic windows are limited. 
However, a study by Wisotzkey demonstrated that strain 
analysis of the LV in pediatric OHT is feasible in the 
majority of patients (51). Understanding strain changes 
over time in “healthy” OHT patients without rejection 
is an important step before applying these methods for 
screening purposes. Analysis of pediatric OHT patients 
without rejection demonstrates a worsening of global 
longitudinal strain (GLS) compared to controls with a 
concomitant improvement in global circumferential strain 
(GCS) early post-transplant (52,53). In some studies, 
the LV GLS values remained decreased compared with 
controls at 1 year (54,55), while other pediatric and adult 
studies have suggested a “normalization” of both GLS and 
GCS by 1 year of age with stable values up to 5 years post-
transplant (52,53). Many authors surmise that the decreased 
GLS, and preserved or compensatory improvement in 
GCS, is due to subendocardial ischemia at the time of 
transplant and the fact that the subendocardium is made 
up of predominately longitudinal muscle fibers. RV global 
and free wall strain are also decreased soon after OHT, but 
while values improve through the first year, they do not 
“normalize” when compared with controls (36). Right atrial 
strain is also decreased in OHT compared with controls 
(56). Of note, patients with biatrial anastomoses had worse 
RA strain compared with patients who underwent bicaval 
anastomoses, suggesting caution for the use of RA strain in 
a cohort that includes both surgical approaches. 

Multiple studies have assessed the utility of strain for 
diagnosing rejection. In adult OHT, LV and RV strain 
and strain rate predict presence of rejection and have a 
high negative predictive value, though the cut-offs vary 
significantly between studies (57-59). Podrouzkova evaluated 
change in strain from baseline and demonstrated that 
OHT patients with rejection had a significant worsening 
in 4 chamber longitudinal strain, 2 chamber longitudinal 
strain, and 2 chamber longitudinal strain rate; other Echo 
parameters were unchanged and patients without rejection 
had no change in strain values from baseline (60). Of note, 
boxplots demonstrated a significant variability in strain in 
these patients, suggesting that change from baseline may 
be a better method for diagnosing rejection. In one study 
of pediatric OHT early post-transplant, strain appears 

suboptimal for distinguishing between patients with and 
without rejection, with only the mid-septum reaching 
statistical significance (61). However, patients were only 
3 months post OHT, suggesting that timing may have 
affected the analysis. In contrast, Sehgal demonstrated a 
worsening of GLS, GCS, and global radial strain in patients 
with rejection, as well as an increased LV mass during 
rejection (62). They found no differences in fractional 
shortening or measures of diastolic function. Godown 
demonstrated significant decrements in GLS, GCS, and 
systolic and diastolic longitudinal and circumferential strain 
rate at the time of rejection (63). A longitudinal analysis of 
all Echos preceding a rejection episode was performed, with 
the first changes noted 45 days prior to rejection; however, 
changes in deformation occurred concurrently with changes 
in LVEF, suggesting that deformation may not improve 
the early detection of rejection compared with standard 
measures (63). 

Strain has also been used to predict CAV. In adult 
patients, GLS is worse in patients with CAV compared to 
those without CAV and controls (64). GLS also appears 
to worsen depending on severity of CAV. However, the 
specificity and negative predictive value for GLS predicting 
CAV were suboptimal. Multiple studies have evaluated 
the relationship between strain and CAV in pediatric  
OHT (65). Zoeller evaluated strain at the time of CAV 
diagnosis as well as 2 years prior and demonstrated that 
GLS, longitudinal systolic strain rate, and longitudinal 
diastolic strain rate were decreased both at time of diagnosis 
and 2 years prior to diagnosis (66). Modeling suggested that 
GLS on Echo performed 2 years prior to diagnosis could 
predict development of CAV, though the sensitivity was 
poor and the negative predictive value was not reported. 
The same group demonstrated that decrements in GLS as 
soon as 1-year post transplant could identify patients at risk 
of developing CAV (67). 

Strain has also been used to predict adverse events 
and mortality. Clemmensen demonstrated that LV GLS 
predicted major adverse cardiac events (including rejection, 
admission for heart failure, coronary event) and mortality 
in adult OHT (68). The combination of RV free wall strain 
and RV FAC predict mortality, CAV, and rejection in adult 
OHT patients (69). In pediatric patients, LV GLS predicts 
late graft failure (70).

Although many studies have demonstrated the utility of 
strain for assessment of rejection or CAV, it must be noted 
that the cut-offs are different for each study. This may be 
partially related to methodologic differences (different 
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analysis packages result in different strain values) but also 
suggests caution in interpreting retrospective analyses 
performed in single institutions on small cohorts. To some 
extent, evaluating a change in strain from baseline obviates 
these issues. While standardization has been attempted 
in strain analysis, knowledge of the differences between 
software packages is critical if attempting to screen OHT 
patients using strain. Moreover, most of these studies 
compared patients with rejection to those without rejection 
or patients with CAV to those without CAV. As there are 
multiple causes of decreased function in OHT patients 
(rejection, CAV, hypertension, infection, etc.), the specificity 
of decreased strain is unclear. This suggests that the best use 
of strain may be for screening purposes to determine a need 
for further testing (i.e., EMB).

Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging (CMR) may be used to 
assess pediatric patients with OHT. Volumetric assessment, 
from planimetry of a full short axis stack of images, allows 
quantification of left and right ventricular volumes, mass, 
and systolic function with good reproducibility (71,72). 
Atrioventricular valve inflow pattern, as with Echo, may 
give a suggestion of ventricular diastolic function. In a 
study comparing pediatric OHT patients to controls, Latus 
demonstrated comparable LVEF between groups, but 
OHT patients had significantly decreased end diastolic and 
systolic volumes and significantly increased mass to volume 
ratios (for both the RV and LV) (73). These data suggest 
that standard normal CMR values cannot be adapted to 
pediatric OHT patients.

Tissue characterization

Tissue characterization is one of the advantages of CMR as 
compared with echo. T2-weighted imaging has been used 
in multiple disease processes, including myocarditis, to 
assess for myocardial edema (74). After the administration 
of gadolinium contrast, both early enhancement and late 
gadolinium enhancement (LGE) can be evaluated. Early 
enhancement evaluates for hyperemia. LGE represents 
extracellular matrix expansion due to fibrosis, necrosis, or 
edema/inflammation. 

As with other cardiovascular diseases, multiple studies in 
adult OHT patients demonstrate that presence and severity 
of LGE predicts long-term outcomes such as mortality and 
major adverse cardiac events (MACE), even when corrected 

for other cardiovascular risk factors (75-77). Pedrotti noted 
that 22 of 26 patients with LGE had an infarct atypical 
pattern (77). However, the prognostic value of LGE has not 
been confirmed in pediatric OHT patients.

Tissue characterization can also be used to assess for 
rejection or CAV. Krieghoff evaluated a combination of T2-
weighted imaging, early enhancement, and LGE, the same 
methods used to diagnose myocarditis, and demonstrated 
that a combination of T2-weighted imaging and early 
enhancement had a relatively high negative predictive 
value but low positive predictive value for rejection (78). 
LGE did not improve discrimination. Taylor demonstrated 
similar findings (79), and multiple other adult studies 
have demonstrated that LGE is a poor predictor of acute 
rejection (80,81). In the only pediatric study of which we 
are aware, LGE was not useful for determining presence 
or absence of rejection, nor were any of the other CMR 
parameters, though this study was limited by a small 
number of patients with rejection (82). 

LGE has also been used to assess for CAV, though with 
limited success. Adult patients with higher grades of CAV 
are more likely to have infarct-typical patterns of LGE, 
but this was not the case in all patients with high grade 
CAV and multiple patients without CAV also had this  
pattern (83). Interestingly, assessment of coronary LGE 
may hold promise for detection of CAV in pediatric patients 
(84,85). Hussain calculated the mean enhancement area, 
diameter, and index (enhancement area/coronary cross-
sectional area) in the left anterior descending artery (85). 
These measurements were compared to IVUS measures and 
demonstrated a strong correlation between enhancement 
diameter and maximal intimal thickness (r=0.8) and 
enhancement index and mean intimal index (r=0.92). While 
both of these cohorts were small, these methods hold 
promise for non-invasive assessment of CAV. 

CMR parametric mapping techniques provide a novel 
method of tissue characterization. Parametric mapping of 
the longitudinal relaxation constant, or T1 time, can be 
performed prior to gadolinium contrast (native T1) or after 
contrast (post contrast) (Figure 2). Each tissue has its own 
native T1, with different T1 values obtained at different 
magnetic field strengths and from different sequences [e.g., 
single-shot acquisition (SASHA), modified Look-Locker 
inversion recovery (MOLLI)] complicating generalizability. 
Given this variability, local normative values are required 
(87). Post contrast T1 values are affected by many variables 
including contrast agent, contrast dose, time elapsed from 
contrast to T1 scan, renal clearance, vendor’s T1 sequence, 
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and magnetic field strength. This variability limits the 
clinical utility of post-contrast T1. 

From native and post contrast T1 data from planes that 
can be co-registered, using either the patient’s hematocrit 
or a synthetic hematocrit, extracellular volume (ECV) can 
be calculated (Figure 3). As ECV is a ratio of native and post 
contrast T1 of blood and myocardium, it is independent 
of the many variables that affect post contrast T1, and 
thus can be used across institutions for multi-center 
study of myocardial disease. ECV is an approximation of 
extracellular matrix (ECM) expansion. The ECM may be 

expanded by infiltrative processes (e.g., amyloid, sarcoid) 
and by microfibrosis associated with ischemia and infarct. 
Increases in myocardial free water content, as occurs in 
acute myocardial edema and inflammation, also prolong T1 
and T2 relaxation times (87,89,90). Thus, T1, T2, and ECV 
mapping may be useful for characterizing the transplanted 
myocardium, which may be subject to inflammation from 
rejection and from fibrosis from developing coronary 
vasculopathy (Figure 4).

In a CMR study of adult OHT recipients (1.5 T), T1 

values were significantly higher in the cohort with rejection 
(grade 2R, 3R, clinically diagnosed rejection, antibody-
mediated rejection) (1,066±78 ms) versus healthy controls 
(984±42 ms; P=0.0001) and versus healthy transplant 
recipients without rejection (1,001±54 ms; P=0.001). Using 
a T1 cutoff value of 1,029 ms, the sensitivity, specificity, 
and negative predictive value were 93%, 79%, and 99%, 
respectively (91). Focusing on T2 mapping, Vermes 
performed CMR scans (1.5 T) and EMBs for 7 adults with 
OHT having acute rejection and 13 without rejection. T2 
signal was higher in those with rejection. The sensitivity, 
specificity and diagnostic accuracy for basal T2 (cut off: 
57.7 ms) were 71%, 96% and 90% respectively. Compared 
with normal values for ECV (25.3%±3.5%) (88) in this 
small cohort, a basal ECV cut off 32% had sensitivity, 
specificity, and diagnostic accuracy for rejection of 86%, 
85% and 85% respectively (92).

Several small studies have shown the feasibility of CMR 
for pediatric OHT evaluation. An early pilot study from 
Toronto noted that CMR was not able to reliably detect 
rejection, as no significant differences in functional data 
(volumetric data or ejection fraction), native T1 times, 
and ECV fraction were seen between patients with <2R 
and ≥2R ISHLT rejection. Greenway acknowledge that 
only 5 of 30 subjects had >2R rejection and the novel 
T2 mapping technique to assess for edema was not 
available. Given the potential of novel parametric imaging 
techniques, the pathobiology of rejection, and the downside 
of endomyocardial biopsy, the authors recommend 
continued evaluation of OHT patients with CMR to better 
understand the role that this modality has for myocardial 
characterization in this vulnerable population (82).

A prospective CMR study (1.5T) with histologic analyses 
of endomyocardial biopsy specimens from twenty-five OHT 
recipients (7.0±6.3 years at transplant and 10.7±6.5 years 
post-transplant), performed by Feingold, demonstrated 
that for this healthy OHT population with normal ejection 
fraction and no symptoms, ECV was similar to healthy 
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Figure 2 The myocardial T1 relaxation curve can be calculated by 
plotting signal intensities at varying inversion times. The T1 time 
is 63% of full recovery. This figure demonstrates T1 relaxation 
curves for native (pre-contrast) and post-contrast myocardium. 
Reproduced from (86), originally published by BMC.

Figure 3 Tissue characterization using native T1 and extracellular 
volume (ECV). T1 values listed are for MOLLI sequences at 1.5 T. 
Reproduced from (88), originally published by BMC.
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Figure 4 Extracellular volume (ECV) maps in the short axis at the base (A), mid left ventricle (B), and apex (C) in a pediatric patient with 
acute rejection. Bullseye (D) demonstrates significant ECV elevation. ECV maps at the base (E), mid left ventricle (F), and apex (G) in a 
pediatric transplant patient who presented for routine endomyocardial biopsy without evidence of rejection. Bullseye (H) demonstrates ECV 
values in the normal range.
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controls (25.1%±3.0% vs. 23.7%±2.0%, P=0.09). ECV, 
though, was moderately correlated with cardiovascular 
fibrosis (CVF) on biopsy (r=0.47; P=0.019) (93). Another 
small prospective study, by Ide, of 20 pediatric OHT 
patients (9.9±6.2 years of age; 9 girls) enrolled a median of 
1.3 years (0.02–12.6 years) post OHT showed higher septal 
native T1 times and ECV in OHT patients compared to 
healthy controls (1,008±32 vs. 979±24 ms, P<0.005 and 
0.30±0.03 vs. 0.22±0.03, P<0.0001, respectively). CVF 
showed a moderate correlation with native T1 (r=0.53, 
P<0.05), as well as ECV (r=0.46, P<0.05). Native T1 time, 
but not ECV and CVF, correlated with ischemia time 
(r=0.46, P<0.05) (94).

Stress CMR

While coronary imaging by CMR is possible using a 
respiratory navigated, 3-dimensional sequence, the 
resolution of CMR is not sufficient to discern the 
presence of coronary narrowing. Thus, indirect evidence 
of vasculopathy is used as a surrogate for the presence 
of coronary narrowing. Traditionally, resting first pass 
perfusion imaging can be undertaken using 3 short axis LV 
planes imaged while the patient receives a bolus dose of 
gadolinium. Normal myocardial perfusion exists if there 
is rapid and even uptake of the contrast agent. Myocardial 
regions downstream from a significantly narrowed coronary 
will appear dark (95).

Pharmacologic stress imaging using vasodilator agents 
(e.g., adenosine, dipyridamole, and regadenoson) induces 
coronary vasodilation with simultaneous infusion of 
gadolinium contrast, leading to a greater increase in the 
perfusion of myocardium supplied by normal coronary 
arteries compared with myocardium supplied by stenotic 
coronary arteries (72). Adenosine perfusion CMR has better 
diagnostic performance in adults than perfusion SPECT 
with superior sensitivity (86.5% vs. 66.5%) and negative 
predictive value (90.5% vs. 79.1%) (96,97).

Limited experience exists for the use of adenosine 
perfusion CMR for cardiac transplant recipients, with this 
group comprising only 12.5% of patients in a multi-center 
pediatric study of adenosine stress perfusion imaging (98). 
For the transplant recipient, pharmacologic stress with 
adenosine has some unique considerations—adenosine 
poses the risk of prolonged asystole and atrioventricular 
block in a denervated heart (99). Multiple studies have 
demonstrated safety of adenosine in adult patients after 

OHT; while not all studies reported side-effects, those that 
did reported shortness of breath and chest pain but very few 
patients requiring discontinuation of the testing (100-104). 
A recent study by Flyer evaluated the safety of adenosine 
for treatment of supraventricular tachycardia in pediatric 
OHT patients (105). In their study, no patients required 
rescue pacing, and though the majority of patients reported 
symptoms (shortness of breath, discomfort, and chest 
pain were most common), none required discontinuation 
of testing. Of note, the primary outcome measure was 
induction of AV block, so dosages were likely higher (but 
also of much shorter duration) than that required for 
perfusion imaging. In addition, the two patients with CAV 
were excluded (105). While regadenoson, a more selective 
activator of the A2A receptor, may have fewer side effects 
than adenosine, limited experience exists in children or 
OHT recipients (106-109). Anecdotal experience suggests 
that pediatric OHT patients tolerate regadenoson without 
difficulties, but publications evaluating the safety and 
efficacy of regadenoson perfusion imaging for pediatric 
OHT recipients will be needed before this becomes 
standard of care.

Multiple studies in adults have demonstrated that use of 
indexed myocardial perfusion reserve (MPRi), either alone 
or in combination with strain, can detect CAV and predict 
adverse events (100,102,104,109). Primarily a research 
tool, MPRi can be determined from a region of interest by 
looking at the upslope of the curve for gadolinium (Gd) 
uptake (signal intensity, SI) at peak hyperemia, compared 
to the Gd myocardial signal curve at rest; MPRi can be 
calculated as MPRi = upslope of SI during hyperemia/
upslope of SI at rest (110). Myocardial blush, calculated as 
the ratio of the plateau of mean grey level pixel intensity 
divided by the time to maximal intensity, may also provide 
prognostic information for adults after OHT (101,103). 
The utility of quantitative perfusion assessment in pediatric 
OHT is unclear.

Dobutamine stress perfusion CMR imaging is advocated 
by some centers as a means of understanding the increased 
myocardial demands posed by exercise. Regional wall 
motion assessment, using the AHA 17 segment model, 
can be visualized with short axis cine imaging performed 
prior to each incremental increase in dose. The addition 
of first-pass myocardial perfusion imaging to wall motion 
assessments during peak-dose dobutamine stress CMR, first 
reported by Lubbers (111) and Gebker (112), has improved 
the sensitivity for the diagnosis of coronary artery disease. 
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Myocardial perfusion at peak stress can be visualized 
qualitatively or quantitatively. Limited use of dobutamine 
stress CMR for allograft evaluation appears in the literature 
with a small pilot study of adult OHT recipients showing 
MPRi derived from a dobutamine stress CMR as a reliable 
technique for noninvasive detection of microcirculatory 
coronary disease associated with CAV (113). Once again, 
more studies in pediatric patients are necessary.

Myocardial strain

Strain analysis by CMR has also been used in patients after 
OHT. Of note, the temporal resolution of Echo strain 
analysis may be higher than that achieved by CMR, which 
could affect results (114). Initial pediatric OHT CMR 
studies using grid tags demonstrated abnormalities in twist 
in OHT patients as compared to controls (115). A more 
recent analysis by Latus using feature tracking demonstrated 
findings similar to Echo, with decrements in GLS and 
maintained GCS and global radial strain (73). Miller 
evaluated adult OHT patients early post-transplant (within 
6 months) and found a significant difference between 
circumferential strain in patients with and without ACR 
but also noted significant overlap between the two patient 
populations (116). The poor discrimination may have been 
partly related to the early time period after transplant. 
Strain encoding has been evaluated by multiple authors as 
a method of assessing CAV. In adult patients, Korosoglou 
demonstrated reduced systolic strain and strain rate in 
patients with severe CAV (>50% stenosis) while mean 
diastolic strain rate was progressively reduced in patients 
with no CAV, mild CAV (<50% stenosis), and severe CAV 
as compared with controls (100). They found that diastolic 
strain rate had the best area under the curve for detection 
of severe CAV of the three (0.93), though this was lower 
than that of MPRi (0.95) and neither performed as well for 
detection of mild CAV. Dedieu evaluated strain calculated 
using feature tracking in pediatric OHT. They found that 
CMR was better able to detect wall motion abnormalities 
than Echo. In addition, GLS was able to quantitatively 
detect additional patients with wall motion abnormalities. 
Patients with quantitative wall motion abnormalities had 
marginally higher grade stenosis (23% vs. 17%) and worse 
outcomes (28).

Limitations of CMR in OHT

There are some important limitations of CMR in the 

transplant population. Patients with retained pacemaker 
leads and non-MRI safe pacemakers require special 
consideration prior to scanning and must have a stable 
underlying rhythm (117). Currently, most ICDs are a 
contraindication for CMR. In addition, it is not uncommon 
for OHT patients to have renal dysfunction, which would 
preclude the administration of gadolinium contrast agents. 
Verifying acceptable glomerular filtration rate (GFR) 
prior to gadolinium contrast administration if there is a 
question about renal function is standard practice. Finally, 
current CMR sequences require patients to remain still 
and hold their breath during acquisitions, meaning that 
younger children and those with developmental delay may 
require sedation or anesthesia in order to obtain adequate 
imaging. While free-breathing imaging with multiple 
averages can be undertaken, imaging may not be optimal. 
Given the small numbers of pediatric OHT patients at 
any one center and the rarity of rejection (grade 2R or 
more), multi-center collaborative studies will be necessary 
to determine the ultimate value of CMR for transplanted 
myocardium. Limitations posed by poor echocardiographic 
acoustic windows and by the invasive nature of cardiac 
catheterization with EMB continue to provide the impetus 
to explore novel uses for CMR for the OHT population. 

Cardiac CT

Until recently, cardiac CT has been used less frequently 
in pediatric patients due to the risks of radiation exposure. 
However, the wider availability of dual source scanners 
has allowed for a significant decrease in radiation  
dose (118). While studies of cardiac CT in OHT are 
limited, data suggest that quantification of volumes and 
function are comparable to CMR and better than Echo, 
though use of this modality for volumetric assessment is 
likely only pertinent to patients with contraindications to 
CMR (119). The superior resolution of CT angiography 
for coronary artery imaging may allow for more detailed 
assessment of CAV. Calcium scoring has shown promise 
for detecting (or ruling out) significant CAV, with relatively 
high negative predictive values for moderate CAV 
(120,121). However, these articles compared CT imaging 
to angiography, not IVUS; studies comparing CT to IVUS 
have demonstrated poorer results for detecting more subtle 
CAV (122). Perfusion CT has also been performed and 
correlates well with perfusion CMR (123). The utility of 
cardiac CT in children, who often have faster heart rates 
and smaller coronary arteries, requires further study.
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Conclusions

The potential advantages of non-invasive imaging for 
assessment of pediatric patients after OHT are indisputable. 
Unfortunately, the vast majority of studies have only 
assessed these methods in adult OHT populations or small 
pediatric cohorts. In order to realize their potential, these 
methods must be evaluated in larger, multi-center pediatric 
studies.
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