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Abstract

Background: The progressive risk of graft failure in pediatric heart transplantation (PHT) necessitates close surveil-
lance for rejection and coronary allograft vasculopathy (CAV). The current gold standard of surveillance via invasive
coronary angiography is costly, imperfect and associated with complications. Our goal was to assess the safety and
feasibility of a comprehensive multi-parametric CMR protocol with regadenoson stress perfusion in PHT and evaluate
for associations with clinical history of rejection and CAV.

Methods: We performed a retrospective review of 26 PHT recipients who underwent stress CMR with tissue char-
acterization and compared with 18 age-matched healthy controls. CMR protocol included myocardial T2, T1 and
extracellular volume (ECV) mapping, late gadolinium enhancement (LGE), qualitative and semi-quantitative stress per-
fusion (myocardial perfusion reserve index; MPRI) and strain imaging. Clinical, demographics, rejection score and CAV
history were recorded and correlated with CMR parameters.

Results: Mean age at transplant was 9.3+ 5.5 years and median duration since transplant was 5.1 years (IQR

7.5 years). One patient had active rejection at the time of CMR, 11/26 (42%) had CAV 1 and 1/26 (4%) had CAV 2.
Biventricular volumes were smaller and cardiac output higher in PHT vs. healthy controls. Global T1 (1053 42 ms
vs 986 +42 ms; p<0.001) and ECV (26.5 +4.0% vs 24.0 +2.7%; p =0.017) were higher in PHT compared to helathy
controls. Significant relationships between changes in myocardial tissue structure and function were noted in PHT:
increased T2 correlated with reduced LVEF (r=—0.57, p=0.005), reduced global circumferential strain (r=—0.73,
p<0.001) and reduced global longitudinal strain (r=— 049, p=0.03). In addition, significant relationships were noted
between higher rejection score and global T1 (r=10.38, p=0.05), T2 (r=0.39, p=0.058) and ECV (r=0.68, p <0.001).
The presence of even low-grade CAV was associated with higher global T1, global ECV and maximum segmental T2.
No major side effects were noted with stress testing. MPRI was analyzed with good interobserver reliability and was
lower in PHT compared to healthy controls (0.69+ —0.21 vs 0.94£0.22; p<0.001).
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Conclusion: In a PHT population with low incidence of rejection or high-grade CAV, CMR demonstrates important
differences in myocardial structure, function and perfusion compared to age-matched healthy controls. Regadenoson
stress perfusion CMR could be safely and reliably performed. Increasing T2 values were associated with worsening left
ventricular function and increasing T1/ECV values were associated with rejection history and low-grade CAV. These
findings warrant larger prospective studies to further define the role of CMR in PHT graft surveillance.
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Background
Pediatric heart transplantation (PHT) is the definitive
treatment for end-stage heart disease associated with
various pediatric and congenital cardiac diagnoses.
Although improving over time, the long-term outcome
from the most recent analysis of the International Soci-
ety for Heart and Lung Transplantation’s (ISHLT) regis-
try shows that overall survival 25 years post-PHT is 37%
[1] with graft failure being the most common cause of
death at all time points. This vulnerable population must
undergo lifelong surveillance for development of comor-
bidities like coronary allograft vasculopathy (CAV) and
rejection, two of the major causes of graft failure [2—4].
Although mortality has decreased over the last decade,
those treated for rejection in the first-year post-trans-
plant, and those with CAV have worse survival 2, 3].
Endomyocardial biopsy and invasive coronary angi-
ography remain the gold standard for detection of acute
rejection and CAV, respectively, but are invasive proce-
dures with imperfect disease detection and several poten-
tial complications that multiply over repeated exposures,
especially in younger patients [5-9]. Surveillance in PHT
relies heavily on non-invasive imaging with echocar-
diography being the most commonly used modality in
clinical practice. Some studies have shown that changes
in echocardiography based myocardial deformation are
associated with acute rejection and CAV [10-15] and
potentially predictive of outcomes following heart trans-
plantation [16], but these findings are subject to signifi-
cant variability between patients, vendors and observers.
Currently, no non-invasive test consistently and accu-
rately diagnoses and/or predicts rejection and CAV [4].
Cardiovascular magnetic resonance imaging (CMR)
has emerged as a tool for comprehensive assessment of
myocardial structure and function. Compared to echo-
cardiography, CMR more accurately represents ven-
tricular volumes and function [17]. Similar to speckle
tracking echocardiography, CMR-derived myocardial
feature tracking analysis allows for reliable assessment of
changes in left ventricular (LV) strain [18]. Late gadolin-
ium enhancement (LGE) allows for assessment of myo-
cardial scarring and other CMR tissue characterization
techniques such as T2 and T1 mapping with calculation

of extracellular volume fraction (ECV) allow for quan-
titative assessment of edema and myocardial fibrosis,
respectively [19]. In addition, qualitative and quantitative
myocardial perfusion assessment obtained via vasodila-
tor stress regadenoson CMR perfusion imaging has been
shown to be safe in adult heart transplant recipients, with
similar side effect profile compared to patients with other
indications [20]. There is emerging data reporting on the
use of CMR in diagnosing graft dysfunction in the heart
transplant population. These techniques have shown util-
ity in diagnosis of acute rejection, CAV and clinical out-
comes in adult patients [20—36] but data in the pediatric
population are limited [37-43].

In this study, we aimed to (1) describe the safety and
feasibility of performing vasodilator stress regadenoson
CMR in the PHT population (2) characterize myocar-
dial tissue, function and perfusion in a cohort of PHT
and compare with healthy controls and (3) explore asso-
ciations of CMR parameters with history of rejection or
CAV.

Methods

Study cohort

We conducted a single-center retrospective cross-sec-
tional case—control study that was IRB approved and
HIPAA compliant. Informed consent was waived. PHT
recipients who underwent a clinically ordered com-
prehensive stress perfusion structure—function CMR
between May 2016 and January 2019 were identified.
Eighteen historical institutional controls who had a nor-
mal structure—function CMR (without stress perfusion)
for various indications including abnormal electrocardio-
gram (ECQG) (n=9), chest pain (n=2), syncope (n=2),
family history of cardiomyopathy (n=1), obesity (n=1),
suspected atrial mass (n=1) and other systemic diseases
(n=2) were age and sex-matched to the PHT. Since there
were no institutional healthy control patients who had
undergone stress perfusion imaging, we identified a sepa-
rate cohort of 16 non-transplant patients who underwent
stress perfusion CMR with negative results performed
for various indications where suspicion for microvas-
cular dysfunction was minimal. Indications for CMR in
this cohort were: post-coronary artery unroofing with
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chest pain (n=4), single coronary artery (n=2), history
of arterial switch procedure (n=1), failing Fontan (n=1),
remote history of Kawasaki disease with normal coronar-
ies (n=6), congenital coronary artery aneurysm (n=1)
and aortic stenosis with syncope (n=1).

Clinical data

Demographic and clinical data collection included trans-
plant surgical history, number of rejection episodes
and history of CAV per clinical history or cardiac cath-
eterization report. A Rejection Score (RS) was devised
to quantify the clinical rejection history by adding the
total number of rejection episodes (acute cellular rejec-
tion>1B, any episode of antibody mediated rejection
(AMR) based on endomyocardial biopsy (EMB) as per
ISHLT criteria [44] or any episode of biopsy negative
rejection that was treated clinically) in order to gener-
ate a score. In addition, CAV grading was performed by
independent expert blinded review of coronary angio-
grams from the cardiac catheterization done closest to
the time of the CMR by an adult interventional cardiolo-
gist with>40 years of clinical experience. Angiograms
were graded based on ISHLT CAV scale [45].

CMR acquisition

CMR was performed on a 1.5 T scanner (Aera, Siemens
Healthineers, Erlangen, Germany). A comprehensive
protocol including structure and function assessment
and stress perfusion testing was followed (Fig. 1) with the
use of gadobutrol (Gadavist, Bayer HealthCare, Berlin,
Germany), as the gadolinium-based contrast agent and
regadenoson (Lexiscan; Astellas Pharm; Northbrook, Illi-
nois, USA) as the pharmacologic stressor. Regadenoson
is a selective cardiac A2A adenosine receptor agonist that
vasodilates the coronary arteries thereby increasing myo-
cardial blood flow.

Following image localizer scans, 2D cine bal-
anced steady-state free-precession (bSSFP) images
in the two-chamber, three-chamber and four-cham-
ber planes were obtained in standard clinical fashion
(TR=3.0 ms TE=1.26-1.3 ms; flip angle=90°, slice
thickness=6 mm, in plane resolution=1.0 x 1.0 mm?).
T2 mapping was performed prior to contrast injection.
Three T2-prepared bSSFP images with varying T2-prep
times (0, 24, and 55 ms) were acquired in a breath-held
fashion in three short axis orientations (base, mid, apex)
through the LV (TR=2.5 ms, TE=1.1 ms, slice thick-
ness=38 mm, in-plane resolution 1.9 x 1.9 mm?). These
levels were pre-selected by the technologist at the time
of the scan: basal level defined at the mitral valve leaf-
let tips, apical level near the apex where the ventricular
cavity was still visible at end-systole and mid ventricular
level mid-way between those. Next, T1 mapping with
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2C,4C,3C
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Regadenoson 6-10 mcg/kg

Gadolinium 0.05 mmol/kg
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Post T1 MOLLI
LGE SAX, 4C,2C

Fig. 1 Schematic representation of the cardiovascular magnetic
resonance (CMR) protocol for evaluation in pediatric heart
transplantation (PHT) patients

a modified Look-Locker inversion recovery (MOLLI)
sequence was used to measure native (pre-contrast) lon-
gitudinal relaxation T1 times of myocardium at the same
three levels as well as within the blood pool. Pre-contrast
T1 maps were obtained using a single-breath-hold, ECG-
triggered, MOLLI sequence (TR=2.6 ms, TE=1.0 ms,
slice thickness=6 mm, in-plane resolution 0.7 x 0.7
mm?). Myocardial stress perfusion was then performed
using regadenoson at a dose of 6-10 mcg/kg (up to
a maximum dose of 400 mcg) [46] with close patient
monitoring of symptoms and vital signs. First-pass
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contrast-enhanced images were acquired at 60-90 s at
the same three short axis levels. Single-shot fast gradi-
ent echo, advanced motion corrected fast gradient echo
sequences were acquired during stress after the intra-
venous administration of 0.05 mmol/kg of gadobutrol
(TR=2.5 ms TE=1.1 ms, inversion time (TI) 150 ms,
flip angle=12", slice thickness=8 mm, inplane resolu-
tion=2.8 x 2.8 mm?). Following image acquisition, a sin-
gle dose of 75 mg of intravenous aminophylline was given
to reverse the effects of regadenoson. Between stress
and rest perfusion, ECG-gated 2-D Cine bSSFP imag-
ing of the ventricles in short-axis from base to apex was
obtained. Contrast-enhanced first pass perfusion imag-
ing at rest was obtained following a second 0.05 mmol/
kg dose of gadobutrol. Finally, a third dose of 0.05 mmol/
kg dose of gadobutrol was injected with post-contrast
T1 mapping. LGE was then obtained using segmented
inversion-recovery sequences in three orientations:
4-chamber, 2-chamber and short axis from base to apex
(TR=2.8 ms, TE=1.2 ms, slice thickness=8 mm, flip
angle 50°, inplane resolution=1.4x 1.4 mm?) around
20-30 min from the time of the initial contrast injection.
For LGE sequences, the inversion time was selected using
an inversion time scout scan to optimally null the normal
myocardium.

Patient preparation and monitoring

Patients were advised to refrain from the use of caf-
feine containing products for 24 h prior to the study. A
baseline ECG was obtained prior to start of the exam.
Heart rate and blood pressure were recorded at the start
of the CMR and monitored during the test. A pediatric
cardiologist, pediatric radiologist, a technologist and a
nurse were present during induction of stress. Follow-
ing administration of regadenoson, vitals were recorded
every minute for 5 min, every 5 min for the next 20 min
and then every 10—15 min until an hour from the time of
stress.

Adverse events were documented and classified as
major or minor. Major adverse events would result
in need for termination of the study, and included
arrhythmia, hypotension, atrioventricular block and
bronchoconstriction. Minor adverse events would not
typically result in termination of the test and included
anxiety, chest pain, tingling in the limbs and gastrointes-
tinal effects such as nausea and abdominal pain. Patients
were monitored for an hour after the completion of the
study prior to discharge.

CMR post-processing

2-D cine bSSFP and global function

Volumetric and functional data analysis from the 2D cine
bSSFP short-axis stack was performed using dedicated
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software (Q Mass, version 7.2 Medis Medical Imaging
Systems, Leiden, The Netherlands) by manual segmen-
tation of the epicardial and endocardial borders. LV and
right ventricular (RV) volumes, ejection fraction and car-
diac output and LV mass were calculated.

T2 mapping

Endocardial and epicardial contours were traced on each
T2 map excluding blood, epicardial fat or artifact. Images
were motion corrected. An automated pixel-wise fit was
used to generate a color map and analysis was done by
drawing overlying regions of interest by dividing the
myocardium into 16 segments as standardized by the
American Heart Association (AHA) [47]. Segmental val-
ues were averaged to obtain the mean global T2 value. In
addition, the maximum segmental T2 was recorded.

T1 mapping and ECV

Endocardial and epicardial contours were traced on each
pre- and post-contrast T1 map to exclude blood, epicar-
dial fat or artifact. Images were motion corrected. Similar
to T2 mapping, color maps were generated, and analy-
sis was done by drawing overlying regions of interest by
dividing the myocardium into 16 segments as standard-
ized by AHA. Extracellular volume fractio (ECV) was
calculated for all 16 segments using the pre- and post-
contrast maps and hematocrit using standard methodol-
ogy [48]. Segmental values were averaged to obtain the
mean global pre- and post-contrast T1 and ECV values.
In addition, maximum segmental T1 and ECV values
were recorded.

LGE analysis

For LGE analysis, we identified the presence or absence
of focal myocardial fibrosis based on visual assessment
as areas of relatively increased signal intensity following
administration of gadolinium contrast. Myocardial fibro-
sis was noted only if LGE was seen in two orthogonal
planes. LGE distribution patterns were classified as sub-
epicardial, mid-myocardial, subendocardial or transmu-
ral and by AHA segment involved. This was confirmed
by two experienced CMR readers at the time of the study
interpretation.

CMR stress perfusion

Qualitative myocardial perfusion was assessed by two
experienced CMR readers, one pediatric cardiologist
and one pediatric radiologist, at the time of the clinical
study interpretation and presence of perfusion defect
determined by consensus review. If a deficit was present
at stress but not at rest, it was described as an induc-
ible, reversible perfusion deficit. If the defect was present
both at rest and stress, and LGE was seen in the same
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myocardial region, it was described as fixed perfusion
deficit. If the defect was present at rest and stress, and
there was no LGE noted, it was considered an artifact.
The presence of any regional wall motion abnormalities
was used as an additional tool to aid in making the deter-
mination. Presence of dark rim artifacts were noted if
present. Timing of hypointensity, symmetry of the lesion
and comparison to resting perfusion were used to dis-
tinguish artifact from true perfusion defects. These were
described as subendocardial or transmural (greater than
25% of the wall thickness) in pattern.

Semi-quantitative analysis by calculation of a myocar-
dial perfusion reserve index (MPRI) was performed with
the commercially available software (Medis Suite 3.0,
Medis Medical Imaging Systems, Leiden, Netherlands).
The software was used to obtain time signal intensity
(TSI) curves for each AHA segment in the basal, mid
and apical slices during stress and rest states. Maxi-
mum upslope was calculated as the maximum rate of
signal intensity increase per unit time (au/s) and relative
upslope was obtained by dividing the maximum upslope
of the segment TSI curve with the maximum upslope
of the myocardial blood pool TSI curve. The MPRI was
then calculated as the ratio of the stress and rest relative
upslopes for each segment and a global MPRI was calcu-
lated as the mean MPRI of all segments. A subset of PHT
subjects (n=9) were re-analyzed by a blinded second
reviewer to assess for inter-observer differences.

Feature tracking

Feature tracking (FT) analysis was performed using
dedicated post-processing software (QStrain, version
7.2; Medis Medical Imaging Systems). Standard 2-D
cine bSSFP images in long and short axis which had 20
phases per cardiac cycle were used. Endocardial borders
were manually drawn in end-diastole and end-systole.
Four, three and two-chamber views were used to derive
the peak global LV longitudinal strain (GLS) and peak
systolic and diastolic strain rates. Three short-axis cine
imaging slices (base, mid and apex) were used to derive
peak global LV circumferential strain (GCS) and peak
systolic and diastolic strain rates. The AHA 16 segment
LV model was used to create a map of LV segmental sys-
tolic and diastolic strain and strain rate in order to reg-
ister myocardial tissue and function data on the same
anatomic map. A subset of PHT subjects (n=5) were
re-analyzed by a blinded second reviewer to assess for
inter-observer differences in global longitudinal and cir-
cumferential strain.

Statistical analysis
Data are reported as means+standard deviations
or median (interquartile range, IQR) as appropriate.
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Intraclass correlation coefficient was calculated to assess
inter-observer variability in MPRI and FT strain in a sub-
set of patients. To assess significant group differences, an
unpaired t-test (for normally distributed data) or a Wil-
coxon rank-sum test (for non-normally distributed data)
was performed between cases and controls. Segmental
differences in the CMR parametric data were displayed as
AHA 16-segment maps. Additionally, Pearson’s correla-
tion coefficients (r) were obtained to determine the rela-
tionships between clinical variables and CMR structure/
function variables. Univariate and multivariable logistic
regression model was used to determine association of
CMR parameters with the rejection score. Significance
was determined by p <0.05.

Results

Twenty-six PHT patients underwent 30 clinician-ordered
CMRs during the study period (mean age 16.3 4= 3.1 years,
54% female). Individual patients were used as subjects
with the most recent CMR used for evaluation. All
patients underwent CMR around the time of their annual
surveillance catheterization with a median of 28 days
(IQR 42 days) between the procedures. All CMR exams
in PHT and controls were performed without the use of
anesthesia. Demographic differences are highlighted in
Table 1. Mean age at transplant was 9.3+5.5 years and
the median duration since transplant was 5.1 years (IQR
7.5 years). Mean bypass and cross clamp times for PHT
were 182+ 53 and 176 =70 min respectively. The median
RS was 5 (IQR 4). The age at last cardiac catheterization
was 16.3+ 3.1 years. Eleven of 26 PHT patients (42%) had
CAV 1, one (4%) had CAV 2 and the remaining 14 (54%)
had CAV 0. Only one patient was found to have clinically
significant AMR at the time of the CMR.

Structure and function assessment by CMR in PHT
recipients versus controls

Ventricular volumes were smaller and cardiac output was
higher in PHT compared to controls (Table 2). Baseline
heart rate (prior to administration of regadenoson) was

Table 1 Demographics

PHT Healthy Control p value
(n=26) (n=18)
Age at CMR (years) 163431 16.34+3.0 0.82
Sex (% female) 54% 50% 0.81
Height (cm) 164.04+12.0 162.0£9.0 0.55
Weight (kg) 6244208 6304150 0.89
BSA (m?) 1.7£03 1.7£02 0.93

BSA body surface area
Values reported as mean =+ standard deviation unless specified
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Table 2 CMR variables

PHT Control p value

(n=26) (n=18)
Baseline heart rate (beats/min) 8649 7013 <0.001
LVEDVI (ml/m?) 781136 918+177 0.006
LVESVI (ml/m?) 3274189 372+75 0.09
LVSVI (ml/m?) 443485 545£11.1 0.001
LVCl (i/min/m?) 45409 3541 0.003
LVEF (%) 58446.5 593427 0.58
LVmass index (g/m?) 462481 4754137 0.97
RVEDVI (ml/m?) 76.1£135 91.7£177 0.002
RVESVI (ml/m?) 325493 418411 0.004
RVSVi (ml/m?) 4354+79 52307 0.004
RVCI (I/min/m?) 45+10 3441 0.002
RVEF (%) 578+75 558+39 032
Pre-contrast global T1 (ms) 1053.34+419 986.1£419 <0.001
Pre-contrast max segmental T1 11201646 1054£60.3 0.006
(ms)
Post-contrast global T1 (ms) 44414723 4831550 0.008
Global ECV (%)? 265+40 24027 0.017
Global T2 (ms)° 485+£39 46.7£19 0.09
Maximum segmental T2 (ms)° 541448 529441 039

LV left ventricle, RV right ventricle, EDVI end-diastolic volume indexed, ESVI end-
systolic volume indexed, SV/ stroke volume indexed, C/ cardiac index, EF ejection
fraction

Values reported as mean =+ standard deviation unless specified
2 Available data on n=24

b Available data on n=21. Indexing done to BSA

also higher in PHT. Global pre-contrast T1 and ECV were
significantly higher and pre-contrast T1 was higher in all
16 AHA segments (Fig. 2) compared to controls. Nine of
the 16 (56%) AHA segments (basal and mid-ventricular
septum, basal and mid-ventricular anterolateral wall and
the mid-ventricular and apical anterior walls of the LV)
showed significantly elevated ECV as well. These seg-
ments corresponded mostly with left anterior descending
coronary artery (LAD) territories with some overlap with
right coronary artery (RCA) distribution. Global T2 val-
ues were not significantly different in PHT compared to
controls, however 4/16 (25%) of the AHA segments (mid-
ventricular septum, mid-anterior and mid-inferior walls)
did show significantly elevated T2 in PHT. These seg-
ments corresponded to both LAD and RCA territories,
similar to ECV. LGE was present in three (11.5%) PHT
and none of the controls. There was no particular coro-
nary distribution pattern, with LGE demonstrated in the
mid-myocardial apical inferior wall (n=2), inferior septal
hinge point (n=1) and subepicardial to mid-myocardial
circumferential distribution from base to apex (n=1).
GLS rate and GCS rate were higher in this cohort of
PHT (Table 3). All mid-ventricular and apical segments
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and most of the basal segments had significantly higher
systolic circumferential strain rate (Fig. 3). A Bland—Alt-
man analysis between two blinded reviewers showed
agreement with no significant bias in GLS (bias: 0.8 +2.1,
95% LOA —3.3 to 4.8%; p=0.45) and GCS measure-
ment (Bias: — 0.6 +3.4, 95% LOA —7.3 to 6.1%; p=0.71)
(Fig. 4a, b).

Stress perfusion analysis

Stress perfusion was reliably performed in 24/26 (92.3%)
CMR exams. Deviation from standard protocol with
exclusion of stress perfusion testing occurred because of
the clinical situation (1 with active rejection) or patient
factors (1 for limited scan due to difficulty lying in scan-
ner). There were no major adverse reactions and 1/24
(4.1%) PHT reported a minor adverse reaction with nau-
sea and gastrointestinal discomfort. Two of 16 (12.5%)
perfusion controls had minor adverse reactions including
limb numbness and chest discomfort that self-resolved.
Qualitative inducible subendocardial defects were noted
in 3/12 (25%) of PHT with known CAV: 1/1 (100%) with
CAV2 and 2/11 (18%) with CAV1. These qualitative per-
fusion defects overlapped the CAV coronary territory in
3/3 (100%) PHT with positive findings. Compared to the
control group, PHT were found to have a significantly
lower global MPRI (PHT mean: 0.69+ —0.21; PHT con-
trol mean: 0.94+0.22; p<0.001) with no significant dif-
ferences between CAV 0 versus CAV 1. MPRI did not
correlate with ischemic time during heart transplant
surgery. A Bland—Altman analysis between two blinded
reviewers showed agreement with no significant bias in
MPRI measurement (Bias: —0.0440.15, 95% LOA —0.33
to 0.25%; p=0.44) (Fig. 4c).

Structure—function relationships

There were significant correlations between tissue
structure and cardiac function noted in PHT. Increased
global myocardial T2 value was significantly associated
with lower LVEF (r=-0.57, p=0.005), reduced GCS
(r=-—0.73, p<0.001) and lower GLS (r=—0.49, p=0.03)
(Fig. 5). In addition, there were significant relation-
ships between tissue parameters: T2 with ECV (r=0.68,
p<0.001), and T2 with T1 (r=0.68, p<0.001).

Clinical correlations with CMR

With increasing years since transplant, there was a sig-
nificant increase in the global pre-contrast T1 values
(r=0.45, p=0.03) and ECV values (r=0.46, p=0.02) in
PHT recipients. There was higher GCS noted in those
who were further out in years post-transplant (r=0.45,
p=0.025). No correlations were noted between age and
T2, T1 and ECV or MPRL
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Fig. 2 Segmental distribution (American Heart Assocaition (AHA) 16-segment bullseye model) of a T1 mapping b extracellular volume fraction
(ECV) values and € T2 mapping. For each parametric variable, the first bullseye map shows the segmental values for controls, the second shows
those values for PHT and the third shows the p-value for differences between those variables in PHT versus controls in a segmental fashion. Scale
for color grading is to the right of the maps

There were modest correlations between higher noted between CAV 0 versus CAV 1: CAV 1 showed
rejection scores and elevated global T1 (r=0.38, higher global T1: (1037 28 vs 1072 £53 ms; p=0.04),
p=0.05), T2 (r=0.39, p=0.058) and ECV (r=0.68, higher global ECV (25.4+1.9 vs 28.9+4.6% p=0.02)
p<0.001). Significant structural differences were also

Table 3 Strain by CMR feature tracking

Variables PHT Control p value
(n=26) (n=18)
Global circumferential strain (%) —35.06+5.1 —328742.1 0.09
Global longitudinal strain (%) —2568+45 —2512423 0.63
Global circumferential strain rate (/sec) in systole —248+05 —187£03 <0.001
Global circumferential strain rate (/sec) in diastole 298406 229404 <0.001
Global longitudinal strain rate (/sec) in systole —1.63+03 —1334+02 0.003
Global longitudinal strain rate (/sec) in diastole 196+04 163405 0.03

Values reported as mean + standard deviation
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and higher maximum segmental T2 (52.3+4.0 vs
56.5+4.8; p=0.04) (Fig. 6).

Discussion

In recent years, CMR has shown substantial promise for
detection of graft dysfunction in adult heart transplant
recipients [21, 23, 24, 28, 37, 49-53], however, data are

quite limited in PHT [37, 38, 40, 43, 54, 55]. Our study
demonstrates the safety and feasibility of comprehensive
CMR with regadenoson stress perfusion for graft surveil-
lance in PHT. Compared to healthy controls, we found
differences in biventricular volumes, LGE, global and
segmental myocardial T1, ECV and T2 values, and MPRI.
More importantly, we found significant relationships
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between CMR parameters and graft function which may
indicate disease progression. Increased T2 values were
associated with reduced systolic function as assessed by
LVEF and GCS and GLS. Increased T1/ECV and T2 val-
ues were associated with clinical rejection and CAV his-
tory, with significant differences between patients with
early (CAV 1) and no (CAV 0) allograft vasculopathy.
Additionally, we noted that regadenoson was safe for use
in stress imaging in PHT, with no major and infrequent
minor adverse effects. While qualitative stress perfusion
imaging identified inducible subendocardial defects in
only 25% of patients with early-stage CAV, overall PHT
patients with CAV 0-2 were found to have a significantly
lower global MPRI compared to controls. These findings
may be helpful in identifying early or progressive graft
dysfunction due to the cumulative burden of CAV and
rejection and could potentially help refine the timing of
or need for more invasive procedures. Further investiga-
tions are warranted.

CMR tissue characterization in PHT
As has been shown in previous adult studies [51], we
found that myocardial native T1 and ECV were higher
even in our relatively healthy PHT cohort. These differ-
ences were noted at the segmental level with elevated
native T1 values in PHT in all AHA segments and ele-
vated ECV in greater than 50% of the segments, in no
specific coronary distribution pattern. Additionally, in
this cross-sectional cohort we noted that with increasing
duration since transplant, the T1 and ECV values rose,
suggesting ongoing myocardial remodeling with time
that may reflect progressive chronic graft failure. While
global T2 values were not different between PHT and
healthy controls, segmental differences were noted.
Many adult studies have shown that elevated native T1,
T2 and ECV may be markers of acute rejection and CAV
[21, 23-26, 28, 49]. One recent pediatric study showed
that there may be trends in T2 that indicate allograft
rejection [43]. In our cohort, only one subject had acute
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rejection at the time of CMR and that patient showed
significant abnormalities in all three parametric variables
(T1=1193 ms, ECV=32.1% and T2 =60 ms), which cor-
roborates studies in which T2 signal has been indicated
as a potential marker of acute rejection [23, 24, 26, 43].
In addition, T2 and ECV have shown to be independently
associated with cardiac events (cardiac death, myocardial
infarction, coronary revascularization, and heart failure
hospitalization) and noncardiac death or hospitalization
in adult patients [32]. We did not have longitudinal fol-
low up of our PHT recipients yet and suggest that more
studies with CMR performed at the time of acute rejec-
tion and significant CAV diagnosis are needed.

A small subset of our PHT cohort (11.5%) showed
positive LGE. Studies in adult transplant recipients
demonstrate that presence and severity of LGE pre-
dict long-term outcomes such as mortality and major
adverse cardiac events [56, 57], and are more common
with higher CAV grades [58], however, the role of LGE
imaging in PHT surveillance is not established. In a small
pediatric study [39], prognostic value of LGE in deter-
mining cellular rejection was not seen, although the study
was likely underpowered to detect the outcome. Similar
to our cohort, LGE is known to be fairly common in adult
heart transplant recipients at the time of their first CMR
[31] and appears to be relatively stable over time.

CMR stress perfusion in PHT

CMR stress perfusion testing was reliably and safely per-
formed in our study. Only one PHT in our cohort had a
minor adverse event and no serious adverse events were
noted. This low incidence is similar to that reported
in other pediatric cohorts [46]. Three of 12 PHT with
known CAV showed abnormalities on stress perfusion
testing, suggesting that qualitative CMR perfusion assess-
ment has a high positive predictive value (100%) but a
low negative predictive value (61%) for detection of early
CAV. In other words, qualitative perfusion assessment
with its associated technical challenges in the pediatric
population may not be an ideal rule in or rule out test
for CAV detection. Given the diffuse and heterogenous
nature of CAV, semi-quantitative MPRI and GLS have
been described as promising potential markers of CAV
in late-stage heart transplantation [34]. In our cohort,
compared to controls, MPRI was decreased in PHT even
without CAV suggesting that perfusion reserve is likely
abnormal in most PHT recipients. These differences
were noted despite the lack of a normal control cohort as
described above. MPRI was not different between angio-
graphically determined CAV 0 and CAV 1, however, this
could be due to the relatively subjective nature of angio-
graphic interpretation of early CAV and/or the absence
of higher-grade CAV subjects in our cohort.
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The safety profile, clinical findings and good reproduc-
ibility of MPRI measurements shown across observers,
should motivate further studies to better quantify myo-
cardial perfusion as an indicator of CAV in PHT.

CMR functional assessment in PHT

Despite similar body sizes between PHT and age-
matched controls, ventricular volumes in PHT were
smaller even though cardiac output was overall higher.
This has been previously described in pediatric cohorts
[59, 60] in which a wide range of size mismatch between
donors and recipients is necessary and acceptable [61].
These observed differences may be a consequence of ini-
tial size mismatching and chronic adaptive or maladap-
tive remodeling that occurs over time.

Echocardiography-derived strain and CMR derived
myocardial velocities are often abnormal during an acute
rejection episode or with cumulative history of repeti-
tive rejections [11-13, 28, 37, 37, 40, 41, 62, 63]. Miller
et al. [30] have reported an association of reduced GCS
by CMR tagging with clinically significant ACR (grade 2
R or higher) in adult heart transplant recipients. Groten-
huis et al. [40] showed similar results in a pediatric
cohort. Controversy exists, however, regarding which
strain dimension is affected with rejection, with several
echocardiography-based studies showing a reduction
in GLS with preservation of GCS. Several studies have
shown abnormal contractility following heart transplan-
tation even in the absence of significant rejection [64,
65] and altered systolic deformation patterns in healthy
transplanted hearts compared to native hearts [52]. LV
echocardiography-derived strain parameters have also
been shown to change over time in healthy PHT recipi-
ents [55]. Overall, patterns of strain are not well under-
stood in those with acute or chronic rejection or in those
with healthy transplanted hearts.

In our cohort, we noted that while GLS and GCS were
not significantly different between PHT and healthy con-
trols, there were significant differences in strain rate. We
also observed higher GCS in PHT further from trans-
plant. These differences could be due to a variety of fac-
tors including differences in age, heart rate, cardiac size,
donor-recipient size mismatch or loading conditions.
Importantly, the mechanistic and clinical implications
are unclear given the cross-sectional nature of our study
design and prospective, longitudinal studies could answer
some of these questions and clarify significance.

Limitations

This was a retrospective chart review with limita-
tions inherent to this type of a study design. We had
a small sample size with only 26 PHT and 18 age-
matched healthy controls, which may have limited the
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strength of associations between clinical and CMR vari-
ables. In addition, true controls were not available for
myocardial stress perfusion comparisons and therefore,
we selected non-PHT subjects with other diagnoses
who had undergone stress perfusion CMR with negative
results and had minimal suspicion for microvascular dys-
function. Complete CMR protocol was not performed in
all patients, leading to missing T2 data in five PHT, ECV
data in one and MPRI in two patients. PHT recipients
presented for their CMR following variable time since
heart transplantation which somewhat limited evalua-
tion of temporal relationships between clinical and CMR
variables.

Conclusions

In a PHT population with low incidence of CAV and
rejection, CMR demonstrates important differences in
myocardial structure, function and perfusion compared
to age-matched controls. Increasing T2 values were
associated with worsening LV function and increasing
T1/ECV and T2 values were associated with rejection
burden and low-grade CAV. These myocardial struc-
ture—function relationships may indicate early graft dys-
function. Larger, prospective studies are warranted to
define the role of CMR in PHT graft surveillance.
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