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Abstract

Background: Monitoring for acute allograft rejection improves outcomes after cardiac trans-
plantation. Endomyocardial biopsy is the gold standard test defining rejection, but carries risk
and has limitations. Cardiacmagnetic resonance T2mappingmay be able to predict rejection in
adults, but has not been studied in children. Our aim was to evaluate T2 mapping in identifying
paediatric cardiac transplant patients with acute rejection. Methods: Eleven paediatric trans-
plant patients presenting 18 times were prospectively enrolled for non-contrast cardiac mag-
netic resonance at 1.5 T followed by endomyocardial biopsy. Imaging included volumetry, flow,
and T2 mapping. Regions of interest were manually selected on the T2 maps using the middle-
third technique in the left ventricular septal and lateral wall in a short-axis and four-chamber
slice. Mean andmaximumT2 values were compared with Student’s t-tests analysis.Results: Five
cases of acute rejection were identified in three patients, including two cases of grade 2R on
biopsy and three cases of negative biopsy treated for clinical symptoms attributed to rejection
(new arrhythmia, decreased exercise capacity). A monotonic trend between increasing T2
values andhigher biopsy gradeswas observed: grade 0RT2 53.4± 3ms, grade 1RT2 54.5ms± 3ms,
grade 2R T2 61.3± 1ms. The five rejection cases had significantly highermean T2 values compared
to cases without rejection (58.3± 4ms versus 53± 2ms, p= 0.001). Conclusions: Cardiac magnetic
resonance with quantitative T2 mapping may offer a non-invasive method for screening paediatric
cardiac transplant patients for acute allograft rejection. More data are needed to understand the
relationship between T2 and rejection in children.

Paediatric orthotopic heart transplantation is standard of care for end-stage heart failure from
CHD or cardiomyopathy.1 Acute allograft rejection remains the third leading cause of post-
transplant mortality.2 The Pediatric Heart Transplant Society database demonstrates that
although there has been a decline in the rates of early rejection, the incidence of rejection with
haemodynamic compromise or associated mortality has remained unchanged.3 Similarly,
despite a decline in rates of late rejection, affected patients continue to be at significant risk
for coronary vasculopathy, need for re-transplantation, and mortality.4

Early detection of allograft rejection can alter clinical course and is therefore essential in the
care of a heart transplant patient. Periodic endomyocardial biopsy is the current gold standard
test for rejection surveillance. However, its utility and diagnostic accuracy have been debated.5,6

Endomyocardial biopsy is a safe procedure but has risk of serious adverse events, including
cardiac perforation, tricuspid valve injury, and arrhythmias.7,8 Also, endomyocardial biopsy
with its blinded sampling solely of the right ventricle carries a chance of false-negative results.9

The right ventricle portion sampled is that which is easily reached, and therefore the same
endomyocardial portions tend to be sampled. Over repeated catheterisations and years since
transplantation, this leads to fibrosis which can additionally compromise diagnostic yield.8

This is especially of concern in children who require a lifetime of rejection surveillance.
There is a need for a non-invasive and more accurate method of detecting acute allograft

rejection; however, echocardiography10,11 and serum biomarkers12 have shown limited correla-
tion. Cardiovascular magnetic resonance offers a diagnostic advantage in its ability to character-
ise the entire myocardium for evidence of scar or oedema using T1- and T2-weighted
techniques.9 In addition, quantitative T2 mapping can uniquely assign a number to the degree
of myocardial oedema. The T2 relaxation time is known to be prolonged in states of increased
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myocardial oedema,13,14 such as in acute allograft rejection.15–17

This has been extensively studied in adult heart transplant
patients,9,15,18,19 but to date there is limited data on its application
in the paediatric population.

In addition, use of pre-contrast quantitative T1 mapping has
been validated as a marker of myocardial fibrosis in children
and adults with cardiomyopathy and can predict heart failure onset
and mortality when prospectively applied.20 T1 mapping also cor-
relates with degree of histologic fibrosis in paediatric heart trans-
plant recipients, which may provide prognostic insight into the
degree of adverse myocardial remodelling and overall long-term
graft health.21

The ability to non-invasively detect and monitor rejection
within healthy myocardium of a transplanted heart may be influ-
ential in guiding clinical management and counselling. Our aim
was to evaluate T2 mapping in identifying episodes of acute allog-
raft rejection in a cohort of paediatric heart transplant patients.
Our secondary aim was to compare this to native T1 data in these
patients.

Materials and methods

With institutional review board approval and informed consent/
assent, 18 encounters of 11 outpatient paediatric heart transplant
patients were prospectively and consecutively enrolled from
January 2016 to June 2018 at Children’s National Hospital. This
cohort underwent a comprehensive, non-contrast cardiac mag-
netic resonance scan on a 1.5-T magnetic resonance scanner
(Aera, Siemens Healthcare, Erlangen, Germany), co-located with
an interventional cardiac catheterisation suite. The patients were
sedated under general anesthesia as was clinically indicated for
the cardiac magnetic resonance and magnetic resonance-guided
right heart catheterisation and endomyocardial biopsy sampling,
standard of care at our institution.

At the completion of cardiac MRI, patients were transferred
through a shared door into the adjoining cardiac catheterisation
suite, where at least four endomyocardial biopsy samples were
obtained from the right ventricular septum. The samples were
stored in sterile saline and immediately sent for review in pathol-
ogy, where tissue processing was performed according to routine
clinical standards. Histopathology of endomyocardial biopsy sam-
ples was performed according to the International Society for
Heart Lung Transplant classification of acute cellular rejection
from grade 0R to 3R.22 Samples were additionally sent to an outside
laboratory and graded by International Society for Heart Lung
Transplant nomenclature of acute humoral rejection from
pAMR 0 to pAMR 3.23

Patient charts were reviewed for history of prior rejection,
defined as any of the following since transplantation: acute cellular
rejection with prior endomyocardial biopsy of grade 2R or higher,
prior endomyocardial biopsy with acute humoral rejection, or
prior treatment for clinical rejection.

Cardiac MRI

Cardiac magnetic resonance included cine volumetric analysis
using motion-corrected real-time cine imaging to obtain left and
right ventricular ejection fractions (standard of care at our institu-
tion) and cardiac index.24 Parametric maps of T2 and T1 were gen-
erated in one short-axis and one four-chamber slice. Table 1 lists
the sequence parameters for the T1 and T2 map acquisitions,

including two types of MOLLI acquisitions based on heart rate
(greater than and less than 90 beats per minute).

The MOLLI acquisition sampled the inversion recovery using a
5s (3s) 3s scheme for native T1 contrast during a breath hold. The
different T1-weighted images were aligned prior to map creation
using a motion correction algorithm used in several other large
studies to minimise through-plane motion.25–27 The T2 map was
obtained during a breath hold through use of T2-weighted SSFP
images acquired with T2 prep times of 4 ms, 25 ms, and 55 ms.28,29

Parametric map analysis

Following cardiac magnetic resonance, parametric maps were de-
identified and transferred for analysis (OsiriX, Bernex,
Switzerland). Two regions of interest were manually traced by
one blinded reviewer onto T1 and T2 parametric maps in the septal
and left ventricle lateral wall of a mid-ventricular short-axis and
four-chamber slice. The “middle-third” technique was used to gen-
erate an average, regional pixel value from that parametric map
with care to avoid artefacts and blood pool at the endocardial bor-
der, consistent with earlier work in our lab.30 A second, more expe-
rienced blinded reviewer examined the first reviewer’s regions of
interest tracings and made any necessary adjustments, which were
usually minimal. Figure 1 demonstrates a native T2 map with the
region of interest from a patient in the typical short-axis and four-
chamber positions. The T1 and T2 mean values were noted for the
septal and lateral positions for each short-axis and four-chamber
slice. Each T1 and T2mean value in the septal and lateral positions
in the short-axis and four-chamber slices were averaged to generate
an overall mean T1 and T2 value for each study, similar to work
from other groups.15,19 T1 reference values are locally maintained
per our institution’s lab standard. T2 reference values are derived
from prior published work.31–33

Statistical analysis

All statistical analyses were performed in Stata 14 (StataCorp,
USA). For analysis, acute allograft rejection was defined by deci-
sion to treat by the clinical team, i.e., an endomyocardial biopsy

Table 1. Sequence parameters for T2 mapping and T1 mapping using MOLLI
technique

Sequence parameter T2
T1 MOLLI
HR < 90

T1 MOLLI
HR > 90

FOV (mm) 360 × 270 360 × 270 360 × 270

Matrix 256 × 144 256 × 144 192 × 120

Resolution (mm) 1.4 × 1.4 1.4 × 1.9 1.9 × 2.3

Slice thickness (mm) 8 8 8

TE (ms) 1.18 1.12 1.01

TR (ms) 2.8 2.7 2.44

Flip angle (°) 18 35 35

Acquisition window (msec) 830 167 126

Parallel imaging
acceleration

off 2 2

Partial Fourier off 7/8 7/8

CMR sequence parameters for T2 mapping and T1 mapping using MOLLI technique, the latter
was adjusted for patient’s baseline heart rate to improve resolution for HR< 90 and HR> 90.
FOV = field of view; HR = heart rate; TE = echo time; TR = repetition time.
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with acute cellular rejection grade 2R or greater, an endomyocar-
dial biopsy with acute humoral rejection, or presence of clinical
symptoms. In order to identify potential differences between cases
with and without acute allograft rejection, the two groups were
compared using Student’s t-tests. Characteristics analysed
included mean T1 and T2 values, maximum T2 value, and maxi-
mum T1 value in the region of maximum T2 value. Exact logistic
regression analyses were performed to estimate the odds of acute
rejection as a function of each individual covariate. Due to small
sample size, multivariable logistic regression analyses or a receiver
operator characteristic curve were not performed. For all analyses,
a p-value less than alpha of 0.05 was considered statistically
significant.

Results

Study cohort

The 11 heart transplant patients ranged from 4 to 17 years old at
the time of the study, with nearly equal gender distribution of six
males with five females (Table 2). Cardiac allograft age ranged
from 0.6 to 17.4 years at the time of the study. In six patients with
operative data available, average total ischemic time during the
transplant surgery was 271 ± 93 minutes, bypass time 197 ± 35
minutes, and cross-clamp time 64 ± 9 minutes. Two were

transplanted for critical CHD; nine patients were transplanted for
primary or secondary cardiomyopathies: restrictive cardiomyopa-
thy (n= 1), dilated cardiomyopathy (n= 3), hypertrophic cardio-
myopathy (n= 1), non-compaction cardiomyopathy (n= 1),
anthracycline-induced cardiomyopathy (n= 1), myocarditis
(n= 1), and pacing-induced dilated cardiomyopathy (n= 1).

All patients were on a stable immunosuppressive regimen,
with recent therapeutic tacrolimus or sirolimus levels prior to
surveillance studies. Five patients had a prior history of
biopsy-proven rejection (ranging from 0.25 to 13.9 years prior
to cardiac magnetic resonance catheterisation for this study),
with associated ventricular diastolic but not systolic dysfunction
evident on cardiac catheterisation haemodynamics done at the
time of positive endomyocardial biopsy results. There was
normalisation of rejection-mediated ventricular diastolic func-
tion and clinical status in all patients prior to cardiac magnetic
resonance catheterisation for this study. There was no patient
history of significant non-adherence to immunosuppressive
medications.

Clinical course and endomyocardial biopsy results

All endomyocardial biopsy samples from the 18 encounters were
considered adequate and underwent pathology review. There were
three cases with grade 1R, two cases of grade 2R, and none with

Figure 1. T2 parametric map in the septal and left ventricu-
lar lateral wall of a four-chamber (a) and mid-ventricular
short-axis (b) slice, with representative regions of interest
drawn demonstrating the standard “middle-third” technique.

Table 2. Demographic table of heart transplant subjects

Patient
Number of studies

performed Case number Initial cardiac diagnosis
Patient age at
study (years)

Cardiac allograft
age (years)

1 1 1 Myocarditis 17 6.4

2 2 2 and 6 RCM 4–5 3.1–3.9

3 1 4 Non-compaction cardiomyopathy 4 2.4

4 2 3 and 14 Anthracycline-induced DCM 15–17 0.6–2.7

5 3 5, 10, and 11 Familial DCM 13 1.0–1.4

6 1 8 Familial HCM 5 4.5

7 1 9 HLHS 17 17.4

8 1 12 PA/IVS with RVDCC 15 13.9

9 3 13, 17, and 18 DCM 10–11 8.5–9.8

10 2 15 and 16 DCM 16–17 14–14.7

11 1 7 PM-induced DCM 16 15.5

DCM = dilated cardiomyopathy; HCM = hypertrophic cardiomyopathy; HLHS = hypoplastic left heart syndrome; PA/IVS = pulmonary artery with intact ventricular septum;
PM = pacemaker; RCM = restrictive cardiomyopathy; RVDCC = right ventricular-dependent coronary circulation.

854 N. Sethi et al.

https://doi.org/10.1017/S104795112000116X Published online by Cambridge University Press

https://doi.org/10.1017/S104795112000116X


grade 3R. All but one sample underwent immunofluorescence for
acute humoral rejection, and all returned negative or pAMR 0.

Five cases of acute allograft rejection occurred in three patients
requiring treatment. Two episodes of rejection involved an asymp-
tomatic patient with endomyocardial biopsy confirming rejection.
The remaining three episodes of rejection had clinical symptoms
and normal endomyocardial biopsy results. Coronary angiography
performed in these three cases on the study date showed no evi-
dence of coronary vasculopathy. Of these three, two were in one
patient with two consecutive studies 6 months apart (cases 15
and 16) with clinical concerns of acute graft dysfunction with base-
line tachycardia and reduced maximal oxygen uptake on exercise
stress test. The third case of clinical rejection was a patient (case 7)
with new ventricular tachycardia. After treatment of clinical rejec-
tion with intensified immunosuppression, both patients had reso-
lution of these clinical symptoms.

Cardiac magnetic resonance results

Table 3 displays the averaged findings of ventricular systolic func-
tion on cardiac magnetic resonance, subdivided by cases of rejec-
tion. There were no patient limitations to image acquisition, and all
cardiac magnetic resonance exams were analysed. There is no sta-
tistically significant difference in cardiac magnetic resonance
parameters of cardiac systolic function in cases with none com-
pared to cases with histologic or clinical rejection. To note, two
cases of clinical rejection did have biventricular systolic dysfunc-
tion on cardiac magnetic resonance (discussed later). However,
the other rejection cases have normal cardiac systolic function

and so there is no statistically significant difference in cardiac mag-
netic resonance cardiac systolic function between cases with and
without rejection as a whole. There is also no significant difference
indexed right ventricular end-diastolic volume in cases with none
compared to cases with histologic or clinical rejection.

T2 mapping results

All T2 parametric maps were able to be analysed. Figure 2 displays
the mean T2 value for the three endomyocardial biopsy categories:
no rejection, grade 1R, and grade 2R. To note, the two cases of clini-
cal rejection are included in the grade 0R group. There is a notable
monotonic trend between increasing T2 values and higher endo-
myocardial biopsy grades: grade 0R averaged T2 53.4 ± 3 ms, grade
1R averaged T2 54.5 ± 3 ms, and grade 2R averaged T2 61.3 ± 1 ms.

The mean T2 values were evaluated between cases with and
without acute allograft rejection, including the three clinical rejec-
tion cases and the two with grade 2R acute cellular rejection
(Table 4). There is a statistically significant difference in the mean
T2 value, with an average of 58 ± 4 ms in the rejection group versus
53 ± 2 ms in the non-rejection group (p = 0.001).

Figure 3 presents the 18 cases in order of ascending mean T2
time, with the cases of acute rejection highlighted. The two aster-
isked cases of acute cellular rejection both had mean T2 values
greater than 60 ms. Notably, one patient serially studied accounted
for both cases of acute cellular rejection (grade 2R).With treatment
for rejection with intensified immunosuppression, the rejection
improved (grade 1R) on a repeat encounter 16 months later.
Cardiac magnetic resonance at that study case demonstrated a
T2 time that had shortened from greater than 60 ms to 55 ms.

Table 3. CMR results for cases with and without acute allograft rejection

CMR ventricular function No rejection (n= 13) Rejection (n= 5) p-value

LV end-diastolic volume, mL/m2 (SD) 67.0 (13.4) 62.8 (7.3) NS, p= 0.53

LV end-systolic volume, mL/m2 (SD) 29.4 (8.2) 29.8 (9.8) NS, p= 0.92

Stroke volume, mL/m2 (SD) 37.6 (7.0) 33.2 (6.1) NS, p= 0.24

Ejection fraction, % (SD) 56.5 (5.8) 53.2 (11.5) NS, p= 0.43

Cardiac index (QAo), L/min/m2 (SD) 3.2 (0.5) 2.9 (0.6) NS, p = 0.3

Myocardial mass index, gm/m2 (SD) 53.2 (9.2) 49.2 (12.4) NS, p= 0.47

CMR ventricular function results comparing all-cause rejection to no rejection. There are no differences in all CMR parameters between the two groups.
CMR = cardiac magnetic resonance; LV = left ventricle; QAo = flow in the ascending aorta; NS = non-significant.

Figure 2. Average T2 values for grade 0R, grade 1R, and
grade 2R biopsy categories. There is amonotonic trendwith
increasing T2 values and higher grades on endomyocardial
biopsy (grade 0R T2 53.4 ± 3 ms; grade 1R T2 54.5 ± 3 ms;
grade 2R averaged mean T2 61.3 ± 1 ms).
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Of the three clinical rejection cases with normal endomyocar-
dial biopsy (cases 7, 15, and 16), cases 15 and 16 had higher mean
T2 values of 57.8–58.3 ms in both the left ventricular septal and
lateral walls. Both cases also had biventricular systolic dysfunction
on cardiac magnetic resonance (right ventricle ejection fraction
43–45%, left ventricle ejection fraction 42%), raising the possibility
of false-negative endomyocardial biopsy results. To note, the T2
time of the right ventricular septal or lateral wall was not studied
and so, it is uncertain whether the T2 time in the right ventricular
apical septum where endomyocardial biopsy is typically obtained
was suggestive of rejection or not.

In order to account for regional variability that the calculated
mean T2 for each study may average out, the maximum mean
T2 value for each study among the four slice positions was also
evaluated (Table 4). The maximum T2 time in cases with all-cause
rejection is significantly different than in non-rejection cases
(62.3 ± 3 ms versus 56.5 ± 3 ms, p= 0.001).

Following exact logistic regression analysis, both mean
and maximum T2 values are significantly associated with an
episode of acute allograft rejection. The odds of acute rejection
are 1.85 and 1.83 times greater for each one-unit increase in mean
and maximum T2 values, respectively (p= 0.004 and 0.002,
respectively).

T1 mapping results

Fifteen of the 18 cases also had T1 mapping performed (Table 4).
All T1 parametric maps were able to be analysed. There is no
significant difference in the mean T1 in cases with and without
rejection, 1056 ± 70.5 ms versus 1024 ± 34 ms (p = 0.247).
The T1 value in the region of maximum T2 value in the two
groups is also not significantly different, 1069.6 ± 62 ms versus
1023.7 ± 47 ms (p = 0.13). Using exact logistic regression, the
mean T1 values and T1 values at the area of maximum T2 are
not significantly associated with acute rejection (p = 0.248 and
0.136, respectively).

Studies in cases with a history of prior rejection (n= 8) had
a significantly higher mean T1 than cases with no prior rejection
(n= 7), 1063 ± 42 ms compared to 1002 ± 35 ms (p= 0.009).
In contrast, there is no significant difference in mean T2 value
between cases with a history of prior rejection (56.2 ± 4.3 ms)
versus cases with no prior rejection (53.8 ± 1.7 ms), p= 0.196.
Notably, two of the five patients with a history of prior biopsy-
proven rejection were in acute rejection at the time of the study
and did have prolonged T2 times. However, the other three
patients with a history of biopsy-proven rejection were not in rejec-
tion at the time of the study and had normal T2 times. This
suggests that the prolonged T2 time in those two patients is

Table 4. T2 and T1 mapping results for cases with all-cause rejection compared to no rejection

CMR parameter No rejection (n= 13) Rejection (n= 5) p-value

Mean T2, mean (SD) 53 (2.1) 58.3 (3.6) p = 0.001

Maximum T2, mean (SD) 56.5 (2.5) 62.3 (3.4) p = 0.001

No rejection
(n= 10)

Rejection
(n= 5)

Mean T1, mean (SD) 1023.8 (34) 1055.9 (70.5) NS, p = 0.25

Maximum T1 at T2,
mean (SD)

1023.7 (47) 1069.6 (62) NS, p = 0.13

There is a statistically significant difference in themean andmaximumT2 values in cases of all-cause rejection compared to no rejection. There is no
difference in the mean T1 or maximum T1 value at the region of the maximum T2 value between the two groups.
CMR = cardiac magnetic resonance; NS = non-significant; SD = standard deviation.

Figure 3. The 18 studies in sequential order of
ascendingmean T2 value. The two cases of grade
2R are asterisked; both with a mean T2 value
greater than 60ms. The three clinical rejection
cases are highlighted in red; two of the three
had higher mean T2 values of 57.8–58.3 ms. A
dotted line has been drawn at a T2 time of
56 ms; reported to be a cut-off to capture treat-
ment-warranted rejection episodes based on a
receiver operating curve in adult transplant
patients.15
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reflective of the acute rejection episode at the time of the study
rather than related to the history of prior biopsy-proven rejection
episodes.

Finally, there is no statistically significant correlation between
T1 or T2 values and graft age (T1 correlation coefficient −0.18,
p= 0.5; T2 correlation coefficient 0.34, p= 0.17).

Discussion

This study is the first to feature the application of cardiac magnetic
resonance-based quantitative T2 mapping in describing acute
cellular rejection in routine surveillance of paediatric heart trans-
plant recipients. Additionally, this study is the first to present data
comparing cardiac magnetic resonance T2 mapping and endo-
myocardial biopsy done sequentially on the same study day.
In our cohort, there is a clear monotonic trend with prolongation
of the T2 relaxation time with higher endomyocardial biopsy
grades. Furthermore, the T2 values in cases of histologic or clinical
rejection were statistically significantly higher than the T2 values
in non-rejection cases. Notably, the cardiac systolic function by
cardiac magnetic resonance and echocardiography in cases of
biopsy-proven rejection was within normal range, suggesting that
T2 mapping can identify rejection before late findings, such as
significant cardiac systolic dysfunction develops.

Three cases of clinical rejection with normal endomyocardial
biopsy are included in this study, and two had prolongation
of the mean and maximum T2 times compared to the rest of
the cohort. Interestingly, those two cases of clinical rejection also
had biventricular systolic depression on cardiac magnetic reso-
nance in the absence of coronary arteriopathy on angiography,
which also raised concern for acute cellular rejection. This sug-
gested that the negative endomyocardial biopsy results for those
two cases may have been falsely negative. These findings indicate
that quantitative T2 myocardial imaging may add value to the
endomyocardial biopsy in the detection of acute allograft rejection.

T2 time in paediatric heart transplant patients appear to rise
similarly with acute rejection as in adult patients. In a recent pro-
spective study of adult heart transplant patients, there was a signifi-
cant rise in T2 time in cases of all-cause rejection. In addition, the
prolonged T2 values returned to baseline after the episode of acute
allograft rejection resolved with intensified immunosuppression.
Based on a generated receiver operating characteristic curve, a
cut-off T2 of 56 ms was proposed to maximise sensitivity and
specificity in capturing true rejection cases that warrant treat-
ment.15 This is consistent with findings in our paediatric cohort,
in which a threshold T2 mean of 56 ms would have detected both
cases of biopsy-proven rejection as well as the two cases of clinical
rejection with suspected false-negative biopsies. One case with
clinical rejection would have been missed and one non-rejecting
case would have been falsely positive.

To date, there is little research on the use of cardiac magnetic
resonance T2 quantitative imaging in paediatric patients despite
its well-established presence in adult heart transplant literature.
An initial paediatric study did not demonstrate a difference in
the T2 in significant allograft rejection. However, it was limited
in that the ratio of myocardial to skeletal muscle T2 signal
intensities was studied in a single short-axis slice.34 This does
not comprehensively account for the myocardial tissue relaxation
properties over a period of time. In contrast, the quantitative
T2-mapping technique used in our study provides a more exten-
sive and objective assessment of the degree of myocardial

oedema.28 Thus, our ability to detect allograft rejection was aug-
mented and more successful.

In our cohort, native T1 values were not significantly different
in cases with clinical or histologic acute allograft rejection, which
differs from recent adult literature where native T1 was found to
be increased in rejection cases.20 Classically, an increase in native
T1 value has been associated with myocardial fibrosis, though it is
non-specific to disease state.35 In the cardiac transplant population,
T1 values may be reflective of non-specific graft fibrosis, as native
T1 values have been shown to be higher in transplant recipients
compared to healthy controls.5 We identified a statistically signifi-
cant difference in mean T1 value in cases with a history of prior
rejection. We hypothesise that these prior episodes of rejection
result in increased myocardial fibrosis, which manifests as
increased native T1 values. T1 times in the right ventricular septal
wall were not studied to differentiate between repeated endomyo-
cardial biopsy-induced fibrosis.

In contrast to the Butler et al paper,9 there were no significant
differences in the indexed right ventricular end-diastolic volume
between the group with and without rejection, making it unlikely
that this parameter would add value to the T2 relaxation time in
predicting clinical rejection in our cohort, however our sample size
is small, and our data are in growing children and right ventricular
size is known to be a function of age, body surface area and gender
and thus may not be the ideal parameter to use. More data
are needed to fully understand the value of right ventricular size
in predicting transplant rejection in children.

Limitations of this work include typical limitations of cardiac
magnetic resonance techniques in children with smaller hearts
and faster heart rates, which require more spatial and temporal res-
olution and introduce the possibility of inconsistent results at high
heart rates, although we attempted to account for this with use of a
smaller matrix size for faster heart rates. There has been a recent
interest in T1 values to predict rejection; however our sample size
was too small to perform a statistical test of the interaction between
T1 and T2. As cardiac MRI with contrast was not clinically
indicated for our patient population, we did not want to introduce
contrast for research purposes alone and so data such as the pres-
ence late gadolinium enhancement or extracellular volume quan-
tification are not available for analysis. The small sample size and
relatively low rate of high-grade rejection also limit results.

In addition, serially studying a patient with rejection has the
potential for introduction of bias. However, the number of rejec-
tion episodes amongst the cohort and the fact that individuals
had recurrent rejection is typical for a paediatric heart transplant
practice and thus unavoidable. Because our study aimed to inves-
tigate the utility of T2 values as a possible biomarker for rejec-
tion, we considered each patient encounter as an independent
study case regardless of the patient’s prior history of rejection.
There is a large body of evidence, both animal and human stud-
ies, demonstrating the association of graft rejection with an
increase in T2 time from baseline, suggesting that T2 reprodu-
cibly increases in response to acute graft rejection9,15,19,36–38. In
addition, in sequential studies, the prolonged T2 time returns
to baseline after the episode of rejection resolves. In our cohort,
one patient had two episodes of histologic rejection (grade 2R)
studied during which the T2 was prolonged to greater than
60 ms. With intensified immunosuppression, the rejection
improved (grade 1R) on a repeat encounter. The T2 at that sub-
sequent encounter shortened to 55 ms. Thus, the prolonged T2
time in our cases of rejection is likely more a reflection of graft
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rejection rather than intrinsic myocardial characteristics of the
patients.

Finally, this pilot study obtained standard, limited imaging
planes of the heart for T2 maps and was able to detect four of
the five cases of rejection in limited views. It remains to be seen
if more comprehensive imaging of the entire heart with T2
mapping could detect clinically significant rejection.

A larger multi-institutional trial is needed to obtain a larger
sample size to better study the sensitivity and specificity of T2map-
ping in detecting acute allograft rejection. A multi-institutional
trial with standardised cardiacmagnetic resonance pulse sequences
will also enhance our understanding of the range in T2 time in nor-
mal control subjects as well as the variations in T2 time of heart
transplant patients with and without rejection. In addition, there
is a need to longitudinally study a large paediatric sample size to
assess whether a prolonged T2 time reproducibly returns to
baseline once a rejection episode resolves with intensified
immunosuppression. Furthermore, collecting longitudinal data
in a larger sample size will enable exploration of other potential
cardiac magnetic resonance markers of graft rejection such as
the rate of rise of T2 time above baseline in a patient as opposed
to the absolute T2 time in itself. In conclusion, this study is the first
to demonstrate the novel use of cardiac magnetic resonance with
quantitative T2 mapping as a non-invasive method in the surveil-
lance of paediatric cardiac transplant patients for acute allograft
rejection. A larger multi-institutional investigation is needed
for further validation, but this early data suggest that T2 mapping
is a promising imaging biomarker for monitoring myocardial
oedema related to acute allograft rejection. Secondarily, we found
higher native T1 values in patients with a history of allograft rejec-
tion, indicating that T1 mapping may be a non-invasive imaging
biomarker for myocardial fibrosis and perhaps overall graft health.
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