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Diffuse myocardial fibrosis among healthy pediatric heart
transplant recipients: Correlation of histology, cardiovascular
magnetic resonance, and clinical phenotype
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Abstract
Fibrosis is commonly described in heart allografts lost late after transplantation. CMR-
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derived ECV is a validated measure of DMF in native adult hearts that may predict
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dial fibrosis and clinical features after pediatric heart transplantation. Twenty-five re-
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heart failure and mortality. We explored associations of ECV with histologic myocarcipients (7.0±6.3 years at transplant and 10.7±6.5 years post-
transplant) were
prospectively recruited for CMR and BNP measurement at the time of surveillance
biopsy. All had normal ejection fractions and lacked heart failure symptoms. Fibrosis
was quantified on biopsy after picrosirius red staining as CVF. ECV was quantified
using contemporaneous hematocrit on basal and mid-short-axis slices. ECV was moderately correlated with CVF (r=.47; P=.019). We found no associations of ECV with
hemodynamics, ischemic time, time since transplantation, or number of prior biopsies
or acute rejections. Compared to healthy non-transplant controls, there was no significant difference in ECV (25.1±3.0 vs 23.7±2.0%, P=.09). Log-transformed BNP was
correlated with ECV (recipients: r=.46, P=.02; recipients and controls: r=.45, P=.006).
These findings suggest ECV quantifies DMF and relates to biological indicators of cardiac function after pediatric heart transplantation.
KEYWORDS

allograft survival, cardiac magnetic resonance imaging, chronic rejection, extracellular volume,
fibrosis, heart transplantation, interstitium, pediatric

Abbreviations: ACE, angiotensin-converting enzyme; AMR, antibody-mediated rejection; BNP, B-type natriuretic peptide; CAV, coronary allograft vasculopathy; CMR, cardiac magnetic resonance; CVF, collagen volume fraction; DMF, diffuse myocardial fibrosis; DSA, donor-specific antibody; ECM, extracellular matrix; ECV, extracellular volume; EMB, endomyocardial biopsy; HLA,
human leukocyte antigen; HT, heart transplant; H&E, hematoxylin and eosin; IHC, immunohistochemistry; ISHLT, International Society for Heart and Lung Transplantation; LGE, late gadolinium
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1 | INTRODUCTION

myocardial mass (indexed to body surface area), volume indices,

Despite improvements in early post-transplant survival, the rate of

diastolic and end-systolic cine frames. LGE imaging18 was performed

progression to allograft loss after pediatric HT has not changed since

10 minutes after a 0.2 mmol/kg intravenous gadoteridol (Prohance,

the 1980s.1 Most late deaths are attributed to “graft failure” and

Bracco Diagnostics, Princeton, NJ, USA) or gadobutrol (Gadavist,

and ejection fraction were measured from short-axis stacks of end-

1

“chronic rejection,” and on histologic analysis, many of these failed

Bayer Healthcare Pharmaceuticals, Whippany, NJ, USA), based on

allografts are characterized by coronary vasculopathy and fibrosis.2

clinical availability. To optimize LGE, we used PSIR pulse sequences

CMR-derived ECV fraction is a validated noninvasive measure of DMF

to increase signal-to-noise ratios, correct for surface coil intensity

in the absence of edema or infiltrative disease.3 ECV quantifies the

variation, and render signal intensity proportional to T1 recov-

full spectrum of myocardial fibrosis and is highly correlated with his-

ery; we used both segmented gradient echo and single-shot SSFP

tologic measures of the CVF (ie, diffuse fibrosis) of the LV in adults.4-8

sequences.19,20 When patients could not breath-hold or had arrhyth-

6,9-13

mia, single-shot SSFP, motion-corrected, averaged PSIR images were

ECV is also highly reproducible

and may predict heart failure

outcomes and mortality in adults.14,15 While ECV is a robust metric

acquired.20,21

of DMF, very little has been reported about whether ECV can detect

Because native (precontrast) T1 times reflect both intra-and ex-

DMF and DMF-associated allograft dysfunction in HT recipients. In

tracellular characteristics of the myocardium, T2 mapping was also

this exploratory study, our aims were to validate the association of

performed to determine whether long relaxation times suggestive of

ECV with histologic myocardial fibrosis in a cohort of prospectively

myocardial edema were present. T2 mapping was performed prior

recruited pediatric HT recipients and to explore associations of ECV

to contrast administration in the basal and mid-ventricular short-

with clinical indicators of allograft function. We hypothesized that

axis orientation, and values were averaged to generate a compos-

ECV is correlated with histologic myocardial fibrosis, hemodynamics,

ite T2 time. Four single-shot images at increasing T2 preparation

and serum BNP level.

times (0, 24, 40, and 60 ms, respectively) were acquired according
to the following parameters: pixel bandwidth=977 Hz per pixel; echo
time=1.2 ms; repetition time ~3.6 ms; flip angle=40°; acquisition

2 | METHODS

matrix=144×256; and slice thickness=6 mm. Following motion correction and pixelwise fitting to estimate T2 relaxation times, a color

After approval from the University of Pittsburgh Institutional Review

T2 map was generated.

Board (PRO13020024), we prospectively enrolled consecutive pediatric HT recipients who were ≥13 years of age for ECV quantification at the time of clinically indicated, surveillance EMB. Because

2.2 | Quantification of the ECV fraction

factors besides the accumulation of excess collagen can expand the

All CMRs were interpreted by a single investigator (TCW) who was

ECM,3 recipients with clinically significant acute rejection (≥grade 2R/

blinded to clinical characteristics, transplant history, EMB findings/

pAMR1)16,17 on concurrent EMB were excluded from analysis. We

fibrosis quantification, and serum biomarker results. We employed

also did not recruit recipients who were <9 months post-HT to reduce

methods described previously that yield prognostically relevant,

the possibility of confounding from ischemia-reperfusion injury that

reproducible ECV measures of ECM expansion in adults in non-

occurs with the HT procedure. Patients who were not able to undergo

infarcted myocardium after a gadolinium bolus with minimal variation

a complete, contrast-enhanced CMR scan without sedation, includ-

related to heart rate or time elapsed following the bolus.12,14,22,23 For

2

ing those with glomerular filtration rate ≤30 mL/min/1.73 m or for

native T1, we used two inversion pulses with a 5-and 2-sampling

other reasons (eg, retained pacemaker leads), were not approached

scheme (5+2=7 images total) with two additional dummy heartbeats

for consent. Because normal ECV ranges have not been established

separating inversion pulses. For post-contrast T1, we employed three

across various CMR platforms, we also recruited 12 healthy, non-HT

inversion pulses with a 4-, 3-, and 2-sampling scheme (4+3+2=9 im-

individuals between the ages of 18 and 30 years to serve a compari-

ages total) with one additional dummy heart beat separating inversion

son group. Individuals with known medical issues, regular medication

pulses. We validated T1 measures using an electrocardiogram-gated,

use, or history of smoking were not enrolled. IRB stipulations did not

single-
shot, modified Look Locker inversion recovery sequence

allow us to enroll individuals aged <18 years to serve as controls for

against CuSO4 phantoms with physiological T1 and T2 values for

myocardium and blood.12,14,22,23 We measured the full spectrum of

this protocol.

myocardial fibrosis. We did not exclude foci of non-infarcted scar

2.1 | CMR scans

on LGE images (ie, atypical of myocardial infarction) from quantita-

CMR scans were performed by dedicated CMR technologists with

would bias ECV measures downwards to an unpredictable extent.

a 1.5T Siemens Magnetom Espree (Siemens Medical Solutions,

We traced the middle third of the myocardium to avoid partial vol-

Erlangen, Germany) and a 32-channel phased array cardiovascu-

ume effects and quantified ECM expansion with ECV as described

lar coil. The examination included standard breath held segmented

previously.5,14,24,25 Each ECV measurement for a short-
axis slice

cine imaging in the short and long axes with SSFP.

tive ECV measures acquired in non-infarcted myocardium,14 which

18

LV dimensions,

location was derived from a map created using a single native and

|
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corresponding post-contrast T1 measurement occurring after LGE
images 19 minutes following the contrast bolus.26,27 Hematocrit
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2.5 | Statistical analysis

and serum BNP were acquired within 24 hours of the CMR (median

Categorical variables are presented as count (percentage) and continu-

2 hours prior to CMR with interquartile range of 24 minutes before

ous variables as mean±standard deviation (and range). Comparisons

CMR to 4 hours after CMR). We averaged ECV measures from basal

of categorical variables were made using Fisher’s exact test and con-

and mid-ventricular short-axis slices to yield the final measurement.

tinuous variables using the Wilcoxon rank-sum test. Correlations were

Apical slices were avoided due to concerns of signal contamination

assessed using Pearson’s correlation coefficient. Continuous variables

related to partial volume averaging.28

with a skewed distribution were log-transformed for correlation analysis if transformation resolved skewedness. ECVs derived in HT patients

2.3 | Histology and quantification of myocardial
fibrosis as CVF

who received gadoteridol were compared to those who received gadobutrol. Unless otherwise noted, all statistical tests are two-sided and
P<.05 was considered significant. Study data were collected and man-

From each HT recipient, at least five EMB specimens from the RV

aged using REDCap (Research Electronic Data Capture) tools hosted at

apex were obtained using a bioptome during clinically indicated,

the University of Pittsburgh Clinical and Translational Science Institute.

surveillance catheterization. Specimens were fixed immediately in

REDCap is a secure, web-based application designed to support data

10% buffered formalin and embedded in paraffin. Cut sections (5 μm

capture for research studies.31 Statistical analyses were performed

thick) were slide-mounted and stained with hematoxylin and eosin

using Stata v14.1 (StataCorp, College Station, TX, USA).

(H&E) for routine clinical assessment and with picrosirius red for
fibrosis quantification. Although we excluded recipients with acute
rejection on concurrent EMB on the basis that factors besides the ac-

3 | RESULTS

cumulation of excess collagen can expand the ECM, slides were also
assessed for CD3 and CD163 by IHC to quantify the presence of T

Thirty-one HT recipients underwent paired CMR and EMB. Three recipi-

lymphocytes and macrophages, respectively. Primary anti-CD3 poly-

ents were excluded from analysis due to concurrent acute rejection on

clonal antibody (Dako, Carpinteria, CA, USA) at 1:250 dilution and

EMB and three were excluded prior to any CMR post-processing because

anti-CD163 monoclonal antibody (clone 10D6; Vector, Burlingame,

of motion artifact in a thin-walled (~5 mm) ventricle (n=2) and operator

CA, USA) at 1:250 dilution were used, and IHC was performed on the

error in pulse sequence specification (n=1). Demographic features of the

Benchmark XT IHC automated staining platform (Ventana Medical

25 HT recipients included in the analysis are shown in Table 1 and clini-

Systems, Tucson, AZ, USA) following the manufacturer’s instructions,

cal findings at paired CMR-EMB are shown in Table 2. The cohort was

with controlled and standardized conditions and positive and negative controls.

TABLE 1

HT recipient demographics
HT recipients (n=25)

All slides were scanned with an Aperio CS2 slide scanner (Leica
Biosystems, Buffalo Grove, IL, USA) at 20× magnification, yielding a

Female

scan resolution of 0.5 μm per pixel. The accompanying software al-

Race

lows the user to navigate through the captured whole slide image at
any digital zoom up to 40×. For each patient, morphometric analysis
of the EMB digital image showing one cut section of all biopsy specimens at 10× magnification was performed by a pediatric pathologist
(CS) who was blinded to all other data. The analysis used an ImageJ 29
macro to quantify the CVF which is the percentage of stain of interest
(eg, picrosirius red) relative to the total amount of myocardium, ex-

Caucasian
Black
Asian
Age at CMR (y)
Age at HT (y)
Time from HT to CMR (y)

cluding any areas of technical artifact, endocardium, and pericardium.

Allograft age at CMR (y)

This methodology is highly correlated with fibrosis quantification by

Graft ischemic time at HT (min)

6 (24)
24 (96)
1 (4)
0 (0)
17.7±2.9 (13.2-26)
7.0±6.3 (0-16.5)
10.7±6.5 (0.9-24.8)
18.0±3.8 (13.7-28.8)
211.4±73.0 (104-467)

both polarization microscopy and stereology on paraffin-embedded

Positive donor-specific cross-match

0 (0)

myocardium.30 EMBs without at least one cut section of myocardium

History of diabetes mellitus

2 (8)

≥1.5 mm2 were excluded from analysis.

Any post-HT use of ACE inhibitor
Number of prior EMB procedures

2.4 | Clinical data
Clinical data abstraction was performed by one investigator (BF) who
was blinded to CMR and CVF results. Data abstracted included demographics, transplant characteristics (eg, age at HT, allograft ischemic
time, donor age), concurrent EMB rejection grade, and details about
presence/timing of CAV, diabetes mellitus, and ACE inhibitor use.

10 (40)
23.9±10.5 (1-49)

Maintenance immunosuppression
Tacrolimus/Cyclosporine

24 (96)/1 (4)

Mycophenolate mofetil

17 (68)

Prednisone

6 (24)

Sirolimus

2 (8)

Azathioprine

1 (4)
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Clinical findings at paired CMR-EMB among HT

generally healthy from a cardiovascular perspective with normal filling
pressures, cardiac index, ejection fraction and other routine CMR parameters, and serum BNP level (Table 2). Three recipients each had a single

EMB acute rejection grade
0

21 (84)

1R

4 (16)

Serum DSA presenta

3 (13)

Graft vasculopathy

4 (16)

Hemodynamics
Right atrium (mm Hg)

4.1±1.9 (1-8)

PA wedge pressure (mm Hg)

7.6±2.7 (4-14)

Cardiac index (mL/min/m2)

3.6±0.7 (2.3-5.2)

CMR indices

HLA class I DSA of weak to moderate mean fluorescence intensity with
two other patients each having a single HLA antibody for which donor
specificity could not be determined due to the remoteness of their HT.
The four recipients with known CAV at the time of CMR had minimal diminishment of distal vessels without epicardial disease (ISHLT CAV1). In
these recipients, CAV diagnosis was made 8.3-10.2 years prior to CMR.
Blinded histologic analysis revealed median CVF of 2.4% (0.6%-
5.9%). The median proportions of CD3 (T lymphocytes) and CD163
(macrophage) staining on EMB specimens were low at 0.2% (0.0%-
1.8%) and 0.2% (0.3%-1.8%), respectively, consistent with the exclusion

Ejection fraction (%)

59.6±5.5 (51-70)

of recipients with acute rejection. EMB obtained at the time of CMR

LV end-diastolic volume (mL/m2)

70.9±11.4 (48.4-86.5)

was inadequate (total myocardial area <1.5 mm2) in two HT recipients,

LV end-systolic volume (mL/m2)

28.7±6.7 (18.8-41.9)

and in these cases, the most recent prior EMB (obtained 5 months and

44.2±7.7 (30.7-58.3)

1 year prior) was used. Figure 1 shows representative histology findings

2

LV mass (g/m )
BNP (pg/mL)

48.6±42.8 (4-212)

PA, pulmonary artery.
a
n=23 (in two recipients, HLA antibody was present but DSA determination could not be made).

(A)

(C)

on H&E, picrosirius red, CD3, and CD163 of a single EMB specimen.
As shown in Figure 2, ECV was moderately correlated with CVF
(r=.47, P=.019) and log-transformed serum BNP in HT recipients (r=.46;
P=.022) and among HT recipients and controls (r=.45; P=.006). We

(B)

(D)

F I G U R E 1 Representative histology
findings on (A) H&E, (B) picrosirius
red to highlight collagen, (C) CD3 for
T lymphocytes, and (D) CD163 for
macrophages of a single EMB specimen
(magnification 6.8×)
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F I G U R E 2 Scatterplots showing the linear correlation of ECV with (A) % fibrosis by EMB (picrosirius red staining) and (B) log-transformed
serum BNP level. The horizontal dashed line depicts the upper limit of ECV in our healthy non-HT cohort (aged 18-25 y)
found no associations of ECV with CD3 or CD163, hemodynamics, al-

Representative raw images and ECV maps of HT recipients and

lograft ischemic time, time after transplantation, allograft age, or num-

healthy, non-HT controls are shown in Figure 3. There was no signifi-

ber of prior EMBs or acute rejection events (Table 3). Exclusion of the

cant difference in ECV between HT recipients and controls (25.1±3.0%

two cases where the prior EMB was analyzed (concurrent EMB area too

vs 23.7±2.0%, P=.09). Five HT recipients (20%) had ECV >27.1%, the

small for analysis) did not alter any of the correlation analyses results,

upper limit observed in the healthy, non-HT control group. Comparison

including ECV with CVF (r=.49, P=.017) and log-BNP (r=.46, P=.028).

of ECV among HT recipients according to contrast agent showed no

Among HT recipients, there were no significant differences in ECV

difference (25.1±3.2 vs 25.0±2.6, P=.5).

on the basis of female sex (26.2±1.5% vs 24.7±3.2%, P=.31), history

Because myocardial native T1 values are sometimes used for DMF

of ACE inhibitor use (24.3±3.2% vs 25.5±2.9%; P=.15), history of

quantification, we measured this and found no difference between HT

acute cellular rejection ≥grade 2R in the first post-HT year (25.6±3.1%

recipients and healthy, non-HT controls (1019±25 vs 1016±28 ms,

vs 24.6±3.1%, P=.45) or at any time prior to CMR (25.7±2.9% vs

P=.52). Further, native T1 was neither correlated with CVF (r=.12,

23.7±3.2%, P=.23), presence of DSA at CMR (26.3±3.8% vs 24.9±3.0%,

P=.58) nor log-transformed BNP in HT recipients (r=.05, P=.81) or re-

P=.72), or CAV (25.6±2.9% vs 24.9±3.0%, P=.94). Atypical LGE (ie, not

cipients and controls (r=.05, P=.8). Also, when we analyzed ECV and

associated with coronary distribution) was observed in two HT recip-

native T1 values limited to only the interventricular septum, we found

ients: One had scant elevated signal at the inferior RV insertion point

a trend to higher septal ECV for HT recipients (26.2±3.4%) vs con-

and the other showed a punctate focus of midwall signal in the apical

trols (24.4±2.2%, P=.06) with no difference in septal native T1 values

inferior wall. ECVs were 25.9% and 26.0%, respectively.

(1027±30 vs 1024±32, P=.67) between the groups. Among HT recipients, correlations of septal ECV with CVF (r=.51, P=.01) and log-BNP

TABLE 3

(r=.45, P=.03) were similar to correlations of ECV from the entire LV

ECV correlations among HT recipients

Variable

P-value

r

(Table 3). There were no correlations of septal native T1 (r=.21, P=.31)
with CVF or log-BNP (r=.14, P=.51). Also, we observed no correlations

.47

.019

of septal ECV or native T1 with ischemic time, time after HT, allograft

CD3

−.19

.37

age, or number of prior EMBs or acute rejection events. Short-axis T2

CD163

−.03

.90

times among transplant recipients were not higher than those from

.46

.022

healthy, non-HT controls (one-sided P>.9).

Histologic myocardial fibrosis

Log BNP

−.02

.91

Mean PA wedge pressure

Mean right atrium pressure

.22

.29

Cardiac index

.38

.07

Ischemic time

.11

.60

Time after HT

.03

.90

Allograft age

−.06

.80

Number of prior EMBs

.13

.54

Number of prior acute rejections

.27

.21

PA, pulmonary artery.

4 | DISCUSSION
In this study, we report novel moderate correlations of ECV with
histologic fibrosis on RV EMB and serum BNP in a healthy cohort
of adolescents and young adults who received HT during childhood.
ECV was not associated with time since HT, allograft age, or number
of prior acute rejection events. These findings suggest that ECV reflects the quantity of DMF after pediatric HT in the absence of HF
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Representative raw CMR images and ECV maps of HT recipients (A) and healthy, young adult, non-HT controls (B)

symptomatology or clinically evident allograft dysfunction and that

is less well established, particularly in pediatric HT recipients where

is otherwise not predicted by time after HT, number of prior EMBs,

reports are extremely sparse.35 Data from animal models and studies

or rejection history. The correlation of ECV with serum BNP that we

of adult HT recipients show that immune responses against allograft

observed in the HT recipients supports the concept that DMF ad-

endothelial antigens and antigen-independent insults result in fibrotic

versely impacts allograft health. There is a growing body of literature

remodeling of the allograft.36-38 Whether there is overlap between

in non-HT adult HF populations that identifies DMF as a detrimen-

the downstream mediators of DMF of the cardiac allograft and the

tal, common response pathway arising from a variety of insults.32-34

non-transplanted heart is uncertain. Both transforming growth factor-

Evidence to support a link between DMF and adverse HT outcomes

beta and interleukin-6 have been associated with allograft fibrosis39,40

|
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and also with non-transplant cardiac fibrosis,41 suggesting there may

similar to two published analyses of CMR-quantified DMF with RV

be a common final pathway to interstitial myocardial fibrosis, regard-

EMB specimen-quantified fibrosis.43,55

less of the triggering event.

Moving forward, our data suggest a need for examination of the

Published data on CMR quantification of myocardial fibrosis after

role of ECV in larger, multicenter cohorts representing the entire disease

HT are very limited and have used a variety of methodologies, includ-

severity spectrum in order to 1) confirm high ECV in allografts which are

42-45

ing native T1 mapping, post-contrast T1 mapping, and ECV.

In the

failing, and 2) demonstrate the association between ECV and prognosis

most pertinent study, Ide et al.45 found greater ECV and native T1 val-

following pediatric HT. We hypothesize that longitudinal assessments

ues among 20 pediatric HT recipients relative to non-HT controls. They

in a larger cohort that includes recipients with clinical heart failure and/

also reported moderate correlations of ECV (r=.46) and native T1 values

or abnormal hemodynamics not due to acute rejection will strengthen

(r=.53) of the interventricular septum (but not the entire LV) with CVF,

the associations we have observed and also allow for determination of

and that septal native T1 was moderately correlated (r=.46) with isch-

the prognostic abilities of ECV after HT. The ability to detect ECV pro-

emic time. Many of these findings, including the septal, but not entire

gression before overt clinical findings (eg, elevated filling pressures, de-

LV ECV correlation with CVF, and all native T1 correlations are different

creased ejection fraction, symptomatic heart failure) are present could

than ours. While the relatively small numbers of participants in both

offer opportunities to study DMF as a risk factor for allograft loss and

studies may underlie some of the differences, the Ide et al. cohort was

design interventions aimed at slowing or reversing progression.

younger (9.9±6.2 years), earlier out from HT (median 1.3 years, range

There are important limitations of our study. Our cohort was rel-

0.02-12.6 years with four recipients at <90 days post-HT), had greater

atively healthy, as demonstrated by low BNP values, normal group

prevalence of mild acute rejection at the time of CMR (11/20), and

mean filling pressures, minimal presence of donor-specific antibodies,

had higher CVF (10.0±3.4%) than our HT cohort. Their inclusion of re-

low prevalence of CAV, and normal clinical evaluations with no symp-

cipients early out from HT may have confounded native T1 and ECV

toms of heart failure. While most BNPs we observed were normal,

measurements due to myocyte and extracellular edema from allograft

data from the adult HT population show prognostic relevance of BNP

46

potentially exaggerating differences in

reported values across a similar range.56,57 Because most of our cohort

ECV and native T1 between HT recipients and controls and contribut-

received HT more than 10 years ago, the clinical biopsy reports lack

ing to the correlation of ischemic time with native T1 observed in their

sufficient detail to allow us to explore possible associations of ECV

study. Also the difference in CVF between studies deserves mention as

with antibody-mediated rejection history. Also, ethical considerations

it may explain the similar ECV yet dissimilar native T1 correlations with

prohibited the use of intravenous contrast in otherwise healthy chil-

CVF observed. Among hearts with more DMF (CVF ~10%) in the Ide

dren, resulting in our non-HT control group being comprised of young

et al. study, both ECV and native T1 correlated with CVF, whereas with

adults (ages 18-30 years) rather than age-matched peers. Although in-

less fibrosis (~2.5%) we observed only ECV correlated with CVF. Thus

creases in ECV with age have been demonstrated among middle-aged

ECV may represent the more sensitive indicator of DMF and is consis-

adults, the magnitude of this effect was shown to be approximately

tent with the fact that native T1 reflects myocardial disease involving

0.5%-1% per decade of age and thus would be unlikely to influence

the myocyte and extracellular space whereas ECV estimates only the

our analysis.25,58 The use of two different contrast agents during the

ischemia-reperfusion injury,

3

extracellular space.

study was unavoidable due to a change in contrast agent selection for

Among other studies of CMR quantification of myocardial fibrosis

clinical CMR scans at our center during the study period. However, we

after HT, Iles et al. showed that ECV and post-contrast T1 time cor-

found no difference in ECV on the basis of contrast agent use, a find-

related with LV stiffness in adult HT recipients (median of 39 months

ing that is consistent with an analysis that compared gadoteridol and

post-HT, 35% with exertional dyspnea), supporting a link between

gadobutrol in a large-scale, prospective clinical neuroimaging study.59

DMF and diastolic dysfunction.42 Although we did not find an associa-

Other important considerations of the application of ECV assess-

tion of ECV with ventricular filling pressures in our cohort, we did find

ment to post-HT populations include retained pacemaker leads or

ECV correlated with BNP levels, a marker of both systolic and diastolic

other CMR-incompatible objects, which may exclude some from being

dysfunction.47,48 It is also worth noting that histologic validation stud-

able to undergo CMR. In our experience, most children and young adult

ies of CMR-quantified fibrosis in adult native hearts generally show

HT recipients do not have such materials, unlike their adult counter-

stronger correlations than we observed. However, nearly all of these

parts who more commonly receive defibrillators or resynchronization

studies assessed LV histology on tissue that was obtained by surgical

therapy prior to transplantation. Finally, it is important to recognize

or core-needle biopsy of adults with symptomatic heart failure, aortic

that it may not be possible to measure ECV in some recipients who

stenosis, or hypertrophic cardiomyopathy.

4-8,49-54

In contrast, we as-

are late out after HT who also have severe renal impairment (glomer-

sessed histology using RV EMB samples, which are generally smaller

ular filtration rate <30 mL/min/1.73 m2). This is a known complication

and more confined to the subendocardium as compared to direct-

seen in about 3%-5% of pediatric HT recipients.60

visualization core-needle or excisional assessments of the LV. This

In summary, we demonstrate a novel association of ECV with his-

may explain the decreased magnitude of our ECV-CVF association as

tologic myocardial fibrosis and serum BNP after pediatric HT. These

compared with previously reported correlations in adult native hearts.

findings show that myocardial fibrosis is quantifiable by noninvasive

In addition to the similar moderate correlation of ECV with CVF on

CMR and may relate to fundamental markers of cardiac function,

RV EMB found by Ide et al. in their post-HT cohort, our data are also

even in a healthy HT cohort without rejection and with normal clinical
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cardiac imaging. Further studies to characterize the role of fibrosis
across the entire disease spectrum are warranted.
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