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Abstract

Background Pediatric restrictive cardiomyopathy (RCM) has high mortality in historical cohorts, and traditional management
often involves early referral for heart transplantation (HTx). This study sought to determine outcomes of pediatric RCM at
a center that has favored medical management over early listing for HTx.

Methods All patients (N=43) with pure RCM phenotype (RCM, N=26) and hypertrophic cardiomyopathy with restrictive
physiology (RCM/HCM, N = 17) managed at our center over a 15-year period were investigated. Outcomes of those listed for
HTx (N=18) were compared to a benchmark of contemporaneous pediatric RCM patients in the UNOS database (N=377).
Proportional hazards models were used to determine predictors of adverse outcomes.

Results The mean age was 11 +9 years and 49% were male. 14 of 18 patients listed received HTx. Overall mortality (12%)
was identical between the phenotypes; however, RCM patients were more likely to be listed (P =0.001) and receive HTx
(P=0.02) compared to RCM/HCM. Prior to HTx, 60% had documented arrhythmia, 16% had cardiac arrest, and 7% required
mechanical circulatory support. 4 of 17 patients with an ICD/PM received device therapies (four of five shocks appropriate for
VT/VF, and two effective anti-tachycardia pacing interventions). Outcomes of those listed for HTx at our center were similar
to the UNOS benchmark. In multivariate analysis, markers of congestive heart failure were associated with adverse outcomes.
Conclusion Heart failure and arrhythmia treatments can delay or possibly prevent the need for HTx in some cases of pediatric
RCM. Survival post-HTx is not compromised using this approach.
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Introduction per 10,000 children [2, 3] making outcomes difficult to

study. Historical, single-center cohort studies have indicated

Pediatric restrictive cardiomyopathy (RCM) is a rare dis-
ease defined by “normal or decreased volume of both ven-
tricles associated with biatrial enlargement, normal LV wall
thickness and AV valves, impaired ventricular filling with
restrictive physiology, and normal (or near normal) systolic
function” [1]. The annual incidence is approximately 0.04
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exceedingly poor outcomes with mortality as high as 50%
within 2 years of diagnosis, as well as devastating events
such as thromboembolism, severe pulmonary hypertension
precluding heart transplant (HTx), and sudden cardiac death
without preceding symptoms [4—10]. These data have largely
driven practice to the point that children with RCM are often
referred for HTx at the time of initial diagnosis regardless
of heart failure (HF) severity. Despite comprising <5% of
pediatric cardiomyopathies [2, 3, 11], and evidence that
waitlist and post-HTx outcomes are comparable to dilated
cardiomyopathy (DCM) except in infants [12], a dispropor-
tionately higher number of pediatric RCM patients are listed
and transplanted [13].

The most robust and contemporary study of pediatric
RCM outcomes to date is the North American Pediatric
Cardiomyopathy Registry (PCMR) study by Webber et al.
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[11] which analyzed “pure” RCM cases (N=101) as well
as “mixed” hypertrophic cardiomyopathy with restrictive
physiology cases (RCM/HCM, N=51). Survival at 5 years
was 68% and that did not differ between the phenotypic sub-
types; however, more than half of pure RCM patients were
transplanted within a year after diagnosis. In multivariable
analysis, only low LV fractional shortening z-score, a rare
feature of the disease, was a risk factor for time to death. At
the present time, management of pediatric RCM remains
clouded by a lack of knowledge regarding its natural history
and risk factors for clinical deterioration.

In this context, our institution has adopted a management
approach that aims for early diagnosis prior to the develop-
ment of HF through family screening and genetic testing,
frequent screening for conduction abnormalities and arrhyth-
mia along with implantable cardioverter defibrillator or
pacemaker (ICD/PM) use when indicated, medical therapy
for treatment of symptoms related to diastolic dysfunction,
serial cardiac catheterization to assess for an indolent rise
in pulmonary vascular resistance (PVR), and mechanical
circulatory support (MCS) tailored to the anatomical con-
straints of RCM (i.e., atrial cannulation) when it is required
as a bridge to HTx. The objectives of this study were (1) to
describe the contemporary outcomes of pediatric RCM at
our institution, (2) compare these to a benchmark of other
pediatric centers participating in the United Network for
Organ Sharing [14], and (3) identify risk factors for adverse
outcomes including death, HTx, MCS, and cardiac arrest.

Methods
Study Population

This was a single-center, retrospective cohort study of con-
secutive RCM patients followed at Cincinnati Children’s
Hospital Medical Center (CCHMC) from January 1, 2000
to October 1, 2016. Subjects were identified by screening
the electronic medical record (EMR) with the following
search criteria: (1) diagnosis of RCM (ICD 9 code 425.4,
ICD10 code 142.5) or HCM (ICD 9 code 425.1, ICD 10 code
142.2), and (2) date of diagnosis within the study period.
This initial pool was reduced by manual chart review exclud-
ing subjects without one or more of the following criteria:
(1) elevated left ventricular (LV) end-diastolic pressure
(LVEDP) > 12 mmHg or right ventricular (RV) end-diastolic
pressure (RVEDP) > 8 mmHg; (2) left atrial (LA) diameter
z-score >+ 2.0 or LA volume > 30 mL/m?, LV end-diastolic
diameter (LVEDD) z-score <+ 2.0, and shortening fraction
normal for age or LV ejection fraction (LVEF) > 50%. Sub-
jects fitting the inclusion criteria along with a diagnosis of
HCM were classified as “mixed” RCM/HCM phenotype
[11, 15]. Those without the additional HCM diagnosis

were classified as “pure” RCM phenotype. Patients with
congenital heart disease or significant valvar heart disease
were excluded. Echocardiographic images from the time
of diagnosis were reviewed by an independent cardiologist
to verify the classifications. Echocardiographic z-scores
were calculated relative to body-surface area (LVEDD, LV
end-diastolic posterior wall and septal thicknesses, and LV
mass) or relative to age (LV fractional shortening) [16]. LA
volume was calculated using the area-length method [17].
LVEF was calculated using the 5/6 area-length method
[14]. The most recent genetic testing results were used to
define the presence of disease-causing mutation(s). Base-
line demographics and medications were extracted from the
EMR by the Biomedical Informatics team at CCHMC. For
those transplanted during the study period, the last outpa-
tient encounter prior to HTx was used to define the medica-
tion classes prescribed for the cardiomyopathy. For those
not transplanted, the most recent outpatient encounter was
used. The study was approved by the Institutional Review
Board at our institution.

Management Algorithm

The general management strategy at our institution for this
cardiomyopathy was as follows: patients were seen in car-
diology clinic with a resting transthoracic echocardiogram
and 12-lead electrocardiogram every 3—6 months. A 24-h
Holter monitor was ordered annually or more frequently for
concerning symptoms. A diagnostic right heart catheteriza-
tion was performed every 6—12 months. Beta blockers were
prescribed for depressed LV systolic function or RCM/HCM
with LV outflow tract obstruction. Diuretics were prescribed
for symptoms of congestive heart failure. Patients with prior
cardiac arrest or sustained ventricular tachycardia (VT), non-
sustained VT detected on Holter monitor, or other standard
HCM criteria for prevention of sudden cardiac death [18]
were referred for ICD/PM. At the time of referral or diag-
nosis, all patients were counseled on the potential need for
HTx. The decision to evaluate and ultimately list a patient
for HTx at our institution was made by a multidisciplinary
selection committee and depended primarily on an assess-
ment of medical necessity including (1) inability to leave
the hospital due to advanced heart failure therapies (e.g.,
inotropic support, mechanical ventilation, MCS), (2) recur-
rent HF hospitalizations, or (3) life expectancy estimated to
be improved with HTx.

Outcomes
Hospitalization count and type, echocardiographic param-
eters, hemodynamics per cardiac catheterization, endomyo-

cardial biopsy results, arrhythmia, and MCS-related data
were manually extracted from clinical reports in the EMR.
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Heart failure hospitalization was defined as that which was
unplanned and cardiac-related and thus excluded surveil-
lance cardiac catheterization. Implantable cardioverter defi-
brillator/pacemaker (ICD/PM) therapy count and type were
manually extracted from device interrogation reports. The
classifications of appropriate versus inappropriate device
therapies were adjudicated by an independent electrophysi-
ologist. Left heart filling pressure (LVEDP) was recorded
as that directly measured when left heart catheterization
was performed or, if not available, it was estimated from
the pulmonary capillary wedge pressure a-wave. Cardiac
Index (CI) was measured by the thermodilution method
[19]. Survival outcomes analyzed included time to death,
HTx, and a composite endpoint of death, HTx, MCS, or
cardiac arrest. For those listed for HTx, waitlist and post-
HTx survival were compared to all other contemporaneous
RCM patients age < 18 years at time of listing in the UNOS
database (N=377).

Statistical Analysis

Normally distributed continuous variables are summarized
as mean with standard deviation and were analyzed using
t tests. Non-normally distributed continuous variables are
summarized as median with interquartile range (IQR), and
were analyzed using Wilcoxon rank-sum tests. Categorical
variables are summarized as frequency and proportion, and
compared using Chi-square or Fisher exact tests as appropri-
ate. Waitlist and post-HTx survival between CCHMC and
the other UNOS centers were compared using Kaplan—Meier
log-rank analyses. Multivariable Cox proportional hazards
models were constructed to determine predictors of indi-
vidual and composite adverse outcomes (death, HTx, MCS,
or cardiac arrest). Factors considered were age, sex, race,
phenotypic subtype, medications, initial echocardiographic
and catheterization data, documented clinically significant
arrhythmia, ICD/PM, and number of HF hospitalizations.
The proportional hazards assumption for Cox models was
evaluated using the Supremum Test in PROC PHREG in
SAS with no significant violations noted. All tests were two-
sided, and a P value of <0.05 was considered significant.
All analyses were conducted using SAS version 9.4 (SAS
Institute, Cary, North Carolina).

Results

Patient Characteristics

A total of 43 patients (pure RCM, N=26; mixed RCM/HCM
phenotype, N=17) were followed at our center during the

study period. The baseline demographic and clinical charac-
teristics are detailed in Table 1. The mean age at diagnosis
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was 1149 years and 49% were male. The majority (74%)
were White or Caucasian and 21% were Black or African
American. There were no significant demographic differ-
ences between the two phenotypes. The majority (72%)
did not have a comorbid systemic disease and would be
classified as idiopathic RCM. The most common systemic
diagnosis was sickle cell disease affecting 4 (15%) of pure
RCM cases. RCM/HCM subjects were more likely to have
an identified genetic mutation associated with cardiomyopa-
thy (P <0.001) with MYH?7 mutations (41%) being the most
common in that group. Among pure RCM cases, TNNI3
mutations (19%) were the most common. Heart failure
medications used in the entire cohort included diuretics
(30%), beta blockers (30%), and angiotensin-converting
enzyme (ACE) inhibitors (9%) and were similar between
the groups. Aspirin was more commonly used in RCM
compared to RCM/HCM (54% vs. 18%, P=0.018). Anti-
arrhythmic medication (amiodarone, digoxin, and sotalol)
(7%) and warfarin anticoagulants (rivaroxaban and warfarin)
(16%) use was rare and similar between the groups. Con-
sistent with elevated filling pressures at diagnosis, echocar-
diography demonstrated a median LA diameter z-score of
+2.7 (Q1+1.64, Q3+3.75) and median LA volume of 41.3
(Q1 33, Q3 56.5) mL/m>. As expected, the median interven-
tricular septal diameter z-score was significantly higher in
the RCM/HCM group compared to RCM group (+2.39 vs.
+0.47, P=0.004); LV posterior wall diameter z-score was
similar between the two groups (+0.96 vs. +0.4, P=0.47).
Additionally, LV cavity size and LV systolic function were
normal at diagnosis (Table 2).

Pre-transplant Outcomes

Clinical deterioration in this cohort pre-HTx was rare as
illustrated in Table 2. Only 40% of subjects were hospital-
ized for heart failure which reflects the fact that most were
diagnosed as outpatients. The majority underwent at least
one diagnostic cardiac catheterization at our institution (74%
overall; 81% RCM vs. 65% RCM/HCM). Baseline hemo-
dynamic indices were similar between the groups with an
overall median RVEDP of 10.5 mmHg, LVEDP 19.5 mmHg,
mean pulmonary artery pressure 20 mmHg, cardiac index
3.45 L/min/m?, and indexed pulmonary vascular resist-
ance (PVRi) 1.56 indexed Woods units (iWu). Following
a practice of serial catheterizations after cardiomyopathy
diagnosis to monitor for elevated PVR, the pure RCM group
was tested more frequently (median 6 vs. 2 catheterizations
per patient, P=0.007). There were no significant compli-
cations attributable to the diagnostic catheterizations. An
elevated PVRi>2.5 iWu was detected more frequently in
the pure RCM group approaching statistical significance
(P=0.06). A single subject with pure RCM was identi-
fied with a PVRi> 6 iWu which prompted listing for HTx
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Table 1 Demographic and clinical characteristics stratified by RCM and RCM/HCM phenotypes

Variable N used Overall (N=43) RCM (N=26) RCM/HCM (N=17) P value
Age at diagnosis (years), mean +SD 43 11.18+9.10 10.21+8.49 12.67+10.03 0.39
Male, N (%) 43 21 (49%) 13 (50%) 8 (47%) 0.85
Race, N (%) 43 0.59
White or Caucasian 32 (74%) 18 (69%) 14 (82%)
Black or African American 9 (21%) 6 (23%) 3(18%)
Asian 1 (2%) 1 (4%) 0 (0%)
Other 1 2%) 1(4%) 0 (0%)
Comorbid systemic diagnosis, N (%) 43 12 (28%) 8 (31%) 4 (24%) 0.73
Arthrogryposis multiplex congenita 1 (3%) 1 (4%) 0(0%)
Castleman disease 1 (3%) 1 (4%) 0 (0%)
Congenital neutropenia s/p BMT 1 (3%) 0 (0%) 1(6%)
Ewing sarcoma s/p anthracycline 1 (3%) 1 (4%) 0(0%)
Klippel Feil syndrome 1 (3%) 0 (0%) 1(6%)
Noonan syndrome 2 (5%) 0 (0%) 2 (12%)
Sickle cell disease 4 (9%) 4 (15%) 0 (0%)
Skeletal dysplasia 1(2%) 1 (4%) 0 (0%)
Genetic mutation, N (%) 43 <0.001
Yes 25 (58%) 11 (42%) 14 (82%)
DES 2 (5%) 2 (8%) 0 (0%)
DES, MYBPC3 1(2%) 1 (4%) 0 (0%)
ELA2 1(2%) 0 (0%) 1 (6%)
MYH7 8 (19%) 1 (4%) 7 (41%)
MYL2 2 (5%) 1 (4%) 1 (6%)
PTPN11 1(2%) 0 (0%) 1 (6%)
RAF1 1 (2%) 0 (0%) 1 (6%)
TNNI3 5 (12%) 5 (19%) 0 (0%)
TNNT2 4 (9%) 1 (4%) 3 (18%)
Unknown 18 (42%) 15 (58%) 3 (18%)
Medications, N (%) 43
Diuretic 13 30%) 8 (31%) 5 (29%) 0.92
Beta blocker 13 (30%) 7 (27%) 6 (35%) 0.56
ACE inhibitor 4 (9%) 3 (12%) 1(6%) 1.00
Antiarrhythmic 3 (7%) 1 (4%) 2 (12%) 0.55
Aspirin 17 (40%) 14 (54%) 3 (18%) 0.018
Anticoagulant 7 (16%) 5(19%) 2 (12%) 0.68

ACE angiotensin-converting enzyme, BMT bone marrow transplant, RCM restrictive cardiomyopathy, RCM/HCM hypertrophic cardiomyopathy

with restrictive physiology

with successful transplantation 13 months later. For those
patients that underwent HTX, the trend in cardiac index and
PVRIi over time is shown in Fig. 1. As expected, there were
improvements in both parameters immediately post-HTX,
and these improvements were sustained for several years
post-HTX.

Documented arrhythmias were relatively common (60%
overall; 54% RCM vs. 71% RCM/HCM, P=0.27). Tachyar-
rhythmia was more common than bradyarrhythmia (69% vs.
27% of arrhythmias). Atrial arrhythmias occurred in 35% of
the entire cohort, ventricular arrhythmias in 46%, and 19%

had both atrial and ventricular arrhythmias. Documented
cardiac arrest was less common and occurred at the same
rate (16%) between the groups. An ICD/PM was implanted
in 17 patients (40% overall; 35% RCM vs. 47% RCM/HCM,
P=0.41). The median number of days with an ICD/PM was
1618 (Q1 778, Q3 2418, minimum 137, maximum 3533)
days. The total exposure to ICD/PM in the cohort was 77
patient-years. 4 of 17 (24%) patients received ICD/PM thera-
pies (five defibrillator shocks and two anti-tachycardia pac-
ing interventions). Four of the five defibrillator shocks were
appropriate for VI/VF. The single inappropriate shock was
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Table 2 Pre-transplant outcomes dichotomized by RCM and RCM/HCM phenotypes

Variable N used Overall (N=43) RCM (N=26) RCM/HCM (N=17) P Value
Pre-HTx clinical data
Death, N (%) 43 5 (12%) 2 (12%) 3 (12%) 1.00
Total # HF hospitalizations, N (%) 43 0.96
0 26 (60%) 16 (62%) 10 (59%)
1 9 (21%) 5 (19%) 4 (24%)
2 3 (7%) 2 (8%) 1 (6%)
3 3 (7%) 2 (8%) 1 (6%)
>3 2 (5%) 1 (4%) 1 (6%)
Documented arrhythmia, N (%) 43 26 (60%) 14 (54%) 12 (71%) 0.27
Type of arrthythmia, N (%) 26 0.19
Bradyarrhythmia 7 (27%) 2 (14%) 5 (42%)
Tachyarrhythmia 18 (69%) 11 (79%) 7 (58%)
Not specified 1(4%) 1 (7%) 0 (0%)
Source of arrhythmia, N (%) 26 1.00
Atrial 9 (35%) 5 (36%) 4 (33%)
Ventricular 12 (46%) 6 (43%) 6 (50%)
Both 5 (19%) 3(21%) 2 (17%)
ICD/PM, N (%) 43 17 (40%) 9 (35%) 8 (47%) 0.41
Cardiac arrest, N (%) 43 7 (16%) 4 (15%) 3 (18%) 1.00
MCS, N (%) 43 3 (7%) 3 (12%) 0 (0%) 0.27
Type of MCS, N (%) 3 N/A
Berlin heart 2 (66%) 2 (66%) 0 (0%)
VA ECMO 1 (33%) 1 (33%) 0 (0%)
CVA, N (%) 43 2 (5%) 2 (8%) 0 (0%) 0.51
Initial echocardiogram data
LVPWd z-score, median (Q1, Q3) 43 0.47 (—0.28, 1.35) 0.4 (-0.28, 1.3) 0.96 (—0.26, 1.35) 0.47
1VSd z-score, median (Q1, Q3) 43 0.87 (—0.12,2.3) 0.465 (—0.72, 1.19) 2.39(0.48, 4.37) 0.004
LVEDD z-score, median (Q1, Q3) 43 —0.135 (- 1.15,0.44) —0.205 (- 1.14,0.27) —0.06 (—1.29, 0.735) 0.75
LA diameter z-score, median (Q1, Q3) 43 2.7 (1.64,3.75) 2.98 (1.7, 3.76) 2.14 (1.57,3.48) 0.66
LA volume (mL/m?), median (Q1, Q3) 43 41.3 (33, 56.5) 45.3 (38.6, 56) 36 (26, 56.5) 0.28
LVEF (%), median (Q1, Q3) 43 61 (55, 69) 59 (51.5,61.5) 68 (62, 70) 0.005
FS (%), median (Q1, Q3) 43 36 (32,43) 36 (33, 40) 38(32,45.5) 0.25
Initial cardiac cath data
CI (L/min/m?), median (Q1, Q3) 32 3.45(2.91,4.13) 3.51(2.91,4.1) 3.38 (2.6, 5.09) 0.80
LVEDP (mmHg), median (Q1, Q3) 32 19.5 (12, 23.5) 20(12, 23) 18 (11, 24) 0.60
RVEDP (mmHg), median (Q1, Q3) 32 10.5 (9, 14) 119, 14) 10 (7, 14) 0.59
Mean PAP (mmHg), median (Q1, Q3) 32 20 (18, 28) 20 (18, 28) 19 (15, 28) 0.42
PVRi (iWu), median (Q1, Q3) 32 1.56 (0.83,2.5) 1.58 (0.83, 2.79) 1.34 (0.79, 2.03) 0.52
Cumulative cardiac cath data
Total # caths/patient, median (Q1, Q3) 43 2(2,8) 6(2,9) 2(0,3) 0.007
PVRi>2.5iWu, N (%) 43 10 (23%) 9 (35%) 1 (6%) 0.06
PVRi>6iWu, N (%) 43 1 2%) 1 (4%) 0 (0%) 1.00

CI cardiac index, CVA cerebrovascular accident, FS fractional shortening, HF heart failure, HTx heart transplant, /CD/PM implantable cardio-
verter defibrillator/pacemaker, /VSd interventricular septal diameter, iWu indexed Wood units, LA left atrium, LVEDP left ventricular end-dias-
tolic pressure, LVEF left ventricular ejection fraction, LVPWAd left ventricular posterior wall diameter, MCS mechanical circulatory support, PAP
pulmonary artery pressure, PVRi pulmonary vascular resistance indexed, RCM restrictive cardiomyopathy, RCM/HCM hypertrophic cardiomyo-

pathy with restrictive physiology, RVEDP right ventricular end-diastolic pressure
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Fig.1 Trends in hemodynamic parameters over time. a Cardiac index
as a function of time. b Pulmonary vascular resistance as a func-
tion of time. Data are displayed for all patients that had at least one
diagnostic cardiac catheterization. Each open circle and unique color
represent an individual patient. The slopes of the regression lines
pre- and post-HTx are significantly different (P <0.05). HTx heart
transplant, iWu indexed Wood units, PVRi pulmonary vascular resist-
ance

delivered while a patient was likely in sinus tachycardia.
Since device reprogramming, this patient has not had addi-
tional inappropriate shocks. The two anti-tachycardia pacing
interventions were effective (Fig. 2).

Mechanical circulatory support was employed in three
cases, all of whom had pure RCM phenotype (12%). The
Berlin Heart was used in the two cases that were successfully
bridged to HTx. Venoarterial ECMO was used in the other
patient who died on the waitlist. Cerebrovascular accident
(CVA) with significant neurologic deficit occurred in two
cases; one on the Berlin Heart and the other on venoarterial
ECMO. No thromboembolic events or intra-cardiac throm-
bus were recorded in patients not on MCS.

Overall survival was 92% at 1 and 2 years, and 86% at
5 and 10 years post-diagnosis. These survival rates were

similar between the two phenotypic subtypes as shown in
Fig. 3. For those never listed for HTx (N=25), the overall
survival was 88% at 1 and 10 years, consistent with a period
of early mortality post-diagnosis followed by relatively low
mortality after risk stratification and medical management.
The causes for the five pre-HTx deaths were sepsis (N=2),
cardiac arrest with documented ventricular tachycardia
(N=1), and unknown (N=2).

Transplant-Related Outcomes

Eighteen (42% overall) subjects were listed for HTx and
14 (33% overall) were transplanted during the study period
(Table 3). Those with pure RCM were more likely to be
listed (62 vs. 12%, P=0.001), and also to be transplanted
(46 vs. 12%, P=0.019). The two RCM/HCM subjects who
received HTx had longer median waitlist time (median 623
vs. 134 days) though this difference did not reach statistical
significance. Two pure RCM patients were removed from the
waitlist due to clinical improvement. Overall median follow-
up time since HTx was 2.43 years (887 days).

The majority who were transplanted at our center were
alive at the end of the study period (92% actuarial survival
at 1 year, and 61% at 5 years post-HTx per analysis of the
UNOS database). As shown in Table 4, post-operative
arrhythmia occurred in 5 (36%) of HTx patients, predomi-
nately ventricular tachycardia (80% of arrhythmias). These
were short-lived and no patients required chronic antiar-
rhythmic medication or ICD/PM. Cellular-mediated rejec-
tion detected by endomyocardial biopsy was common; 65%
had a maximum cellular rejection grade > 2. Conversely,
antibody -mediated rejection was relatively uncommon; 79%
patients had a maximum antibody-mediated rejection grade
of 0. The single patient with PVRi> 6 iWu prior to HTx
was doing well at 479 days post-HTx (most recent PVRi
1.33 iWu).

Compared to all pediatric RCM patients listed for HTx
at other UNOS centers during the study period (N=377),
those at CCHMC (N =18) had longer waitlist times; how-
ever, post-HTx outcomes were similar. Median waitlist time,
including inactive time, was longer at 164 (Q1 47, Q3 752)
days at CCHMC versus 84 (Q1 33, Q3 228) days at other
UNOS centers (P =0.038). The rate of death and deteriora-
tion on the waitlist up to 1 year was similar at CCHMC
versus other centers (11 vs. 13%; P=0.92). Once on the
waitlist, HTX occurred at a similar rate between the cent-
ers (P=0.48) as shown in Fig. 4a. Post-HTx survival was
similar between CCHMC (N =14) and the other centers
(N=311) at 1 year (92 vs. 89%), 5 years (61% vs. 76%),
and 10 years (61 vs. 62%) (P=0.84) as shown in Fig. 4b.
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Inappropriate shocks (1/5)

Fig.2 Flowchart of ICD/PM implants and therapies. Asterisk indicates one patient received both ICD shocks and PM therapies. ATP anti-tachy-
cardia pacing, /CD/PM implantable cardioverter defibrillator/pacemaker, VT ventricular tachycardia, VF ventricular fibrillation
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Fig.3 Kaplan-Meier survival curves for all patients (N=43) and
dichotomized by RCM phenotype (RCM, N=26 vs. RCM/HCM,
N=17; Log-rank P=0.97). Patients were censored at death. The cor-
responding number at risk at each time point is included below the
curves. Dx diagnosis, RCM restrictive cardiomyopathy, RCM/HCM
hypertrophic cardiomyopathy with restrictive physiology

No RCM patients at CCHMC were re-listed for HTx, while
1.74% of those listed at other centers received a second HTx.
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Two patients (14.3%) at CCHMC were on MCS at time of
HTx versus 16 (5.8%) at other UNOS centers (P=0.20).

Predictors of Adverse Outcomes

On multivariable Cox proportional hazards analysis, greater
than two HF admissions prior to HTx was associated with
the composite adverse event (HR 4.08; 95% CI 1.44-11.59;
P =0.008) in our institutional cohort. Diuretic use at last
outpatient encounter (HR 11.04; 95% CI 1.19-102.21;
P =0.035) and a higher initial echocardiographic LA
diameter z-score (HR 2.32; 95% CI 1.01-5.30; P =0.047)
increased the risk of death specifically. Younger age at
diagnosis (HR 0.87; 95% CI 0.8-0.96; P=0.004) and hav-
ing pure RCM phenotype (HR 73.19; 95% CI 6.99-766.02;
P=0.0003), as opposed to HCM/RCM, increased the risk
of HTx (data not shown).

Discussion

In this retrospective cohort study, we observed an improved
overall survival rate (92% at 1 year and 86% at 5 and 10 years
post-diagnosis) compared to historical cohort studies [4—10]
which have largely driven clinical decision-making in pedi-
atric RCM. It has been suggested that younger age is a risk
factor for poor outcome [35, 7, 8], although in the modern era
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Table 3 Heart transplant waitlist outcomes dichotomized by RCM and RCM/HCM phenotypes
Variable N used Overall (N=43) RCM (N=26) RCM/HCM (N=17) P Value
Listed for HTx, N (%) 43 18 (42%) 16 (62%) 2 (12%) 0.001
Status at listing, N (%) 18 0.11
1A 6 (33%) 6 (38%) 0 (0%)
1B 1 (6%) 0 (0%) 1 (50%)
2 11 (61%) 10 (63%) 1 (50%)
Reason removed from waitlist, N (%) 18 1.00
Transplanted 14 (78%) 12 (75%) 2 (100%)
Died 2 (11%) 2 (13%) 0(0%)
Condition improved 2(11%) 2 (13%) 0 (0%)
Transplanted, N (%) 43 14 (33%) 12 (46%) 2 (12%) 0.019
Status at HTx, N (%) 14 1.00
1A 6 (43%) 5 (42%) 1 (50%)
1B 1 (7%) 1 (8%) 0 (0%)
2 7 (50%) 6 (50%) 1 (50%)
Time from Dx to HTx (years), median (Q1, Q3) 14 1.87 (0.70, 2.52) 1.46 (0.46, 2.33) 3.16 (2.52,3.79) 0.10
Time on waitlist (days), median (Q1, Q3) 14 149 (33, 497) 134 (24, 447) 623 (404, 841) 0.10
Time since HTx (years), median (Q1, Q3) 14 2.43 (1.03, 4.68) 2.76 (1.17,4.75) 0.83 (0.29, 1.37) 0.14

AMR antibody-mediated rejection, CI cardiac index, CMR cellular-mediated rejection, HF heart failure, HTx heart transplant, iWu indexed Wood
units, LVEDP left ventricular end-diastolic pressure, MCS mechanical circulatory support, PAP pulmonary artery pressure, PVRi pulmonary vas-
cular resistance indexed, RCM restrictive cardiomyopathy, RCM/HCM hypertrophic cardiomyopathy with restrictive physiology, RVEDP right

ventricular end-diastolic pressure

this has only been demonstrated in infants with RCM and
HCM listed for HTx [12]. While the mean age in our cohort
was comparatively high (11.2 years), age was not an inde-
pendent risk factor for adverse events in our multivariable
models nor was it significant in the North American Pedi-
atric Cardiomyopathy Registry (PCMR) study by Webber
et al. [11]. Freedom from death (81% at 1 year and 71% at
5 years) in that study was closer to our center’s experience.
These improved, contemporary outcomes could be due to
earlier diagnosis of RCM before the development of HF or
elevated PVR. Indeed, a PVRi> 2.5 iWu was measured in
only 23% of our patients who underwent cardiac catheteri-
zation. Our institution’s practice has evolved based on this
evidence such that diagnostic cardiac catheterizations are
performed prior to listing for HTx annually instead of every
6 months. Other potential reasons include effective screen-
ing for arrhythmia and conduction abnormalities, ICD/
PM use, aggressive medical management of HF symptoms
when present, and evolving MCS strategies [20, 21] in this
population.

We observed no difference in mortality between the pure
RCM and mixed RCM/HCM phenotypes, yet pure RCM
had lower transplant-free survival. These findings mirror
those seen in the PCMR study by Webber et al. [11]. In fact,
pure RCM and younger age were independent predictors
of time to HTx on multivariable analysis. This pattern of
early listing for HTx in these subpopulations likely reflects
physician behavior based on the poor pre-HTx outcomes

from historical reports as mentioned. It may also be that the
technical challenges and morbidity associated with advanced
HF therapies in smaller patients (e.g., pocket infection with
ICD/PM, CVA with VAD therapy) increase the incremental
effectiveness of HTx. Younger patients with pure RCM may
indeed be at higher risk for clinical deterioration, but this is
not a certainty with the natural history drastically altered
by current practice. As the donor supply continues to fall
short of demand, the need for sophisticated risk stratification
tools and organ allocation schemes, as well as more effective
management strategies, becomes paramount.

Investigators have previously published on the types of
conduction abnormalities [11, 22] and associated risk of
sudden cardiac death in pediatric RCM [22]. The present
study is, to our knowledge, the first report of ICD/PM-
related outcomes. While 40% received an ICD/PM, device
therapies were relatively rare (7 total in 77 patient-years at
risk), and inappropriate therapies were exceedingly rare (1
total). These results reinforce the practice of regular arrhyth-
mia monitoring and the judicious implantation of ICD/PMs
which can abort potentially lethal arrhythmias. Further
research is required to track acute and chronic device com-
plications since this was not a focus of the present study.

Mechanical circulatory support as a bridge to HTx con-
tinues to be a challenge in this population [21]. In the pre-
sent study, the only two cases of CVA occurred while on
MCS, so the complication likely cannot be attributed to the
cardiomyopathy itself. Similar to the PCMR study [11], no
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Table 4 Post-transplant outcomes dichotomized by RCM and RCM/HCM phenotypes

Variable N used Overall (N=14) RCM (N=12) RCM/HCM (N=2) P Value
Post-HTx clinical data
Total # HF hospitalizations, N (%) 14 1.00
0 9 (64%) 7 (58%) 2 (100%)
1 3(21%) 3 (25%) 0 (0%)
2 1 (7%) 1 (8%) 0 (0%)
>2 1 (7%) 1 (8%) 0 (0%)
Cardiac arrest, N (%) 14 1(7%) 1 (8%) 0 (0%) 1.00
Documented arrhythmia, N (%) 14 5 (36%) 4 (33%) 1 (50%) 1.00
Type of arrhythmia, N (%) 5 1.00
Bradyarrhythmia 1 (20%) 1 (25%) 0 (0%)
Tachyarrhythmia 4 (80%) 3 (75%) 1 (100%)
Source of arrhythmia, N (%) 5 1.00
Atrial 0 (0%) 0 (0%) 0 (0%)
Ventricular 4 (80%) 3 (75%) 1 (100%)
Both 1 (20%) 1 (25%) 0 (0%)
MCS, N (%) 14 0(0%) 0 (0%) 0(0%) 1.00
Most recent cardiac cath data
CI (L/min/m?), median (Q1, Q3) 14 3.92 (3.09, 4.36) 3.92 (3.40, 4.36) 3.37 (2.52,4.41) 0.41
LVEDP (mmHg), median (Q1, Q3) 14 15 (9, 19) 10 (7, 16) 19 (17, 24) 0.003
RVEDP (mmHg), median (Q1, Q3) 14 10 (6, 13) 10 (5, 12) 12 (8, 14) 0.13
Mean PAP (mmHg), median (Q1, Q3) 14 19 (16, 25) 17 (15, 23) 22 (19,27) 0.06
PVRIi (iWu), median (Q1, Q3) 14 1.30 (0.97, 1.71) 1.26 (1.01, 1.58) 1.36 (0.79, 2.12) 0.77
Cumulative endomyocardial biopsy data
Maximum CMR pathology score, N (%) 14 0.45
0 1 (7%) 1 (8%) 0 (0%)
1A 2 (14%) 1 (8%) 1 (50%)
1B 2 (14%) 2 (17%) 0 (0%)
2 4(29%) 3 (25%) 1 (50%)
3A 5 (36%) 5 (42%) 0 (0%)
Maximum AMR pathology score, N (%) 14 1.00
0 11 (79%) 9 (75%) 2 (100%)
1H+ 1 (7%) 1 (8%) 0 (0%)
11+ 1 (7%) 1 (8%) 0 (0%)
2 1 (7%) 1 (8%) 0(0%)

Dx diagnosis, HTx heart transplant, RCM restrictive cardiomyopathy, RCM/HCM hypertrophic cardiomyopathy with restrictive physiology

intra-cardiac thrombi were recorded in our cohort. It may
be that the use of anticoagulation for pediatric RCM in the
contemporary era (56% in our cohort, 43% in the published
PCMR population) has decreased the frequency of this com-
plication. Alternatively, early HTx in patients with very low
cardiac output at highest risk for thromboembolism might
account for the rarity of this complication. Further study is
required to understand the risk factors for thromboembolism
in this population.

In multivariable analysis, greater than two HF admis-
sions was an independent risk factor for time to the com-
posite adverse outcome while markers of congestion (LA
dilation and diuretic use) were predictive of mortality.

@ Springer

Interestingly, young age and pure RCM phenotype were
significant predictors of HTx only. Surprising to us, a doc-
umented arrhythmia was not a significant risk factor in our
models; ICD/PMs may have altered the natural history of
disease in some cases. Of course, the numbers in each
variable category are modest and reflect our own institu-
tion’s referral pattern. Nevertheless, these data are hypoth-
esis generating and may shift the focus of pediatric RCM
management more toward the assessment and aggressive
treatment of common yet dangerous problems such as con-
gestive HF and arrhythmia, and away from the now less
common problems of low cardiac output, elevated PVR,
and thromboembolism.
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Fig.4 a Kaplan—Meier curves of transplant-free survival on the wait-
list for pediatric RCM patients at CCHMC (N=18) and all other
centers in the UNOS database (N=377) (Log-rank P=0.48). Patients
were censored at transplant. b Kaplan—Meier survival curves post-
transplant for pediatric RCM patients at CCHMC (N=14) and all
other centers in the UNOS database (N=311) (Log-rank P=0.84).
Patients were censored at death. CCHMC Cincinnati Children’s Hos-
pital Medical Center

Compared to a contemporaneous UNOS benchmark,
pediatric RCM patients listed for HTx at our institution had a
significantly longer median waitlist time; however, post-HTx
survival was non-inferior. The reason for the longer wait-
list time is unknown, but it is not related to a difference in
UNOS listing strategy; 61% were listed status 2 at our insti-
tution and the other UNOS centers. Similarly, in the Pedi-
atric Heart Transplant Study (PHTS) that evaluated waitlist
outcomes in 145 pediatric RCM patients from 1993 to 2006
[13], 56% of patients were initially listed status 2. Post-HTx
survival in that study was nearly identical to our cohort as

well. These data suggest that HTx can be safely delayed in
certain cases without worsening waitlist or post-HTx out-
comes. Indeed, two pediatric RCM patients in our cohort
were removed from the waitlist due to clinical improvement.

Study Limitations

Our method of retrospective chart review limited the abil-
ity to capture all outcomes, especially in those patients that
transitioned to adult cardiomyopathy/transplant programs.
In order to avoid this problem for survival analysis post-
HTx, we leveraged the UNOS database that tracks patients
regardless of such transition. However, for those not listed
for HTx, adverse outcomes including mortality could be
underestimated in our analysis.

While this cohort represents one of the largest single
institutional experiences published to date, the still modest
number of patients limits the power of the study to evaluate
potential predictors of outcomes. Multi-institutional data-
bases, such as the PCMR to which our institution contrib-
utes, are designed to overcome this limitation. Furthermore,
our focus on patient characteristics at presentation might
have missed clinically relevant risk factors that would have
been identified through analysis of serial data.

Conclusion

Traditional management of pediatric patients with RCM
comprises of listing for HTx at diagnosis. In the current,
single-center study, we demonstrate the outcomes of an
approach that incorporates close monitoring and manage-
ment of arrhythmias with medical and device therapy to
delay eventual listing. Utilizing this approach, our patient
cohort was maintained off the transplant list 58% of the time
overall (38% RCM vs. 88% RCM/HCM), without negative
effects on survival post-transplant when compared to a con-
temporaneous UNOS benchmark. These data support a treat-
ment pathway other than immediate HTx listing that may
be appropriate for select patients, although further research
is needed to determine specific clinical markers for patient
selection.
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