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Abstract Cardiomyopathy is a rare disorder of the heart muscle, affecting 1.13 cases per 100,000 children, from
birth to 18 years of age. Cardiomyopathy is the leading cause of heart transplantation in children over the age of 1.
The Pediatric Cardiomyopathy Registry funded in 1994 by the National Heart, Lung, and Blood Institute was
established to examine the epidemiology of the disease in children below 18 years of age. More than
3500 children across the United States and Canada have been enrolled in the Pediatric Cardiomyopathy Registry,
which has followed-up these patients until death, heart transplantation, or loss to follow-up. The Pediatric
Cardiomyopathy Registry has provided the most in-depth illustration of this disease regarding its aetiology,
clinical course, associated risk factors, and patient outcomes. Data from the registry have helped in guiding the
clinical management of cardiomyopathy in children under 18 years of age; however, questions still remain
regarding the most clinically effective diagnostic and treatment approaches for these patients. Future directions of
the registry include the use of next-generation whole-exome sequencing and cardiac biomarkers to identify
aetiology-specific treatments and improve diagnostic strategies. This article provides a brief synopsis of the work
carried out by the Pediatric Cardiomyopathy Registry since its inception, including the current knowledge on
the aetiologies, outcomes, and treatments of cardiomyopathy in children.
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LTHOUGH CARDIOMYOPATHY 1S A RELATIVELY
Arare disease, it is the primary reason for heart

transplantation in children, particularly in those
older than 1 year of age.'” Literature on the
epidemiology of cardiomyopathy was negligible before
the 1990s. Since 1994, the National Heart, Lung, and
Blood Institute has funded the Pediatric Cardiomyo-
pathy Registry Study Group, which has conducted a
number of large, multi-centre observational studies of
primary and idiopathic cardiomyopathies. At the time

*Presented at Johns Hopkins All Children’s Heart Institute, International
Pediatric Heart Failure Summit, Saint Petersburg, Florida, United States of
America, 4-5 February, 2015.

Correspondence to: S. E. Lipshultz, MD, Department of Pediatrics, Wayne State
University School of Medicine, 3901 Beaubien Boulevard, 1K40, Detroit, MI
48201, United States of America.Tel: +313 745 5870; Fax: +313 993 0390;
E-mail: slipshultz@med.wayne.edu

https://doi.org/10.1017/51047951115000943 Published online by Cambridge University Press

of its inception, it was primarily designed to determine
the epidemiology and clinical course of cardiomyopathy
in children. Since that time, the Pediatric Cardiomyo-
pathy Registry has added studies of the aetiologies of
paediatric cardiomyopathy, including gene discovery,
genotype—phenotype associations, the utility of cardiac
biomarkers in clinical assessment and outcome predic-
tion, and the physical and psychosocial functional status
of both affected children and their families.

Design of the Pediatric Cardiomyopathy
Registry

The original Pediatric Cardiomyopathy Registry
design included 98 paediatric cardiology centres in the
United States and Canada, which collected clinical data
regarding factors associated with the study’s primary
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outcomes: death or heart transplantation.’ In addition,
we attempted to enrol nearly 100% of cases at two
Pediatric Cardiomyopathy Registry centres — Boston
Children’s Hospital and its New England referral cen-
tres and Texas Children’s Hospital and its Central
Southwest referral centres — to estimate cardiomyo-
pathy incidence and other epidemiologic parameters.””
Over the subsequent years, further Pediatric Cardio-
myopathy Registry studies have focussed on 11-15 of
the largest US—Canadian paediatric heart centres that
could provide the largest number of eligible patients
and the most complete data sets.

Since its inception, patients aged 18 years or less
who were diagnosed with cardiomyopathy — via

quantitative echocardiographic criteria, a pattern of
cardiomyopathy — matching a defined, semi-
quantitative pattern; or tissue analysis — were eligi-
ble for inclusion to the Pediatric Cardiomyopathy
Registry (Table 1). Each case was classified according
to morphology as dilated, hypertrophic, restrictive,
mixed, or other type of cardiomyopathy. Since 1994,
new phenotypes of cardiomyopathy have been added
to the Pediatric Cardiomyopathy Registry, such as
left ventricular non-compaction. Patients with
secondary causes of heart muscle disease were exclu-
ded from the study in order to focus this research on
the aetiologies and outcomes of children with pri-
mary cardiomyopathies (Table 2).

Table 1. Inclusion criteria for enrolment in the Pediatric Cardiomyopathy Registry.

Echocardiographic measurements

Left ventricular fractional shortening or ejection fraction >2 SD below the normal mean for age. Fractional shortening is acceptable in patients
with a normal ventricular configuration and no regional wall motion abnormalities. Echocardiographic, radionuclide or contrast
angiographic, or MRI evidence of abnormal ejection fraction is also an acceptable criterion, but age-appropriate norms for each laboratory
must be used

Left ventricular posterior wall thickness at end diastole >2 SD above the normal mean for body-surface area

Left ventricular posterior wall thickness at end diastole >2 SD below the normal mean for body-surface area

Left ventricular end-diastolic dimension or volume >2 SD above the normal mean for body-surface area. Dimension data are acceptable under
the conditions outlined for fractional shortening above, and volume data may be derived from the imaging methods as above

Clinical patterns

Localised ventricular hypertrophy such as septal thickness >1.5 X left ventricular posterior wall thickness with at least normal left ventricular
posterior wall thickness, with or without dynamic outflow obstruction

Restrictive cardiomyopathy: one or both atria enlarged relative to ventricles of normal or small size with evidence of impaired diastolic filling
and in the absence of marked valvular heart disease

Contracted form of endocardial fibroelastosis, similar to restrictive cardiomyopathy plus echo-dense endocardium

Ventricular dysplasia/Uhl’s anomaly: very thin right ventricle with dilated right atrium, usually better assessed by MRI than by
echocardiography

Concentric hypertrophy in the absence of a haemodynamic cause: a single measurement criterion of left ventricular posterior wall thickness at
end diastole >2 SD would suffice

Left ventricular myocardial non-compaction: very trabeculated spongiform left ventricle myocardium with multiple interstices

Table 2. Exclusion criteria for enrolment in the Pediatric Cardiomyopathy Registry.

Endocrine disease known to cause heart muscle disease, including infants of diabetic mothers

History of rheumatic fever

Toxic exposures known to cause heart muscle disease — for example, anthracyclines, mediastinal radiation, iron overload, or heavy metal exposure

HIV infection or born to an HIV-positive mother

Kawasaki disease

Congenital heart defects unassociated with malformation syndromes — for example, valvular heart disease or congenital coronary artery
malformations

Immunological disease

Invasive cardiothoracic procedures or major surgery during the preceding month, except those specifically related to cardiomyopathy, including
left ventricular assist devices, extracorporeal membrane oxygenation, and automatic implanted cardioverter defibrillator placement

Uraemia, active or chronic

Abnormal ventricular size or function that can be attributed to intense physical training or chronic anaemia

Chronic arrhythmia, unless the inclusion criteria were documented before the onset of the arrhythmia, except that a patient with chronic
arrhythmia, subsequently ablated, whose cardiomyopathy persists after 2 months is not to be excluded

Malignancy

Pulmonary parenchymal or vascular disease — for example, cystic fibrosis, cor pulmonale, or pulmonary hypertension

Ischaemic coronary vascular disease

Age 18 years or older

Association with drugs known to cause hypertrophy — for example, growth hormone, corticosteroids, or cocaine
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At all times, the Pediatric Cardiomyopathy
Registry has utilised a highly trained outreach team
that travelled to the centres to enrol new cases and
extract data from medical records at regular intervals
to perform standardised data collection. Data collec-
tion included demographic descriptors, quantitative
echocardiographic measurements, a brief family
history, transplant status, and clinical findings.

Aims of the Pediatric Cardiomyopathy
Registry

Since its establishment, the aims of the Pediatric
Cardiomyopathy Registry have evolved over time.
The original aims were primarily epidemiological in
nature and intended to describe the incidence and
clinical factors at presentation of cardiomyopathy in
children as well as describe the clinical outcomes —
death or heart transplantation and the predictors of
those outcomes. In a subsequent study, the study
aims were further expanded through collaboration
with the Pediatric Heart Transplant Study Group’s
data set to examine both pre- and post-transplant
outcomes and associated risk factors.

At present, the Pediatric Cardiomyopathy
Registry is the largest pediatric cardiomyopathy
registry in the world containing data collected annually
from 3549 children until heart transplant, death, or
loss to follow-up. It provides the most comprehensive
picture of this disease, and thus is the starting point for
new diagnostic and treatment strategies. Analyses of
the database have resulted in important findings
regarding the incidence, aetiology, disease course, and
estimates and determinants of mortality and transplant
outcomes, with a new focus on the genetic determi-
nants of cardiomyopathy in children.

Incidence of paeditric cardiomyopathy

A study by Lipshultz et al® estimated that the annual
incidence of paediatric cardiomyopathy in the United
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States was 1.13 cases per 100,000 children. This
estimate is comparable with reports from similar
registries in other countries including Finland and
Australia.””® The incidence of cardiomyopathy was
significantly higher in infants under 1 year of age and
was also found to be higher in boys, children who
were black, and children who were from the New
England region of the cohort, com}gared with those
from the Central Southwest region.” Dilated cardio-
myopathy was the most common phenotype among
children in the Pediatric Cardiomyopathy Registry,
accounting for 51% of all cases. After dilated cardi-
omyopathy, the most common phenotypes were as
follows:  hypertrophic  cardiomyopathy  (42%),
restrictive cardiomyopathy and mixed hypertrophic
and restrictive cardiomyopathy (3%), and idiopathic
cardiomyopathy (4%).

Aetiology and outcomes by paeditric
cardiomyopathy phenotype

An analysis of 916 children enrolled in the Pediatric
Cardiomyopathy Registry showed that only
one-third of patients in the Pediatric Cardiomyo-
pathy Registry had a known cause of cardiomyopathy
at diagnosis.” Additional studies have confirmed that
most cases of paediatric cardiomyopathy lack a causal
diagnosis,6’8 It is possible that this low rate of causal
diagnoses may contribute to poor outcomes in
children with this disease.

Aetiological vesults for all cardiomyopathy phenotypes

A preliminary analysis of the Pediatric Cardiomyo-
pathy Registry examined both genetic and infectious
aetiologies of the dilated, hypertrophic, restrictive,
and mixed functional cardiomyopathy phenotypes in
160 children. This targeted genetic analysis found
that the prevalence of variants of the G4.5 mutation
of the taffazin gene was similar in both b0¥s
and girls (25 versus 22%, respectively; Table 3)."

Table 3. G4.5 gene variants found in 37 of 160 children enrolled in the Pediatric Cardiomyopathy Registry.*

Hemizygous SNP Intronic substitution, SNP

Missense substitution, unclassified Hemizygous mutation®

Sex n/N (%) (n/N (%)) (n/N (%)) (n/N (%)) (n/N (%))
Boys 27/110 (25)** 22/27 (81) 24/27 (89) 3/27 (11) 2/27 (7)
Girls  10/48 (22)**  3/10 (30) 10/10 (100) 0/10 (0) 0/10 (0)

DCM =dilated cardiomyopathy; HCM = hypertrophic cardiomyopathy; SNP =single nucleotide polymorphism

. 10
Source: Towbin et al.

*The number of children with G4.5 gene variants as a proportion of all children with the same diagnosis was nine of 45 (20%) children with hypertrophic
cardiomyopathy; 19 of 79 (24%) with dilated cardiomyopathy; three of 10 (30%) with restrictive cardiomyopathy; four of 22 (18%) with other or mixed

forms of cardiomyopathy; and two of two with unknown forms

**Causes of cardiomyopathy in boys included two with Barth syndrome, two with probable myocarditis, one with Cori disease, one with Noonan syndrome,

one with familial DCM, and six with idiopathic disease; causes in girls included two with familial HCM, two with confirmed myocarditis, and six with
idiopathic disease. Children with Barth syndrome each had two variants, denoted here as hemizygous mutations, hemizygous SNPs were not counted
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Table 4. Prevalence of congestive heart failure and median fractional shortening z-scores for 1426 children with dilated

cardiomyopathy at the time of diagnosis.

Cause of DCM

Heart failure at diagnosis (%)

Fractional shortening z-score (IQR)

Idiopathic (n=941) 74
Myocarditis (n =222) 84
Neuromuscular disorders (n =125) 35
Familial (n = 66) 53
Inborn errors of metabolism (n = 54) 60
Malformation syndromes (n = 15) 67

-9.62 (-11.42 to -7.16)
-9.11 (-11.05 to -6.67)
-5.88 (-8.02 to -3.32)
-7.07 (-9.63 to -3.68)
-8.94 (-10.30 to -5.33)
-5.95 (-9.49 to -5.10)

DCM =dilated cardiomyopathy; IQR = interquartile range
Data are from the Pediatric Cardiomyopathy Registry

G4.5 variants were found in 30% of children
with restrictive cardiomyopathy, 24% with dilated
cardiomyopathy, 20% with hypertrophic cardio-
myopathy, and 18% with a mixed type of
cardiomyopathy.

In addition to examining the variants of the G4.5
mutation, the same study also analysed possible viral
aetiologies using myocardial tissue samples from
44 children.'® Viral genome analysis of the tissues
was positive for Epstein—Barr virus (4.5%) and for
parvovirus B19 (13.6%). Tests for cytomegalovirus,
adenovirus, and enterovirus were negative, which
may indicate that these viruses are rarely seen in viral
myocarditis.

Dilated cardiomyopathy

Outcomes for children with dilated cardiomyopathy
depend on an aggregate of disease aetiology, age at
diagnosis, echocardiographic parameters, and heart
failure at presentation. A particular study of the
Pediatric Cardiomyopathy Registry showed that
children with dilated cardiomyopathy had a 31%
death or transplant rate at 1 year, increasing to 46%
at 5 years of age;> however, these rates showed wide
variation based on the aetiology of the disease (Fig 1).
Only 34% of children with dilated cardiomyopathy
had a known aetiology: 16% myocarditis, 9% neu-
romuscular disorders, 5% familial, 4% inborn errors
of metabolism, and 1% malformation syndromes. A
separate analysis of the Pediatric Cardiomyopathy
Registry found that a family history, older age at
diagnosis, smaller left ventricular end-diastolic and
end-systolic dimensions, higher left ventricular
shortening fraction, viral serologic testing, and
endomyocardial or skeletal biopsy were associated
with the establishment of a causal diagnosis for
children with dilated cardiomyopathy.”

Overall, 71% of children with dilated cardiomyo-
pathy presented with congestive heart failure at diag-
nosis, although the percentage of those with congestive
heart failure varied by actiology (Table 4). In addition,
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Figure 1.

Freedom from death or transplantation for 1423 children with
dilated cardiomyopathy, by cause. Data are from the Pediatric
Cardiomyopathy Registry collected between 1990 and 2002
(reproduced with permission from Towbin et al’).

children with dilated cardiomyopathy who were under
the age of 6 had better survival rates than older children
(p<0.001). We found that congestive heart failure
at the time of diagnosis and lower left ventricular
fractional shortening z-scores were predictors of
worse outcomes in patients with idiopathic dilated
cardiomyopathy."

Although children with dilated cardiomyopathy
often have poor outcomes, normalisation of systolic
function and ventricular size was demonstrated in
22% of children with dilated cardiomyopathy within
2 years of diagnosis in the Pediatric Cardiomyopathy
Registry.'” Predictors of normalisation of ventricular
function included younger age and lower left ven-
tricular dilation at diagnosis; however, a small per-
centage of children who experienced recovery later
died or were transplanted, which may indicate the
need for close follow-up of these patients.

Analysis of the Pediatric Cardiomyopathy Registry
data at the time of diagnosis and up to 12 months later
showed that children with dilated cardiomyopathy
who survived at least for 1 year had a significant
decrease in left ventricular end-diastolic dimension and
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an increase in left ventricular thickness-to-dimension
ratio, consistent with favourable left ventricular
re-modelling.'”> In addition, children with dilated
cardiomyopathy who survived at least for 1 year had a
significant improvement in left ventricular function
compared with those who died or received a heart
transplant during the 12 months after diagnosis.

Before the Pediatric Cardiomyopathy Registry,
little was known regarding risk factors for sudden
cardiac death in children with dilated cardiomyo-
pathy. We found that the 5-year cumulative
incidence of sudden cardiac death in children with
dilated cardiomyopathy in the Pediatric Cardiomyo-
pathy Registry was only 2.4%.'" Factors that
increased this risk included presence of congestive
heart failure and anti-arthythmic medications. The
same study helped develop a model to aid clinicians
in identifying children who may be at high risk for
sudden cardiac death (sensitivity 86%, specificity
57%). Based on this model, children with dilated
cardiomyopathy who have a left ventricular end-
systolic dimension z-score greater than 2.6, an age at
diagnosis <14.3 years, and a left ventricular posterior
wall thickness-to-dimension ratio <0.14 are con-
sidered to be at high risk for sudden cardiac death.

A competing risks model, stratified by aetiology,
was used to identify differential predictors of death or
transplantation in children with dilated cardiomyo-
pathy." For children with neuromuscular disorders
and dilated cardiomyopathy, decreased left ventricular
fractional shortening was associated with both death
and heart transplantation. In addition, higher left
ventricular end-diastolic dimension predicted trans-
plantation in the same group. In children with myo-
carditis and dilated cardiomyopathy, an increased risk
of death or transplantation was associated with an older
age at diagnosis, the presence of congestive heart
failure, and an increased left ventricular end-diastolic
dimension. When comparing children with familial
dilated cardiomyopathy, the risk of death or trans-
plantation was increased in those who had congestive
heart failure at diagnosis and lower left ventricular
fractional shortening z-scores.

Overall, 26% of children with dilated cardiomyo-
pathy in the Pediatric Cardiomyopathy Registry with
a known cause of cardiomyopathy had an underlying
neuromuscular disorder.” The primary neuromus-
cular disorders observed in the cohort were Duchenne
muscular dystrophy and Becker muscular dystrophy.
In comparing survival rates for children with
each type of muscular dystrophy, we found that
children with Becker muscular dystrophy had better
survival rates at 5 years than those with Duchenne
muscular dystrophy (57 versus 100%, respectively).
On the other hand, patients with Becker-type
muscular dystrophy had a higher transplantation
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rate than patients with Duchenne muscular dystrophy
(25 versus 0%, respectively).lé The same analysis also
compared patients with a neuromuscular disorder —
either Duchenne- or Becker-type muscular dystrophy —
and patients with non-neuromuscular disease-related
dilated cardiomyopathies to examine differences in
outcomes. Survival did not differ significantly between
children with a neuromuscular disorder and children
with other non-neuromuscular dilated cardiomyo-
pathies (59 versus 71% at 5 years, respectively).

Myocarditis accounts for almost 50% of cases of
dilated cardiomyopathy with a known cause of dis-
ease in the Pediatric Cardiomyopathy Registry.” An
analysis of the Pediatric Cardiomyopathy Registry
showed no differences in the outcomes for children
with probable myocarditis and biopsy-confirmed
cases of myocarditis (Fig 2)."” In children with myo-
carditis and dilated cardiomyopathy, normalisation of
echocardiographic findings occurred in nearly half the
patients, and the mortality and transplant rates were
much lower, when compared with idiopathic dilated
cardiomyopathy. Lower left ventricular fractional
shortening at presentation predicted mortality, whereas
a higher left ventricular posterior wall thickness pre-
dicted transplantation in this group.

Overall, 14% of children with a known cause of
dilated cardiomyopathy were found to have familial
isolated cardiomyopathy, defined as having two or
more family members with a history of cardiomyo-
pathy.” The Pediatric Cardiomyopathy Registry
found that 1-year survival was significantly better in
patients with familial dilated cardiomyopathy (87%)
compared with idiopathic dilated cardiomyopathy
(60%).'® In addition, patients with familial isolated
cardiomyopathy had higher left ventricular ejection
fractions, lower end-diastolic and end-systolic
dimensions, and lower left ventricular mass than
those with idiopathic dilated cardiomyopathy. Left
ventricular  end-diastolic ~ dimension  z-scores
predicted an increased risk of death or transplantation
in children with familial isolated cardiomyopathy.

Hypertrophic cardionyopathy

Outcomes for children with hypertrophic cardiomyo-
pathy varied widely with age and cause of diagnosis
(Figs 3 and 4)."” In one study of the Pediatric Cardio-
myopathy Registry, only 26% of children with
hypertrophic cardiomyopathy had a known aetiol-
ogy."? For the 26% of patients with a known actiology,
causes of diagnosis included malformation syndromes
(9%), inborn errors of metabolism (9%), and neuro-
muscular disorders (8%). Decreased height and weight
for age, sex (female), and higher posterior wall thick-
ness were associated with establishing a causal
diagnosis.” Left ventricular fractional shortening and
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Freedom from death or transplantation for 855 children with
idioparhic hypertrophic cardionyoparhy, by age at diagnosis. Data
are from the Pediatric Cardiomyopathy Registry collected between
1990 and 2002 (reproduced with permission from Colan et al'®).

prevalence of congestive heart failure varied greatly by
the aetiological group (Table 5)."

The poorest outcomes for children with hyper-
trophic cardiomyopathy were seen in those with a
concurrent diagnosis of hypertrophic cardiomyopathy
and inborn errors of metabolism (2-year rate of death
or transplantation, 57%).”° Children with mixed
hypertrophic and dilated cardiomyopathy or mixed
hypertrophic and restrictive cardiomyopathy also had
high rates of death or transplantation at 2 years
(45 and 38%, respectively). Although risk factors for
death or transplantation differed by the aetiology of
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hypertrophic cardiomyopathy, in general, these
included younger age, lower weight, presence of
congestive heart failure, increased left ventricular
posterior wall thickness, decreased left ventricular
fractional shortening, increased left ventricular septal
thickness, or the presence of any two or more of these
risk factors (Fig 5). The risk of death or transplanta-
tion increased significantly as the number of risk
factors increased.

Results from the Pediatric Cardiomyopathy
Registry showed that children with Noonan
syndrome and hypertrophic cardiomyopathy were
more likely to present in the first 6 months of life,
were three times more likely to present with heart
failure, and had a significantly higher mortality in
the Ist year of life compared with other children
with hypertrophic cardiomyopathy.”" This increased
mortality rate was at least partially attributable
to the younger age and increased prevalence of
congestive heart failure in the children with Noonan
syndrome compared with other children with
hypertrophic  cardiomyopathy.  Children  with
Noonan syndrome and hypertrophic cardiomyopathy
who presented with congestive heart failure in the
first 6 months of life were at the highest risk for
mortality. Children with Noonan syndrome and
hypertrophic cardiomyopathy in the Pediatric Car-
diomyopathy Registry were rarely listed and none of
them received a heart transplant. This group should
be considered for listing for heart transplantation at
the time of diagnosis in the absence of contra-
indications for listing.
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Table 5. Prevalence of congestive heart failure and mean fractional shortening z-scores for 849 children with

hypertrophic cardiomyopathy at the time of diagnosis.

Cause of HCM

Heart failure at diagnosis (%)

Fractional shortening z-score (SD)

Inborn errors of metabolism (n = 74) 40.3
Malformation syndromes (n =77) 23.4
Neuromuscular disorders (n = 64) 6.4
Infantile (n = 634) 9.9

-1.11 (5.65)
5.42 (4.31)
3.01 (3.40)
3.62 (5.15)

HCM = hypertrophic cardiomyopathy; IQR = interquartile range

Data are from the Pediatric Cardiomyopathy Registry

Inborn errors of metabolism accounted for 27% of
the cases of hypertrophic cardiomyopathy with a
known cause of disease in the Pediatric Cardiomyo-
pathy Registry.” Almost 50% of children with cardi-
omyopathy caused by inborn errors of metabolism had
an unspecified disorder. Across all cardiomyopathy
phenotypes, the most common mitochondrial disorder
was Barth syndrome (27%). Poor survival rates were
observed in children with hypertrophic cardiomyo-
pathy caused by a metabolic gene deficiency, with a
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2-year survival rate of only 51%. In addition, a diag-
nosis of cardiomyopathy before 1 year of age was asso-
ciated with an increased risk of death in patients with
inborn errors of metabolism who present with hyper-
trophic cardiomyopathy.

Restrictive cardionryopathy

Restrictive cardiomyopathy is the least common form
of all phenotypes, accounting for only 4.5% of all
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the Pediatric Cardiomyopathy Registry collected between 1990 and 2002 (from Lipshultz et al”®).

cardiomyopathies, and can occur as an isolated pheno-
type or as a mixed phenotype with hypertrophic
cardiomyopathy.”” The mixed restrictive and hyper-
trophic cardiomyopathy phenotype comprised 33% of
all restrictive cardiomyopathies in the Pediatric
Cardiomyopathy Registry. Children with restrictive
cardiomyopathy were found to have the poorest out-
comes compared with other phenotypes of cardiomyo-
pathy (Fig 6). The 5-year survival was 68% for children
with both the mixed restrictive and hypertrophic
cardiomyopathy and pure restrictive cardiomyopathy
phenotypes. In addition, transplant-free survival was
only 28% for pure restrictive cardiomyopathy vsersus
43% for the mixed phenotype. Risk factors for poor
survival included the presence of congestive heart fail-
ure at diagnosis, a decreased left ventricular fractional
shortening z-score for both phenotypic groups, as well
as an increased left ventricular posterior wall thickness
z-score for children with the mixed phenotype.

Left ventricular non-compaction

Left ventricular non-compaction is one of the rarest
phenotypes of cardiomyopathy in children with an
incidence of only 4.9%, according to an analysis of
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the Pediatric Cardiomyopathy Registry.”> Left
ventricular non-compaction in children can present
in isolation or with other cardiomyopathy pheno-
types. Diagnosis of this phenotype is often made on
the basis of echocardiographic findings, although at
present there is no clear consensus on diagnostic
criteria. A decreased left ventricular fractional short-
ening z-score was a strong predictor of death or
transplantation in children with left ventricular non-
compaction; however, when the left ventricular
systolic function was preserved, children with left
ventricular non-compaction had better outcomes than
children with dilated or restrictive cardiomyopathy.

Treatment of cardiomyopathies in children

Medical management

Pharmacological treatment patterns were compared
between Pediatric Cardiomyopathy Registry patients
diagnosed with idiopathic dilated cardiomyopathy
between 1990 and1995 and those diagnosed between
2000 and 2006.>* We found that the use of heart
failure medications, including digoxin, a diuretic, or
both (84% of children diagnosed between 1990 and
1995 and 87% of children diagnosed between 2000
and 2000), as well as angiotensin-converting enzyme
inhibitors (66 and 70%, respectively) did not change
significantly between the two time periods; however,
B-blocker usage increased from 4 to 18%. Anti-heart-
failure therapy remains the most common treatment,
and was reported in 84% of all children with idio-
pathic dilated cardiomyopathy. Anti-heart-failure
medications were reported in 60% of children with
asymptomatic heart failure and in 93% of children
with an NYHA class greater than II. Angiotensin-
converting enzyme inhibitors were reported in 74%
of children; however, in contrast to anti-heart-failure
therapies, angiotensin-converting enzyme inhibitor
therapy was often not initiated in children with
asymptomatic left ventricular dysfunction in the
absence of echocardiographic evidence of more
advanced disease.

Surgical management

For many children with severe or end-stage cardio-
myopathy, heart transplantation remains one of the only
long-term surgical solutions.”> The Pediatric Heart
Transplant Study Group collects morbidity and mor-
tality data on children under 18 years of age be§inning
at the date of listing for heart transplantation.”® As the
Pediatric Cardiomyopathy Registry does not collect
data on patients after transplantation, collaboration
with the Pediatric Heart Transplant Study Group gave
the Pediatric Cardiomyopathy Registry Study Group
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Survival after listing for heart transplantation among children
with cardiomyopathy by heart failure severity score. Severity score
2 =children on mechanical ventilatory or circulatory support;
1 = children on intravenous inotropic support without mechanical
support; O = children on  neither  intravenous inotropic  nor
mechanical support (reprinted with permission from Larsen et al”’).

the ability to examine patient outcomes before and after
transplantation.

An analysis of the combined Pediatric Heart
Transplant Study and Pediatric Cardiomyopathy
Registry data sets examined mortality in children
with Varging levels of support before transplantation
(Fig 7).>” For children with no pre-transplant circu-
latory or mechanical support, mortality primarily
occurred after transplantation. Although we observed
no difference in pre- and post-transplant mortality
rates in children who received only inotropic support,
for children requiring both circulatory and mechan-
ical support, mortality occurred most frequently
while on the waiting list for heart transplantation.
This suggests that patients with cardiomyopathy
requiring higher degree of support at listing might
have a survival benefit with transplantation compared
with children who require no support or only ino-
tropic support before transplantation.

Heart transplantation was found to be most
common among children with dilated cardiomyopathy
in the combined Pediatric Cardiomyopathy ReZ%istry
and Pediatric Heart Transplant Study data set.”™ For
patients with dilated cardiomyopathy who were listed
for transplant, the median age was 3.4 years at
diagnosis and 4.4 years at transplantation; 30% of these
patients were ventilator-dependent at the time of
listing, and pre-transplant mortality was 119%.%
Mechanical ventilation and older age at diagnosis —
without mechanical ventilation — were predictors of
mortality while waiting for a heart transplant.
Post-transplant outcomes were worse for children with
myocarditis, which suggests that infectious or immune
mechanisms affected patient mortality.
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A separate analysis of the combined Pediatric
Cardiomyopathy Registry and Pediatric Heart
Transplant Study data set examined the association
between measures of left ventricular dilation
or function and the risk of death in children
with dilated cardiomyopathy after listing for trans-
plantation or within 6 months of transplantation.
Increased left ventricular end-diastolic dimension
close to the time of listing was independently
associated with an increased risk of death after
listing or up to 6 months after transplant for children
with dilated cardiomyogathy who were under 5 years
of age at diagnosis.5 This association was not
observed in children who were older than age 5 at
diagnosis; however, the association was strongest for
those diagnosed before 6 months of age. Left
ventricular function and mass were not associated
with an increased risk of death after listing or within
6 months of transplantation.

Functional status of children with
cardiomyopathy

Few studies have systematically studied the functional
status in children with cardiomyopathy and their corre-
sponding quality of life in comparison with healthy
children. We collected parent-reported functional status
of children with cardiomyopathy above 5 years of age
using two validated surveys: the Child Health Ques-
tionnaire and the Functional Status II(R) Reports
Instrument. On average, children with cardiomyopathy
had impaired physical and psychosocial functioning
compared with healthy children (Figs 8 and 9).”" Several
socioe-conomic variables were associated with impaired
functional status — for example, lower total household
income, lower parental education level, etc. Predictors
of poorer physical function specifically included
increased left ventricular size and higher left ventricular
thickness-to-dimension ratio; however, improved func-
tional status was directly associated with time since
diagnosis, suggesting that functional status in children
with cardiomyopathy may improve with time.

The Pediatric Cardiomyopathy Registry in the
present era

At present, the Pediatric Cardiomyopathy Registry is
funded by the National Heart, Lung, and Blood
Institute with supplemental funding from the
Children’s Cardiomyopathy Foundation to conduct
two new studies. The first study, PCM Genes —
Genotype—Phenotype  Associations in Pediatric
Cardiomyopathy — has at present enrolled more than
400 children with dilated cardiomyopathy, hyper-
trophic cardiomyopathy, restrictive cardiomyopathy, or
left ventricular non-compaction, with an enrolment
goal of 600, who will receive next-generation whole-
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Physical and  psychosocial ~ function of 294 children with
cardiomyopathy, by functional type, compared with scores for
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administered by the Pediatric Cardiomyopathy Registry between
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Figure 9.

Mean Child Health Questionnaire (CHQ) z-scores for 303
children with cardiomyopathy, by domain. Data are from the
Pediatric Cardiomyopathy Registry and were collected between
1990 and 2002. PF = physical functioning; RE = role/social
limits-emotional; RP = vole/social limits-physical; PAIN = bodily
pain; BEH = bebavionr; MH = mental health; SE = self-esteem;
GH = general health perception; PE = parental impact-emotional;
PT = parental impact-time (from Slegper et al’).

exome sequencing for both gene discovery as well as
genotype—phenotype associations. The phenotypes of
interest include cardiomyopathy functional type, age at
onset, as well as 2-year echocardiographic outcomes.
The PCM Genes study is also enrolling parents and
affected relatives of the probands to better understand
inheritance patterns and moderator gene influences.
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The second study named PCM Biomarkers —
Cardiac Biomarkers in Pediatric Cardiomyopathy —
which is at present enrolling up to 400 children with
dilated cardiomyopathy or hypertrophic cardiomyo-
pathy has the following three aims: to determine the
association of specific cardiac biomarkers and
echocardiographic parameters in accurately assessing
newly diagnosed dilated cardiomyopathy patients’
clinical status; to determine the association of
biomarkers of cardiac fibrosis with fibrosis as mea-
sured on ¢cMRI in children with hypertrophic cardi-
omyopathy, and to determine which cardiac
biomarkers are associated in children with either
dilated cardiomyopathy or hypertrophic cardiomyo-
pathy who continue to be clinically stable up to
2 years after diagnosis to better inform transplanta-
tion listing decisions.

Both of these studies in progress will end enrol-
ment by 2016, and their results will be disseminated
for the next generation of paediatric cardiomyopathy
research proposals, which will focus on early diag-
nosis and disease screening, targeted treatment
interventions via randomised clinical trials, and
improved patient and family support interventions.
We are also proud that during its more than two
decades of study, the Pediatric Cardiomyopathy
Registry has also helped train the next generation of
paediatric cardiomyopathy and heart failure investi-
gators who will carry on this important research.

In addition, the Pediatric Cardiomyopathy
Registry Study Group is at present conducting
ancillary analyses of the Pediatric Cardiomyopathy
Registry database to determine the importance of
renal function, growth and body composition,
electrophysiological parameters, and pharmacological
interventions as determinants of clinical outcomes in
this population.

Pediatric Cardiomyopathy Study Group-sponsored
international conferences on paediatric cardiomyopathy

The first International Workshop on Idiopathic and
Primary Pediatric Cardiomyopathies was organised
by the Pediatric Cardiomyopathy Registry investi-
gators in 2007. More than 30 participants attended
the conference, which was co-sponsored by the
Children’s Cardiomyopathy Foundation and the
National Heart, Lung, and Blood Institute. The
results of the conference were published in three
issues of the journal Progress in Pediatric Cardiol-
ogy.' %3 2763 The Second International Conference
on Cardiomyopathy in Children was held in May,
2010, with more than 50 participants in attendance.
The Children’s Cardiomyopathy Foundation and the
National Heart, Lung, and Blood Institute were also
the principle co-sponsors for this conference. Similar to
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the 2007 conference, the results from the second con-
ference were published in three issues of Progress in
Pediatric Cardiology.25’64_98 The Third International
Conference on Cardiomyopathy in Children was held
in May, 2014 and was attended by more than 60 world
experts. Again, the principle co-sponsors for this con-
ference were the Children’s Cardiomyopathy Founda-
tion and the National Heart, Lung, and Blood
Institute. The third conference added new themes
focussed on paediatric heart failure, the next generation
of left ventricular support devices, novel cardiac ima-
ging, and personalised medicine for children with car-
diomyopathy and heart failure. The main outcome of
this third conference was to propose a “future research
agenda” in paediatric cardiomyopathy and heart failure
to be presented to the National Heart, Lung, and Blood
Institute and patterned on the recently published
results from a National Heart, Lung, and Blood
Institute Working Group on paediatric heart failure.”
The results of the third conference will be published in
the current and future issues of Progress in Pediatric
Cardiology in 2014 and 2015, including the proposed
future research a%enda for paediatric cardiomyopathy
and heart failure.'*""!

Future directions of the Pediatric
Cardiomyopathy Registry

With the continual collection of prospective follow-
up data from enrolled Pediatric Cardiomyopathy
Registry patients, Pediatric Cardiomyopathy Reg-
istry Study Group researchers will be able to provide a
more complete description of the clinical course of
paediatric cardiomyopathy and the associated risk
factors. This will also allow for a more thorough
examination of previously identified risk factors and a
better understanding of their long-term utility in the
diagnosis, prognosis, and care of these children. This
type of registry data and their usefulness in guiding
clinical decision-making is continuing to gain
appreciation from research methodologists and is
becoming increasingly useful as advances in analy-
tical and statistical theory are made.''” Pediatric
Cardiomyopathy Registry investigators are at present
working to proposing to leverage the Pediatric Car-
diomyopathy Registry infrastructure to identify the
genetic aetiologies of paediatric cardiomyopathy and
the usefulness of cardiac biomarkers in the evaluation
of these patients. The ultimate goal of the Pediatric
Cardiomyopathy Registry is to identify robust
diagnostic strategies, aetiology-specific treatments
informed by genotyping, and the most clinically
effective evidence-based approaches for these chil-
dren. An associated goal is to recruit and develop the
next generation of paediatric cardiomyopathy and
heart failure researchers and clinicians.
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