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Abstract: Pediatric cardiomyopathies are rare diseases with an annual incidence of 1.1 to 1.5 per 100000. Dilated and
hypertrophic cardiomyopathies are the most common; restrictive, noncompaction, and mixed cardiomyopathies occur
infrequently; and arrhythmogenic right ventricular cardiomyopathy is rare. Pediatric cardiomyopathies can result from
coronary artery abnormalities, tachyarrhythmias, exposure to infection or toxins, or secondary to other underlying
disorders. Increasingly, the importance of genetic mutations in the pathogenesis of isolated or syndromic pediatric
cardiomyopathies is becoming apparent. Pediatric cardiomyopathies often occur in the absence of comorbidities, such
as atherosclerosis, hypertension, renal dysfunction, and diabetes mellitus; as a result, they offer insights into the primary
pathogenesis of myocardial dysfunction. Large international registries have characterized the epidemiology, cause, and
outcomes of pediatric cardiomyopathies. Although adult and pediatric cardiomyopathies have similar morphological
and clinical manifestations, their outcomes differ significantly. Within 2 years of presentation, normalization of
function occurs in 20% of children with dilated cardiomyopathy, and 40% die or undergo transplantation. Infants
with hypertrophic cardiomyopathy have a 2-year mortality of 30%, whereas death is rare in older children. Sudden
death is rare. Molecular evidence indicates that gene expression differs between adult and pediatric cardiomyopathies,
suggesting that treatment response may differ as well. Clinical trials to support evidence-based treatments and the
development of disease-specific therapies for pediatric cardiomyopathies are in their infancy. This compendium
summarizes current knowledge of the genetic and molecular origins, clinical course, and outcomes of the most common
phenotypic presentations of pediatric cardiomyopathies and highlights key areas where additional research is required.
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Nonstandard Abbreviations and Acronyms
AICD automatic implantable cardioverter—defibrillator
DCM dilated cardiomyopathy
HCM hypertrophic cardiomyopathy
NCM noncompaction cardiomyopathy
PCMR Pediatric Cardiomyopathy Registry
RCM restrictive cardiomyopathy
Overview

Pediatric cardiomyopathies are rare diseases with an annual
incidence of 1.1 to 1.5 per 100000 in children <18 years
old.'? Pediatric cardiomyopathies can result from coronary
artery abnormalities, tachyarrhythmias, exposure to infection
or toxins, or secondary to other underlying disorders. Because
the accuracy and availability of genetic testing has increased,
the importance of genetic mutations in the development of pe-
diatric cardiomyopathies has become apparent. The study of
pediatric cardiomyopathies offers important insights into the
pathogenesis of myocardial dysfunction in the absence of con-
founding comorbidities common in adults, such as atheroscle-
rosis, hypertension, renal dysfunction, and diabetes mellitus.
The published literature in the field of pediatric cardiomyopa-
thies ranges from large registry epidemiological outcome and
risk factor analyses,'™'" to individual case reports. This com-
pendium summarizes current knowledge of the genetic and
molecular origins, clinical course, management guidelines,
and outcomes of the most common phenotypic presentations
of pediatric cardiomyopathies and highlights key areas where
additional research is required.

Classification of Pediatric Cardiomyopathies
Cardiomyopathies are defined as abnormalities of the ven-
tricular myocardium unexplained by abnormal loading con-
ditions or congenital heart disease. The 1995 World Health
Organization classifications were based on a combination
of morphological (dilated and hypertrophic), physiological
(restrictive), and etiologic (causes extrinsic to the myocar-
dium, such as infection, were excluded) characteristics.'
The identification of genetic mutations has led to contro-
versies on the classification criteria. The European Society
of Cardiology'® and the American College of Cardiology/
American Heart Association' have proposed different defi-
nitions of hypertrophic cardiomyopathy (HCM)—with the
European Society of Cardiology definition based on mor-
phology and including both genetic mutations and secondary
forms, and the American College of Cardiology/American
Heart Association definition limiting HCM to only those
found with sarcomeric mutations. The American College of
Cardiology/American Heart Association classification cannot
be universally applied to the pediatric cardiomyopathy popu-
lation because genetic testing is not widely accepted, and the
yield of testing in pediatric dilated cardiomyopathy (DCM),
restrictive cardiomyopathy (RCM), and noncompaction car-
diomyopathy (NCM) is low." In large population registries,
pediatric cardiomyopathies have largely been defined by phe-
notypic characteristics, with cause, when known, added as a
modifier.®

In addition to the standard phenotypes of DCM, HCM,
RCM, and NCM (Figures 1 through 4), a mixed category oc-
curs in children and is an explicit recognition of phenotypic
overlap that confounds attempts at a more specific catego-
rization. For instance, HCM can be associated with severe
hypokinesis in newborns with mitochondrial disorders, and
sarcomeric HCM can transition to DCM. NCM can be seen
in isolation or in combination with other phenotypes (NCM/
HCM or NCM/DCM). Arrhythmogenic right ventricular car-
diomyopathy is rarely diagnosed in the pediatric age group
and thus will not be considered in this compendium.'®

Epidemiology

The Pediatric Cardiomyopathy Registry (PCMR) was first
funded by the National Institutes of Health in 1994 and is
the only national registry of its kind in North America. In the
PCMR, DCM and HCM are the most common phenotypes
with an annual incidence of 0.57 and 0.47 per 100000 chil-
dren, respectively."!” RCM has an incidence of 0.03 to 0.04 per
100000 children and accounts for only 4.5% of pediatric car-
diomyopathies'? with about 30% of patients having a mixed
RCM/HCM phenotype.'® The incidence of NCM is estimated
to be 0.12 per 100000 in children from birth to 10 years old
and <0.81 per 100000 in infants from birth to 12 months old."
In the PCMR, NCM accounted for 4.8% of pediatric cardio-
myopathies, although more than twice as many children were
diagnosed in the most recent era, suggesting that as the defini-
tion of NCM becomes standardized, the true incidence may
be higher than previously appreciated.”> NCM may occur as
an isolated phenotype (23%), a mixed NCM/DCM phenotype
(59%), a mixed NCM/HCM phenotype (11%), or an indeter-
minate phenotype (8%).%

Genetics
Pediatric cardiomyopathies are genetically heterogeneous with
many different causative genes and multiple mutations in each
gene. Variants in the same gene can cause different phenotypes
(eg, variants in MYH?7 can cause HCM and DCM), and vari-
ants in different genes can cause the same cardiomyopathy
phenotype (eg, variants in MYH7 and MYBPC3 both cause
HCM).2'> Mutations in genes encoding components of the
sarcomere or costamere and related binding proteins, Z-band,
nuclear membrane, desmosome, mitochondrial, and calcium-
handling proteins have all been found in children with cardio-
myopathy.>2¢ Genetic variants causing cardiomyopathy in
children can also have systemic features affecting noncardiac
organs.”’* The RASopathies, including Noonan syndrome, are
the most well-known syndromic causes of pediatric cardio-
myopathy.?® Inborn errors of metabolism (CPT2 deficiency in
DCM) and storage disorders (Pompe disease with HCM) are
associated with childhood-onset cardiomyopathy. Congenital
myopathies can present during childhood with both skeletal
and heart muscle involvement; Duchenne muscular dystrophy
is a classic example. Table 1 summarizes the common genes
found in pediatric cardiomyopathies. The Genetic Testing
Registry provides genetic test information (https://www.ncbi.
nlm.nih.gov/gtr/).

There are multiple modes of inheritance for cardiomy-
opathies, including autosomal dominant, autosomal recessive,
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Definition: Depressed ventricular function secondary to subnormal myocardial systolic shortening
Incidence: 0.57 cases per 100000 children; over 50% of pediatric cardiomyopathies

Genetic Causes

*  Sarcomere

¢ Costamere

*  Z-band proteins

¢ Cytoskeletal

*  Nucleoskeletal

¢ Desmosome

*  Mitochondrial

*  Calcium-handling

*  Neuromuscular disorders

*  Inborn errors of
metabolism

*  Genetic syndromes

DILATED CARDIOMYOPATHY

Disease Associations

Dominant mutations in the
genes encoding the
sarcomere

Inflammation, either
postinfectious or
autoimmune

Toxin exposure
Neurohormonal
abnormalities

Symptoms

*  Presentation: Ranges from
asymptomatic to acute
decompensated heart
failure and cardiogenic
shock

¢ Arrhythmias: Especially
increased with LMNA

Treatments Outcomes
*  Survival: Transplant-free
* Medical therapies to treat the symptoms of acute survival ranges from 60%
decompensated heart failure and to reverse the to 75% within 5 years after
chronic effects of ventricular remodeling diagnosis with 20% to 45%
* Mechanical support of patients regaining
* Heart transplantation normal cardiac function

Figure 1. Dilated cardiomyopathy. End-diastolic apical 4-chamber (left) and parasternal short-axis end-diastolic (right) views of the left
ventricle in a patient with severe dilated cardiomyopathy. The left ventricle is dilated and thin walled. The apical view also demonstrates
the decreased mass:volume ratio with sphericalization (increased short-/long-axis ratio) of the left ventricle.

X-linked, and mitochondrial. Isolated, autosomal-dominant inherited or occur de novo. The latter are particularly common
cardiomyopathy is the most common genetic form of cardio- in genes within the RAS pathway and among individuals pre-
myopathy among individuals of all ages. There are shared ge- senting with severe, early-onset cardiomyopathies that are either
netic causes in children and adults,**? especially in families fatal or require transplantation. Many autosomal dominantly in-
with autosomal-dominant cardiomyopathy.?>** Variants can be herited conditions have variable age of onset and penetrance

Definition: Intrinsic myocardial hypertrophy (not consequent to a hemodynamic stimulus)
Incidence: 0.47 cases per 100000 children; 42% of pediatric cardiomyopathies

Genetic Causes

¢ Sarcomere

*  RASopathies

*  Metabolic

*  Neurodegenerative
disorders (Friedreich
ataxia)

*  Mitochondrial

HYPERTROPHIC CARDIOMYOPATHY

Disease Associations

*  Dominant mutations in
the genes encoding the
sarcomere

*  Impaired energy use and
resultant energy
deficiency contributes to
diastolic impairment

e Increase in collagen
synthesis results in cardiac
fibrosis

¢ Calcium mishandling

Symptoms

e Presentation: Ranges from
asymptomatic +/-
murmurs to exercise
intolerance, chest pain,
palpitations, syncope, or
cardiac arrest

*  Sudden death: Increased
risk during exercise

Treatments Outcomes

¢ PBblockade ¢ Survival: 97% 5-year and

¢ Calcium channel blockers 94% 10-year survival

*  Disopyramide *  Bimodal distribution in

¢ Surgical myomectomy most studies, with a

*  Automatic implantable cardioverter-defibrillator clustering of deaths before
1 year and again at 8 to 17
years

Figure 2. Hypertrophic cardiomyopathy. End-diastolic (left) and end-systolic (right) apical 4-chamber views of the left ventricle in a
patient with severe hypertrophic cardiomyopathy. Regional left ventricular hypertrophy is most notable in the midseptum, lateral free wall,
and lateral apex. The end-diastolic frame shows extension of the left ventricular cavity to the apex, and the end-systolic frame shows

systolic apical obliteration.
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children; 4.5% of pediatric cardiomyopathies

Genetic Causes

*  Sarcomere

*  Intermediate filament
e Calcium-handling

*  Mitochondrial

RESTRICTIVE CARDIOMYOPATHY

Definition: Noncompliant myocardium in the absence of ventricular hypertrophy
Incidence: Rarest form of pediatric cardiomyopathy with an incidence of 0.03 to 0.04 cases per 100000

Disease Associations

Diastolic dysfunction from
abnormalities affecting the
contractile apparatus
Altered calcium homeostasis
Mitochondrial dysfunction

*  Sudden death: Risk <28%

¢ Arrhythmias:
Atrial/ventricular
arrhythmias or heart block

Symptoms Treatments Outcomes
¢ Judicious use of diuretics

e Presentation: Ranges from ¢ Anticoagulation from diagnosis of 68%
no symptoms to overt ¢ Antiarrhythmics
heart failure, syncope, or *  Automatic implantable cardioverter-defibrillator
sudden death *  Early consideration for heart transplantation

¢ Survival: 5-year survival

Figure 3. Restrictive cardiomyopathy. End-systolic apical 4-chamber view of the left and right ventricles in a patient with restrictive
cardiomyopathy demonstrating mildly small right and left ventricular cavities with massive biatrial dilation.

both within and between families. Digenic and autosomal
recessive inheritance for typical, adult, autosomal-dominant
causes of cardiomyopathy has been described in children with
early and severe presentations.’’* The identification of multiple
variants in 21 genes, however, explains only a small fraction
of the observed clinical variability among affected individuals.

Several studies have investigated the role of nonsarcomeric
polymorphisms as potential disease modifiers, yet, additional
studies are needed to replicate and further explore potential im-
pact on disease.”** In general, there is limited understanding
of genetic, environmental, and other, as of yet undiscovered,
modifying factors in pediatric cardiomyopathy.

recesses

cardiomyopathies

Genetic Causes

e Similar to dilated
cardiomyopathy

¢ Barth syndrome

¢ Notch signaling pathway

NONCOMPACTION CARDIOMYOPATHY

Definition: Presence of numerous and excessive ventricular trabeculations and deep intertrabecular

Incidence: 0.12 per 100000 in 0 to 10 year olds, 0.81 per 100000 in infants; 4.8% of pediatric

Disease Associations

* Premature arrest of
myocardial development
during embryogenesis

* As response to physiologic
stresses

life threatening
arrhythmias, or
thromboembolism

Symptoms Treatments Outcomes

*  Benign or severe course ¢ Anticoagulation underwent heart
with progressive systolic *  Dependent on if there is preserved systolic function transplant
or diastolic dysfunction, or systolic dysfunction

¢ Survival: 18% died or

Figure 4. Noncompaction cardiomyopathy. End-diastolic apical 4-chamber view of the left ventricular in a patient with noncompaction,
demonstrating multiple finger-like protrusions of myocardial trabeculations into the apex, resulting in deep intertrabecular interstices.
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Table 1. Common Genes Associated With the Pediatric Cardiomyopathies

Associated Cardiac Phenotype(s)
Gene Symbol Inheritance HCM ‘ DCM ‘ RCM ‘ NCM ‘ ARVC Additional Phenotype(s)
Sarcomere
Thin filament
ACTC1 AD X X X X Atrial septal defect
TNNCT AD X X
TNNI3 AD, AR X X X
TNNT2 AD X X X X
TPM1 AD X X X
Thick filament
MYBPC3 AD X X X X
MYH7 AD X X X X Myopathies
myL2 AD X
MYL3 AD, AR X X
Z-disc
ACTN2 AD X X X
CSRP3 AD X X
LDB3 AD X X Myofibrillar myopathy
myozz AD X
TCAP AD, AR X X Limb-girdle muscular dystrophy (AR)
TN AD X X X Hereditary myopathy with early respiratory
failure
Desmosome
DSC2 AD, AR X Palmoplantar keratoderma and woolly hair (AR)
DSG2 AD X X
DSP AD, AR X X Carvajal syndrome (AR)
JUP AD, AR X Naxos disease (AR)
PKP2 AD X
Cytoskeletal
veL x| x| | | |
Intermediate filament
DES AD, AR X Limb-girdle muscular dystrophy (AR),
myofibrillar myopathy (AD, AR)
Nuclear membrane
EMD X-linked X Emery—Dreifuss muscular dystrophy
LMNA AD, AR X X X Congenital muscular dystrophy (AD), Emery—
Dreifuss muscular dystrophy (AD, AR)
SYNE1 AD X Emery—-Dreifuss muscular dystrophy
SYNE2 AD X Emery—Dreifuss muscular dystrophy
Plasma membrane
CAV3 AD, AR X Limb-girdle muscular dystrophy (AD, AR), long
QT (AD)
SGCD AD, AR X Limb-girdle muscular dystrophy (AR)
Other
CRVAB AD,AR | x| | | | Myofibrillar myopathy (AD, AR)

(Continued)
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Table 1. Continued

Associated Cardiac Phenotype(s)
Gene Symbol Inheritance HCM DCM RCM NCM ARVC Additional Phenotype(s)
MiB1 AD X
RMB20 AD X
Syndromic cardiomyopathies
BRAF AD X Noonan/Costello/CFC syndrome
HRAS AD X Noonan/Costello/CFC syndrome
KRAS AD X Noonan/Costello/CFC syndrome
PTPNT1 AD X Noonan/Costello/CFC syndrome
S0S1 AD X Noonan/Costello/CFC syndrome
SPRED1 AD X Noonan/Costello/CFC syndrome
Metabolic disorders
CcPT2 AR X Carnitine palmitoyltransferase Il deficiency
GAA AR X Pompe disease (glycogen storage disease
Type II)
HADHA AR X X Long-chain 3-hydroxyacyl-coenzyme A
dehydrogenase
LAMP2 X-linked X X Danon disease (glycogen storage disease type Iib)
MT-TL1 Mitochondrial X MELAS (mitochondrial encephalopathy, lactic
acidosis, and stroke-like episode)
PRKAG2 AD X Cardiac glycogen storage disease, Wolff—
Parkinson-White
SLC22A5 AR X X Primary carnitine deficiency
TAZ X-linked X X Barth syndrome
Neuromuscular/neurodegenerative disorders
DMD X-linked X Duchenne/Becker muscular dystrophy
FRDA1 AR X Friedreich ataxia

AD indicates autosomal dominant; AR, autosomal recessive; ARVC arrhythmogenic right ventricular cardiomyopathy; CFC, cardiofaciocutaneous; DCM, dilated
cardiomyopathy; HCM, hypertrophic cardiomyopathy; NCM, noncompaction cardiomyopathy; and RCM, restrictive cardiomyopathy.

The increased availability of genetic testing has led to
increasing detection of genetic causes in pediatric patients.
In PCMR data published in 2003, approximately one third
of children with cardiomyopathy had a confirmed cause.
Diagnostic categories included myocarditis (16% DCM),
metabolic (4% DCM, 9% HCM), syndromic (1% DCM, 9%,
HCM), neuromuscular (9% DCM, 9% HCM), familial (5%
DCM), and idiopathic.”® A more recent single-center study,
incorporating clinical genetic evaluation and testing, identi-
fied an underlying cause in =75% of affected children (exclud-
ing those with neuromuscular disease): 42% familial, 20.5%
metabolic, and 14.5% syndromic with the remainder being
idiopathic.?® Although genetic testing and evaluation have
improved the ability to identify underlying cause, diagnos-
tic rates in clinical practice remain uncertain because genetic
testing is not routinely and universally incorporated into the
clinical care of children with cardiomyopathy.

Published guidelines have recommended approaches for
genetic testing and family screening in patients with isolated,
autosomal-dominant cardiomyopathy.*3 These guidelines
do not specifically address many circumstances commonly

encountered in children, and both the timing and type of genet-
ic testing in children vary by the clinical context. Phenotype-
specific gene panels are the most appropriate baseline test for
isolated cardiomyopathy (eg, HCM gene panel). The size of
these panels varies by clinical genetic testing laboratory and
phenotype. Although the number of genes has increased, the
overall test sensitivity has not, suggesting that expanding
from phenotype-specific gene panel testing to a larger panel
or whole-exome sequencing has limited use in most cases.”’ In
the context of a complex phenotype, whole-exome sequencing
may be considered.

Genetic testing should be guided by the medical and
family histories, ideally by teams experienced in caring for
children with cardiomyopathy (Figure 5). Not surprisingly,
individuals with a positive family history of cardiomyopathy
have a higher diagnostic yield with testing.?*** Currently, clin-
ical gene panel tests detect disease-causing variants in <60%
of children with HCM but are informative in <25% of children
with DCM, NCM, or RCM.¥ If a causal genetic variant is
identified, cascade genetic testing can be recommended for at-
risk relatives. Genetic screening of family members requires
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No genetic testing completed in the
family/ or negative gene testing in less
severely affected/unaffected family
member

/\

Patient has normal
baseline cardiac screening

Cardiomyopathy Gene
Testing

: Positive | Negative |

| Clinical evaluation for CM* |
Genetic testing already completed in
informative family member
Family member genetic Family member genetic Patient has clinical
o0 testing negative testing positive diagnosis of CM
C
= 2 2
w . . .
Q | No further testing | | Known variant testing |
'_
O
5
(] y
S
Positive | | Negative
(U]
\ 4
Cascade genetic testing for |
at-risk relatives d
\ 4
Positive | | Negative |

[sTY]

o v

‘c | No further cardiac screening | L

()

i \ 4 N

&)_) Cardiac Screening (Echocardiogram and ECG) for at-risk and first degree family members

*  Frequency of cardiac screening to be based on family history, current guidelines, and healthcare provider recommendation

=

€

2L

*For infants and small children or if suspicious of genetic condition consider referral to medical geneticist or additional
testing to evaluate for specific condition in question.

Figure 5. Genetic testing algorithm for pediatric cardiomyopathy. The pediatric patient being evaluated may have a clinical diagnosis
of cardiomyopathy or may be seen because of a family history of cardiomyopathy. Genetic testing should be initiated in the most clearly
affected individual in the family whenever possible. Positive testing is defined as genetic testing for cardiomyopathy that identifies a
pathogenic mutation. Likely pathogenic variants should be handled on an individual basis. Within this algorithm, variants of uncertain
significance are treated as a negative test result. In clinical practice, cosegregation studies should be performed if possible to improve
interpretation. Genetic testing result interpretation is probabilistic and may change over time as new information is identified. Testing
results should therefore be reviewed and updated every 2 to 3 y. When a pathogenic variant is identified, testing should be offered to
affected relatives to confirm cosegregation with disease. Cardiac screening applies to individuals at risk for developing cardiomyopathy
based on their family history and genotype. All affected individuals should receive medical management for their specific diagnosis and

symptoms. CM indicates cardiomyopathy.

expertise and resources that may not be available in all prac-
tice settings. In centers with personnel and resources dedicat-
ed to family-based screening, 39% to 66% of at-risk relatives
completed recommended genetic testing, and 57% completed
cardiac screening.04!

Even in families with multiple affected relatives, ge-
netic testing does not always identify a causal variant,
suggesting the presence of missed variants, genes not yet
identified, or complex gene-to-gene and gene-to-environ-
ment interactions. Environmental and infectious factors
either causing or contributing to cardiomyopathy may be
present, particularly in children with DCM. Copy number
variation analysis has been performed for genes known to
cause cardiomyopathy, and data suggest that deletions and
duplications account for only a minority of cases.*> It may
be that smaller base pair deletions or intronic sequence
variants are missed because of limitations at the techno-
logical or bioinformatic level. With increasing access to
genomic analysis of pediatric cardiomyopathy cases, in-
cluding exome/genome sequencing, additional single gene
causes are likely to be identified.

Medical Evaluation
In DCM, 75% to 80% of children present with signs and symp-
toms of heart failure, whereas only 20% of infants and 4% of
older children with HCM present with overt heart failure."'54
Signs and symptoms of biventricular failure are more com-
mon in children compared with adults. Infants and young chil-
dren present with poor feeding, growth failure, tachypnea, and
hepatomegaly, whereas older children present with abdominal
symptoms because of hepatomegaly and low cardiac output.*
Grading heart failure symptoms in infants and children can
be challenging because the New York Heart Association class
is not applicable. Thus, the Ross Heart Failure class, which
defines symptoms based on respiratory distress, feeding intol-
erance, and failure to thrive, has been adopted but has not been
validated against outcomes.** Heart failure with preserved
ejection fraction can be found in patients with HCM, RCM,
and NCM. These patients often have symptoms related to dia-
stolic dysfunction and poor cardiac output, including dyspnea,
orthopnea, and growth failure.

In addition to clinically assessing for heart failure, evalu-
ating the child with cardiomyopathy includes searching for
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an underlying metabolic, congenital, or acquired cause. This
is particularly important in the infant population, where
the incidence of metabolic disease is greater and includes
potentially reversible conditions, such as primary carnitine
deficiency. A thorough medical history, including growth
and development, developmental milestone assessment,
chronic medical problem review, and a 3-generation pedi-
gree should be performed, as well as comprehensive physi-
cal examination attending to features suggesting a genetic
syndrome (Table 2). This evaluation can be extensive, and
many centers have gone to a staged approach based on the
age at presentation and clinical history and with the involve-
ment of a multidisciplinary team, including geneticists and
neurologists. 34647

Echocardiography establishes the cardiac phenotype and
is performed serially to aid in prognosis and treatment. In
children with DCM, the degree of ventricular dysfunction and
dilation is a strong predictor of death or transplantation.*** In
patients with HCM, septal wall thickness has been associated
with sudden death and echocardiography is also the primary
method of assessing the severity and progression of hypertro-
phy, left ventricular outflow tract obstruction, and of evalu-
ating systolic and diastolic performance.* Cardiac magnetic
resonance imaging has been useful to evaluate for inflamma-
tory processes and late gadolinium enhancement, which can
further define cause and assist in management and risk strati-
fication.’>? The use of cardiac biomarkers, including B-type
natriuretic peptide in DCM, have been helpful in defining chil-
dren with DCM at high risk.%*5 However, extrapolation of
adult data has been difficult given that pediatric patients have
different normative ranges, and there is more heterogeneity in
this population.*

Table 2. Clinical Considerations for Evaluation of Cause

History Developmental delay or regression

Poor growth or failure to thrive

Feeding difficulties or intolerance

Seizures

Metabolic decompensation with iliness

Physical Dysmorphic features

Short stature

Vision or hearing loss

Hypotonia or hypertonia

Gait abnormalities or muscle weakness

Congenital anomaly

Laboratory | Urine organic acids, serum amino acids, acylcarnitine
profile, lactate, pyruvate, creatine phosphokinase, enzyme
testing for concern of Pompe

Sequence-based genetic testing (eg, cardiomyopathy
panel testing, Noonan syndrome testing, mitochondrial
panel)

Directed biochemical (eg, urine glycosaminoglycans,
transferrin isoelectric focusing), genetic (eg, muscular
dystrophy panel), or invasive testing (eg, muscle biopsy)
based on initial laboratory results

Dilated Cardiomyopathy

Molecular Genetics of DCM

Between 35% and 40% of genetic DCM cases are thought to
be caused by sarcomere gene mutations, with mutations in
the giant protein titin estimated to be responsible for about
25%.7%% Gene mutations can also affect multiple Z-band
proteins, which connect the thin filaments and titin, thereby
serving as an important nodal point of mechanosignaling.’*
Mutations in members of the LINC (linker of nucleoskeleton
and cytoskeleton) complex, that links the nucleus to the cyto-
plasm, have been described in pediatric DCM, including the
lamin A/C proteins, emerin, and nesprins-1 and -2.°'6> Both
lamin A/C and emerin-null fibroblasts have altered expression
of mechanosensitive genes in response to mechanical stress.®
Although genotype—phenotype correlations are lacking for
most cases of DCM, mutations in genes such as LMNA (and
DES) are known to be highly associated with conduction sys-
tem disease (sinoatrial node disease, atrial arrhythmias, atrio-
ventricular heart block, and ventricular tachyarrhythmias).
Thus, the presence of these genes is a risk factor for sudden
death.>%%% Mutations in dystrophin and the sarcoglycans
produce skeletal muscle disease and cardiomyopathy; as such,
heart failure in these patients may be further compromised by
hypoventilation from respiratory muscle weakness.®’

Inflammatory Causes of DCM

Evidence of viral myocarditis is common in children with
DCM. From registry data, between 35% and 48% of children
with DCM who undergo endomyocardial biopsy have evi-
dence of myocarditis.®*”"° Parvovirus B19, influenza, Epstein—
Barr, HIV, coxsackie virus, herpes, and adenovirus have all
been identified.®* Murine models of myocarditis (coxsackie
or adenoviral) demonstrate evidence of disruption of several
important pathways in the innate and activated immune sys-
tems.”*”> The enteroviral protease 2A has been demonstrated
to cleave the cytoskeletal protein dystrophin which results in
severe DCM.”*77 Genetic mutations in the dystrophin gene
have been demonstrated in Duchenne muscular dystrophy and
other X-linked forms of DCM, creating a link between the
acquired and genetic forms of DCM.”

Toxic Causes of DCM

Pediatric DCM can occur after exposure to toxins, such as
anthracycline exposure during chemotherapy. The mechanism
of anthracycline-induced injury is incompletely understood,
but oxidative stress and reactive oxygen species activation
are felt to play a key role in cell damage.” Radiation expo-
sure and genetic polymorphisms have been associated with
a higher frequency of anthracycline toxicity.®*8' Survivors of
childhood cancer are 6x more likely than their siblings to de-
velop congestive heart failure.®” The cumulative incidence of
heart failure in childhood cancer survivors has been difficult
to accurately determine, but recent estimates are 4% to 5%
over a 20- to 30-year period.®** Risk factors for heart failure
include female sex, young age at diagnosis, treatment during
the 1980s, and total anthracycline or radiation dose.®** The
relative hazard of congestive heart failure with anthracycline
treatment was 2.4-fold for doses <250 mg/m? and 5.2-fold for
doses >250 mg/m>.%
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Neurohormonal Activation in DCM

The role of neurohormonal activation in the pathophysiology
of chronic heart failure in adults is well described. The neu-
rohormonal derangements in pediatric DCM are described
in small series and include elevations in circulating norepi-
nephrine,’” and activation of the renin-angiotensin system,
decreased, aldosterone, and sympathetic nervous system
activation with carvedilol treatment.®® There is some evi-
dence that the cardiac molecular response to stress in pedi-
atric DCM is distinct from adult DCM. Tissue analysis of
explanted hearts found downregulation of (3-2 adrenergic re-
ceptors and upregulation of connexin-43 in pediatric DCM,
whereas upregulation of the (-2 adrenergic receptor and
downregulation of connexin-43 were found in adult DCM.%
In addition, phosphatase expression and phosphorylation of
phospholamban were unchanged in pediatric DCM, whereas
adult DCM hearts had upregulation in phosphatase expres-
sion and decreased phosphorylation of phospholamban.* In
another study, expression of adenylyl cyclase and phosphodi-
esterase isoforms after treatment with a phosphodiesterase-3
inhibitor also differed between pediatric and adult explanted
DCM hearts.” Treatment of human-induced pluripotent stem
cell-derived cardiomyocytes and neonatal rat ventricular
myocytes with serum from pediatric DCM patients showed
pathogenic changes in gene expression independent of the re-
nin—angiotensin—aldosterone and adrenergic systems.”! These
data suggest that the response to adult heart failure therapies
targeting the neurohormonal system may be different in pe-
diatric DCM and also suggest the possibility of identifying
therapeutic targets specific to pediatric DCM.

Clinical Concepts in DCM

Presentation

The clinical presentation of children with DCM ranges from
asymptomatic to acute decompensated heart failure and car-
diogenic shock.”? Many children require hospitalization at
the time of diagnosis because of advanced heart failure.>** In
a large population-based study of admissions for new-onset
heart failure in children with cardiomyopathy, 54% received
intravenous inotropic support, 41% were placed on mechanical
ventilation, 13% were treated with extracorporeal membrane
oxygenation, and 11% underwent urgent transplantation.’*
Compared with adults, children with cardiomyopathy hospi-
talized with heart failure had greater morbidity and mortality
and used advanced heart failure therapies more frequently.” In
patients with DCM as a component of a multisystem disease
(eg, neuromuscular, metabolic, and mitochondrial disorders),
the underlying disease is often an important determinant of
patient outcome.'!

Comorbid conditions are also key contributors to morbid-
ity and mortality in pediatric DCM.* Hyponatremia occurs
in nearly half of children presenting with acute heart failure,
and anemia may occur in <40% of patients; both factors are
associated with death, transplant, and mechanical circulatory
support.””?® Additional serious comorbidities, such as sepsis,
acute renal failure, and respiratory failure, are less common
but are strongly associated with mortality.”® It is not clear
whether comorbidities are a consequence of worse heart fail-
ure or causative. The effectiveness of treatment interventions
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targeting modifiable comorbidities has not been studied and is
an area of research need.

Outcomes and Risk Prediction
The outcome after presentation with DCM in children is by no
means certain, with some patients requiring urgent mechanical
assist support followed by transplantation and others regain-
ing normal function, despite presenting with fulminant heart
failure.”!® Registries from the United States, Australia, and
Europe report transplant-free survival rates ranging from 60%
to 75% within 5 years after diagnosis, with most events occur-
ring within 2 years of presentation.*!%!5101-19 Thege same reg-
istries also report that 20% to 45% of patients regain normal
cardiac function during the same time period.*!%-92-101:102

Risk factor analyses have confirmed several obvious pre-
dictors of worse outcome, such as the worse heart failure,
ejection fraction, and ventricular dilation, along with other
factors, such as older age (>6) and higher B-type natriuret-
ic peptide concentrations.”*3!1% B-type natriuretic peptide
levels at hospital admission may be less important than the
level when clinically stable or the change in levels with ther-
apy.’*% More specific biomarkers are needed to distinguish
patients at highest risk death from those likely to recover.
Potential targets for investigation include genetic variants,
circulating or imaging markers of inflammation or stress,
neurohormonal abnormalities, microRNA, viral genome on
endomyocardial biopsy, and markers of extracardiac impair-
ment.30:6%70909799.104105 Tdentifying biomarkers that are impor-
tant for pediatric patients is the focus of a large ongoing study
by the PCMR and is an area of research need.

Medical Management

The follow-up and management of pediatric DCM is challeng-
ing because invasive strategies, such as mechanical support or
transplantation, must be weighed against the possibility of full
recovery. Although acute and chronic adult heart failure thera-
pies are routinely applied to children with DCM (Table 3),
extrapolating the evidence for treatment efficacy from adults
to children is fraught with difficulties given the significant dif-
ferences in age, cause, comorbidities, and outcomes between
the 2 populations.'® Studies of heart failure medications in
pediatric DCM are limited, with few supporting a treatment
strategy and some studies suggesting no benefit.!*'”” Drug
trials in pediatric cardiomyopathy are challenging because
of limitations in power because of small sample size, lack of
validated end points, and incomplete pharmacokinetic/phar-
macodynamic data.'%19%1% A current study of sacubitril/val-
sartan in children is using a novel global rank end point as
the primary outcome.''® If successful, this may prove to be a
useful end point design of future studies. Identifying appro-
priate surrogate outcomes and developing accurate pharma-
cokinetic and pharmacodynamic models are the key research
areas needed to advance the development of new heart failure
agents in pediatric DCM.

Mechanical Support and Transplantation

Contemporary outcomes after heart transplantation in chil-
dren with DCM are excellent, with a 1-year survival of
949% . The use of mechanical support to bridge patients to
heart transplantation is increasing, because of an increasing
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Table 3. Heart Failure Therapies Routinely Used in Children

Chronic Heart Failure Medication

Loop diuretics

Bumetanide (oral, IV)

Furosemide (oral, IV)

Thiazide diuretics
Chlorothiazide (oral, IV)
Hydrochlorothiazide (HCTZ; oral)
Metolazone (oral)

ACE inhibitors

Captopril (oral)

Enalapril (oral)

ARBs

Candesartan (oral)

Losartan (oral)

Valsartan (oral)

Aldosterone antagonists

Spironolactone (oral)

Eplerenone (oral)
{3 blockers

Carvedilol (oral)

Metoprolol (oral)

Digoxin (oral, IV)

ACE indicates angiotensin-converting enzyme; ARBs, angiotensin Il receptor
blockers; and IV, intravenous.

number of children being listed and an increasing wait
time.'" Neurological injury and bleeding are common com-
plications of ventricular assist devices in children, including
a 20% to 30% incidence of stroke, with smaller children at
highest risk.!”®* The indications for implanted mechanical as-
sist devices are not well defined in children and are an impor-
tant area of research need to reserve this therapy for those at
highest risk.

Disease-Specific Therapies in DCM
If an inborn error of metabolism is diagnosed, treatment strate-
gies can be directed toward the underlying metabolic abnormal-
ity and may include dietary management and supplementation
to decrease the accumulation of toxic metabolic by-products.
Specific management is also directed toward avoiding meta-
bolic or energetic crises.?*!'*!'5 Supplementation with carni-
tine in primary carnitine deficiency cures DCM, emphasizing
the critical need to diagnose this disease promptly.''®
Duchenne muscular dystrophy is one of the rare genet-
ic DCM diseases with a substantial focus on gene-directed
therapies, including viral vector delivery of minigenes, exon-
skipping approaches, and nonsense suppression therapy.'"’
CRISPR/Cas9 technology has been used to remove the mu-
tation in the dystrophin gene and thereby modulates protein
expression in mouse models."® These approaches may have
broader application to other genetic causes of DCM.

There have been several novel approaches to the treatment
of DCM that are relevant to the pediatric population. A small
study of pulmonary artery banding in children with DCM re-
ported clinical improvement occurred in 8 of 10 patients (del-
isted for transplant or improved left ventricular function).!”” The
rationale for the improvement includes an increase right ven-
tricular pressure that alters right and left ventricular interaction
and decreases mitral regurgitation. Human mesenchymal stem
cells have antifibrotic, proregenerative, and anti-inflammatory
effects—all features that argue for a therapeutic effect in pedi-
atric DCM. A small adult trial in nonischemic DCM has dem-
onstrated a favorable safety profile with better quality of life
and lower adverse event scores after transendocardial injection
of allogenic stem cells.'”® Another small trial has demonstrated
increased left ventricular ejection fraction with better functional
and clinical outcome after intramyocardial stem cell injection.'*!

Hypertrophic Cardiomyopathy
Molecular Genetics of HCM

HCM was the first cardiac disease to be described at the mo-
lecular level when a disease-causing mutation in the 3-myosin
heavy chain was discovered.'? Since then, >1400 mutations in
different sarcomeric genes have been identified.'” Mutations,
primarily missense, in the MYBPC3 and MYH7 genes are
found in about 70% of HCM cases of all ages.'** Overall pen-
etrance of the disease is unpredictable but may be age depen-
dent with highly variable expression.'?* In infants and children
with HCM, nonsarcomeric HCM phenotypes have more di-
verse genetic causes and include the RASopathies, metabolic
storage disorders, neurodegenerative disorders (Friedreich
ataxia), and mitochondrial disorders (Table 1).!324125

Clinical Concepts in HCM

Presentation

HCM caused by inborn errors of metabolism and malforma-
tion syndromes generally presents in infancy and is often asso-
ciated with neurological and musculoskeletal abnormalities.*
HCM from sarcomeric mutations is commonly diagnosed dur-
ing adolescence or early adulthood, although onset can occur
from fetal life onward. HCM can also be diagnosed in asymp-
tomatic individuals from testing performed for other reasons
or at the time of screening in first-degree relatives. Symptoms
of heart failure are rare in the older child. Progressive left atrial
enlargement can occur as a result of diastolic dysfunction and
predisposes the HCM patient to atrial arrhythmias. Cardiac
arrest or sudden death may be the presenting event in a previ-
ously healthy child. Older children may experience progres-
sive left ventricular dysfunction and dilation with a transition
to DCM and chronic heart failure. Recently, the HCMNet
Study has shown that HCM mutation carriers have abnormal
echocardiographic findings despite a negative phenotype (no
hypertrophy).'?® Preclinical identification of HCM patients
raises the possibility of treatments aimed at preventing disease
progression before the development of hypertrophy.

Outcomes and Risk Prediction

Overall survival for pediatric HCM is 97% at 5 years and 94%
at 10 years after presentation. The age at death in children with
HCM peaks before 1 year of age and again at 8 to 17 years of
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age.*12” Heart failure is the leading cause of death, although
sudden death can occur. Risk factors for poor outcomes in pe-
diatric HCM vary by subgroup (pure HCM versus mixed with
DCM or RCM). But importantly, children with worse progno-
sis were diagnosed <1 year of age, had mixed phenotypes, low
weight, heart failure, lower left ventricular fractional shorten-
ing, or higher left ventricular end-diastolic posterior wall thick-
ness or end-diastolic ventricular septal thickness at the time
of diagnosis. In a PCMR analysis, the risk of death or heart
transplantation was significantly increased when >2 risk fac-
tors were present.’! Identifying patients at risk for ventricular
arrhythmias is important in risk stratification of adult HCM
patients; however, the association of specific arrhythmia pat-
terns with the risk of sudden death has not been described in
children.®" In adults, cardiac magnetic resonance imaging may
be more accurate than echocardiography at measuring wall
thickness, and late gadolinium enhancement can delineate the
amount of scar tissue which may predict a poor clinical out-
come, but this has not been studied in children with HCM.!2%!%

Better risk stratification to identify patients at risk for
worse outcome is needed in pediatric HCM. In adult HCM
patients, a blunted blood pressure response on exercise testing
and elevations in cardiac troponins'® has been identified as
risk factors for worse outcome, but these have not been evalu-
ated in children. Biomarkers such as B-type natriuretic pep-
tide or markers of myocardial scarring have not been studied
rigorously in children. Population-based data combining im-
aging, arrhythmia monitoring, biomarker testing, and exercise
testing would help refine risk groups and if validated could
serve as surrogate end points for treatment trials.'$!3!

Medical Management

The treatment goals for children with HCM include relieving
symptoms and preventing sudden death. General measures in-
clude maintaining adequate hydration and avoiding situations
and medications that cause marked peripheral vasodilation.
Medical therapy for treating symptoms in pediatric HCM
has not been rigorously studied; thus, treatment strategies are
extrapolated from adult studies. 3 blockade is used to treat
symptomatic children with HCM and outflow tract obstruc-
tion, and few small studies suggest that 3 blockade may re-
duce the risk of sudden unexpected death in asymptomatic
children prompting the routine use in many centers.'*>'33 If
patients cannot tolerate 3 blockade, or if § blockade does not
alleviate symptoms, a calcium channel blocker, specifically
verapamil, is often added or substituted. Disopyramide may
be used in symptom-resistant patients, but children may not
tolerate the side effects. Diuretics are used cautiously when
reactive pulmonary edema limits mobility. Studies of the ef-
ficacy and optimal doses of the various medical therapies used
in pediatric HCM are areas of great research need.

Patients with HCM are at increased risk of sudden death
during exercise and are therefore advised to stop participat-
ing in competitive sports.'* Restricting sports participation
during adolescence puts patients at risk for social isolation,
depression, suicide, obesity, and loss of posthigh school edu-
cational opportunities. Restricting sports participation in HCM
has not been shown to improve survival, in part because ran-
domized testing of this hypothesis is at best impractical and
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is considered by many to be unethical. Regular exercise is
likely beneficial in HCM, but the level of exercise at which
this benefit is gained and the level at which risk is significant
is unknown. The LIVE-HCM study (Lifestyle and Exercise
in Hypertrophic Cardiomyopathy Study) is an observational
study evaluating the risk and benefits of exercise and sports
participation on cardiac events and quality of life in patients
with HCM as young as 8 years old. The follow-up period is 3
years, but longer follow-up is likely needed to more accurately
assess risk.

Surgical myectomy to relieve left ventricular outflow ob-
struction is considered when symptoms persist despite medi-
cations, the left ventricular outflow gradient exceeds 60 to 70
mmHg at rest, or mitral regurgitation increases. In children
and young adults, gradient relief is effective, and symptom
improvement is excellent.”** The benefits of myectomy also
include improving mitral regurgitation by decreasing systolic
anterior motion of the mitral valve, although there may be an
increased risk of aortic or mitral valve injury in children.'

Automatic implantable cardioverter—defibrillator (AICD)
implantation in adults with HCM has substantially decreased
mortality. Children with HCM have much lower incidence of
sudden cardiac death when compared with adults, and sudden
death in pediatric HCM before adolescence is rare.>**!* Risk
factors for sudden death in adults have not been validated in
children; thus, there is a pressing need for data to support pe-
diatric HCM-specific guidelines for AICD use to maximize the
benefit of AICD use and to minimize risk. Given the low event
rate, a large, multicenter, prospective observational registry that
includes long-term, comprehensive data collection is needed.

Disease-Specific Therapies in HCM
The infantile form of Pompe disease presents in the first few
months with severe HCM, failure to thrive, hypotonia, and
respiratory failure. Enzyme replacement therapy is most ef-
fective when started early and is associated with decreased
cardiac hypertrophy. Certain lysosomal storage diseases,
specifically mucopolysaccharidosis I, II, TV, and VI, are also
currently treated with enzyme replacement therapy or bone
marrow transplantation. Results are variable and early treat-
ment seems to be associated with better outcomes.
Pharmacological interventions in rodent models of HCM
have demonstrated prevention or attenuation of hypertrophy
before full expression of the phenotype.'*-1%7 Screening of first-
degree relatives for HCM can identify children in whom pre-
emptive therapy may favorably modify disease expression.!'¥
A study of diltiazem was performed in genotype-positive/
phenotype-negative children and demonstrated slower pro-
gression of echocardiographic markers of disease.'** Another
multicenter clinical trial using valsartan in a similar popu-
lation is currently in progress (VANISH trial [Valsartan for
Attenuating Disease Evolution In Early Sarcomeric HCM]).
HCM in patients with RASopathies presents earlier and can
be more rapidly progressive than HCM caused by sarcomeric
mutations, and heart failure symptoms and left ventricular out-
flow tract obstruction are common.'” A PCMR study showed
that children with Noonan syndrome (compared with HCM
from other causes) were far more likely to present before the
age of 6 months (51% versus 28%), more likely to present with
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heart failure (24% versus 9%), and had much higher mortality
with 22% surviving <1 year.'** Additional cardiac (pulmonary
stenosis or atrial septal defect) or extracardiac manifestations
(coagulation defects and lymphatic dysplasia) can complicate
management and worsen prognosis. Translational studies in
the RASopathies that blocked dysregulation of the RAS signal-
ing pathway have eliminated cardiac hypertrophy in rodents.'*!

Restrictive Cardiomyopathy
Molecular Genetics of RCM

The most common genes implicated in RCM are sarcomeric,
including the troponin I (7NNI3),'** [-myosin heavy chain
(MYH?7), o cardiac actin (ACTCI), titin (TTN),'** and myosin
light chain genes.'* Several nonsarcomeric gene abnormalities
also cause RCM. The desmin gene (DES), which encodes the
chief intermediate filament of skeletal and cardiac muscle, has
been associated with RCM.'* Desmin mutations are also associ-
ated with conduction abnormalities, including high-grade atrio-
ventricular block.' Mutations affecting calcium homeostasis
within the sarcomere have also been described.!*® In the end, the
phenotype relies on sarcomere functional abnormalities, similar
to those in HCM. Cardiomyocyte alterations and their persistent
responses at the cellular level also cause changes that are cor-
related with sudden cardiac death and other cardiac problems.'¥’

Clinical Concepts in RCM

Presentation

The clinical presentation of pediatric RCM varies, ranging from
no symptoms to overt heart failure, syncope, or sudden death.
Age at diagnosis ranges from early infancy through late adult-
hood. Nearly, a quarter of RCM patients have a family history of
cardiomyopathy.'® A third of patients with RCM have a mixed
phenotype with characteristics of RCM and HCM.!* Many of
the clinical manifestations of RCM are the result of elevated
filling pressures that cause pulmonary edema, pulmonary hy-
pertension, hepatomegaly, and peripheral edema. Children with
RCM may have a history of reactive airway disease or frequent
respiratory infections that prompt referral to cardiology after a
chest radiograph shows cardiomegaly. Syncope is an ominous
presenting manifestation, presumably caused by ischemia, ar-
rhythmia, or thromboembolism, and increases the risk of sud-
den death. Enlarged atria increase the risk of clot formation and
stroke in addition to atrial arrhythmias. Patients are also at risk
of sudden cardiac death from ventricular arrhythmia or heart
block.'*130 In the later stages of disease, systolic function may
fail. Although cardiac magnetic resonance imaging may help
distinguish RCM from constrictive pericarditis and infiltrative
disease (eg, amyloidosis, sarcoidosis, and hemochromatosis) in
adults, its diagnostic usefulness in children is minimal given
that these other diagnoses are rarely seen in the pediatric age
group.’! Cardiac catheterization is an excellent method to dis-
tinguish RCM from constrictive pericarditis. In addition, it can
assess the degree of abnormal left and right heart filling pres-
sures and pulmonary hypertension.

Outcomes and Risk Prediction

Children with RCM have notably poor outcomes. In the largest
cohort study to date, 5-year survival from the diagnosis of RCM
was 68%.'® Transplant-free survival in children with pure RCM

is worse than in children with a mixed RCM/HCM phenotype,
with 1- and 5-year survivals of 48% and 22% versus 77% and
68%, respectively. Congestive heart failure and lower short-
ening fraction z score at presentation in all RCM patients and
higher posterior wall thickness z score in the mixed RCM/HCM
phenotype predicted worse outcomes.'® Arrhythmia monitoring
is necessary to identify patients with conduction disturbances
or tachyarrhythmias. Atrial or ventricular arrhythmias, ischemic
changes, or pulmonary hypertension predict worse outcomes.'>
Pulmonary hypertension can develop rapidly in patients with
RCM in the absence of significant heart failure.!>*!5

Medical Management

No medical therapies have been described to treat diastolic
dysfunction in RCM. Diuretics can improve pulmonary and
systemic venous congestion but must be balanced with the
need to maintain adequate preload. Anticoagulation should
be considered to avoid clot formation in the atria and prevent
thromboembolic events. Arrhythmias can be treated with an-
tiarrhythmia medications and AICD placement, but the effec-
tiveness of these therapies is not well described.'°

Transplantation

Given the limited medical therapies, poor mechanical support
options, and the absence of risk factors that consistently pre-
dict rapid disease progression or sudden death, early consid-
eration for heart transplantation has been promoted for RCM
patients. Overall waitlist mortality for children with RCM is
low, at 10%.'>* Children requiring mechanical support and in-
fants have a significantly higher risk of death while on the
waitlist. After transplantation, 1- and 5-year survival is 89%
and 77%, respectively.’* Overall survival 10 years after trans-
plantation is similar to that of children receiving transplants
for other forms of cardiomyopathy.'3 Better methods of risk
stratification to identify patients who would benefit from early
heart transplantation are needed.

Disease-Specific Therapies in RCM

Although medical therapies that treat diastolic dysfunction are
lacking, the genetic characterization of RCM has improved
understanding of the pathways involved in the development
of RCM and may offer insights into potential disease-specific
therapeutic targets. Mutations in the desmin gene have been
found in areas of the gene that are critically relevant for filament
assembly and interaction with other cytoskeletal proteins.'s®
Multiple mutations in the sarcomeric genes have been identified
in RCM that potentially disrupt the actin-binding domain of tro-
ponin I and areas of the tropomyosin-binding domain through
mechanisms that may increase calcium sensitivity of contrac-
tion and the cooperatively of thin filament interactions.? !¢ A
knockin murine model of mutant myopalladin that results in
RCM demonstrated changes in the mechanosensory proteins
without contractile impairment, which may explain why medi-
cal therapies that target 3-receptors or the renin—angiotensin—
aldosterone system pathway are not effective in RCM.'>’

Noncompaction Cardiomyopathy

Molecular Genetics of NCM
Noncompaction of the left ventricle is a common finding in
Barth syndrome, an X-linked recessive disorder caused by a
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mutation in the tafazzin (7AZ) gene on chromosome Xq28.
Presentation is commonly mixed in association with DCM. '3
In addition, other inborn errors of metabolism, including gly-
cogen storage disease type 1b, malonyl coenzyme A decar-
boxylase deficiency, and cobalamin C deficiency, have been
reported with NCM. Although specific genetic mutations have
not been identified, NCM can occur with any form of con-
genital heart disease but is most commonly associated with
pulmonary stenosis or septal defects.'™ NCM has also been
associated with aneuploidies (Turner syndrome or trisomy
21, 18, and 13), copy number variations (22q11 deletion and
1p36 deletion), neuromuscular disease (Duchenne, Becker,
limb-girdle, and multiminicore), and other genetic syndromes
(Soto, Marfan, and the RASopathies).

Clinical Concepts in NCM

Despite its designation as a separate cardiomyopathy by the
American Heart Association in 2006,'® the definition of NCM
remains controversial. The debate focuses on whether it is a
distinct cardiomyopathy or a description of a morphological
feature of other cardiomyopathies,'®' as well as whether differ-
ent causes represent unique diagnoses with different charac-
teristics and outcomes. Current evidence suggests that NCM
can be a manifestation of a developmental abnormality or sec-
ondary to other diseases.

Data support NCM as a manifestation of premature ar-
rest of myocardial development during embryogenesis.
Before the coronary arteries develop, the myocardium is
trabeculated, which regresses once the coronary arteries
form between weeks 5 and 8 of embryogenesis. The prema-
ture arrest of this final stage of cardiac morphogenesis leads
to incomplete myocardial compaction with persistence of
ventricular trabeculations and deep intertrabecular recesses,
which may adversely affect subendocardial perfusion.'s?
Subendocardial ischemia increases fibrous and elastic tis-
sue on the endocardial surface, contributing to the clinical
phenotype of NCM.'%*

Presentation
The clinical phenotype of NCM in children ranges from a
benign to a severe course with progressive systolic or dia-
stolic dysfunction, life-threatening arrhythmias, or thrombo-
embolism. In the largest pediatric NCM study, nearly 40% of
patients were infants, and 25% had a family history of car-
diomyopathy. The signs and symptoms at presentation were
heart failure (25%), suspected arrhythmia (17%), or murmur
(18%).'%* Electrocardiograms were abnormal in nearly all pa-
tients, with 8% displaying preexcitation. A third of patients
had a documented tachyarrhythmia, including ventricular
tachycardia (17%), atrial tachycardia (6%), and reentrant
supraventricular tachycardia (8%). Patients with NCM and
Barth syndrome have associated skeletal myopathy, neutrope-
nia, prepubertal growth delay, and cardiomyopathy.!6>166
NCM is associated with an undulating phenotype char-
acterized by transient improvements and declines in systolic
function. NCM is commonly a component of a mixed pheno-
type: HCM/DCM (28%), HCM (27%), and DCM (19%), with
more than half of patients presenting with systolic dysfunction
and the eventual development of systolic dysfunction in an
additional subset.'**
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Outcomes and Risk Prediction

Children with NCM who have normal cardiac dimensions and
normal systolic function are at very low risk for an adverse
outcome. These findings are in contrast to outcomes in adults
with NCM in whom heart failure and ventricular arrhythmia
are frequent, and outcomes are poor.'®” Children with an NCM
and a mixed or dilated phenotype have a worse prognosis with
an incidence of death or transplantation (18%-25%) that is
higher in infants or those with congenital heart disease. Thus,
differentiating the NCM subtype has important prognostic im-
plications.?*'** Systolic dysfunction has been associated with
an increased risk of arrhythmia, and arrhythmia independent
of systolic dysfunction is a separate risk factor for sudden
death. The mechanisms for arrhythmia remain unclear, with
studies suggesting that progressive subendocardial ischemia
and arrest of fetal myocardial development contribute to ar-
rhythmogenesis.!** The majority of NCM patients who have
undergone heart transplantation are pediatric with an average
age of 3 years.'s

Medical Management

Approaches to the diagnosis and management of pediatric
NCM are variable. The lack of consensus on diagnostic criteria
leads to under- and overdiagnosis of the phenotype and limits
understanding of the natural history of the disease. Single-
center and multicenter data provide a basis for evaluating
children with NCM but often focus on isolated NCM. Given
these data, many centers evaluate children annually with non-
invasive imaging (echocardiography or cardiac magnetic reso-
nance imaging), electrocardiography, and ambulatory Holter
monitoring. For older children who can comply, stress testing
may also screen for exercise-induced arrhythmias. For those
children with concomitant phenotypes, such as NCM/DCM or
NCM/HCM, evaluation is typically more frequent, with many
centers evaluating patients every 6 months or more often if
symptoms change.

Thromboembolic disease in association with NCM occurs
in £24% of adults.'”” Many centers treat adults with antiplate-
let therapy or systemic anticoagulation, especially those with
a history of systolic dysfunction. No data have been reported
about the risk or occurrence of thromboembolic disease in pe-
diatric NCM. Whether the risk profile for stroke is different in
children is unclear and is a needed area of study given the po-
tential impact of under- or overtreatment with anticoagulants
on morbidity and mortality. The ability to identify patients at
risk of sudden cardiac death remains limited, and there are no
specific risk scores for pediatric NCM. The risks and benefits
of AICD use must be weighed against the potential risk of
sudden arrest. A better understanding of appropriate medical
therapies is needed to assess efficacy. Preliminary data sug-
gest that conventional remodeling therapies may be effective
in NCM with a concomitant DCM phenotype, but larger stud-
ies are needed in the setting of mixed NCM disease.'®

Disease-Specific Therapies in NCM

Tafazzin is an acyltransferase responsible for acylation of car-
diolipin, the major phospholipid of the mitochondrial mem-
brane. TAZ deficiency impairs mature cardiolipin production
and mitochondrial function and has substantial downstream
effects on sarcomere assembly and myocardial contraction.
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TAZ deficiency destabilizes mitochondrial respiratory chain
complexes and affects supercomplex assembly. Changes in
cardiac proteome have been identified and measured in TAZ
knockdown mouse models of human Barth syndrome.'”
The ability to generate induced pluripotent stem cell-cardio-
myocyte models from individuals with Barth syndrome is
an important development that may speed the assessment of
potential therapies to correct the metabolic phenotype of the
disease.'”!

Future Research Directions

Several large longitudinal registries have provided invalu-
able data characterizing the epidemiology and outcomes of
pediatric cardiomyopathies over the past 2 decades. Pediatric
cardiomyopathies have a significant burden of disease in the
affected population, and more precise biomarkers are needed
to distinguish patients at risk who would benefit from invasive
therapies such as AICD, mechanical assist, or transplantation
from those who will remain clinically well or even improve
over time. The increasing application of genomic analysis to
the pediatric cardiomyopathy population is creating a wealth
of information that requires expanded registry participation to
further understanding of the pathogenic mechanisms underly-
ing pediatric cardiomyopathies and the genetic, environmen-
tal, and other, as of yet undiscovered, modifying factors that
impact the severity of disease. Clinical trials evaluating adult
heart failure therapies in children are desperately needed to
establish their safety and efficacy because there is evidence
that the pathophysiology of heart failure and arrhythmias in
the pediatric cardiomyopathy population differs from adults.
Disease-specific therapies based on the underlying pathophys-
iology and genetics hold promise for the future.
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