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1
General Introduction 

Cardiomyopathies, which are characterized by abnormal ventricular myocardial structure or 

function, are the most common cause of childhood heart failure. They affect 1 to 2 individuals 

per 100,000 annually, with the highest incidence in children under age 1 year.1-4 The aetiology 

of paediatric cardiomyopathy is diverse and includes coronary artery abnormalities and 

infectious, environmental (e.g. toxins) and genetic causes. Originally, the Internal Society and 

Federation of Cardiology Task Forces and the World Health Organisation, made a differentiation 

between idiopathic or ‘primary’ heart muscle disorders and heart muscle disorders with similar 

morphological features but distinct aetiology, such as cardiomyopathy due to metabolic, 

neuromuscular, syndromic or inflammatory diseases.5 The genetic revolution of the past decades 

made the term ‘idiopathic’ largely redundant as the ‘idiopathic phenotypes’ were increasingly 

linked to specific genes and gene variants. However, in the clinical setting, classification of 

cardiomyopathies continues to be driven mainly by clinical presentation, morphological criteria 

and heart function.6 

Classification of cardiomyopathies

There are two major classification systems of cardiomyopathy currently being used: the 

classification system of the European Society of Cardiology (ESC)7 and the definition 

and classification system of American College of Cardiology/American Heart Association 

(AHA).8 The ESC classification is primarily based on phenotype and cardiac morphology. 

The AHA classification relies substantially on the aetiology of myocardial diseases and is 

based on advances made in the understanding of the genomic and molecular causes of 

cardiomyopathy. 

According to the ESC “cardiomyopathy” is defined as “a myocardial disorder in which the heart 

muscle is structurally and functionally abnormal, in the absence of coronary artery disease, 

hypertension, valvular disease and congenital heart disease, sufficient to cause the observed 

myocardial abnormality”.7 In this classification system, cardiomyopathies are sub-classified 

into five distinct groups: hypertrophic, dilated, restrictive, arrhythmogenic and “unclassified” 

cardiomyopathies including left ventricular noncompaction (or noncompaction cardiomyopathy, 

NCCM). Each phenotype can be divided into familial/genetic and non-familial/non-genetic 

forms. Familial/genetic cardiomyopathy includes sarcomeric, Z-band, cytoskeletal, nuclear 

membrane and intercalated disk protein defects; inborn errors of metabolism (IEM); syndromic 

cardiomyopathy; mitochondrial diseases and familial amyloidosis. Patients with identified de 

novo variants are allocated to the familial/genetic category as their disorder is caused by the 

genetic aberration and can be passed on to their offspring7 (Figure 1A).
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In the classification system proposed by the AHA, the definition of cardiomyopathy is somewhat 

different from that of the ESC: “Cardiomyopathies are a heterogeneous group of diseases of 

the myocardium associated with mechanical and/or electrical dysfunction that usually (but not 

invariably) exhibit inappropriate ventricular hypertrophy or dilatation and are due to a variety 

of causes that frequently are genetic. Cardiomyopathies are either confined to the heart or are 

part of generalized systemic disorders, and often lead to cardiovascular death or progressive 

heart failure-related disability”.8 The AHA classification system divides the cardiomyopathies 

into two major groups: primary cardiomyopathies that are solely or predominantly confined 

to heart muscle, including genetic, mixed and acquired cardiomyopathies, and secondary 

cardiomyopathies, either genetic or non-genetic, that show myocardial involvement as part 

of a generalized systemic (multi-organ) disorder (Figure 1B). In this classification system, 

hypertrophic cardiomyopathy (HCM), left ventricular noncompaction and arrhythmogenic 

cardiomyopathy (ACM) are categorized as primary genetic cardiomyopathies. Dilated 

cardiomyopathy (DCM) and restrictive cardiomyopathy (RCM) belong to the mixed primary 

subcategory. Mitochondrial disorders and Danon disease are considered primary (genetic) 

cardiomyopathies, while other (genetic) glycogen storage disorders, IEM, neuromuscular 

disorders and malformation syndromes are categorized as secondary cardiomyopathies 

(Figure 1B). While the AHA definition and classification of cardiomyopathy incorporates both 

mechanical and electrical diseases, the ESC rules out ion channel and conduction system 

diseases from the umbrella of cardiomyopathies. 

Both classification systems are aimed at classifying adult-onset cardiomyopathies. In children, 

however, cardiomyopathies often present a mixed phenotype (e.g. DCM/HCM or DCM/

NCCM9), can change from one type to another and have aetiology that often remains unknown. 

Epidemiology

The onset of symptoms in patients with isolated cardiomyopathy usually occurs in early 

adulthood (between 20-40 years of age)10, but may range from prenatal-onset to diagnosis 

after 75 years of age. Disease severity is highly variable, even within families, varying from 

asymptomatic to severe end-stage heart failure requiring cardiac transplantation. Since 1994, 

the Pediatric Cardiomyopathy Registry, funded by the National Heart, Lung and Blood Institute, 

has studied the epidemiologic features and clinical course of paediatric cardiomyopathy in the 

United States.11 A similar, population-based, retrospective cohort study was also performed 

in Australia to document the epidemiology of childhood cardiomyopathy. HCM and DCM 

are the most common disorders with annual incidences of 0.24-0.47/100,0001,3,12 and 0.57-

0.73/100,000 children, respectively.3,13 These studies also reported on the incidence according 

to age at presentation, although a true comparison is hampered by differences in patient selection 

(isolated vs non-isolated), age grouping and data presentation. Most children with DCM were 

diagnosed at <1 year of age, with a median age at diagnosis of 7.5 months - 1.5 years.1,3,13 For 
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HCM, the patient’s ages at diagnosis varied between different studies. Two studies reported a 

higher incidence in infants (aged <1 year)3,12, while (idiopathic) HCM was diagnosed at all ages 

in the study by Arola et al.1. A recent study in the UK showed that 23% of children with HCM 

presented under the age of 1 year and 46% during the pre-adolescent years (1-12 years old), 

with a median age of 5.2 years (range 0-16).14 In general, patients with idiopathic or familial HCM 

tend to present at older ages than patients with a different aetiology for their HCM.1,14 However, 

this peak in early adolescence may partly be explained by current guidelines that recommend 

family screening start at age 1015 or 12 years.16

RCM has an incidence of 0.03-0.04/100,000 children annually and accounts for only 2.5-

4.5% of all paediatric cardiomyopathies.2,3 NCCM was diagnosed in 4.8-9.2% of cases3,9, either 

isolated (23%) or in conjunction with another phenotype (mixed NCCM/DCM 59%, mixed 

NCCM/HCM 11%).9 Although two autosomal recessive forms of ARVC/D are recognized in 

the paediatric population (Carvajal syndrome and Naxos disease), ARVC/D is extremely rare in 

this population, and its exact incidence is unknown. This thesis focuses on the genetic aspects 

of cardiomyopathies in children, particularly in HCM and DCM, either isolated or syndromic. 

Diagnosis, risk factors and treatment

Hypertrophic cardiomyopathy. HCM is the most common genetic heart disease affecting 

approximately 1 in 500 in the general adult population17, and is characterized by an increased 

ventricular wall thickness that is not solely explained by abnormal loading or structural heart 

conditions such as congenital heart disease, valve disease and hypertension. The AHA considers 

HCM a disease resulting from pathogenic variants in genes encoding proteins of the cardiac 

sarcomere. Other inherited diseases may mimic the phenotypic and clinical features of sarcomeric 

HCM, but are caused by variants in other genes. These are considered phenocopies. As discussed 

earlier, the ESC considers all types of asymmetric left ventricular hypertrophy (LVH) as HCM. 

Most adult sarcomere-related HCM patients experience minimal symptoms throughout their 

lifetime18. Sudden cardiac death (SCD), the most feared complication of HCM occurs in <1% of 

patients, but can be higher in a small subset of patients.19-22 In young (asymptomatic) athletes, HCM 

is the most common cause of SCD23,24, and SCD may be the first presenting symptom, particularly in 

adolescents and young adults.25 The most common complications of HCM leading to morbidity and 

mortality are atrial fibrillation (20–25%), heart failure (22%) and end-stage heart failure (3%).26,27 

Due to diastolic dysfunction or left ventricular outflow tract obstruction, patients may complain of 

exertional dyspnoea, exercise intolerance, orthopnoea and peripheral oedema. Some adult patients 

experience ischemic chest pain due to imbalance between myocardial oxygen supply and demand. 

Finally, palpitations, presyncope and syncope, often caused by recurrent nonsustained ventricular 

tachycardia (nsVT), are among the cardinal clinical manifestations in adults. Orthopnoea and 

peripheral oedema are usually symptoms of end-stage HCM with systolic heart failure. 
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Cardiomyopathies

HCM

Non-familial/Non-genetic

UnclassifiedDCM ARVC RCM

Familial/Genetic

Unidentified
Gene defect

Disease 
sub-type

Disease 
sub-type

Idiopathic

A.

Primary cardiomyopathies
(Predominantly involving the heart)

AcquiredGenetic Mixed

Ion channel disorders

HCM

ARVC/D

LVNC

Glycogen storage

Conduction defects

Mitochondrial myopathies

Inflammatory (myocarditis)

Infants of insulin-dependent 
diabetic mothers

Tachycardia-induced

Peripartum

Stress provoked (Tako-tsubo)
DCM Restrictive 

Brugada LQTS Asian 
SUNDS

SQTS CPVT

Secondary cardiomyopathies (systemic diseases involving the heart) are listed as: autoimmune/collagen diseases,
cardiofacial syndromes, electrolyte imbalance, endocrine diseases, endomyocardial diseases, infiltrative diseases
(including amyloidosis and Gaucher, Hurler’s and Hunter’s disease), inflammatory (granulomatous) conditions,
neuromuscular/neurological disorders, nutritional deficiencies, storage disorders (including hemochromatosis, Fabry,
GSD type 2, Niemann-Pick disease) and toxicity (including side-effects of cancer treatment).

B.
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◀ Figure 1. (A) Classification system of cardiomyopathies from the European Society of Cardiology 

Working Group on Myocardial and Pericardial Diseases7. The familial/genetic subgroup is divided into 

a subgroup with unknown genetic aetiology but familial occurrence of the same disorder or the same 

phenotype that could be caused by the same genetic variant and a subgroup of disorders with known 

(de novo or inherited) genetic defect. The non-familial/non-geneti cardiomyopathies are subdivided 

into idiopathic (no identifiable cause) and acquired cardiomyopathies in which ventricular dysfunction 

is a complication of the disorder rather than an intrinsic feature of the disease. HCM=hypertrophic 

cardiomyopathy, DCM=dilated cardiomyopathy, ARVC=arrythmogenic right ventricular cardiomyopathy, 

RCM=restrictive cardiomyopathy. (B) Classification system of cardiomyopathies as detailed in the 

American Heart Association Scientific Statement. GSD=glycogen storage disease, LVNC=left ventricular 

noncompaction, LQTS=long QT syndrome, SQTS=Short QT syndrome, CPVT=catecholaminergic 

ventricular polymorphic tachycardia, SUNDS=sudden unexpected nocturnal death syndrome. Modified 

from.8

The most common ECG abnormalities in adults are voltage changes of LVH, ST-T wave changes and 

deep Q waves probably caused by depolarization of a hypertrophied interventricular septum.28 

ECG abnormalities may precede LVH29, which can be diagnosed with echocardiography or other 

imaging techniques, and is usually most obvious at the anterior part of the interventricular 

septum, resulting in an asymmetrical septal appearance.30 According to the AHA, HCM in an 

adult may be diagnosed by the presence of left ventricular (LV) end diastolic wall thickness 

>13 mm.17 According to the ESC, a LV end diastolic wall thickness of ≥15 mm is diagnostic31, 

which results in a lower sensitivity but higher specificity. In first-degree relatives of patients 

with HCM, LV wall thickness ≥13 mm is sufficient to diagnose HCM.31 In 25-40% of patients, 

LVH is accompanied with systolic anterior motion of the mitral valve leaflets, which may lead to 

left ventricular outflow tract obstruction.32 Other echocardiographic findings may be abnormal 

diastolic function, increased left atrial volume and hyperkinetic myocardial tissue. Myocyte 

hypertrophy, disarray and increased interstitial fibrosis are the pathophysiological hallmarks of 

sarcomere-related HCM.33 Cardiac magnetic resonance imaging (MRI) has emerged as a useful 

tool for providing precise measurements of cardiac structure and to quantify late gadolinium 

enhancement, a marker of interstitial fibrosis.34 Late gadolinium enhancement is frequently 

detectable in patients with HCM, and its extent is associated with adverse clinical outcomes 

including heart failure, SCD and other cardiac arrhythmias.35-37 Therapy includes treatment 

with β-adrenergic receptor blockers, calcium channel blockers, implantable  cardioverter-

defibrillator (ICD) implantation, septal myectomy or alcoholic septal ablation and, more rarely, 

cardiac transplantation. Prognosis of HCM is relatively good, with approximately two thirds of 

patients having a normal life-span without significant morbidity22,38, although aborted SCD, VF, 

haemodynamically significant VT, nsVTs, a family history of premature sudden death and LV wall 

thickness >30 mm are among the risk factors for sudden death.39
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In infants and children with HCM, the majority of cases are genetically uncharacterized and 

most cases are non-familial. Particularly in the paediatric age group, the differences in the 

definition of HCM between the AHA and ESC are confusing, as at least 5-25% of cardiac 

hypertrophy in children results from non-sarcomere related diseases12, in contrast to less 

than 3% in adults.12,40 In the paediatric population, the term HCM is often used to imply the 

phenotype.41 In infants and children increased LV wall thickness (z-score ≥2 above the body-

surface-corrected mean) is sufficient to diagnose HCM (z-score nomograms are described 

by Pettersen et al.42). Prenatally, HCM can present as increased nuchal translucency 

thickness or foetal hydrops, increased cardiothoracic area ratio, tricuspid or mitral valve 

regurgitation, reversed flow in the ductus venosus and absent or reversed end-diastolic 

umbilical artery flow.43,44 In children <1 year of age, a diagnosis of HCM is often made during 

evaluation for a heart murmur or heart failure symptoms, including poor feeding, failure to 

thrive and excessive sweating (Table 1). In older children, symptoms of heart failure are 

rare and cardiac arrest or sudden death may the presenting event, even in a previously 

healthy child. 

Current clinical practice guidelines recommend family screening for first degree child 

relatives from the age of 10 years onwards16,31 or in younger children when they have 

symptoms of HCM, when there is a family history of early onset HCM or sudden death 

in childhood, or when children enrol in a competitive sport program with particularly 

demanding physical activity.15 In asymptomatic children who underwent predictive testing 

after diagnosis of a relative with HCM, approximately 5% received a diagnosis of HCM 

with a median age of 12.2 years (range 5-16.3).45,46 A recently published study by Norrish 

et al. found 57 of 1198 presymptomatic children (4.7%) were diagnosed with HCM. They 

excluded patients with a family history of IEM, neuromuscular disease or a malformation 

syndrome. Age at diagnosis was under 1 year in six patients (11%), 1-6 years in 15 patients 

(26%), 7-12 years in 20 patients (35%) and above 12 years in 16 patients (28%). As the 

majority presented as pre-adolescents, the authors suggest that clinical screening should 

commence before the age 10 years.47 However, they also show that patients with a childhood 

diagnosis were more likely to have a family history of childhood HCM (n=32, 56% vs n=257, 

23%; p <0.001).47

Typical electrocardiographic features in children are repolarisation abnormalities, i.e. 

negative T waves in more than one consecutive inferolateral lead (lead II, III, aVF, V5-V6) and 

pathological Q waves, whereas voltage criteria for LVH are less specific.48 Short PR-interval 

(pre-excitation) or AV-conduction abnormalities may point towards certain subtypes of 

HCM. Medical treatment strategies in paediatric HCM are extrapolated from adult studies, 

as medical therapy for treatment of symptoms has not been rigorously studied in children.49 

Septal myectomy has been proven effective in children50, but data about other therapies 
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in children are limited. ICDs are effective at aborting malignant arrhythmias51,52 but this 

is at the expense of a relatively high rate of ICD complications (9.5% per year), the need 

for (multiple) device replacements and the possible psychological distress.53 In children 

with advanced heart failure, extracorporal membrane oxygenation, which provides total 

cardiopulmonary support, or a ventricular assist device support can be considered as a 

bridge to heart transplantation. In severe end-stage HCM, heart transplantation is the only 

viable life-saving option, but donor availability is limited.

Prediction of clinical outcome for paediatric patients with HCM is challenging because of 

the substantial heterogeneity of the population. Risk factors for poor outcomes are different 

in children as compared to adults, and vary according to HCM subgroup, but they generally 

include young age, low weight, history of (pre)syncope, presence of congestive heart failure, 

lower left ventricular fractional shortening (LV FS), or higher left ventricular posterior 

or septal thickness at the time of diagnosis.54-56 In contrast to adults, the association of 

specific ventricular arrhythmias with the risk of SCD is limited in children.49,54,57 A systematic 

review and meta-analysis of clinical risk factors predicting SCD in 3394 children with HCM 

identified four major factors – previous adverse cardiac event, nsVT, unexplained syncope 

and extreme LVH – although the authors excluded rarer phenocopies such as RASopathies.58 

Furthermore, the usefulness of cardiac MRI to predict adverse outcomes has not been 

widely studied in children.49,59,60 Well-designed multi-centre studies are needed in the future 

to confirm and define major and minor risk factors in paediatric HCM.

Apart from the risk factors mentioned above, survival rate highly depends on aetiology 

(Table 2). For idiopathic HCM (aged 0-18 y), five and ten year survival is 90% and 85%, 

respectively12, although the one year survival from time of diagnosis of (idiopathic) HCM 

is worse for children diagnosed before 1 year of age (85.8% <1 y of age compared with 

99.2% >1 y of age).12 One year transplantation-free survival of HCM (n=21, including 43% 

idiopathic cases) diagnosed prenatally and actively managed was even worse (18%).43 

Table 1. Common sign and symptoms of heart failure in children. Adapted from Das102. 

Infants Toddlers School Age Adolescents

Growth failure Respiratory distress Fatigue Chest pain

Persistent tachypnoea Poor appetite Exercise intolerance Dyspnoea

Hepatomegaly Decreased activity Poor appetite Abdominal pain

Respiratory distress Hepatomegaly Hepatomegaly Nausea/vomiting

Orthopnoea Hepatomegaly

Weight loss Orthopnoea
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Dilated cardiomyopathy. DCM in both children and adults is characterized by systolic dysfunction 

and LV dilation in the absence of abnormal loading conditions such as valve disease. Right 

ventricular dilation or dysfunction may also be present. Clinical symptoms at diagnosis in 

children range from no symptoms (10-30%) to (severe) acute heart failure in the majority of 

patients (70-90%) due to impaired LV systolic function.1,13,61 Young children mostly present 

with symptoms such as feeding difficulties, failure to thrive and dyspnoea, while older children 

commonly present with fatigue and exercise intolerance, but symptoms may also mimic upper 

respiratory tract infections (Table 1). Prenatally, the same presenting symptoms as described 

for HCM may indicate heart failure due to DCM.43,44 Electrocardiographic changes can include 

atrioventricular conduction disorders and signs of inferolateral repolarisation abnormalities. 

Typically, LV enddiastolic dimension is >2 SD above the mean for body surface area and LV FS 

and LV ejection fraction (LVEF), as measured by echocardiography, are >2 SD below the mean 

for age.62 Alternatively LV FS is less than 25% and LVEF is less than 50%.63 Histopathological 

features include myocyte hypertrophy and degeneration, disarrangement of muscle bundles 

and increased interstitial fibrosis. In children fibrosis is often patchy, in contrast to adults, where 

perivascular fibrosis is predominant.64 Several studies have reported risk factors present at 

diagnosis, including older age (>5-6 years), congestive heart failure, lower fractional shortening, 

and higher B-type natriuretic peptide levels.13,65-67 Treatment consists of medical therapies to 

treat symptoms of heart failure, mechanical support and heart transplantation. A recent study 

showed promising results for pulmonary artery banding for functional regeneration of end-

stage DCM in young children.68 Transplant-free survival ranges from 60% to 70% within 5 years 

after diagnosis (Table 2), and 20-45% of patients regain normal cardiac function during the 

same period.61,65,69-71

Table 2. 5-year survival rate from time of diagnosis of cardiomyopathy by aetiology (%, 95% CI). 

Adapted from Colan et al.12 and Towbin et al.13

HCM DCM

IEM 42 (28-55) 83 (71-94)

MFS 74 (63-86) 76 (45-100)

NMD 98 (95-100) 57 (44-70)

idiopathic 90 (87-93) 76 (71-80)

IEM=inborn error of metabolism, MFS=malformation syndrome, NMD=neuromuscular disease.
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Aetiology of HCM and DCM

Most cardiomyopathies, both adult- and paediatric-onset, are isolated (no extracardiac disease) 

and inherited as an autosomal dominant trait. The genetic background of all different types 

of cardiomyopathy is heterogeneous and there is considerable overlap: variants in the same 

gene can result in different subtypes of cardiomyopathy and subtypes of cardiomyopathy can 

be caused by different genes. In both children and adults with isolated HCM, variants occur 

predominantly in MYBPC3, which encodes myosin-binding protein C, and MYH7, which encodes 

myosin heavy chain 7.72-74 In paediatric-onset DCM, TTN (encoding titin), RBM20 (encoding RNA-

binding motif protein 20) and TNNT2 (encoding troponin T2) show the highest contribution, 

although MYH7 variants are enriched in children <1 years of age.75 Most of the genes involved 

in idiopathic/familial DCM, including those encoding components of the sarcomere, Z-band, 

nuclear membrane, desmosome and calcium handling proteins, are also involved in paediatric 

DCM. In children presenting with severe, early-onset cardiomyopathies that are either fatal 

or require transplantation, pathogenic variants in these genes tend to occur de novo.49 Some 

of these paediatric-onset cases have been associated with variants in multiple genes or with 

bi-allelic variants, i.e. a variant in both copies of one gene.76-79 

Pathogenic variants in genes encoding structural components of the heart muscle, however, 

are responsible for only one-fourth to one-third of cases.80 Both HCM and DCM presenting 

in childhood represent a heterogeneous group of disorders, and they can also occur in the 

context of neuromuscular disease, disorders of metabolism and energy production (IEM and 

mitochondrial diseases) or malformation syndromes. Therefore, a thorough medical history, 

including growth, feeding difficulties or intolerances, seizures, vision- and hearing loss, 

and developmental milestone assessment should be performed as well as a comprehensive 

physical examination attending to dysmorphic features suggesting a genetic syndrome. These 

neuromuscular disorders, IEM or genetic syndromes can be autosomal dominant (+ de novo), 

autosomal recessive and X-linked inherited, but chromosomal aberrations81-83, or mitochondrial 

DNA (mtDNA) variants84 may also underlie disease. The most common genes implicated in 

paediatric HCM and DCM are listed in Table 3.
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Table 3. Genes commonly associated with paediatric-onset cardiomyopathy.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

Sarcomere

ACTC1 X X RCM, NCCM AD Atrial septal defect

TNNC1 X X AD

TNNI3 X X RCM, NCCM AD/AR

TNNT2 X X RCM, NCCM AD

TPM1 X X NCCM AD

MYBPC3 X X RCM, NCCM AD

MYH7 X X RCM, NCCM AD Myopathy

MYL2 X (AD) X (AR) AD/AR Infantile type I muscle fibre disease and 

cardiomyopathy (AR)

Hypotonia

MYL3 X RCM AD/AR

Z-disc

ACTN2 X X NCCM AD

CSRP3 X X AD

LDB3 X X NCCM AD Myofibrillar myopathy Muscle weakness, peripheral neuropathy

TCAP X X AD/AR LGMD (AR) Muscle weakness

TTN X X AD/AR Proximal myopathy with early respiratory 

muscle involvement (AD), LGMD (AR), Salih 

myopathy (AR)

Muscle weakness, respiratory failure, joint 

contractures, scoliosis

Desmosome

DSG2 X ACM AD

DSP X ACM AD/AR Carvajal syndrome (AR), lethal acantholytic 

epidermolysis bullosa (AR)

Woolly hair, keratoderma, progressive generalized 

skin erosions, cutis aplasia, alopecia

Cytoskeletal

VCL X X AD

Intermediate filament

DES X AD/AR LGMD (AR), myofibrillar myopathy (AD/AR) Muscle weakness

Nuclear membrane

EMD X XLR EDMD Contractures, muscle weakness

LMNA X X RCM AD/AR Congenital muscular dystrophy (AD), EDMD (AD/

AR), heart-hand syndrome (AD)

Muscle weakness, brachydactyly, symphalangism, 

syndactyly

Plasma membrane

CAV3 X AD/AR LGMD (AD/AR), long QT (AD) Muscle weakness

SGCD X AD/AR LGMD (AR) Muscle weakness
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Table 3. Genes commonly associated with paediatric-onset cardiomyopathy.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

Sarcomere

ACTC1 X X RCM, NCCM AD Atrial septal defect

TNNC1 X X AD

TNNI3 X X RCM, NCCM AD/AR

TNNT2 X X RCM, NCCM AD

TPM1 X X NCCM AD

MYBPC3 X X RCM, NCCM AD

MYH7 X X RCM, NCCM AD Myopathy

MYL2 X (AD) X (AR) AD/AR Infantile type I muscle fibre disease and 

cardiomyopathy (AR)

Hypotonia

MYL3 X RCM AD/AR

Z-disc

ACTN2 X X NCCM AD

CSRP3 X X AD

LDB3 X X NCCM AD Myofibrillar myopathy Muscle weakness, peripheral neuropathy

TCAP X X AD/AR LGMD (AR) Muscle weakness

TTN X X AD/AR Proximal myopathy with early respiratory 

muscle involvement (AD), LGMD (AR), Salih 

myopathy (AR)

Muscle weakness, respiratory failure, joint 

contractures, scoliosis

Desmosome

DSG2 X ACM AD

DSP X ACM AD/AR Carvajal syndrome (AR), lethal acantholytic 

epidermolysis bullosa (AR)

Woolly hair, keratoderma, progressive generalized 

skin erosions, cutis aplasia, alopecia

Cytoskeletal

VCL X X AD

Intermediate filament

DES X AD/AR LGMD (AR), myofibrillar myopathy (AD/AR) Muscle weakness

Nuclear membrane

EMD X XLR EDMD Contractures, muscle weakness

LMNA X X RCM AD/AR Congenital muscular dystrophy (AD), EDMD (AD/

AR), heart-hand syndrome (AD)

Muscle weakness, brachydactyly, symphalangism, 

syndactyly

Plasma membrane

CAV3 X AD/AR LGMD (AD/AR), long QT (AD) Muscle weakness

SGCD X AD/AR LGMD (AR) Muscle weakness
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Table 3. Continued.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

Other

CRYAB X X AD/AR Myofibrillar myopathy (AD/ AR) Muscle weakness, cataract

RBM20 X AD

FLNC X RCM AD Myofibrillar myopathy, distal myopathy Muscle weakness

Mitochondrial

ACAD9 X X AR Mitochondrial complex I deficiency Liver failure, muscle weakness, encephalopathy, 

lactate acidosis, thrombocytopenia

MT-TL1 X X Mt MELAS Hearing loss, cataract, ophthalmoplegia, 

myopathy, diabetes mellitus, seizures

Syndromic 

ALPK3 X X NCCM AR Short stature, facial dysmorphisms, cleft palate, 

joint contractures, scoliosis

BRAF X AD CFC, LEOPARD, Noonan Short stature, (relative) macrocephaly, facial 

dysmorphisms, mild to moderate MR

EPG5 X X AR Vici syndrome Failure to thrive, microcephaly, facial 

dysmorphisms, CNS abnormalities, MR, recurrent 

infections (decreased serum IgG)

HRAS X AD Costello Foetal overgrowth, short stature, facial 

dysmorphisms, deep palmar and plantar creases

KRAS X AD CFC, Noonan Short stature, (relative) macrocephaly, facial 

dysmorphisms, mild to moderate MR

PTPN11 X AD LEOPARD, Noonan Short stature, facial dysmorphisms, lentigines

NF1 X AD Neurofibromatosis type 1*, Watson syndrome Macrocephaly, lisch nodules, renal artery stenosis, 

neurofibromas, CAL spots, neoplasia

SOS1 X AD Noonan Short stature, facial dysmorphisms

SPRED1 X AD Legius Macrocephaly, Noonan-like facial dysmorphisms, 

CAL spots

CDKN1, 

KCNQ1OT1, H19/

ICR1

X AD Beckwith-Wiedemann High birth weight, coarse face, linear ear lobe 

creases, omphalocele, nevus flammeus, renal 

abnormalities, neoplasia

Inborn errors of metabolism

ALMS1 X Alström syndrome Short stature, truncal obesity, hearing loss, 

eye anomalies, acanthosis nigricans, endocrine 

abnormalities including hypothyroidism and 

diabetes insipidus

CPT2 X AR Carnitine palmitoyltransferase II deficiency Hepatomegaly, seizures, hypoketotic 

hypoglycaemia, precipitated by febrile illness and 

fasting
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Table 3. Continued.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

Other

CRYAB X X AD/AR Myofibrillar myopathy (AD/ AR) Muscle weakness, cataract

RBM20 X AD

FLNC X RCM AD Myofibrillar myopathy, distal myopathy Muscle weakness

Mitochondrial

ACAD9 X X AR Mitochondrial complex I deficiency Liver failure, muscle weakness, encephalopathy, 

lactate acidosis, thrombocytopenia

MT-TL1 X X Mt MELAS Hearing loss, cataract, ophthalmoplegia, 

myopathy, diabetes mellitus, seizures

Syndromic 

ALPK3 X X NCCM AR Short stature, facial dysmorphisms, cleft palate, 

joint contractures, scoliosis

BRAF X AD CFC, LEOPARD, Noonan Short stature, (relative) macrocephaly, facial 

dysmorphisms, mild to moderate MR

EPG5 X X AR Vici syndrome Failure to thrive, microcephaly, facial 

dysmorphisms, CNS abnormalities, MR, recurrent 

infections (decreased serum IgG)

HRAS X AD Costello Foetal overgrowth, short stature, facial 

dysmorphisms, deep palmar and plantar creases

KRAS X AD CFC, Noonan Short stature, (relative) macrocephaly, facial 

dysmorphisms, mild to moderate MR

PTPN11 X AD LEOPARD, Noonan Short stature, facial dysmorphisms, lentigines

NF1 X AD Neurofibromatosis type 1*, Watson syndrome Macrocephaly, lisch nodules, renal artery stenosis, 

neurofibromas, CAL spots, neoplasia

SOS1 X AD Noonan Short stature, facial dysmorphisms

SPRED1 X AD Legius Macrocephaly, Noonan-like facial dysmorphisms, 

CAL spots

CDKN1, 

KCNQ1OT1, H19/

ICR1

X AD Beckwith-Wiedemann High birth weight, coarse face, linear ear lobe 

creases, omphalocele, nevus flammeus, renal 

abnormalities, neoplasia

Inborn errors of metabolism

ALMS1 X Alström syndrome Short stature, truncal obesity, hearing loss, 

eye anomalies, acanthosis nigricans, endocrine 

abnormalities including hypothyroidism and 

diabetes insipidus

CPT2 X AR Carnitine palmitoyltransferase II deficiency Hepatomegaly, seizures, hypoketotic 

hypoglycaemia, precipitated by febrile illness and 

fasting
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Table 3. Continued.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

DOLK X AR Congenital disorder of glycosylation, type Im Failure to thrive, hypotonia, seizures, ichthyosis, 

sparse hair

DNAJC19 X NCCM AR 3-methylglutaconic aciduria, type V Growth failure, optic atrophy, hypospadias, 

muscle weakness, MR, cerebellar ataxia

GAA X AR Pompe disease (glycogen storage disease II) Macroglossia, hearing loss, hepatosplenomegaly, 

muscle weakness

GBE1 X AR Glycogen storage disease IV Failure to thrive, hepatosplenomegaly, liver 

cirrhosis, muscle weakness, arthrogryposis 

multiplex

GLB1 X X AR GM1-gangliosidosis Dwarfism, coarse facies, MR, hepatosplenomegaly, 

hypertrichosis

HADHA X X AR Long-chain 3-hydroxyacyl-coenzyme A

dehydrogenase deficiency

Feeding difficulties, myopathy/hypotonia, 

hepatomegaly, retinopathy, SIDS

IDUA X AR Mucopolysaccharidosis I/Hurler syndrome Coarse facies, progressive corneal clouding, 

hearing loss, hepatosplenomegaly, joint stiffness, 

progressive mental deterioration

IDS X XLR Mucopolysaccharidosis II/Hunter syndrome Coarse facies, hearing loss, hepatosplenomegaly, 

neurodegeneration leading to profound MR

LAMP2 X X X-linked Danon disease (glycogen storage disease IIb) Moderate central loss of visual acuity in males, 

proximal muscle weakness, MR

PRKAG2 X X AD Cardiac glycogen storage disease, Wolff–

Parkinson–White

Facial dysmorphisms, macroglossia, respiratory 

failure due to oedema

SLC22A5 X X AR Primary carnitine deficiency Failure to thrive, hepatomegaly, muscle weakness, 

hypoglycaemia episodes

TAZ X X NCCM XLR Barth syndrome Failure to thrive, proximal weakness, neutropenia, 

facial dysmorphisms

Neuromuscular disorders

CHKB X AR Congenital muscular dystrophy, megaconial type Hypotonia, muscle weakness, MR, ichthyosis, 

microcephaly

DMD X X-linked Duchenne/Becker muscular dystrophy Hypotonia, muscle weakness

FKTN X AR Muscular dystrophy-dystroglycanopathy, type A, 

B, C

Microcephaly, microtia, eye anomalies, including 

cataract and coloboma, MR, CNS anomalies

FRDA1 X AR Friedreich ataxia Hypotonia, muscle weakness

POMT1 AR Muscular dystrophy-dystroglycanopathy, type A, 

B, and C

Microcephaly, microtia, eye anomalies, including 

cataract and coloboma, MR, CNS anomalies

AD=autosomal dominant, AR=autosomal recessive, ACM=arrythmogenic cardiomyopathy, CAL=café-au-

lait, CNS=central nervous system, CFC=cardiofaciocutaneous syndrome, DCM=dilated cardiomyopathy, 

EDMD=Emery-Dreifuss muscular dystrophy, HCM=hypertrophic cardiomyopathy, LGMD=Limb-girdle 

muscular dystrophy, 

MELAS=mitochondrial encephalopathy, lactic acidosis, and stroke-like episode, MIM=Mendelian 

Inheritance in Man, Mt=mitochondrial, NCCM=noncompaction cardiomyopathy, MR=mental retardation, 

RCM=restrictive cardiomyopathy, SIDS=sudden infant death syndrome, XLR=X-linked recessive, *50% 

of cases are de novo.
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Table 3. Continued.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

DOLK X AR Congenital disorder of glycosylation, type Im Failure to thrive, hypotonia, seizures, ichthyosis, 

sparse hair

DNAJC19 X NCCM AR 3-methylglutaconic aciduria, type V Growth failure, optic atrophy, hypospadias, 

muscle weakness, MR, cerebellar ataxia

GAA X AR Pompe disease (glycogen storage disease II) Macroglossia, hearing loss, hepatosplenomegaly, 

muscle weakness

GBE1 X AR Glycogen storage disease IV Failure to thrive, hepatosplenomegaly, liver 

cirrhosis, muscle weakness, arthrogryposis 

multiplex

GLB1 X X AR GM1-gangliosidosis Dwarfism, coarse facies, MR, hepatosplenomegaly, 

hypertrichosis

HADHA X X AR Long-chain 3-hydroxyacyl-coenzyme A

dehydrogenase deficiency

Feeding difficulties, myopathy/hypotonia, 

hepatomegaly, retinopathy, SIDS

IDUA X AR Mucopolysaccharidosis I/Hurler syndrome Coarse facies, progressive corneal clouding, 

hearing loss, hepatosplenomegaly, joint stiffness, 

progressive mental deterioration

IDS X XLR Mucopolysaccharidosis II/Hunter syndrome Coarse facies, hearing loss, hepatosplenomegaly, 

neurodegeneration leading to profound MR

LAMP2 X X X-linked Danon disease (glycogen storage disease IIb) Moderate central loss of visual acuity in males, 

proximal muscle weakness, MR

PRKAG2 X X AD Cardiac glycogen storage disease, Wolff–

Parkinson–White

Facial dysmorphisms, macroglossia, respiratory 

failure due to oedema

SLC22A5 X X AR Primary carnitine deficiency Failure to thrive, hepatomegaly, muscle weakness, 

hypoglycaemia episodes

TAZ X X NCCM XLR Barth syndrome Failure to thrive, proximal weakness, neutropenia, 

facial dysmorphisms

Neuromuscular disorders

CHKB X AR Congenital muscular dystrophy, megaconial type Hypotonia, muscle weakness, MR, ichthyosis, 

microcephaly

DMD X X-linked Duchenne/Becker muscular dystrophy Hypotonia, muscle weakness

FKTN X AR Muscular dystrophy-dystroglycanopathy, type A, 

B, C

Microcephaly, microtia, eye anomalies, including 

cataract and coloboma, MR, CNS anomalies

FRDA1 X AR Friedreich ataxia Hypotonia, muscle weakness

POMT1 AR Muscular dystrophy-dystroglycanopathy, type A, 

B, and C

Microcephaly, microtia, eye anomalies, including 

cataract and coloboma, MR, CNS anomalies

AD=autosomal dominant, AR=autosomal recessive, ACM=arrythmogenic cardiomyopathy, CAL=café-au-

lait, CNS=central nervous system, CFC=cardiofaciocutaneous syndrome, DCM=dilated cardiomyopathy, 

EDMD=Emery-Dreifuss muscular dystrophy, HCM=hypertrophic cardiomyopathy, LGMD=Limb-girdle 

muscular dystrophy, 

MELAS=mitochondrial encephalopathy, lactic acidosis, and stroke-like episode, MIM=Mendelian 

Inheritance in Man, Mt=mitochondrial, NCCM=noncompaction cardiomyopathy, MR=mental retardation, 

RCM=restrictive cardiomyopathy, SIDS=sudden infant death syndrome, XLR=X-linked recessive, *50% 

of cases are de novo.
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Genetic testing in children

Although genetic testing has been firmly embedded in the diagnostic work-up in adult-onset 

cardiomyopathy, guidelines for children <12 years of age have not been published until recently.85 

As a result, and given the rarity of paediatric cardiomyopathy, studies reporting the yield of 

genetic testing are scarce and the extent of genetic testing in children in clinical practice varies 

significantly. Nevertheless, it is very important to establish a genetic diagnosis and to distinguish 

between children with isolated cardiomyopathy and those with non-isolated cardiomyopathy 

i.e. those with extracardiac features, for a number of reasons. Firstly, outcomes for children 

with cardiomyopathy depend highly on disease aetiology (Table 2). For example, patients with 

neuromuscular disorders are 3.4 times more likely to die due to comorbidity (such as aspiration 

pneumonia) than children with isolated DCM71, but this is also because they are less likely to 

be eligible for heart transplantation. Secondly, there may be extra medical needs and additional 

or alternative treatment options in children with extracardiac features. In RASopathies such 

as Noonan syndrome, where the mortality rate is worse than that of infants and children with 

other causes of HCM86,87, children may benefit from rapamycin.88-90 In IEM such as Pompe 

disease or lysosomal storage diseases, patients may profit by enzyme replacement therapies91, 

and in primary carnitine deficiency, cardiomyopathy can be reversed by carnitine suppletion.92 

Thirdly, the identification of a genetic cause in childhood cardiomyopathy enables genetic 

testing of at-risk family members, which allows early identification of mutation carriers who 

may be at increased risk for development of cardiomyopathy and SCD. Finally, it may be of help 

in reproductive decision making and -options. 

Until 2011, single-gene molecular tests were the gold standard in cardiogenetic patient care, 

which means that a particular gene was selected for Sanger sequencing according to the 

clinical phenotype of the patient (candidate gene approach). However, for disorders that show 

high locus heterogeneity, like cardiomyopathies, Sanger sequencing was shown to be time-

consuming with limited diagnostic yield. Since the introduction of next-generation sequencing 

(NGS) technology, which enables parallel sequencing of multiple genes93,94, the number of 

patients receiving a genetic diagnosis has increased75 and the time to diagnosis has significantly 

decreased. A further benefit of NGS is that large genes like DMD and TTN (>80 and >400 exons, 

respectively) can be easily included in the analysis. The targeted panel sequencing approach 

(sequencing a subset of the coding DNA (exome) that has first been extracted from the total 

DNA), which has been shown to provide deep coverage of the targeted sequences95, has been 

widely used in the molecular diagnosis of cardiomyopathy. However, these targeted NGS-panels 

are usually developed for adult-onset cardiomyopathy and thus do not include the most common 

and up-to-date neuromuscular, syndromic and metabolic causes of cardiomyopathy in childhood. 

Therefore, other strategies and approaches targeting paediatric-onset cardiomyopathies are 

mandatory. Furthermore novel sequencing and data filtering methods are needed to identify 

genes that are less common involved in cardiomyopathy.
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Aims and outline of this thesis

The current genetic approaches in clinical practice, which are mainly focused on solving 

adult-onset cardiomyopathies, lead to a molecular diagnosis in about one-third of paediatric-

onset cardiomyopathies.40,75,96,97 Novel sequencing methodologies such as whole exome or 

whole genome sequencing (WES/WGS) may increase diagnostic yield, especially in families 

with autosomal recessive inherited cardiomyopathy or in patients with extracardiac features. 

Indeed, the application of WES allowed the discovery of several new genes associated with 

childhood-onset cardiomyopathy, for instance PPCS98 and GATAD199 in autosomal recessive 

cardiomyopathy and MRPL3100 and the genes encoding the GatCAB complex subunits101 in 

mitochondrial disease. However, these studies represent only the tip of an enormous iceberg. 

Systematic analysis of the genome can uncover a genetic diagnosis in a higher proportion of 

children, identify novel genes involved in paediatric cardiomyopathy and elucidate the genetic 

basis of paediatric cardiomyopathy. This will provide novel insights into the mechanisms of 

disease development and progression that will help us better understand the molecular link 

between gene variants, their clinical consequences and the variability of the disease. Ultimately, 

this knowledge may yield novel gene-specific and patient-specific treatment strategies. 

This thesis presents genetic studies in paediatric patients with cardiomyopathy and their 

families. The aims of this thesis were:

1. To determine the yield of genetic testing in paediatric cardiomyopathy, especially DCM.

2. To identify the optimal genetic testing strategy in paediatric DCM, thereby minimizing the 

risk of variants of unknown significance and unsolicited findings.

3. To further clarify the genetic basis of paediatric cardiomyopathy by searching for novel 

disease genes. 

Outline

This thesis is structured in four parts. Part I provides a general introduction. Part II focuses on 

the yield and strategies for genetic testing and data analysis. In part III one rare and two novel 

genes involved in paediatric cardiomyopathy are described. Part IV provides a discussion of the 

clinical implications of current findings and important areas for further research. 

Part I. Following this introductory chapter, Chapter 2 describes the clinical utility of genetic 

testing in isolated (familial) DCM. The genes described in 2013 were the basis of our NGS 

cardiomyopathy gene panel for adult-onset cardiomyopathy and many of these genes are also 

involved in childhood-onset cardiomyopathy. Multiple putative gene variants (two or in rare cases 

three) are shown to cause early-onset cardiomyopathy and may explain variability of disease 

severity and penetrance in a subset of families. Chapter 3 illustrates such an extremely severe 
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phenotype resulting in early death in children with bi-allelic truncating variants in MYBPC3, a 

well-known cardiomyopathy-related gene. It also shows that children may present with features 

of more than one type of cardiomyopathy and structural heart defects may accompany primary 

myocardial disease. 

Part II. Chapter 4 describes the application of WES and the yield of genetic testing in paediatric 

DCM. Based on our results, we recommend a standardized, stepwise analysis of the exome. 

Chapter 5 describes a novel computational method to prioritize disease candidate genes by 

looking at the similarity in expression between annotated genes and a set of query genes across 

a large compendium of human RNAseq data. 

Part III. This part focuses on the identification of rare or novel genes involved in paediatric 

cardiomyopathy. Chapter 6 describes a patient in whom establishing an etiological diagnosis had 

been a complex, lengthy and expensive process that involved cumbersome invasive procedures 

including muscle biopsy. Several years after his death, diagnostic WES revealed the genetic cause, 

which has led to adequate counselling of family members and discontinuing cardiac screening in 

first-degree relatives. In chapters 7 and 8 we describe ALPK3, encoding alpha kinase 3, as a novel 

gene implicated in syndromic cardiomyopathy. In chapter 9 we show that damaging variants in 

SOD2, encoding superoxide dismutase 2, lead to severe neonatal-onset DCM. 

Part IV. Finally, chapter 10 and chapter 11 comprise the summary and general discussion of this 

thesis and outlines future perspectives and possible directions for further genetic diagnostics 

and studies in inherited paediatric cardiomyopathies. 
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