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Discussion and future perspectives 

Over the past two decades, diagnostic genetic testing for cardiomyopathy has increasingly 

become part of mainstream clinical management.1-3 With the implementation of Next Generation 

Sequencing (NGS) technologies, the yield and speed of genetic testing has increased significantly 

and more families benefit from cascade screening. Genotype-positive relatives can be offered 

long-term surveillance, and relatives who test negative for the familial genetic variant can be 

released from follow-up. As in adult-onset cardiomyopathy, genetic testing in the paediatric 

population has now been integrated into daily clinical practice.

Classification

During the realisation of this thesis, I was frequently confronted with the difficulties and 

controversies associated with classifying paediatric-onset cardiomyopathy. As clinical evaluation 

and standard diagnostic imaging dominate initial patient contact, diagnosis is mainly driven by 

morphological features. However, mixed cardiomyopathies (e.g., HCM/DCM, HCM/LVNC or 

DCM/LVNC4) and extracardiac manifestations occur frequently in children, as described in 

our cohort in chapters 3, 4, 6, 7 and 8. Furthermore, there has been a substantial increase in 

knowledge about the genetic basis of (paediatric) cardiomyopathy, and non-invasive phenotypic 

characterization has become significantly more sophisticated. Although the AHA5 and the ESC6,7 

have adapted their classifications of cardiomyopathy, and also included preclinical (molecular) 

diagnosis, both classification systems were developed to classify adult-onset cardiomyopathies, 

making them less suitable for classifying most paediatric-onset cardiomyopathies. 

As discussed in the introduction, the AHA classification system uses the terms ‘primary’ and 

‘secondary’, which traditionally have been used in the setting of causation, with secondary being 

equivalent to ‘due to’, as opposed to organ-specificity. Furthermore, several entities (often with 

presentation in childhood) do not fit well in either category, with some primary diseases (such 

as the mitochondrial myopathies and Danon disease) having many extracardiac features, while 

some secondary diseases (such as endomyocardial fibrosis) are almost entirely confined to the 

heart. On the other hand, the ESC’ unclassified category is also far from satisfactory. For example, 

the ESC defines left ventricular noncompaction as an unclassified cardiomyopathy6, even though 

its clinical features, genetics and long-term outcome have been described extensively.8-11 

A recently proposed alternative nosology, the MOGE(S) system, may overcome the current 

difficulties in classification of paediatric (and adult) cardiomyopathy. This system incorporates 

all the available information on an individual, including cardiac phenotype, involvement of other 

organs and genetic information. Similar to the TNM staging of tumours, MOGE(S) addresses 

five attributes of cardiomyopathy: morphofunctional notation (M) that describes the cardiac 

phenotype, organ involvement (O), genetic or familial inheritance pattern (G) and an explicit 
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etiological annotation (E) with details of genetic defect or underlying disease/cause.12 Information 

about the functional status/heart failure stage (S) is optional. In the MOGE(S) system a patient 

with HCM (M
H

), proximal muscle weakness (O
M

) and mental retardation (O
MR

) diagnosed with 

X-linked dominant-inherited (G
XLD

) Danon disease is classified as M
H

O
H+M+MRG

XLD
ELAMP2(p.Gln174*)

. In 

this classification, description of combined/overlapping cardiac phenotypes (e.g. M
D+LVNC

) is easy to 

document, while early or no involvement in a mutation carrier can be documented as M
E[D]

 or M
0
, 

respectively. Involvement of other organs can also be further described, which provides improved 

detailed description of the clinical phenotype, especially in children. The fifth descriptor (S) is not 

applicable to the paediatric population as NYHA functional class (I to IV) is not commonly used by 

paediatrician cardiologists (the modified Ross heart failure classification can be used instead13). 

Changing (genetic) screening practices and more detailed documentation using classification 

systems such as MOGE(S) in large multicentre registries may improve estimates of age of 

onset, survival and risk factors for adverse outcome for each etiologic subgroup in childhood 

cardiomyopathy. The UMCG expert centre on inherited cardiomyopathies has recently decided 

to implement MOGE(S) in daily clinical practice. However, further research is needed to 

ascertain the clinical advantages of the MOGE(S) classification of cardiomyopathies.

Yield of genetic testing

With the increasing recognition of cardiomyopathy as a genetic disease and implementation 

of genetic testing early in the diagnostic process, there will be a shift in the epidemiologic 

features of cardiomyopathy in children. In 2006, Towbin and colleagues provided a detailed 

description of the causes, outcomes and risk factors for DCM in children. They enrolled 1,426 

North American children in their registry. The majority of their patients were diagnosed with 

idiopathic DCM (66%), while 16% had myocarditis, 9% neuromuscular disorders, 5% familial 

DCM, 4% inborn errors of metabolism and 1% a malformation syndrome. Their data suggest that 

the age of onset of cardiomyopathy can guide differential diagnosis. Myocarditis is frequently 

diagnosed between 1 and 6 years of age (41%), cardiomyopathy in neuromuscular disorders is 

usually diagnosed >12 years of age (79%), and DCM in metabolic disorders and malformation 

syndromes usually presents <1 years of age (52% and 67%, respectively). Familial DCM can 

present at any age (39% <1 years of age, 14% between 1 and 6 years of age, 21% between 6 

to 12 years of age and 26% >12 and <18 years of age).14 Colan et al. reported findings from the 

Paediatric Cardiomyopathy Register assessing data of 855 patients from Canada and the US 

who presented with HCM in the first 18 years of life. They found that 74.2% of the patients 

were classified as idiopathic HCM, 8.7% had inborn errors of metabolism, 9% had malformation 

syndromes and 7.5% had neuromuscular disorders.15 These data pre-dated many clinically 

available genetic tests and, along with other epidemiologic studies, highlighted the uncertain 

aetiological basis of cardiomyopathy as the majority of HCM and DCM patients were identified 

as idiopathic.14-17 
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In 2009, the development of molecular testing for cardiomyopathy led to new recommendations 

for diagnostic evaluation and family screening incorporating genetic testing.3,18-20 However, until 

2014, studies reporting on the yield of genetic testing in children were scarce and hampered 

by differences in inclusion criteria, the extent of genetic testing, and variant filtering and 

interpretation. At that time, only two comprehensive studies were available that had tested 

both adults and children using NGS-based gene panels.21,22 Pugh et al. reported an overall yield 

of 37% in 766 individuals with DCM using gene panels of increasing size from 5 to 46 genes, 

with titin (TTN) being the largest contributor (up to 14%). Their cohort included 286 patients 

younger than 18 years (37%), with a relatively high number of children ≤2 years of age (138 

cases), although they did not report a yield specific to the paediatric age group. In children 

<2 years of age, MYH7 (5.1%), VCL (3.2%) and TPM1 (2.2%) were among the most frequently 

affected genes. In the age group of 2-18 years of age, TTN was the most frequently mutated 

gene (10.0%), followed by RBM20 (6.7%) and TNNT2 (4.7%).21 In 2015, Alfares and colleagues 

performed a comprehensive NGS study in 2,912 probands with adult- and childhood-onset 

HCM analysing 10 to 51 cardiomyopathy-related genes in each patient. They reported a higher 

diagnostic yield in adult HCM probands (32%) than in paediatric HCM probands (age <16 years; 

28%). 93% of variants were identified in previously well-known HCM genes. They therefore 

concluded that expanding the number of genes in HCM gene panels has limited diagnostic 

value, but increases the number of variants of unknown significance (VUS), although they did 

not investigate the paediatric group separately. Furthermore, they excluded probands with 

extracardiac manifestations that may have influenced detection rate.22

The limited data on the yield of genetic testing and recognition of a highly heterogeneous 

aetiology in the paediatric age group led to the study presented in chapter 4 in which we sought 

to define the yield and optimal diagnostic approach for genetic testing of children presenting 

with DCM, irrespective of other extracardiac features. In a cohort of 31 previously undiagnosed 

probands, whole exome sequencing (WES) and copy-number variant (CNV) analysis yielded 

diagnoses for 48% of our cohort, with 26% carrying a de novo genetic variant and 20% having 

a disease with autosomal recessive inheritance. If CNV analysis and WES were applied as a 

primary test to all patients, the yield could potentially increase to approximately 54%.

Several studies followed ours, as the importance of genetic evaluation and its utility for 

risk stratification in children had been recognized23,24, NGS sequencing technology became 

widely available and international guidelines for variant classification were developed that are 

generally accepted and integrated in laboratory procedures.25 Rupp et al. identified a (likely) 

pathogenic variant in genes encoding sarcomere proteins in 15/36 patients with paediatric 

HCM using targeted NGS of 28 cardiomyopathy-causing genes. After discussion in an 

interdisciplinary board over unsolved cases with further targeted genetic testing, another five 

patients were shown to have pathogenic variants in genes involved in RAS-MAPK (mitogen-
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activated protein kinase) signalling, four were diagnosed with Pompe disease, three with 

Friedreich’s ataxia, one with an LMNA variant and one with a BAG3 variant, yielding a definite 

genetic diagnosis in nearly 80%.26 Hayashi et al. analysed 67 cardiomyopathy-associated genes 

in 46 HCM patients diagnosed before 16 years of age and found disease-associated genetic 

variants in 78% of patients.27 More recently, several studies were reported using a WES based-

approach. In a study by Long and colleagues, WES was performed in 18 families with DCM, 

including three syndromic cases. This yielded a genetic diagnosis in 33% when filtering for 

variants occurring in 55 known DCM genes, a yield comparable to that of our study (36%; 

chapter 4). When expanding their analysis by filtering the exome for compound heterozygous 

and de novo variants, they diagnosed an additional four patients, including carriers of the 

rare and syndromic genes (ALMS1 and PRDM16) and two novel genes (RRAGC and TAF1A), 

resulting in a yield of 50%.28 This too is comparable to our study, which yielded a diagnosis in 

54% of DCM patients, although we included CNV analysis rather than performing an “open 

exome” analysis. Vasilescu et al. reported a genetic diagnosis in 10/37 paediatric patients 

with DCM (27%), of which three were in novel or less-known genes (PPA2, TAB2 and NRAP) 

and two were in mitochondrial DNA.29 In children with HCM, they identified a pathogenic 

variant in 8/20 (40%), with three variants in genes involved in the RAS/MAPK pathway, two 

in a less-known gene (NEK8 and KCNE1) and one in mitochondrial DNA. They also showed an 

increase in the success of genetic diagnosis with later onset of cardiomyopathy: age <1 year - 

34% positive DNA diagnosis, 1 to 5 years - 38%, 6 to 10 years - 60%, 11 to 15 years - 60%.29 

They further showed that infants manifesting before 1 year of age had the poorest prognosis, 

especially when their cardiomyopathy was associated with metabolic or syndromic origin29, 

which agrees with previous epidemiological studies.14,15,30 

The studies described above report a high rate of de novo variants in both paediatric-onset 

HCM (9%-36%)22,26,29,30 and DCM (38%).29 This is consistent with our study in chapter 4 (20% 

de novo) and in contrast to the adult cardiomyopathy population, where a pathogenic variant is 

generally inherited from a parent. Furthermore, the percentage of autosomal recessive inherited 

disease is much higher in the paediatric population compared to adult-onset cardiomyopathy 

(20-34%28,29,31). Finally, there is now a body of evidence indicating that a significant fraction of 

childhood-onset cardiomyopathy is caused by biallelic variants in the same gene or variants 

in multiple genes27,30, and that these patients often develop a more severe phenotype22,32,33 

(see also chapter 3). The identification of two damaging variants, each in one copy of the same 

gene, has major implications for recurrence risk. In the families in which, for example, parental 

truncating MYBPC3 mutations are identified, offspring are at a 25% risk of a severe phenotype 

that leads to neonatal mortality and morbidity (chapter 3) and another 50% risk of being a 

heterozygous carrier with increased risk for adult-onset cardiomyopathy. Therefore, it is even 

more important to discuss preimplantation or prenatal genetic screening with these parents.
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New phenotypes for known disease genes 

In the past years many studies have been published that identified new phenotypes for 

known disease genes.29,34 For example, hemizygous LoF variants in the NONO gene were 

initially associated with an intellectual disability syndrome (MIM:300967) with features 

including macrocephaly and thickened corpus callosum.35 Five additional patients were 

subsequently described with these features and with noncompaction cardiomyopathy.34,36,37 

Another example comes from Parent et al., who identified five LVNC/DCM patients with 

an FBN1 mutation, a well-known gene involved in Marfan syndrome (MIM:154700), raising 

the possibility of a mechanistic relationship between fibrillin-1 present in the myocardial 

extracellular matrix and LVNC.38 In our (unpublished) cohort of paediatric patients, we 

recently identified a girl with a de novo heterozygous damaging c.247C>T, p.(Arg83Cys) 

variant in NAA10, which encodes a ribosomal protein involved in N-terminal acetylation. 

Several X-linked NAA10 variants have been associated with genetic disorders in both boys 

and girls39,40, but cardiomyopathy had not been described until recently.41 In another patient 

diagnosed at age 4 months with severe DCM, accompanied by mild intellectual disability, 

microcephaly, failure to thrive and clinodactyly, WES revealed compound heterozygous 

variants in CEP135. Biallelic variants in CEP135 have also been reported in two families 

with microcephaly.42,43 Interestingly, most of the patient’s clinical features overlap with 

those of five previously reported unrelated patients with autosomal recessive inherited 

microcephaly-cardiomyopathy syndrome with unknown genetic aetiology.44-47 GeneMatcher 

(https://genematcher.org) identified another patient with biallelic variants in CEP135 and 

neonatal cardiomyopathy, failure to thrive and microcephaly. CEP135 may thus have a role 

in cardiomyopathy. Another example comes from a child with severe hydrops and (prenatal-

onset) DCM in whom biallelic truncating variants in PLD1, encoding phospholipase D1, 

were identified. Deleterious variants in this gene were previously identified in patients with 

congenital valvular defects.48 RPL3L mutations, known to cause paroxysmal atrial fibrillation, 

manifested in our cohort with recessive DCM in an infant. A second family with two severely 

affected sisters, both with rare compound heterozygous missense variants, were identified 

through Genematcher. Finally, recessive OBSCN variants were identified in two patients 

with paediatric-onset DCM (chapter 5). Obscurin is a component of the sarcomere that is 

found bound near the M-line or Z-disk. It has been shown to interact with titin, myomesin 

and small ankyrin1 and has been proposed to be a structural protein linking the M-line of 

the sarcomere to the sarcoplasmic reticulum.49 Marston et al. identified OBSCN mutations 

potentially associated with DCM, including two non-synonymous variants in a 17-year-old 

patient, although it was not confirmed whether these were biallelic of mono-allelic.50 All 

the examples discussed here suggest that many more variants in genes with pleiotropic 

effects await discovery.
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New genes for paediatric cardiomyopathy

Besides new phenotypes being attributed to known genes, many novel genes – including ALPK3 

(chapters 7 and 8), CAP251, PPCS52, SOD2 (chapter 9), TEAD153, TUFM54 and the QRSL1, GATB 

and GATC genes encoding components of the GatCAB complex subunit55 – have recently 

been added to the long list of genes implicated in paediatric cardiomyopathy. However, these 

examples represent just the tip of the iceberg. WES and whole genome sequencing (WGS) will 

uncover even more novel genes and further underscore the tremendous diversity of paediatric 

cardiomyopathy.

Gene-environment interactions

As the long list of genes involved in paediatric cardiomyopathy illustrates, its biology is highly 

complex, with multiple pathways and disease mechanisms involved. Gene networks based 

on protein interaction or gene co-regulation, like GADO (chapter 5), may aid in identifying 

gene function of unknown genes (Figure 1). Yet it remains unclear how genetic variation and 

environmental factors impact cardiomyopathy heritability. Van Spaendonck-Zwarts and co-

workers showed that primary cardiomyopathy in adults can be influenced by environmental 

factors such as pregnancy56 and chemotherapy.57,58 Our cohort, described in chapter 4, included 

two patients who developed DCM after treatment with anthracyclins, one of them carrying a 

pathogenic MYH7 variant. An increased prevalence of rare variants in cardiomyopathy-related 

genes, particularly truncating variants in TTN, was recently demonstrated in adult and paediatric 

cancer patients with cancer therapy–induced cardiomyopathy.59 Therefore, genotype along with 

cumulative chemotherapy dosage may improve the identification of (paediatric) cancer patients 

at highest risk for cancer therapy–induced cardiomyopathy.59 Damaging genetic variants in 

cardiomyopathy-related genes may also predispose to acute heart failure presenting as acute 

myocarditis, notably after common viral infections in children60 (and personal communication). 

Both inherited cardiomyopathy and myocarditis may present with symptoms of upper 

respiratory tract or gastrointestinal infections, as illustrated in chapter 4. Finally, myocarditis 

can progress into a chronic heart muscle disorders (mainly DCM), likely caused by a complex 

interaction between the viral infection and an individual predisposition.61 

Future perspectives

Although several studies have been published reporting on the yield of genetic testing in 

cardiomyopathy with onset during infancy and childhood, data on large unselected cohorts 

are missing. More extensive genomic studies in much larger cohorts of rigorously phenotyped 

probands and family members are needed to improve our understanding of the genomic basis 

of paediatric cardiomyopathy. For this purpose, we have initiated an extensive prospective 

multi-centre study covering (potentially) the whole Dutch paediatric DCM population 

(CARdiomyopathy Study II, initiated by M. Dalinghaus, Erasmus Medical Centre). We have 

collected data on age of diagnosis, clinical follow-up cardiac parameters, extracardiac features, 
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family history and genetic testing. To date, 144 participants have been included. The inclusion 

and collection of genetic data is on-going and will be finished in 2020. In order to define the 

genetic background, yield and optimal testing strategy in childhood-onset HCM patients, we 

will perform a similar study as described for DCM in chapter 4 together with our national 

collaborators. Preliminary initiatives to write a joint research proposal have been taken. 

Figure  1. Close-up of top-100 co-expressed genes associated with dilated cardiomyopathy 

(HP:0001644). Downloaded at www.genenetwork.nl (v2.0). 99 genes are annotated to HP:0001644. 

Top 3 genes: UNC45B (Z-score 14.8), LMOD2 (Z-score 14.7), MYL2 (Z-score 14.3). Grey=protein coding, 

black=pseudogene, green=antisense, lincRNA, processed transcript or sense intronic. Clustering is 

experimental.

A recent study by Bagnall et al. using WGS shows that deep intronic regions and mitochondrial 

DNA may also harbour pathogenic variants, thereby increasing the diagnostic yield of genetic 

testing.62 These new genomic techniques make it possible to analyse the entire genome, quickly, 

stepwise (thereby minimizing the risk of unsolicited findings and VUS) and at reasonable cost. 

As probands-only exome sequencing yields approximately 875 candidate variants that might 

be relevant to disease development63, genome sequencing will result in a much longer list, 

including non-coding variants. Therefore, novel tools for variant filtering and prioritization, 
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aimed at ranking the most probable candidate genes towards the top of a list of potentially 

pathogenic variants, are mandatory. A promising new approach involves the computational 

comparison of the phenotypic abnormalities of the individual being investigated with those 

previously associated with human diseases or genetically modified model organisms (reviewed 

by Smedly and Robinson).64 In chapter 4 we showed that HPO terms (www.human-phenotype-

ontology.org)65, a standardized vocabulary of phenotypic abnormalities, can aid in the analysis 

of a selection of the exome (see also66). Furthermore, in chapter 5 we present GADO, a tool 

that can aid in variant prioritization of both known and unknown genes using public RNA-seq 

data. This tool may be further optimized by exploring co-regulation pathways of specific tissues 

separately. 

These novel sequencing and bioinformatics applications will not only lead to a rapid increase 

in knowledge about the frequency of variants in known and novel cardiomyopathy-related 

genes, they will also provide the opportunity to unravel complex genetics in cardiomyopathies, 

like oligogenic inheritance or genetic modifiers. The interpretation of sequencing results 

poses a huge challenge to attending physicians. Accurate phenotyping and interdisciplinary 

discussions that include paediatric cardiologists, clinical geneticists, molecular geneticists and 

bioinformaticians are of great value in interpreting sequencing results and directing additional 

genetic examinations in gene-elusive paediatric cardiomyopathy.26,66 As it is not possible to 

study co-segregation in many cases because there are no affected relatives, it is important 

to collaborate with other teams that have sequenced large cohorts of paediatric patients. 

Initiatives like GeneMatcher, a freely accessible Web-based tool (http://www.genematcher.org), 

have proven successful in connecting investigators with an interest in the same gene.67 Data 

sharing between diagnostic laboratories or in large, freely accessible databases like HGMD, 

Leiden Open Variation Database (LOVD) or biobanks, are also of high importance. However it 

remains crucial to determine the clinical and functional effects of sequence variants identified. 

Functional studies in cells or animal models are necessary to help us understand the functional 

consequences of variants identified in patients. In chapter 7 and 9 we provide two examples of 

the successful combination of NGS and functional studies to show evidence for the pathogenicity 

of the variant(s). In chapter 7 we performed immunohistochemistry of intercalated disk proteins 

in heart tissue of a neonate harbouring compound heterozygous truncating variants in ALPK3, 

which we confirmed in a second patient (unpublished). Although heart tissue is only available 

from a small subset of patients (obtained at autopsy, from endomyocardial biopsy or explanted 

hearts), cardiomyocytes derived from induced pluripotent stem (IPS) cells generated from 

fibroblasts of patients with cardiomyopathy may provide an alternative strategy to provide 

evidence for the pathogenicity of the variant(s) and/or to gain insight in the pathophysiological 

mechanisms leading to cardiomyopathy. This strategy was also successfully applied by our 

Australian collaborators to show that ALPK3-deficient cardiomyocytes generated from patient-

derived IPS cells and mutant human embryonic stem cells display abnormal intercalated disc 
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formation, cardiomyofibril organization, and calcium handling.68 However, as shown in chapter 9, 

functional consequences of a genetic variant can also be explored using other tissues, like 

muscle, depending on gene expression and (putative) function, although the more cost- and time-

dependent traditional animal studies are still used to provide evidence of pathogenicity of a given 

variant. Our collaborators from the Erasmus Medical Centre, Rotterdam recently identified a 

compound heterozygous mutation in the tail-anchored protein ASNA1. They corroborated their 

findings with immunohistological and biochemical studies and a CRISPR-engineered zebrafish 

model (accepted for publication). Finally, organs-on-a-chip or miniature organs have been shown 

successful in studying physiology in an organ- and individual-specific context. The Netherlands 

Organ-on-Chip Initiative (NOCI), in which the UMCG (Cisca Wijmenga) participates, focuses 

on brain, heart, intestinal and blood vessel cells derived from patient stem cells. This novel 

alternative to animal models will provide huge opportunities to study the effects of genetic 

variants identified in patients with cardiomyopathy. 

Together, these advances will eventually contribute to the development of gene-tailored disease-

management strategies, provide insight into the risk of recurrence in the families involved and 

provide (preventive) reproductive options, adequate cascade screening and, when off-target 

effects are minimized and technical challenges solved, therapeutic germline or somatic genome 

editing.69

One test for all?

With decreasing costs and increasing coverage leading to higher sensitivity and specificity, WES 

or WGS will more often be the first tier genetic test in patients with cardiomyopathy, including 

those with alleged toxic59 or infectious causes.60 Many diagnostic laboratories have already 

switched from targeted gene panels based on library preparation of fragments containing the 

sequences of the genes of interest to WES with analysis of the genes of interest according 

to the patient’s phenotype. If this initial gene-panel screening is negative, the exome can then 

be further explored for variants in other genes. Detailed clinical phenotyping should precede 

genetic testing, as this can guide genetic testing strategy and help in interpreting genetic 

variants. Furthermore pre- and post-test counselling is recommended. In the Netherlands, this 

is organised in eight multidisciplinary tertiary cardiogenetic centres in which a multidisciplinary 

team of (paediatric) cardiologists, clinical geneticists, physician assistants, laboratory specialists 

and social workers provide optimal health-care for patients and their relatives (for information 

and referral: Expertisecentrum Cardiogenetica UMCG, https://hart-erfelijkheid.nl). Pre-test 

counselling will inform patients and/or their parents about options, possible outcomes and 

potential consequences, including those of secondary findings and VUS. Several studies have 

demonstrated that patients and parents showed increased empowerment after pre-test 

counselling. In post-test counselling, the results are explained and discussed with patients and/

or their parents. If a disease-associated variant is identified, the geneticist or genetic counsellor 
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can provide information about the disorder, the associated phenotypic spectrum, treatment 

options, prognosis, mode of inheritance, recurrence risks and reproductive options. If no disease-

associated variant is identified, cardiomyopathy can still be genetic/inherited and it should be 

discussed whether further genetic testing and/or cardiac screening of relatives is warranted 

or not and what will be the next steps, including re-contacting policies and responsibilities and 

the necessity and ways of updating phenotypical and family data when appropriate. Finally, it is 

important in both situations to discuss which relatives could benefit from genetic testing and/

or cardiac screening and how and by whom they should be informed (Figure 2). 

The next steps in personalized medicine

Paediatric cardiomyopathies, in particular, offer insights into the primary pathogenesis of 

myocardial dysfunction because they often occur in the absence of comorbidities such as 

hypertension, atherosclerosis, diabetes mellitus and renal disease.70 Improving NGS techniques, 

their increasing application in diagnostics, and new tools for filtering- and prioritizing (novel) 

variants will not only increase our knowledge of monogenic causes, but also that of genetic 

modifiers that modulate the severity or penetrance of cardiomyopathy, of polygenic causes and 

of genetic variants with downstream effects on gene expression levels and DNA methylation. 

Larger international cohorts will enable research that can identify rare and common variants 

with subtle effects and their interactions with environmental factors. These future discoveries 

will provide the next steps toward more personalized healthcare for all children diagnosed with 

cardiomyopathy and their relatives.
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Extra-cardiac features? 
• Congenital abnormalities 
• Development – motor milestones 
• Muscle weakness 
• Skin / hair abnormalities 
• Hearing / Vision loss 

Phenotyping 
DN

A-testing 

Physical examination abnormal? 
• Facial dysmorphisms 
• Short stature, head circumference 
• Acanthosis nigricans 
• Palmoplantar keratosis / woolly hair 

Family history positive? 
• CMP / (symptoms of) heart failure 
• Sudden death / foetal loss 
• Unilateral accident 
• Known genetic defect 
• Consanguinity 

Pre-test counselling 
1. Explain the possible outcomes of genetic testing and their impact for clinical practice, reproduction and relatives  
2. Make a shared and informed decision about genetic testing 

2. Copy number variant analysis, including homozygosity mapping  -disease causing variant?  

3. Expand analysis to all genes assigned to HPO “Cardiomyopathy” - disease causing variant? 

4. Expand analysis to genes assigned to other HPO terms if appropriate - disease causing variant? 

5. Consider open exome analysis - disease causing variant? 

Post-test counselling 
1. Explain the outcomes of genetic testing 
2. Screen for other gene-related phenotypes, monitor and treat if necessary 
3. Discuss implications for relatives: DNA-testing and/or cardiac screening 

Explain recurrence risk and reproductive options 

1. Trio ES with analysis of at least 46 core genes related to cardiomyopathy* - disease causing variant? 
yes 

yes 

yes 

yes 

yes 

Post-test counselling 
1. Explain the outcomes of genetic testing 
2. Discuss implications for relatives: regular cardiac 

screening, and how they will be informed 
3. Consider segregation analysis, in case of VUS/IF 

no 

6. Consider genome sequencing or functional studies if VUS identified 

M
ultidisciplinary discussion 

no 

no 

no 

no 

no 

Consider genetic re-evaluation 

Figure 2. Diagnostic algorithm for testing paediatric patients with cardiomyopathy (DCM, HCM, 

RCM, NCCM, ACM). *core gene list cardiomyopathy (VKGL, 2015-02-27): ACTC1, ACTN2, ANKRD1, 

BAG3, CALR3, CAV3, CRYAB, CSRP3, CTNNA3, DES, DSC2, DSG2, DSP, EMD, FHL1, GLA, JPH2, JUP, 

LAMA4, LAMP2, LDB3, LMNA, MIB1, MYBPC3, MYH6, MYH7, MYYL2, MYL3, MYOZ2, MYPN, NEXN, 

PKP2, PLN, PRKAG2, RBM20, SCN5A, TAZ, TCAP, TMEM43, TNNC1, TNNI3, TNNT2, TPM1, TTR, VCL. 

CMP=cardiomyopathy, HPO=human phenotype ontology, IF=incidental finding, VUS=variant of unknown 

significance.
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