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Abstract 

Introduction There are limited data on family screening and genetic testing in pediatric cardiomyopathy from India. 
This study was conducted to describe the morphologic spectrum and identify potential familial and genetic causes of 
pediatric cardiomyopathies in this region.

Methods From April 2018 to May 2020, all children from birth to 18 years of age with cardiomyopathy visiting a 
tertiary care hospital in North India were enrolled in this study. First-degree relatives of index patients were offered 
screening for cardiomyopathy; 260 clinically reported pathogenic/likely pathogenic variants in 17 genes were ana-
lyzed by a rapid genotyping method. Additionally, a subset of patients also underwent whole-exome sequencing.

Results Of the 20 patients enrolled in this study (median age 42 months), 18 were clinically diagnosed with dilated 
cardiomyopathy. We observed a 44.4% mortality rate after a median follow-up of 15 months. 61.3% of the eligible 
first-degree relatives underwent screening, and one patient was identified to have familial cardiomyopathy. Multi-
panel gene testing was performed on 18 patients, and none were found to have a pathogenic or likely pathogenic 
variant; 9 patients also underwent whole-exome sequencing, and pathogenic and likely pathogenic variants were 
identified in 50% (4/8) of them.

Conclusion Dilated cardiomyopathy is the most common morphologic form of pediatric cardiomyopathy in India 
and has a high mortality rate. The prevalence of familial cardiomyopathy was low in this study. Future studies should 
evaluate the role of whole-exome sequencing in identifying genetic causes of cardiomyopathy in children.
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Introduction
Pediatric cardiomyopathies are a group of heterogeneous 
disorders of diverse etiologies, subdivided into morpho-
logical subtypes like dilated, hypertrophic, restrictive, 
etc. Just like their etiologies, their course and prognosis 
are also varied [1–3]. Increased understanding of the 
genetic factors driving the pathogenesis of cardiomyopa-
thies and the improvement in genetic testing has led to 
a more efficient and rapid diagnosis. Genetic screening 
could lead to a better prognosis, improving the overall 
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effectiveness of treatment and chances of survival. Fam-
ily history assessment and screening of family members 
are imperative in identifying genetic and familial cases of 
cardiomyopathies [4].

The genetic underlying of any heritable disease var-
ies widely across populations, despite similar pheno-
typic profiles. Only a handful of studies from India have 
reported on genetic testing in patients with pediatric car-
diomyopathy, indicating a severe lack of understanding 
of the genetic factors driving the disorder in the Indian 
population [5, 6]. This study was conducted to describe 
the morphologic spectrum and short-term outcome of 
pediatric cardiomyopathies in a tertiary care hospital in 
North India and to identify potential genetic and familial 
causes.

Material and methods
This study was conducted at the Department of Pediat-
rics of a tertiary care hospital in North India from April 
2018 to May 2020. The study was done under the insti-
tutional ethics committee approval No.196(15/2017)/
IEC/PGIMER/RMLH454/18 and No. IGIB/IHEC/
GOMED/2022-2023. Patients were enrolled once they 
fulfilled the inclusion and exclusion criteria after taking 
informed consent; assent was also taken from children 
more than 7 years of age.

Inclusion criteria
Children from birth to 18  years of age diagnosed with 
cardiomyopathy.

Exclusion criteria
HIV infection, myocarditis, primary valvular heart 
diseases, Kawasaki disease, coronary artery disease, 
hypertension, renal disease, Takayasu arteritis, or other 
immunologic diseases. Known causes of heart mus-
cle disease (such as anthracyclines and iron overload). 
Invasive cardiac procedures or cardiac surgery in the 
past. Rhythm disorders causing cardiomyopathy. Severe 
chronic anemia, thyroid disorder. Infants of a diabetic 
mother, storage disorders, inborn errors of metabolism, 
neuromuscular disorder, dysmorphism, or syndromic 
diseases.

Clinical workup
Enrolled patients underwent a detailed history and 
physical examination. Emphasis was given to a history 
suggestive of viral infection before the onset of cardiac 
symptoms. Elaborate birth and developmental history, as 
well as three-generation family history, was taken to con-
struct a pedigree chart. Family history of cardiomyopa-
thy or history of sudden cardiac death in the family was 
specifically taken into account. Heart failure was scored 

according to the modified Ross score [7]. Treatment his-
tory was recorded and the presence of dysmorphism, 
organomegaly, or neuromuscular disorder was assessed. 
Routine investigations included a complete hemogram, 
renal and liver function tests, electrocardiogram, and 
chest X-ray. Depending upon the clinical situation HIV 
tests, other viral serologies, thyroid function tests, and 
calcium and vitamin D level tests were also performed. 
If there was a clinical suspicion of the metabolic cause 
of cardiomyopathy, tandem mass spectrometry (TMS) 
or gas chromatography mass spectroscopy (GCMS) was 
performed in selected cases. Echocardiography was con-
ducted using a Philips HD11XE machine following the 
Guidelines of the American Society of Echocardiography 
on chamber quantification [8]. Measured echocardio-
graphic parameters include left ventricular end-systolic/
diastolic dimensions, maximum left ventricular posterior 
wall thickness, and interventricular septal thickness. Left 
ventricular ejection fraction was measured using biplane 
Simpson’s method. Indices of left ventricular diastolic 
function included mitral peak early (E) and late (A) 
diastolic flow velocity and peak early and late (medial) 
mitral diastolic annular velocity by tissue Doppler (e’, a’). 
Patients were classified into different morphologic sub-
types according to the echocardiography as follows:

Dilated cardiomyopathy (DCM): left ventricular end-
diastolic dimension on echocardiography > 2 standard 
deviations above the normal with an ejection frac-
tion < 45% (z score > 2 and z-score defined as the num-
ber of SD from the body surface area adjusted mean in 
the normal population). Hypertrophic cardiomyopa-
thy (HCM): left ventricular posterior wall thickness at 
end-diastole > 2 standard deviations above the normal 
mean for the body surface area (z score > 2). Restric-
tive cardiomyopathy (RCM): one or both atria enlarged 
relative to the ventricles of normal or small size with 
evidence of impaired diastolic filling and in the absence 
of marked valvular heart disease. LV non-compaction: 
highly trabeculated spongiform left ventricle myo-
cardium with multiple interstices. We referred to the 
Z score published by Pettersen et  al. from Detroit [9]. 
Patients were followed up in the pediatric cardiology 
clinic till the end of the study or till the time of their 
death.

Family screening
All first-degree relatives of the index patients were 
offered screening which included history, physical exami-
nation, electrocardiogram, and echocardiography. Famil-
ial cardiomyopathy was defined as the presence of one or 
more first-degree relatives with cardiomyopathy or sud-
den cardiac death or the presence of pathogenic variants.
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Genetic tests
After pretest counselling, a blood sample for genetic test-
ing was taken from the index patient and his/her parents; 
5  ml of venous blood was taken by venipuncture. As a 
preliminary workup, genetic testing was performed using 
a genome-wide genotyping method, the Infinium Global 
Screening Array-24 Illumina v2.0 chip (https:// emea. 
suppo rt. illum ina. com/ downl oads/ infin ium- global- scree 
ning- array- v2-0- produ ct- files. html), and data visualiza-
tion was performed on Genome Studio 1.0. Rapid geno-
typing techniques parallelly screen a large number of 
pathogenic and likely pathogenic markers linked to mul-
tiple genetic disorders. Using the ClinVar Database as a 
reference, 260 clinically reported pathogenic/likely path-
ogenic variants in TNNT2, ACTN2, TNN, MYL3, PLN, 
PRKAG2, MYPN, VCL, LDB3, MYBPC3, MYL2, MYH7, 
ACTC1, TPM1, TCAP, TNNI3 and MYLK2 genes (pre-
sent in GSA v2.0) for cardiomyopathy were selected for 
screening. Mutation-positive genes were defined by the 
presence of a disease-causing variant or likely disease-
causing variant, whereas those with variants of unknown 
significance (VUS) were considered mutation-negative. 
A subset of patients with DCM also underwent whole-
exome sequencing (WES). The selection of patients for 
WES was not pre-determined and was made depending 
on the availability of kits at the time of testing. Whole-
exome sequencing (WES) was performed using TruSeq 
Exome Kit (Illumina) for library preparation per the 
manufacturer’s protocol, and sequencing was carried 
out on Illumina NovaSeq 6000 using the S4 flow cell. 
The obtained sequencing reads were processed using the 
Dynamic Read Analysis for GENomics Bio-IT (DRA-
GEN, Illumina Inc.) platform. Reads were then mapped 
and aligned to the human reference genome (GRCh37/
hg19). The variant calling was done using Haplotype 
Caller (DRAGEN) and annotation of merged VCFs (Vari-
ant Call Format file) by ANNOVAR (annovar.openbioin-
formatics.org). In the initial stage of variant prioritization 
for clinical correlation, variants fulfilling the following 
criteria were used: rare and deleterious with minor allele 
frequency (MAF) of < 0.01% in the population databases 
of 1000 Genomes Project (1KGP), Exome Aggregation 
Consortium (ExAC), and Genome Aggregation Database 
(gnomAD). Here, the estimated extent of deleteriousness 
of each variant was calculated using the cumulative sum 
of prediction scores assigned by computational tools, 
i.e., PolyPhen2 (http:// genet ics. bwh. harva rd. edu/ pph2/), 
SIFT (https:// sift. bii.a- star. edu. sg/) and Mutation taster 
v2 (http:// www. mutat ionta ster. org/ ChrPos. html). Next, 
variants in the 210 candidate genes (Additional file  1: 
Table  S1) reported for cardiomyopathy phenotype were 
further prioritized for screening. Variants finally selected 
for each patient were then classified using American 

College of Medical Genetics (ACMG) guidelines for the 
interpretation of sequence variants obtained from the 
Varsome database (https:// varso me. com) [10, 11]. Addi-
tional prediction scores extracted from Varsome for the 
finalized variants were BayesDel addAF score, BayesDel 
addAF prediction, DANN score, EIGEN and EIGEN PC 
scores, FATHMM-MKL and MutationTaster, as well as 
conservation scores such as PhastCons100Way and Phy-
loP100way. Variant-wise values are mentioned in detail in 
Additional file 1: Table S2 in the Additional file.

Statistical analyses
Descriptive statistics for continuous variables are pre-
sented as medians and ranges; categorical variables are 
presented as frequencies and percentages.

Result
Over the 2-year study period, 71 cases of suspected cardi-
omyopathy were screened for enrollment. After excluding 
those with secondary causes, 20 patients were enrolled in 
the study. Figure 1 shows the flow chart of enrollment of 
patients in the study. The most common cause of exclu-
sion was lack of consent or death of patients before being 
enrolled in the study. Another large group of patients 
excluded had suspected myocarditis. These children pre-
sented with LV dysfunction, but LV dilatation did not 
meet the inclusion criteria for DCM and/or definite his-
tory of associated acute viral illness was present sugges-
tive of myocarditis; 4 infants with HCM were excluded as 
they were diagnosed with Pompe’s disease. One patient 
with hypoglycemia and metabolic acidosis was excluded 
from the study as she was diagnosed with fatty acid oxi-
dation defect based on an acylcarnitine profile by TMS; 2 
patients who fulfilled the criteria for LV non-compaction, 
as well as dilated cardiomyopathy, were included in the 
DCM group. There was one patient diagnosed with RCM 
and another with HCM. No cases of arrhythmogenic 
right ventricular dysplasia were identified. DCM was the 
most common morphologic diagnosis within this cohort; 
9 patients were less than 2  years of age at enrollment. 
After a median of 15 months of follow-up, 8 patients had 
died (all with DCM). Three patients of DCM were not 
available for a follow-up after the enrollment. Mortal-
ity was 44.4% for the overall group and 53.3% (8/15) for 
the DCM group; 3 patients had sudden cardiac death, 
and the remaining 5 died from progressive cardiac fail-
ure. Ejection fraction had improved by more than 10% in 
26.7% (4/15) of the DCM patients. The median time from 
symptom onset to death was 16.5 months (5–42 months). 
Table 1 shows the clinical features, selected echocardiog-
raphy data, and outcomes of the patients included in the 
study.

https://emea.support.illumina.com/downloads/infinium-global-screening-array-v2-0-product-files.html
https://emea.support.illumina.com/downloads/infinium-global-screening-array-v2-0-product-files.html
https://emea.support.illumina.com/downloads/infinium-global-screening-array-v2-0-product-files.html
http://genetics.bwh.harvard.edu/pph2/
https://sift.bii.a-star.edu.sg/
http://www.mutationtaster.org/ChrPos.html
https://varsome.com
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First-degree relatives were screened based on history, 
physical examination, and echocardiography. Figure  2 
shows flow chart showing family screening of first-degree 
relatives of index cases. Three-generation family his-
tory information was taken into account for all enrolled 
patients. Screening was indicated in 62 first-degree rela-
tives, of which 40 were parents (median age 29.5  years) 
and 22 siblings (median age 7  years). Only 38 (61.3%) 
underwent complete screening including echocardiogra-
phy and included 31 parents and 7 siblings.

Only 1 patient was identified to have cardiomyopathy 
on family screening. This patient was an identical twin of 
a patient with DCM. He was asymptomatic at the time of 
screening.

Of the 20 patients enrolled for the screening and 
genetic testing, 18 (16 DCM, 1 RCM, and 1 HCM) under-
went multi-panel gene testing. None had a pathogenic or 
likely pathogenic variant identified by this method.

Among the 9 patients who underwent WES, 5 patients 
had either pathogenic or likely pathogenic variants as 
per ACMG-AMP classification (Table  2 and Additional 
file 1: Table S2). In these 9 patients, overall, there were a 
total of 8 variations found in 6 different genes: MYBPC3, 
MYLK3, GATA6, DES, TTN, and DSP.

The flowchart for variant filtering after whole-exome 
sequencing is represented in Additional file  1: Fig. S1. 
Out of the nine identified variants, eight different types 
of variants were identified as follows: three variants were 
found to be missense (37.5%), four variants were found 
to be frameshift deletions leading to protein truncation 
(50% with one repeated), and one variant was found to be 
nonsense (12.5%).

Fig. 1 Flow chart showing enrollment of patients

Table 1 Presenting clinical, echocardiography features, and outcome data

DCM Dilated cardiomyopathy, LVEF Left ventricular ejection fraction, LVIDd Left ventricular internal dimension in diastole

Variables All patients
n = 20

DCM
n = 18

Age at enrollment in months median (range) 42 (6–204) 29.5 (6–132)

Male n (%) 10 (50) 10 (55.5)

Ross score at enrollment n (%)

I 4 (20) 4 (22.2)

II 12 (60) 11 (61.1)

III/IV 4 (20) 3 (16.7)

History of edema n (%) 9 (45) 7 (38.9)

History of Syncope n (%) 3 (15) 2 (11.1)

Median LVEF % (range) 34 (15–68) 32 (15–44)

Median LVIDd z score (range) 3.75 (− 1.86 to 8.6) 3.95 (2.5–8.6)

Features of diastolic dysfunction n (%) 4 (20) 2 (11.1)

Median duration of follow-up in months (range) 15 (0.5–20) 15 (0.5–20)

Mortality at the end of the study 44.4% (8/18) 53.3% (8/15)
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MYBPC3 was the most commonly involved gene. 
A frameshift deletion in the MYBPC3 gene (i.e., 
MYBPC3(NM_000256.3):c.2610del(p.Ser871AlafsTer8) 
was observed in 2 different patients. Although the vari-
ant identified in the MYLK3 gene has been classified as 
‘Likely Pathogenic’ according to ACMG classification, no 
previous publications support its pathogenicity. All but 
one of these variations have been previously reported 
(Additional file  1: Table  S2). The novel variant identi-
fied in GATA6 has been classified as ‘Likely Pathogenic’ 
according to ACMG classification.

Discussion
In this study, we investigated the morphological spec-
trum, genetic/familial causes, and short-term outcome 
of idiopathic primary cardiomyopathy in 20 unrelated 
children presented to a tertiary care hospital in North 
India. DCM was the most common morphologic diagno-
sis (90% of patients), and these patients had an adverse 
short-term outcome. Previously, population-based stud-
ies with larger cohorts have also shown that DCM is the 
most common morphology of cardiomyopathy [1–3].

Among the 17 patients who were followed up (there 
were three losses to follow-up), the mortality rate after 

a median of 15  months was 53.3% for the DCM group. 
Previous studies have shown that nearly 40% of children 
who exhibit symptomatic cardiomyopathy undergo heart 
transplantation or die within the first 2 years after diag-
nosis [12]. The most common mode of death was wors-
ening heart failure. Improvement in ejection fraction 
occurred in 26.7% of DCM patients over time and was 
consistent with normalization rates in a previous PCMR 
(Pediatric Cardiomyopathy Registry) study [12].

Current guideline recommends three-generation fam-
ily history evaluation, clinical screening of relatives, and 
counselling along with genetic testing in patients with 
idiopathic cardiomyopathy [4].

Clinical phenotype screening with echocardiography 
was done in 61.3% of the eligible first-degree relatives 
in our study. Only 5% (1/20) had familial cardiomyopa-
thy. Previous studies in children, reported from West-
ern countries, have found a slightly higher prevalence 
of familial disease [2, 13–15]. The prevalence of familial 
cardiomyopathy varies across studies depending upon 
the definition used, age group of patients, morphology of 
cardiomyopathy, prospective/retrospective design, and 
methods of investigations, especially the type of imaging 
used for screening.

There could be a variety of reasons for the low preva-
lence of familial cardiomyopathy in our study. Firstly, 
clinical phenotype screening was done only in 61.1% of 
eligible first-degree relatives. Secondly, we did not have 
access to medical records of the relatives of patients, and 
hence, familial etiology may have been underreported. 
Lastly, we screened relatives at only one point during the 
study. Screening of family members needs to be done 
periodically as family members who are asymptomatic at 
the time of testing may develop cardiomyopathy at a later 
stage.

In total, 5 out of 9 patients who underwent whole-
exome sequencing in our study had either pathogenic or 
likely pathogenic variants, with one variant being shared 
by 2 patients. Variants identified in our study are largely 
in the MYBPC3 gene. MYBPC3 accounts for up to 10% 
of cases of DCM [16]. However, in our study, MYBPC3 
variants contributed to 4 out of 9 cases (44.4%), of which 
two patients share the same variant (MYBPC3(NM_0002
56.3):c.2610del(p.Ser871AlafsTer8). Our small cohort size 
may explain this large deviation in frequency of MYBPC3 
variants from previous reports and is not a result of the 
difference in ethnicity of patients as compared to other 
studies. The expectation that variant frequency in the 
MYBPC3 gene should not digress drastically in the Indian 
population is supported by the similar pLoF (predicted 
Loss-of-Function) allele frequencies for MYBPC3 across 
various ethnic groups. (https:// varso me. com/ gene/ hg19/ 
MYBPC3).

Fig. 2 Flow chart showing family screening of first-degree relatives 
of index cases

https://varsome.com/gene/hg19/MYBPC3
https://varsome.com/gene/hg19/MYBPC3
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Importantly, the identification of a pathological vari-
ant does not necessarily have similar prognostic impli-
cations as exemplified by two patients in our study 
who shared the same variant on the MYBPC3 gene, 
(MYBPC3(NM_000256.3):c.2610del(p.Ser871Alaf-
sTer8). One of these patients died at 9 years old, while 
the second patient is still alive at 12 years of age. Accu-
rate interpretation and determination of the clinical 
significance of the variants are vital, given the serious 
consequences on the patient and their loved ones.

Variants in TTN which are reported to be the com-
monest genetic cause of DCM contribute to up to 14% 
of cases [17, 18]. This was seen in only one patient in 
our study. TTN (TTN(NM_001267550.2):c.43655C > 
T(p.Ser14552Leu)) was a novel variant found in this 
patient and was classified as a VUS according to sev-
eral prediction scores.

Genetic heterogeneity is highly pronounced in car-
diomyopathies, with more than 40 genes being impli-
cated. This is complicated further by the fact that a 
majority of these genes only account for a small per-
centage of cases [17]. Moreover, there are issues like 
incomplete or age-related penetrance and variable 
expressivity also add to diagnostic difficulties. None 
of our patients had any pathogenic variants detected 
with the use of a multi-gene panel which included 17 
genes. Newer genes and variants causing dilated car-
diomyopathy are detected with increasing frequency, 
and therefore, any genetic panel is likely to be out-
dated quickly. We observed considerable heterogene-
ity in variants from patient to patient and found that 
WES was a useful diagnostic technique for identifying 
genetic causes of DCM. However, our study was not 
designed to compare WES and genetic panel testing, 
and therefore, no conclusion can be derived from our 
results regarding the superiority of one method over 
another.

There is contradictory evidence in the literature 
regarding the use of WES as a primary method in 
the diagnosis of genetic cardiomyopathy. Some stud-
ies have supported the use of WES [19–21]. However, 
there is a fear that increasing use of exome sequencing 
may result in a greater proportion of children being 
detected to have variants of unknown significance or 
increase the group of patients with “genotype-positive/
phenotype-negative”. One recent study did not support 
the use of WES as a primary tool in dilated cardio-
myopathy [22]. However, they did not compare their 
results with multi-panel gene testing.

Future studies should systematically study the effi-
cacy and cost-effectiveness of WES as a primary diag-
nostic tool and compare it with multi-panel genetic 
testing.

Conclusion
Dilated cardiomyopathy is the commonest morphologic 
subtype of pediatric cardiomyopathy in our region and 
has high short-term mortality. The familial cause was 
found in 5% by clinical screening of first-degree rela-
tives and was less than reported previously. Emphasis 
on clinical phenotype screening of first-degree relatives 
should be continued and pursued more thoroughly; 5 
out of 9 (55%) who underwent testing had a pathogenic 
or likely pathogenic variant identified in whole-exome 
sequencing. Future studies should evaluate the role of 
whole-exome sequencing in identifying genetic causes of 
cardiomyopathy in children.

Strength of the study
Familial cardiomyopathy was diagnosed based on clini-
cal as well as echo screening of first-degree relatives and 
was not solely based on a history of cardiomyopathy in 
other family members. Whole-exome testing was done 
(in a subset of patients) to identify a genetic cause of 
cardiomyopathy.

Limitations of the study
This was a small study. The exclusion of viral myocarditis 
was based on history. Myocardial biopsy or MRI was not 
done on any patient to rule in or rule out myocarditis. 
Investigations to rule out metabolic causes were based 
on clinical suspicion and were not done for all patients. 
Whole-exome sequencing was not done for all patients, 
and patients selected to undergo exome sequencing were 
arbitrary. Genotype–phenotype correlation was not done 
as our sample size was too small for any meaningful eval-
uation. However, we have listed the phenotypic features 
along with their genotype in Additional file 1: Table S3. 
Another limitation of the present study is the absence of 
a control set/population, making it difficult to differen-
tiate true causative variants from incidental findings by 
case–control statistical evaluation of genotype–pheno-
type association.
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