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Aims Idiopathic ventricular fibrillation (IVF) is a disease in which the cause of ventricular fibrillation cannot be identified despite 
comprehensive clinical evaluation. This study aimed to investigate the clinical yield and implications of genetic testing for IVF.

Methods 
and results

This study was based on the multi-centre inherited arrhythmia syndrome registry in South Korea from 2014 to 2017. Next- 
generation sequencing–based genetic testing was performed that included 174 genes previously linked to cardiovascular dis-
ease. A total of 96 patients were clinically diagnosed with IVF. The mean age of the onset was 41.2 ± 12.7 years, and 79 
patients were males (82.3%). Of these, 74 underwent genetic testing and four (5.4%) of the IVF probands had pathogenic 
or likely pathogenic variants (each having one of MYBPC3, MYH7, DSP, and TNNI3). All pathogenic or likely pathogenic var-
iants were located in genes with definite evidence of a cardiomyopathy phenotype, either hypertrophic cardiomyopathy or 
arrhythmogenic right ventricular cardiomyopathy.

Conclusion Next-generation sequencing–based genetic testing identified pathogenic or likely pathogenic variants in 5.4% of patients ini-
tially diagnosed with IVF, suggesting that genetic testing with definite evidence genes of cardiomyopathy may enable molecu-
lar diagnosis in a minority of patients with IVF. Further clinical evaluation and follow-up of patients with IVF with positive 
genotypes are needed to unveil concealed phenotypes, such as the pre-clinical phase of cardiomyopathy.
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† The first two authors contributed equally to the study.
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Graphical Abstract

Concealed channelopathy and cardiomyopathy in IVF. IVF, idiopathic ventricular fibrillation; NGS, next-generation sequencing; P/LP, pathogenic or 
likely pathogenic; BrS, Brugada Syndrome; LQTS, long QT syndrome; CPVT, cathecholaminergic polymorphic ventricular tachycardia; ARVC, ar-
rhythmogenic right ventricular cardiomyopathy; HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy.

Keywords Idiopathic ventricular fibrillation • Genetic testing • High-throughput nucleotide sequencing • Channelopathy • 
Cardiomyopathy

What’s new?

• In patients initially diagnosed with idiopathic ventricular fibrillation 
(IVF), next-generation sequencing–based genetic testing has identi-
fied 5.4% (4/74) of pathogenic or likely pathogenic variants that 
are associated with cardiomyopathy.

• Patients initially diagnosed with IVF may have concealed form of car-
diomyopathy without evident phenotype.

• Further monitoring is needed to uncover the clinical phenotypes of 
cardiomyopathy in patients with IVF with cardiomyopathy-related 
genotypes.

Introduction
Sudden cardiac arrest (SCA) is the unexpected and abrupt cessation of 
cardiac activity in a person without any prior fatal conditions. Sudden car-
diac arrest is the leading cause of death worldwide, with ventricular fibril-
lation (VF) being a common electrocardiographic presentation.1 In 
addition to ischaemic heart disease, cardiomyopathies and inherited ar-
rhythmia syndromes cause SCA, and an implantable cardioverter- 
defibrillator (ICD) is implanted for the secondary prevention of sudden 
cardiac death.2,3 Inherited arrhythmia syndromes are primary electrical 
disorders without an identifiable structural substrate, which are charac-
terized by alterations in the genes that encode cardiac ion channel pro-
teins. Inherited arrhythmia syndromes include Brugada syndrome (BrS), 
long QT syndrome (LQTS), short QT syndrome, early repolarization syn-
drome, catecholaminergic polymorphic ventricular tachycardia (CPVT), 
and idiopathic VF (IVF). Idiopathic ventricular fibrillation is a diagnosis of 
exclusion when the cause of VF cannot be identified despite a thorough 
clinical examination of structural, channelopathic, metabolic, or toxicolo-
gic aetiologies.4 The exact incidence of IVF is unclear but is expected to 
decrease with (i) the advances in contemporary imaging techniques 
[such as cardiac magnetic resonance (CMR) imaging] and (ii) current 

standardized recommendations for investigating unexplained SCA.4,5

Previously, most inherited arrhythmia syndromes, including BrS, short 
QT syndrome, and early repolarization syndrome, were regarded as 
IVF.6 Therefore, patients diagnosed with IVF are presumed to have an un-
discovered or concealed form of inherited arrhythmia syndrome or car-
diomyopathy with a genetic basis in channelopathy or cardiomyopathy.7,8

The underlying genotypes of patients diagnosed with IVF are diverse, 
and genetic testing is considered to identify causative genetic variants 
and uncover concealed causative diseases.9 It has been difficult to de-
tect unknown disease-causing genotypes using traditional targeted gen-
etic testing such as Sanger sequencing, owing to time and expense 
constraints. Next-generation sequencing (NGS) uses cyclic sequencing 
of massively parallel-aligned DNA fragments via clonal amplification,10

enabling it the screening of genetic variants that might be disease- 
causing and making it suitable for the genetic evaluation of patients 
with IVF. Hence, we comprehensively evaluated IVF probands using 
NGS to uncover concealed diseases and to further identify the clinical 
yield and implications of genetic testing in IVF.

Methods
Study subjects
This study was based on a multi-centre registry of inherited arrhythmia syn-
dromes in South Korea. A total of 265 probands from 14 tertiary centres 
were enrolled between 2014 and 2017. Registry enrolment was performed 
using the diagnostic criteria in the 2013 Heart Rhythm Society (HRS)/ 
European Heart Rhythm Association (EHRA)/Asia Pacific Heart Rhythm 
Society (APHRS) expert consensus statement.11 Genetic analysis by NGS 
was performed by obtaining a 20 mL blood sample from each enrolled patient. 
This study was approved by the Institutional Review Board of Korea University 
Anam Hospital (IRB No.2014AN0104), and written informed consent was ob-
tained from all patients. The study protocol strictly adheres to the ethical guide-
lines of the Declaration of Helsinki and legal regulations of the Republic of Korea.

IVF was defined as an unexplained, aborted SCA with shockable rhythms 
despite thorough clinical evaluation of underlying cardiac and non-cardiac 
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aetiologies.11 Diagnosis of IVF was established after exclusion of possible 
cardiac causes for SCA: (i) obstructive coronary artery disease or vaso-
spasm in patients at risk of coronary artery disease, (ii) evident heart failure 
or cardiomyopathy, and (iii) other overt inherited arrhythmia syndrome (in-
cluding BrS, LQTS, or short QT syndrome). Patients with non-cardiac 
causes of SCA, such as hyperkalaemia or cerebral haemorrhage, were ex-
cluded from the study. Sudden cardiac arrest was evaluated based on cur-
rent guidelines.11 After resuscitation from cardiac arrest, repeated 12-lead 
electrocardiography was performed, and laboratory testing and imaging 
work-up [such as chest X-ray, brain computed tomography (CT), or mag-
netic resonance imaging] were performed to exclude non-cardiac causes 
(Figure 1). Echocardiography and coronary (or CT) angiography were per-
formed to rule out any relevant structural heart disease. Coronary (or CT) 
angiography was performed in all patients except those with little risk of 
coronary artery disease (such as under-aged or younger adults). Cardiac 
magnetic resonance imaging and drug provocation tests (including sodium 
channel blocker or epinephrine challenge test) were conducted at the phy-
sician’s discretion in the local region and according to the patients’ clinical 
circumstances and availability. Genetic testing was recommended for all pa-
tients, and those without informed consent for genetic analysis and their ex-
penses were excluded from further genetic testing. If a certain genetic 
variant was detected, genetic counselling and screening of family members 
were performed. An ICD was implanted for secondary prevention of SCA.

Clinical data assessed at the time of resuscitation were obtained using an 
electronic case report form, which consisted of demographic data (height, 
body weight, date of diagnosis, medical records of hospitalizations, symp-
toms, history of ventricular arrhythmia, comorbidities, and family history), 
electrocardiography (one or more baseline 12-lead electrocardiographs), 
and echocardiography. Clinical data were reviewed by four cardiologists 
(J.H.J., Y.G.K., S.-K.O., and J.-I.C.) for their relevance to diagnosis, and results 
of genetic testing were analysed by three experts in bioinformatics (Green 
Cross Genome) and reappraised by four cardiologists.

Next-generation sequencing–based genetic 
testing and bioinformatics
A multi-gene panel kit (3130 target lesions) manufactured by Illumina 
Design Studio (Illumina Inc., San Diego, CA, USA) was used to identify 
174 genes detected in the Human Gene Mutation Database as causing car-
diovascular disease (see Supplementary material online, Table S1). 
Pathogenicity was classified as pathogenic, likely pathogenic, uncertain sig-
nificance, likely benign, or benign, based on the standard and guidelines 
for the interpretation of sequence variants of the American College of 
Medical Genetics and Genomics and the Association for Molecular 
Pathology.12 Further details about genetic testing and bioinformatics are 
provided in Supplementary material online, Supplementary Methods.

Statistical analysis
The variables are described as numbers and percentages for categorical 
variables and as means ± standard deviation for continuous variables. 
Categorical and continuous variables were compared using the χ2 test, 
Fisher’s exact, Student’s t-test, or Mann–Whitney U tests, as indicated. All 
statistical analyses were performed using SPSS version 26 software (SPSS 
Inc., Chicago, IL, USA).

Results
Clinical characteristics
Among 265 probands with inherited arrhythmia syndrome or unex-
plained SCA, 96 were diagnosed with IVF (Figure 1). Seventy-four IVF 
probands were subjected to genetic testing using NGS to identify gen-
otypes with unknown phenotypes. The baseline characteristics of the 
96 patients with IVF and those who underwent genetic testing (n =  
74) are described in Table 1. In IVF cohort (n = 96), the mean age of on-
set was 41.2 ± 12.7 years, and 82.3% of the patients were males. The 
mean QTc interval was 437.9 ± 43.9 ms, and the mean left ventricular 
ejection fraction was 56.9 ± 10.7 %. Majority of the patients received 
ICD implantation (88.5%). Eleven patients did not receive ICD 

implantation because of patient refusal or loss to follow-up (transferred 
to another hospital) before ICD implantation. Seven patients (7.3%) 
had family history of sudden cardiac death (<50 years). There were 
no significant differences in the baseline characteristics, demographics, 
corrected QTc interval, and left ventricular ejection fraction according 
to genetic testing result.

Genetic testing in idiopathic ventricular 
fibrillation
A schematic of the NGS test results is shown in Figure 2. Among the 74 
patients with IVF who underwent genetic testing with an NGS panel, 28 
(37.8%) were found to have genetic variants representing 36 variants, of 
which 9 (25.0%) were classified as channelopathy related and 27 
(75.0%) were classified as cardiomyopathy related (Figure 2A). Four 
of the 36 identified variants were verified as pathogenic or likely patho-
genic (P/LP) variants relevant to cardiomyopathy (DSP, MYBPC3, MYH7, 
TNNI3). The identified variants were further classified via gene disease 
validity based on the ClinGen Gene Curation Expert Panel (Figure 2B). 
Four of nine variants were located in genes classified as having definite 
evidence of channelopathy of BrS (SCN5A), LQTS (KCNH2), and CPVT 
(RYR2), whereas 24 of 27 variants were classified as definite evidence 
genes susceptible to arrhythmogenic right ventricular cardiomyopathy 
(ARVC; DSP, PKP2, TMEM43, DSC2, DSG2, JUP), hypertrophic cardio-
myopathy (HCM; MYBPC3, MYH7, TNNI3), and dilated cardiomyopathy 
(DCM; TTN).13–18 One variant (NEXN) was moderate evidence gene 
related to DCM. Notably, all four P/LP cardiomyopathy-related variants 
were located in genes classified as providing definite evidence of cardio-
myopathy according to the ClinGen Gene Curation Expert Panel.

Channelopathy-related genetic variants
Nine patients harboured channelopathy-associated genetic variants 
(see Supplementary material online, Table S2). Two variants were clas-
sified as BrS associated, five as LQTS associated, and two as CPVT as-
sociated. None of the channelopathy-related variants were classified as 
P/LP variants. The channelopathy-related genotypes tended to have 
higher minor allele frequency in the Korean population database 
(KRGDB) than in the global population databases (GnomAD, ExAC, 
and 1000 Genome Project) (see Supplementary material online, 
Table S3). p.Asp85Asn located in KCNE1 is a well-known polymorphism 
and was classified as of uncertain significance in this study because in si-
lico analyses revealed conflicting results. However, previous studies 
have suggested that this genotype might express a mild phenotype of 
LQTS and exert loss-of-function effects on both KCNQ1-enhanced 
and KCNH2-encoded channel currents.19

Cardiomyopathy-related genetic variants
Twenty-three patients had 27 cardiomyopathy-related genetic variants 
—14 ARVC related, 3 DCM related, and 9 HCM related variants (see 
Supplementary material online, Table S4). Four of these 27 variants 
(14.8%) were P/LP variants (Table 2). Although ARVC was the most 
commonly associated disease, accounting for 38.9% (14/36) of all iden-
tified genotypes, HCM showed the highest proportion of P/LP variants.

Most ARVC-associated genotypes showed genetic alterations in the 
desmosomal genes (DSC2, DSG2, DSP, PKP2, and JUP). DSP was the 
most common gene (4/14, 28.6%), followed by PKP2 (3/14, 21.4%) 
and TMEM43 (3/14, 21.4%). One variant (DSP p.Ser711CysfsTer4) 
was classified as P/LP variant with absent or extremely low frequency 
in the population database (see Supplementary material online, 
Table S5). Most DCM-related variants belonged to the titin protein 
with missense variants, and none of the DCM-related variants were 
classified as P/LP variant. Among the HCM-related variants, three var-
iants—one each of MYBPC3 (p.Arg945GlyfsTer105), MYH7 
(p.Arg719Gln), and TNNI3 (p.Arg145Gln)—were classified as P/LP 
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Inherited arrhythmia syndrome registry
(n = 265, 14 centers, 2014–2017)

1. Routine evaluation
 •  Repeated 12-lead ECG
 •  Echocardiography
2. SCA survivor
 •  Evaluation for non-cardiac cause
 •  Coronary angiography†

 •  CMR†

 •  Drug provocation test†

Idiopathic ventricular fibrillation
(n = 96)

Patients with genetic testing
(n = 74)

Patients without genetic testing
(n = 22)

Other inherited arrhythmia syndrome
(n = 169)

•  Brugada syndrome (n = 95)
•  Long QT syndrome (n = 54)
•  ARVC (n = 9)
•  Early repolarization syndrome (n = 7)
•  CPVT (n = 3)
•  Short QT syndrome (n = 1)

Figure 1 Flowchart of the study. †Coronary angiography was performed in all patients except those with little risk of coronary artery disease (such as 
under-aged or younger adults). CMR and drug provocation tests were conducted at the physician’s discretion in the local region according to the pa-
tients’ clinical circumstances and availability. ECG, electrocardiography; CMR, cardiac magnetic resonance imaging; VF, ventricular fibrillation.
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Table 1 Baseline characteristics

Total (n = 96) NGS (n = 74) Gene positivea (n = 28) Gene negative (n = 46)

Age of onset (years) 41.2 ± 12.7 41.3 ± 13.4 45.1 ± 12.4 39.3 ± 13.6

Male sex 79 (82.3) 62 (83.8) 25 (89.3) 37 (80.4)

Hypertension 25 (26.0) 19 (25.7) 9 (32.1) 10 (21.7)

Diabetes mellitus 7 (7.3) 4 (5.4) 2 (7.1) 2 (4.3)

Chronic kidney disease 1 (1.0) 1 (1.4) 0 (0.0) 1 (2.2)

Dyslipidaemia 3 (3.1) 2 (2.7) 0 (0.0) 2 (4.3)

Ischaemic stroke 3 (3.1) 3 (4.1) 1 (3.6) 2 (4.3)

Haemorrhagic stroke 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Family history of sudden cardiac death (<50 years) 7 (7.3) 7 (9.5) 3 (10.7) 4 (8.7)

Corrected QT interval (ms) 437.9 ± 43.9 438.9 ± 44.9 428.2 ± 41.4 447.4 ± 46.4

Left ventricular ejection fraction (%) 56.9 ± 10.7 55.4 ± 10.1 56.5 ± 10.4 54.6 ± 9.9

Coronary angiography or CT angiography 74 (77.1) 56 (75.7) 23 (82.1) 33 (71.7)

Cardiac magnetic resonance imaging 26 (27.1) 18 (23.7) 7 (25.0) 11 (23.9)

Sodium channel blocker challenge 15 (15.6) 13 (17.6) 5 (17.9) 8 (17.4)

Epinephrine challenge 33 (34.4) 19 (25.7) 7 (25.0) 12 (26.1)

ICD implantation 85 (88.5) 65 (87.8) 23 (82.1) 42 (91.3)

NGS, next-generation sequencing; CT, computed tomography; ICD, Implantable cardioverter-defibrillator. 
a‘Genotype positive’ indicated rare variant carriers (pathogenic, likely pathogenic, or variants of unknown significance) that are related to channelopathy or cardiomyopathy.
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variants. All, excluding one (MYBPC3 p.Arg945GlyfsTer105), were mis-
sense variants. Notably, p.Arg719Gln in MYH7 is a novel variant that lies 
in the head region of the protein and is absent from all population da-
tabases (GnomAD, ExaC, 1000 Genomes Project, KRGDB). It was clas-
sified as pathogenic by the ClinGen cardiomyopathy variant curation 
expert panel.20 All four patients with P/LP variant had preserved left 
ventricular ejection fraction, and three patients who underwent CMR 
revealed normal or minor abnormalities, regional wall motion abnor-
malities that did not fit coronary artery disease, or focal late gadolinium 
enhancement.

Discussion
This study aimed to uncover the genetic predisposition in IVF probands and 
to identify clinical yield and implications of genetic testing in IVF. Genetic 
testing of patients initially diagnosed with IVF identified a non-trivial number 
of channelopathy-associated and cardiomyopathy-associated variants, i.e. 
variants in 28 patients (37.8%). Cardiomyopathy-related variants were 
detected more frequently than channelopathy-related variants (75.0% 

compared with 25.0%). However, only four cardiomyopathy-related var-
iants were found to be P/LP.

Even in the absence of definite abnormalities in the underlying elec-
trocardiography or echocardiography findings, genetic tests revealed 
channelopathy-related or cardiomyopathy-related genetic variants. 
These findings suggest that concealed channelopathy or cardiomyop-
athy can cause ventricular arrhythmia, even without clinical evidence 
of the disease.

Channelopathy-related variants in 
idiopathic ventricular fibrillation
Most channelopathy-related variants are associated with BrS or LQTS. 
Other channelopathy-related variants such as CPVT, early repolariza-
tion syndrome, and short QT syndrome are relatively rare. This finding 
may be explained by the relatively high incidence of BrS and LQTS, es-
pecially BrS, in Asian populations, as well as the well-established genetic 
background of BrS and LQTS.21

Specific genotypes supported the clinical diagnosis of inherited ar-
rhythmia syndrome. For instance, a pathogenic variant of RYR2 or 
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Figure 2 Results of next-generation sequencing–based genetic testing in idiopathic ventricular fibrillation probands. The identified variants were clas-
sified by channelopathy/cardiomyopathy and pathogenicity (P/LP) (A) and further categorized by the level of evidence supported by the gene/disease 
relationship curated by ClinGen (B). P/LP, pathogenic or likely pathogenic.
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CASQ2 is a diagnostic criterion that can independently confirm CPVT.11

In addition, an unequivocally pathogenic variant of LQTS supports the 
diagnosis of LQTS in patients with a corrected QT interval in the nor-
mal range.11 Therefore, the identification of specific genotypes could 
enable the molecular diagnosis of an inherited arrhythmia syndrome 
even without an apparent electrocardiographic abnormality at 
presentation.

Concealed cardiomyopathy in idiopathic 
ventricular fibrillation
Among the cardiomyopathy-related variants, the most common rele-
vant disease was ARVC; however, P/LP variants were most frequently 
detected among the HCM-related genotypes. Most ARVC-related 
variants are genes in the cardiac desmosome proteins that 
establish tight extracellular junctions between cells. The most common 
ARVC-related genotypes were in DSP, whereas PKP2 is the most com-
mon genotype in the western population.22 Among the HCM-related 
variants, most genotypes involve variants in eight disease-causing genes 
encoding cardiac sarcomere proteins (MYH7, MYBPC3, TNNI3, TPM1, 
MYL2, ACTC1, TNNT2, and MYL3). In addition, most of the P/LP variants 
were missense variants, which are the major causal variant of HCM.23

Notably, one HCM-related genotype (p.Arg719Gln in MYH7) was iden-
tified as a disease-causing variant with a high level of evidence; there-
fore, its presence indicates a strong possibility of underlying HCM.20

Clinical ARVC is preceded by a pre-clinical phase that is character-
ized by minimal or no structural abnormalities, and SCA may be the first 
clinical presentation of this disease.7,22 Likewise, although HCM is the 
most common monogenic cardiovascular disease, it might not get diag-
nosed if the clinical diagnostic criteria are not fulfilled. In the present 
study, we identified a substantial proportion of cardiomyopathy-related 
variants, most of which were associated with ARVC and HCM. 
However, none of these patients presented with apparent cardiomyop-
athy. The CMR results in three patients with P/LP variants revealed only 
minor abnormalities that did not provide evidence of clinical cardiomy-
opathy. This finding supports the concept of a concealed or pre-clinical 
phase of cardiomyopathy, highlighting the importance of consistent 
monitoring for structural changes in these patients.7

Next-generation sequencing–based 
genetic testing in idiopathic ventricular 
fibrillation
Idiopathic ventricular fibrillation is a diagnosis of exclusion in patient 
who follows a thorough evaluation of structural heart disease and in-
herited arrhythmia syndrome. Although recent genetic studies have re-
vealed several causative genotypes in IVF (including CALM1 and Dutch 
DPP6-haplotype), most patients with IVF do not have a clear genetic 
background.24–26 Previous studies revealed the genetic backgrounds 
of Caucasian patients with IVF, with multiple gene panels (NGS or 
whole exome sequencing) detecting 21–212 gene variants.27–29

However, the genetic yield of disease-causing variants in Caucasian pa-
tients with IVF was relatively low, ∼3–9%. Recent genetic study of 
European ancestry from cardiac arrest survivor with preserved ejection 
fraction registry identified ∼10% of P/LP variants via whole exome se-
quencing, in which majority of variants was found to be located in 
cardiomyopathy-associated genes.29 Furthermore, genetic testing of 
24 strong evidence cardiomyopathy-susceptible genes in unexplained 
SCA survivors revealed higher proportion (18.4%) of relevant P/LP var-
iants.30 Our study used genetic testing with a large volume of panel (174 
genes) and revealed similar but relatively low yield of P/LP variants com-
pared with previous studies, i.e. 5.4% of P/LP variants relevant to car-
diomyopathy. In addition, all of the cardiomyopathy-related P/LP 
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variants were definite evidence genes, as appraised by the ClinGen 
Gene Curation Expert Panel.

Genetic testing is recommended by current guidelines regarding pa-
tients with IVF, particularly in younger survivors (age < 50 years) or 
those in whom genetic causes are likely.4,9 Although genetic testing 
might provide supportive evidence in patients that lack the aetiology 
of SCA, use of a pan-arrhythmic panel or whole exome sequencing is 
unfavourable for clinical purpose because it increases the number of 
VUSs without a significant increase in P/LP variants and is not cost- 
effective. Variant of uncertain significance lacks additional diagnostic va-
lue that could support clinical decision-making, and an increase in VUSs 
increases the chances of secondary or incidental findings that are not 
relevant to the disease of interest.31 This may lead to unnecessary clin-
ical investigations of the index proband, as well as unnecessary cascade 
screening of family members. More importantly, the notion of inherited 
cardiac disease and its uncertainty impose significant anxiety and psy-
chological burden on the family for a long period until the gene–disease 
relationship is elucidated. Therefore, genetic testing of genes with 
strong to definite evidence of channelopathy or cardiomyopathy may 
be more suitable for clinical use. Genes with significant diagnostic value 
should also be considered, such as definite evidence genes for LQTS, 
CPVT, and ARVC.

Our findings support the clinical potential of NGS-based genetic test-
ing for uncovering causative genetic variants in IVF, especially in genes 
with strong to definite evidence of susceptibility to cardiomyopathy. 
Furthermore, because patients with IVF express the most severe elec-
trical phenotypes, consistent clinical investigations and genotype– 
phenotype correlation studies are needed in patients with genetic var-
iants. An appropriate volume of genetic testing and proper interpret-
ation of the genetic results are warranted in this population.

Limitations
This study had several limitations. First, clinical data were obtained from a 
retrospective registry that assessed patients at the time of SCA, and a thor-
ough evaluation to rule out possible causes of VF was not standardized 
among centres and different time periods. At the time of enrolment, there 
was no standardized approach to evaluate patients with unexplained SCA, 
which was similar to previous studies.5 For instance, not all patients were 
evaluated with coronary angiography. Unrecognized coronary anomalies 
or coronary vasospasm may predispose to transient ischaemia that leads 
to SCA.32 Similarly, the proportion of patients who underwent CMR im-
aging and drug provocation testing was relatively low. Among 23 patients 
with cardiomyopathy-related genotypes, only 7 were evaluated with CMR 
(see Supplementary material online, Table S4). Nonetheless, CMR in this 
population revealed non-specific findings related to stress-induced cardio-
myopathy or minor abnormalities that were not relevant to clinical cardio-
myopathies. The patients initially diagnosed with IVF may have included 
those with a pre-clinical phase of cardiomyopathy that was not evident 
during the initial phase. In this regard, a full evaluation at the initial phase 
of SCA and re-evaluation of the diagnosis with follow-up data might reveal 
concealed cardiomyopathy, which might be further indicative of each pa-
tient’s genetic background.

Secondly, the gene panel used in this study did not include recently 
established cardiomyopathy-associated gene such as filamin C (FLNC). 
Ortiz-Genga et al.33 reported that a truncal mutation of FLNC was iden-
tified as a causative gene of arrhythmogenic cardiomyopathy that in-
volves the left ventricle or the phenotype of DCM. Recent studies 
have suggested its significance in SCA, and FLNC is currently included 
as a definitive evidence gene that should be screened for DCM pro-
bands.9,14 Evidence and recommendation for genetic testing change 
constantly, and designing gene panels that include key arrhythmogenic 
genes in a limited volume is challenging. Constant studies on genetic evi-
dence for arrhythmogenic phenotypes may promote the development 

of cost-effective gene panels that accurately verify gene–disease 
relationship.

Thirdly, although we clinically investigated the family history of SCA 
or inherited arrhythmia syndrome in IVF probands, we did not conduct 
in-depth genetic investigations such as functional studies in vitro or in 
animal models, which might have weakened the reported pathogenicity 
of the genetic variants. In addition, for those with detected genetic var-
iants, clinical surveillance of family members is recommended and only 
partially conducted; however, routine cascade genetic screening was 
not performed. A comprehensive interpretation of the clinical correl-
ation among phenotypes, follow-up monitoring, and familial screening 
is required.

Conclusions
Next-generation sequencing–based genetic testing can detect causal 
genetic variants up to 5.4% of patients initially diagnosed with IVF, sug-
gesting that genetic testing with strong to definite evidence genes of 
cardiomyopathy may enable molecular diagnosis in patients with IVF. 
Genotypic identification can provide supporting evidence for thera-
peutic strategies and genetic counselling. Patients with positive geno-
types should be monitored consistently to determine the underlying 
causes of their conditions.
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