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Abstract

Aims Genetic testing is recommended in specific inherited heart diseases but its role remains unclear and it is not currently
recommended in unexplained cardiac arrest (UCA). We sought to assess the yield and clinical utility of genetic testing
in UCA using whole-exome sequencing (WES).

Methods
and results

Survivors of UCA requiring external defibrillation were included from the Cardiac Arrest Survivor with Preserved
Ejection fraction Registry. Whole-exome sequencing was performed, followed by assessment of rare variants in previ-
ously reported cardiovascular disease genes. A total of 228 UCA survivors (mean age at arrest 39+ 13 years) were in-
cluded. The majority were males (66%) and of European ancestry (81%). Following advanced clinical testing at baseline,
the likely aetiology of cardiac arrest was determined in 21/228 (9%) cases. Whole-exome sequencing identified a patho-
genic or likely pathogenic (P/LP) variant in 23/228 (10%) of UCA survivors overall, increasing the proportion of ‘ex-
plained’ cases from 9% only following phenotyping to 18% when combining phenotyping with WES. Notably, 13
(57%) of the 23 P/LP variants identified were located in genes associated with cardiomyopathy, in the absence of a diag-
nosis of cardiomyopathy at the time of arrest.
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Conclusions Genetic testing identifies a disease-causing variant in 10% of apparent UCA survivors. The majority of disease-causing
variants was located in cardiomyopathy-associated genes, highlighting the arrhythmogenic potential of such variants in
the absence of an overt cardiomyopathy diagnosis. The present study supports the use of genetic testing including as-
sessment of arrhythmia and cardiomyopathy genes in survivors of UCA.
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Structured Graphical Abstract Study flowchart and summary results. ARVC, arrhythmogenic right ventricular cardiomyopathy;
BrS, Brugada syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia; CRDS, RYR2 Ca2+ release deficiency syndrome;
DCM, dilated cardiomyopathy; ECG, electrocardiogram; HCM, hypertrophic cardiomyopathy; LQTS, long QT syndrome; LV, left ventricular;
MRI, magnetic resonance imaging; MVP, mitral valve prolapse; SQTS, short QT syndrome; UCM, unclassified cardiomyopathy; WES, whole-
exome sequencing.
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Introduction
While most cardiac arrests occur in an older population with coronary
artery disease, some occur in young and otherwise healthy individuals.1,2

In the latter group, diagnostic testing with electrocardiography and car-
diac imaging may identify the cause of arrest, including heritable electric-
al or structural disorders [e.g. long QT syndrome (LQTS),
cardiomyopathy], and complex disorders (e.g. mitral valve prolapse,

coronary spasm).3 When a specific heritable diagnosis is established,
genetic testing using targeted panels is recommended,4 mainly to facili-
tate family screening. In contrast, the role of genetic testing in the ab-
sence of a definite diagnosis of inherited arrhythmia and/or
cardiomyopathy is questionable, with concerns regarding cost and chal-
lenging interpretation of the genetic test results, especially for variants of
uncertain significance (VUS). Current guidelines do not support the role
of ‘exploratory’ genetic testing in this context.5,6
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Despite extensive diagnostic testing, a large proportion of non-
coronary cardiac arrest cases remain unexplained. The Cardiac Arrest
Survivors with Preserved Ejection fraction Registry (CASPER) was es-
tablished to improve our understanding of unexplained cardiac arrest
(UCA). The registry includes UCA probands as well as their relatives
in a longitudinal registry. In addition to undergoing phenotype-driven
genetic testing as per local practice, participants can also provide
DNA samples for genetic research. Prior retrospective analyses7 using
clinician-driven genetic testing support the current recommendations
for phenotype-driven testing.5,6 The role of comprehensive genetic test-
ing in an unselected cohort of patients surviving an apparently UCA re-
mains, however, unclear. The current study addresses this knowledge
gap in a pragmatic approach. Using systematic whole-exome sequencing
(WES) in consecutive consenting UCA survivors from the Canadian
multicentre CASPER cohort, we sought to describe the yield and clinical
utility of genetic testing in UCA.

Methods

The CASPER study population
CASPER has been described in previous publications3,7 and consists of a na-
tional registry and biobank of UCA survivors enrolled from expert cardio-
genetics centres throughout Canada (ClinicalTrials.gov ID NCT00292032).
Unexplained cardiac arrest survivors are included if they had a cardiac arrest
requiring defibrillation that remained of uncertain aetiology following a rest-
ing electrocardiogram (ECG), transthoracic echocardiography (TTE), and
coronary disease assessment. Exclusion criteria are as follows: obstructive
coronary artery disease (any stenosis.50%), reduced left ventricular ejec-
tion fraction (LVEF,50%), persistent prolongation of the resting corrected
QT (QTc) (.460 ms inmales or.480 ms in females), a spontaneous Type
1 Brugada ECG, or a reversible cause of cardiac arrest such as marked hypo-
kalaemia (,2.8 mmol/L) or drug overdose sufficient in gravity without other
cause to explain the cardiac arrest.8 All patients included in CASPER have
given informed consent to participate in the registry. In addition, all patients
were approached for optional participation in a DNA biobank for genetics
research. The current study only included CASPER UCA probands that
provided DNA samples and consented to such research. DNA was ex-
tracted and stored at the Montreal Heart Institute’s Beaulieu-Saucier
Pharmacogenomics Center (Montreal, Canada). The protocol was ap-
proved by the research ethics board of the Montreal Heart Institute and
the University of British Columbia.

Diagnostic assessment
Following cardiac arrest, all patients underwent a cardiovascular evaluation
to determine the cause of their cardiac arrest at the discretion of the treat-
ing physician according to local practices at the time of arrest. This in-
cluded standard and high-lead resting ECG, exercise and/or epinephrine
testing, procainamide challenge, anatomic coronary assessment, as well
as cardiac imaging using TTE and/or cardiac magnetic resonance
(CMR).3,7 Some patients were also offered genetic testing as part of their
clinical care. All data were collected in the CASPER registry for centralized
review. The cause of cardiac arrest was determined by the local investiga-
tor and reviewed centrally, using predefined diagnostic criteria (see
Supplementary material online, Table S1),8,9 based on published guidelines
and consensus statement,4 whenever available. The diagnosis was deter-
mined at three stages: (i) following initial advanced phenotypic testing (in-
cluding CMR, exercise/epinephrine, and procainamide testing), (ii)
following initial advanced phenotypic testing and WES, and (iii) at the
last available follow-up (see Structured Graphical Abstract). Although
WES may have been performed years following the initial cardiac arrest
event, the impact of genetic testing on the diagnosis was determined at

the time of initial phenotypic testing to address the question of whether
genetic testing is useful for diagnostic purposes in the first year following
the arrest. Follow-up after the arrest was performed as per local clinical
practice and such follow-up data were included in the ongoing CASPER
registry. Change in diagnosis was tracked to assess the added value of sys-
tematic genetic testing and repeat testing during long-term follow-up in
determining the likely cause of cardiac arrest.

Whole-exome sequencing and array
genotyping
We performed WES using a Roche capture and Illumina sequencer for
all available samples of UCA survivors in CASPER, regardless of
whether or not they underwent clinical genetic testing and whether
or not a cause of arrest was identified following advanced phenotyping.
Specifically, rather than having strict exclusion criteria, we preferred a
more inclusive approach where all cases with apparent UCA at presen-
tation would be eligible. This pragmatic approach was selected to im-
prove the generalizability of the findings and allowed us to assess the
utility of genetic testing in addition to phenotypic assessment to estab-
lish the cause of cardiac arrest. In addition to reporting the yield and util-
ity of genetic testing overall, we also report results separately in cases
whose cardiac arrest remains unexplained despite phenotypic testing.
Array genotyping was also performed for ancestry mapping. Details
on sequencing, genotyping, and bioinformatic analyses are described
in the Supplementary material online, Note. Data on gene coverage
are provided in Supplementary material online, Table S2.

Virtual panels
Only variants in genes that are previously reported in associationwith non-
syndromic and syndromic heart disease were considered. At the time of
analysis planning, the work of the Clinical Genome Resource (ClinGen)
cardiovascular clinical domain working group (CDWG) was incomplete.
We included the list of genes from the Genomics England crowdsourcing
tool PanelApp.10,11 A total of 184 genes were included from two panels
signed off by PanelApp consensus: (i) ‘Sudden cardiac death’ (V9.46) and
(ii) ‘Cardiomyopathies—including childhood onset’ (V1.5). Genes classified
as ‘Green’ (diagnostic-grade) or ‘Amber’ (borderline) were included (see
Supplementary material online, Table S3). We recognize that for a major-
ity of those 184 genes, the current evidence implicating them in heart dis-
ease is limited. More recently, the ClinGen cardiovascular CDWG
completed gene curation for most inherited arrhythmia syndromes and
cardiomyopathies.12–17 ClinGen validity grades for those curated genes
are shown in Supplementary material online, Table S3. As a secondary
analysis, we also report the rate of genetic variants restricted to a subset
of 45 genes graded by the ClinGen cardiovascular CDWG as having mod-
erate, strong, or definitive disease evidence in any of the curated arrhyth-
mia syndromes and/or cardiomyopathies, as of August 18th, 2021.

Variant classification
The present analysis focuses on ultrarare variants with presumed large ef-
fect sizes (i.e. previously labelled as ‘mutations’). Therefore, we excluded
variants that had allele frequencies (AF) higher than the maximal credible
population AF to sustain pathogenicity. We calculated the maximal cred-
ible AF as previously published,18 setting prevalence to 1 in 10 000 to ac-
count for the rarity of UCA and the multiple conditions that could result in
UCA.1 We estimated allelic/genetic heterogeneity to be 0.05 to account
for the large genetic heterogeneity of cardiac arrest and penetrance to
0.05 sincemost pathogenic variant carriers would not present with cardiac
arrest. Using these rough estimates of prevalence, genetic heterogeneity
and penetrance, we calculated the maximal credible AF as 5× 10−5 for
monoallelic (autosomal dominant) genes and 2× 10−3 for biallelic
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(autosomal recessive) genes. For X-linked inheritance, we empirically
used a 5× 10−5maximal credible AF.We excluded variantswith a filtering
AF [upper bound of the 95% confidence interval (CI)] above the credible
AF in any of the five major populations in the Genome Aggregation
Database (gnomAD; Non-Finnish European, African, Latino, East Asian,
and South Asian). All retained rare variants were classified based on pub-
lished guidelines.19,20 For genes only involved in autosomal recessive dis-
eases, variant classification was performed only for variants present in
homozygous or suspected compound heterozygous states, to reduce
the impact of returning incidental findings to the treating physician.
Three clinical cardiogenetics experts independently curated all rare var-
iants: two genetic counsellors (S.G. and B.D.) and one cardiologist (R.T.).
Discordances were discussed and a consensus was reached.

Comparison of virtual panels
To assess the added yield of increasingly larger genetic panels, we also
compared the rate of pathogenic or likely pathogenic (P/LP) variants in
the ‘ClinGen’ panel (45 genes) as well as the three predefined
PanelApp-derived virtual panels (see Supplementary material online,
Table S3): (i) sudden cardiac death panel restricted to ‘Green’ (diagnostic-
grade) genes (53 genes); (ii) sudden cardiac death and/or cardiomyopathy
(including childhood onset) panels restricted to ‘Green’ (diagnostic-grade)
genes (151 genes); and (iii) sudden cardiac death and/or cardiomyopathy
(including childhood onset) panels including ‘Green’ (diagnostic-grade)
and ‘Amber’ (Borderline) genes (184 genes).

Statistical analyses
The primary objective of the study was to describe the yield and diag-
nostic utility of genetic testing in UCA. As such, the statistical analyses
are mainly descriptive. The rate of genetic variants identified is re-
ported in percentage with the corresponding 95% CIs for the overall
cohort, as well as subgroups of cases and/or genes. Categorical vari-
ables are reported as N (%) and compared using the Fisher’s exact
test. The distribution of continuous variables was assessed using the
Shapiro test. Normally distributed continuous variables are reported
as mean+ standard deviation and compared using the Student
t-test. Non-normally distributed continuous variables are reported
as median (quartile 1–quartile 3), and compared using the Wilcoxon
rank-sum test. Changes in the rate of P/LP variants over time were as-
sessed using the Cochran-Armitage test for trend.

Results

Clinical characteristics and diagnostic
testing
A total of 528 UCA survivors were enrolled in the CASPER registry
by February 2018. Of those, 228 also consented to the optional DNA
biobanking and genetic sub-study and were included in the present
study. The included UCA cases were enrolled in the CASPER registry
and biobank between 2004 and 2018, after a median of 0.7 (0.1–2.8)
years following their cardiac arrest, and were last seen 7.7 (4.7–11.2)
years following the arrest. Table 1 describes the baseline clinical char-
acteristics, diagnostic tests performed, and the suspected diagnoses
following advanced phenotypic testing.

The initial cardiac arrest event occurred at a mean age of 39+ 12
years. The majority of cases (66%) were males, in line with known
sex differences.21 Of the 199 cases with array genotypic data where
ancestry could be genetically determined, 81% were of European an-
cestry (see Supplementary material online, Figure).

Themajority of UCA survivors (91%) underwent invasive coronary
angiography and/or coronary computed tomography prior to study
inclusion. The remaining UCA probands were younger (21+ 9 years;
P, 0.0001), and coronary artery disease/congenital anomalies were
excluded based on perfusion imaging, CMR, and/or TTE (in young
children). Further clinical assessment to determine the cause of ar-
rest was performed in all UCA survivors at the discretion of the
treating physician, including CMR in 189 (83%), exercise and/or epi-
nephrine testing in 201 (88%), and procainamide testing in 153
(67%). Following clinical testing, the likely aetiology of cardiac arrest
was determined in 21/228 cases (9%) based on strict diagnostic cri-
teria (Supplementary material online, Table S1), while it remained
unexplained in 207 (91%). Specific diagnoses are shown in
Table 1, Supplementary material online, Table S4, and the
Structured Graphical Abstract.

Whole-exome sequencing
Whole-exome sequencing followed by the analysis of a virtual
gene panel was performed in batches from 2014 to 2020 for
all 228 cardiac arrest survivors regardless of the suspected

Table 1 Baseline characteristics of the included
cardiac arrest cases (N= 228)

Male sex 151 (66%)

Age at arrest (years) 39+ 12

European ancestrya 162/199 (81%)

Sudden death in 1st or 2nd degree relatives 32/226 (14%)

Syncope prior to arrest 44 (19%)

Diagnostic testing performed prior to WES

Cardiac CT and/or coronary angiography 208 (91%)

Cardiac magnetic resonance imaging 189 (83%)

Exercise and/or epinephrine test 201 (88%)

Procainamide test 153 (67%)

Suspected diagnosis following initial diagnostic testing
prior to WESb

Unexplained (including IVF, SCVF, and ERS) 207 (91%)

Malignant mitral valve prolapse 4

Coronary spasm 4

Catecholaminergic polymorphic VT 4

Unclassified cardiomyopathy 4

Brugada syndrome 2

Long QT syndrome 2

Arrhythmogenic right ventricular cardiomyopathy 1

aBased on genotypic principal component analysis restricted to 199 cases with
available array genotyping data.
bSee Supplementary material online, Table S1 for definitions and Supplementary
material online, Table S4 for details and strengths of diagnoses. ERS, early
repolarization syndrome; IVF, idiopathic ventricular fibrillation; SCVF, short-coupled
ventricular fibrillation; VT, ventricular tachycardia; WES, whole-exome sequencing.
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diagnosis, to pragmatically assess the yield and benefit of genetic
testing in this population. The list of all identified rare variants is
shown in Supplementary material online, Table S5. In the overall
cohort, a total of 24 P/LP variants in 23/228 patients (10.1%;
95% CI 6.5–14.8%) were identified (Figure 1 and Table 2). One
case (#152, discussed below) carried two variants classified as P/
LP. The presence of P/LP variants was not significantly associated
with patient sex, age at arrest, prior syncopal event, family history
of sudden death, or ancestry (European vs. non-European), although
the limited number of cases with P/LP variants may have limited stat-
istical power. The proportion of cases with P/LP variants tended to
decrease over time (e.g. 8/57, 7/57, 5/57, and 3/57 for the first, se-
cond, third, and last quartiles of year of arrest) although the trend
was not statistically significant (Cochran-Armitage test for trend Z
=−1.7, P= 0.09). A detailed description of cases with P/LP variants
is shown in Supplementary material online, Table S6 and data on cas-
cade testing on relatives are shown in Supplementary material
online, Table S7.

Subgroup of cases with an identified
aetiology prior to whole-exome
sequencing
Among the 21 cases with a likely aetiology of cardiac arrest, a P/LP
variant was identified in six (28.6%; 95% CI 11.3–52.2%). In 3/6 cases,
the genetic finding confirmed the clinical diagnosis: two cases with
catecholaminergic polymorphic ventricular tachycardia (CPVT)
had RYR2 variants (Cases #7 and #80), and one case with
procainamide-induced Brugada syndrome (BrS) had a SCN5A vari-
ant (#70). Notably, two cases with a clinical diagnosis of CPVT
were found to carry a cardiomyopathy-causing variant, suggesting
that CPVT in these cases was in fact a phenocopy of an underlying
subclinical cardiomyopathy: Case #6 carried a LMNA variant
(p.Arg113Ter), while Case #88 carried a PLN variant (p.Arg14del).
Both cases had borderline left ventricular function at baseline TTE
(LVEF 55%) but did not undergo CMR to assess for myocardial
scar. During long-term follow-up, Case #6 with laminopathy evolved

Figure 1 Number of rare unique variants identified in each gene. Genes are selected based on two panels signed off by PanelApp consensus:
Sudden cardiac death (V 9.46) and cardiomyopathies—including childhood onset (V 1.5). Genes are ordered alphabetically within the panel in which
they appear first as well as PanelApp grade (Green or Amber). Green represents diagnostic-grade genes and Amber represents those with bor-
derline clinical actionability. Variants classified as pathogenic/likely pathogenic are shown in dark colour, and variants of uncertain significance are
shown in light colour (see legend). Genes where no rare variants are identified are not shown (full list in Supplementary material online,
Table S3). Variants that are low quality (see Supplementary material online, Note) are not shown, unless they were validated using Sanger sequencing
(a full list of such variants appears in Supplementary material online, Table S5). Genes classified by the ClinGen cardiovascular clinical domain working
group as having moderate evidence in cardiac arrhythmia syndromes or cardiomyopathies are marked with as asterisk. CM, cardiomyopathy; P/LP,
pathogenic/likely pathogenic variant; SCD, sudden cardiac death; VUS, variant of uncertain significance.
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to end-stage dilated cardiomyopathy (DCM) requiring transplant, and
Case #88 with PLN-cardiomyopathy also evolved to DCM and later
died of electrical storm. Finally, a case (#222) with a baseline diagnosis
of definite unclassified cardiomyopathy (UCM) presenting with a left
bundle branch block, LVEF 50%, and papillary muscle scarring on
CMR was found to carry a likely pathogenic variant in KCNQ1 in het-
erozygous state (p.Lys362Arg; Clinvar entry #52953), previously
identified inmultiple patients with autosomal recessive LQTS. The pa-
tient had normalQTc at rest and during exercise testing (after correc-
tion for QRS prolongation). His sister also carried the variant and had
normal QTc at rest and in exercise testing. It was concluded that the

heterozygous KCNQ1 variant is likely an incidental finding in this case
where the cardiac arrest is due to cardiomyopathy.

Subgroup of cases that remained
unexplained following advanced
phenotypic testing
Among the 207 cases in which the cardiac arrest remained of unex-
plained aetiology despite baseline advanced phenotypic testing, 17 car-
ried P/LP variants (8.2%; 95% CI 4.9–12.9%), including 6 in arrhythmia
genes and 11 in cardiomyopathy genes. Of the 207 cases with
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Table 2 Pathogenic and likely pathogenic variants identified in WES with brief clinical data of carriers

Case
ID

Gene RefSeq
transcript

Nucleic change Protein
change

Sex Age at
arrest

Diagnosis following
initial phenotypic
testing (strength)

Diagnosis
following genetic
testing (strength)

2 RYR2 NM_001035 c.C13822T p.Arg4608Trp F 25 IVF (definite) CRDS (definite)

5 CACNA1C NM_000719 c.G1553A p.Arg518His F 19 IVF (definite) LQTS (definite)

6 LMNA NM_001257374 c.C337T p.Arg113Ter F 32 CPVT (definite) UCM (probable)

7 RYR2 NM_001035 c.G4938C p.Glu1646Asp F 46 CPVT (definite) CPVT (definite)

56 PTPN11 NM_002834 c.A1529G p.Gln510Arg F 22 IVF (probable) Rasopathy

70 SCN5A NM_198056 c.T1064G p.Phe355Cys M 42 BrS (definite) BrS (definite)

74 MYH7 NM_000257 c.T2207C p.Ile736Thr M 36 IVF (probable) UCM (probable)

80 RYR2 NM_001035 c.C364T p.Arg122Cys F 30 CPVT (definite) CPVT (definite)

81 TNNI3K NM_015978 c.G2302A p.Glu768Lys M 20 IVF (definite) UCM (probable)

88 PLN NM_002667 c.40_42del p.Arg14del M 29 CPVT (definite) UCM (probable)

89 MYBPC3 NM_000256 c.2373dupG p.Trp792fs M 59 IVF (possible) HCM (definite)

97 SCN5A NM_198056 c.2551_2552insGT p.Phe851fs M 35 IVF (possible) BrS (probable)

98 DSG2 NM_001943 c.C941A p.Ser314Ter M 56 IVF (possible) ARVC (probable)

101 MYH7 NM_000257 c.G611T p.Arg204Leu F 19 IVF (definite) UCM (probable)

120 SCN5A NM_198056 c.2436+ 1G.C NA F 47 IVF (probable) BrS (probable)

127 FLNC NM_001458 c.2157delC p.Ile719fs M 43 IVF (probable) UCM (probable)

133 PLN NM_002667 c.T116G p.Leu39Ter F 14 IVF (probable) UCM (probable)

138 RBM20 NM_001134363 c.1338-1G.T NA M 22 IVF (definite) UCM (probable)

145 FLNC NM_001458 c.5584delC p.Ala1895fs F 49 IVF (possible) UCM (probable)

152 RYR2a NM_001035 c.G9352A p.Gly3118Arg M 6 IVF (possible) CPVT (definite)

152 COA6a NM_001012985 c.G63A p.Trp21Ter M 6 IVF (possible) CPVT (definite)

164 MYBPC3 NM_000256 c.C1869A p.Cys623Ter F 52 ERS (definite) UCM (probable)

191 SCN5A NM_198056 c.C1603T p.Arg535Ter F 22 IVF (definite) BrS (probable)

222 KCNQ1 NM_000218 c.A1085G p.Lys362Arg M 57 UCM (definite) UCM (definite)

Additional details are provided in Supplementary material online, Table S6, including extended clinical data, list of prior publications of the listed variants, and ClinVar entry. ARVC,
arrhythmogenic right ventricular cardiomyopathy; BrS, Brugada syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia; ERS, early repolarization syndrome; F,
female; HCM, hypertrophic cardiomyopathy; IVF, idiopathic ventricular fibrillation; LQTS, long QT syndrome; M, male; UCM, unclassified cardiomyopathy; CRDS, RYR2 Ca2+

release deficiency syndrome.
aIdentified in homozygous state in the same case with known parental consanguinity. The presence of the homozygous variant in COA6 associated with mitochondrial
cardiomyopathy47 triggered evaluation by a medical geneticist. There was no clinical or biochemical evidence of mitochondrial disease. The variant was later classified as VUS,
because (i) it only affects some of the expressed gene isoforms, (ii) the case had no specific clinical features of mitochondrial disease, and (iii) there was an alternative
explanation of the cardiac arrest (disease-causing RYR2 variant24).
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unexplained arrests, 120 had a complete diagnostic assessment includ-
ing CMR, stress/epinephrine, and procainamide testing. In this group,
P/LP variants were identified in 7/120 (5.8%; 95% CI 2.4–11.7%;
Figure 2). All 17 cases with P/LP variants are described briefly below,
with more details provided in Supplementary material online, Table S6.
Six cases with unexplained arrests carried variants in inherited ar-

rhythmia genes: CACNA1C (1), RYR2 (2), and SCN5A (3). Case #5 had
borderline QTc prolongation (450–460 ms) and abnormal QTc
adaptation during exercise not reaching diagnostic criteria for
LQTS and was found to carry a LQTS-causing variant in CACNA1C
(p.Arg518His). Two cases had variants in RYR2. Case #2 with a diag-
nosis of definite idiopathic ventricular fibrillation (IVF) carried a vari-
ant in RYR2 (p.Arg4608Trp) causing a functional loss of function,22

compatible with a diagnosis of cardiac ryanodine receptor calcium
release deficiency syndrome.23 Case #152 with exertional syncope
and cardiac arrest with a non-diagnostic exercise test carried a
homozygous variant in RYR2 (p.Gly3118Arg) recently identified in
an unrelated family with recessive CPVT.24 Three cases carried
loss-of-function SCN5A variants, including two (#120 and #191)
that had a negative procainamide challenge, and one (#97) that did
not undergo procainamide challenge.
Eleven cases with unexplained arrests carried variants in genes

associated with cardiomyopathy, including arrhythmogenic cardio-
myopathy [ACM; DSG2, FLNC (2), PLN, RBM20], hypertrophic car-
diomyopathy [HCM; MYBPC3 (2), MYH7 (2), PTPN11], and DCM
(TNNI3K25). All five cases carrying ACM variants had TTE and

four also had CMR, with either normal or non-specific findings (see
Supplementary material online, Table S8). Case #98 carrying the
DSG2 variant (p.Ser314Ter) had progressive biventricular cardiomy-
opathy during follow-up, never reaching diagnostic criteria for definite
arrhythmogenic right ventricular cardiomyopathy (ARVC). None of
the other cases with ACM variants developed overt cardiomyopathy
during follow-up (range: 5–21 years of follow-up; age at last follow-up
29–57). Of the five carriers of HCM-causing variants, four cases (#56,
#74, #101, #164) had normal left ventricular wall thickness at baseline
and at last follow-up (age range 28–58). Case #89 with a pathogenic
MYBPC3 variant (p.Trp792fs) had an increased left ventricular wall
thickness (14 mm, symmetric) below the HCM diagnostic threshold
(15 mm) and initially attributed to systemic hypertension. In this
case, HCM was only formally diagnosed after genetic testing. Of inter-
est, Case #56 was found to carry a pathogenic variant in the rasopathy
gene PTPN11 (p.Gln510Arg). Medical genetics consultation following
genetic testing confirmed the clinical diagnosis of Noonan syndrome
with multiple lentigines. Although cardiac arrest in rasopathy patients
has been previously reported in the presence of HCM,26,27 this case is
the first where cardiac arrest occurred in the absence of overt cardio-
myopathy. Finally, Case #81 with a clinical diagnosis of IVF carried
a variant in TNNI3K (p.Glu768Lys). This identical variant has been
published recently with supportive functional data and strong co-
segregation data in three families with variable phenotypes of su-
praventricular tachyarrhythmias, DCM, and cardiac arrest.25

Transthoracic echocardiography performed at 30 years old, 10 years

Figure 2 Proportion of cardiac arrest survivors carrying pathogenic/likely pathogenic variants in the overall study population and clinically relevant
subgroups. Proportions are shown as red bars and 95% confidence interval as brackets. Left: proportion of cases carrying a pathogenic/likely patho-
genic variant in the overall cohort with apparent unexplained cardiac arrest (23/228). Middle: proportion of cases with pathogenic/likely pathogenic
variants among cases where the cardiac arrest remained unexplained following advanced phenotypic testing (17/207). Right: proportion of cases
with pathogenic/likely pathogenic variants among those with unexplained arrest despite complete advanced phenotypic testing including cardiac
magnetic resonance, stress (or epinephrine), and procainamide testing (7/120).
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following cardiac arrest, remains normal. Transthoracic echocardiog-
raphy and CMR data for all 13 cases with P/LP variants in cardiomy-
opathy genes (including the two cases with initial diagnoses of CPVT)
appear in Supplementary material online, Table S8.

Variants of uncertain significance,
ancestry, and virtual panel size
A total of 120 unique VUS with no quality flag (Supplementarymaterial
online, Table S5) were identified, with 92/228 patients (40.4%) carrying
at least one VUS (69 cases carrying 1 VUS, 17 carrying 2, 5 carrying 3,
and 1 case carrying 4 VUS).

Cases of European ancestry had on average 0.53 VUS, compared
with 0.46 for non-Europeans (Wilcoxon rank-sum test P= 0.28; dif-
ference 2× 10−5, 95% CI=−9× 10−6 to 8× 10−5). Similarly, the
proportion of cases with at least one VUS did not differ between
those of European ancestry (42%) and non-European ancestry
(30%; Fisher exact test P= 0.20).

The number of patients carrying at least one rare VUS in-
creased with the number of genes included in the virtual panel,
ranging from 24% for a 53-gene panel to 40% for a 184-gene pa-
nel (Figure 3). Despite increasing the number of VUS, the larger
184-gene panel only increased the number of patients with at
least one P/LP variants from 22 to 23 when compared with
the more focused 53-gene panel. This highlights the unfavourable
noise-to-signal ratio of large genetic panels in UCA. If only

considering the 45 genes currently graded as having moderate,
strong, or definitive evidence of disease by the ClinGen cardio-
vascular CDWG, only 20% of cases would have ≥1 VUS, and
all clinically relevant P/LP variants except TNNI3K and PTPN11
would have been detected. TNNI3K has only been curated by
ClinGen for isolated DCM.13 PTPN11 was curated by the
RASopathy CDWG as having definitive evidence in Noonan syn-
drome with multiple lentigines28 and endorsed by the ClinGen
HCM expert panel.12

Discussion
This study aimed to pragmatically assess the yield and clinical implica-
tions of systematic WES-based virtual panel sequencing in patients
with apparently UCA. The main findings can be summarized as fol-
lows: (i) in a cohort of 228 consecutive unrelated survivors of cardiac
arrest from a shockable rhythm without coronary artery disease, sig-
nificant left ventricular function or a diagnosis of BrS or LQTS on
baseline ECG, genetic testing using WES and virtual cardiac panels
identifies a P/LP variant in 10% (95% CI 7–15%) of cases; (ii) a signifi-
cant proportion (�6%) of cardiac arrest survivors without a clinical
diagnosis of cardiomyopathy at baseline carried a P/LP variant in a
cardiomyopathy gene, suggesting such variants may result in ven-
tricular arrhythmia in the absence of macroscopic structural heart
disease; (iii) increasing gene panel size to include genes with limited

Figure 3 Proportion of patients carrying genetic variants by varying virtual gene panels. Proportion of cases carrying at least one variant classified as
pathogenic/likely pathogenic and/or at least one variant of uncertain significance for each of the four virtual gene panels based on PanelApp gene
panels and restricted to genes classified by ClinGen as having moderate, strong, or definitive evidence in arrhythmias or cardiomyopathies. Note that
larger panels increase the rate of patients with variants of uncertain significance with little change in the rate of pathogenic/likely pathogenic variants.
Dx, diagnosis/diagnostic; SCD, sudden cardiac death.
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evidence in human disease (i.e. PanelApp Amber and/or ClinGen
grade,moderate) and genes associated with childhood/syndromic
cardiomyopathy increases the rate of VUS nearly two-fold with min-
imal increase in P/LP detection rate. This increase in VUS to P/LP ra-
tio is unfavourable given the complexity in managing families with
VUS with associated diagnostic uncertainty.
The study findings should be interpreted in light of the included

patient population. The CASPER cohort includes survivors of ap-
parently UCA, defined as cardiac arrest requiring defibrillation, in
the absence of obstructive coronary artery disease, LVEF ,50%,
persistent resting QTc prolongation, a reversible cause of cardiac
arrest, and a spontaneous Type 1 BrS at presentation. Such a
population is by definition heterogeneous. Rather than focusing
on a specific cardiac arrest aetiology, the CASPER registry and bio-
bank were designed to reflect a real-life clinical presentation where
diagnostic uncertainty is common despite extensive phenotyping.
The present study aimed to pragmatically scrutinize the role of
genetic testing as a diagnostic test in the context of UCA within
a multifaceted aetiological assessment framework including CMR,
drug challenge, stress testing, etc. In this heterogeneous popula-
tion, systematic genetic testing identified a P/LP variant in �10%
of cases. In the subgroup of patients where a likely aetiology was
identified following phenotypic testing (N= 21), the proportion
of patients carrying a P/LP variant was �29%. In contrast, in pa-
tients where the cardiac arrest remained unexplained after ad-
vanced phenotypic testing (N= 207), the proportion of P/LP
variant carriers was �8%. In the more selected subgroup of pa-
tients where the arrest remained unexplained despite complete
baseline advanced phenotypic testing (CMR+ stress/epinephrine
+ procainamide testing; N= 120), the proportion of P/LP variant
carriers was �6%.
The current study is the first to assess the role of systematic

genetic testing in a large cohort (N= 228) of cardiac arrest survi-
vors. In a retrospective analysis of 174 UCA survivors from
CASPER that underwent genetic testing at the discretion of the
treating physician, we previously showed that the rate of P/LP var-
iants is 17% overall, 25% in phenotype positive cases (e.g. LQTS,
BrS, CPVT, ARVC, etc.), and 11% in idiopathic cases.7 Of the
174 UCA probands included in this prior report, 85 with a re-
search DNA sample were also included in the current study. Of
interest, 3 of those 85 cases (Cases #2, #74, #101) were found
to carry P/LP variants while they had a negative limited gene panel
in clinical testing. The higher rate of P/LP variants in our prior
retrospective analysis compared with the present study is likely
due to selection bias, where genetic testing was more likely to
be requested by the treating physician in cases with higher pre-test
probability for a genetic disease. Additionally, some variants initial-
ly reported as P/LP have since been downgraded to VUS.29 Other
groups30–34 have also reported their experience with genetic test-
ing in UCA/IVF. These studies were all retrospective with smaller
sample sizes ranging from 24 to 79 subjects, where genetic testing
was performed at the discretion of the treating physician. The re-
ported yield of genetic testing was highly variable across studies,
ranging from 2 to 48% (weighted average= 19%, based on a total
sample size of 213). Such variability reflects heterogeneous defini-
tions of UCA/IVF and indications for genetic testing, as well as vari-
able criteria to assess variant pathogenicity.

As for most diagnostic tests in UCA,9 genetic testing could provide
one of the puzzle pieces to establish the cause of cardiac arrest,
which would then enable targeted therapy and follow-up, as well
as family screening. As such, interpretation of genetic testing results
should not only imply establishing the pathogenic potential of rare
variants (e.g. using published criteria19) but also integrate the genetic
finding with the phenotypic assessment. This is best done within spe-
cialized cardiovascular genetics and/or inherited arrhythmia pro-
grammes, with expertise in both genetics and clinical evaluation of
cardiac arrest.4 In the present study, a total of 24 P/LP variants in
23/228 patients (10.1%) were identified. Of those 24 variants, 3 sim-
ply confirmed a clinical diagnoses (RYR2 in CPVT, SCN5A in
drug-induced BrS), 15 potentially exposed the cause underlying car-
diac arrest, and 2 were thought to be incidental findings (COA6 and
KCNQ1) despite being initially classified as P/LP. Importantly, genetic
testing does not replace clinical testing to establish the cause of car-
diac arrest, but is complementary to proper and extensive phenotyp-
ing including sodium-blocker challenge, exercise testing, and CMR
with assessment of late gadolinium enhancement.

The high rate of P/LP variants in cardiomyopathy genes is of im-
portant clinical and mechanistic interest. Of the 223 survivors of
cardiac arrest without a diagnosis of cardiomyopathy at baseline
clinical assessment, 13 (6%) were found to carry P/LP variants in
genes associated with cardiomyopathy. These include two cases
where the initial clinical diagnosis following arrest was CPVT, and
11 cases where the arrest was unexplained despite baseline clinical
testing. Prior smaller studies have also observed disease-causing
variants in cardiomyopathy genes in patients with documented ven-
tricular arrhythmias without or with non-diagnostic structural
anomalies.35–37 Tester et al.37 identified truncating PKP2 variants
in 5/18 (28%) cases with gene-elusive clinically diagnosed CPVT,
in line with the phenotype of Pkp2 knockout mice showing
catecholamine-induced arrhythmia in the absence of structural
heart abnormalities.38 In a cohort of 36 idiopathic cardiac arrest
survivors, Isbister et al.36 reported that seven (19%) had disease-
causing variants in genes associated with ACM and/or HCM, pro-
posing that a ‘concealed cardiomyopathy’ underlies cardiac arrest
in these cases. In the absence of a formal nomenclature for such
‘concealed cardiomyopathy’ cases, we used the term ‘probable
UCM’ to describe these cases (see Supplementary material
online, Table S1). Others have suggested the term ‘unclassified ar-
rhythmogenic cardiomyopathy’. Studies have also identified cardio-
myopathy gene variants in victims of sudden unexpected death with
normal autopsies, with rates ranging from 2 to 12% in recent stud-
ies.39,40 The mechanisms underlying ventricular arrhythmias and
sudden death in such cases with cardiomyopathy gene variants
without manifest cardiomyopathy remain largely unknown, possibly
involving ultrastructural anomalies undetectable by routine clinical
imaging41,42 and/or standard autopsy as well as changes in cardio-
myocyte electrophysiology and calcium-handling directly mediated
by structural proteins43, as was elegantly demonstrated for PKP2.38

The present study has limitations. First, the study is descriptive in
nature. The absence of a control population precludes case–control
statistical assessment of gene-disease association, differentiating true
association from incidental findings, particularly for cardiomyopathy
gene variants. Nonetheless, the rate of such variants in this disease
cohort and other cohorts36,37,39,40 is most certainly higher than
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expected in the general population. For instance, 4/228 (1.8%) of
UCA probands in this study carried a pathogenic HCM-causing sar-
comeric gene variant, while the rate of such variants in the reference
population of the UK Biobank is �0.25%44 (Fisher test P �0.003,
odds ratio �7.2). Second, the genetic analysis was performed using
WES and a virtual panel. Such an analytical approach would not de-
tect deep intronic and intergenic small variants (e.g. the DPP6 haplo-
type45), large insertions/deletions, as well as exonic variants in other
genes. Third, phenotypic evaluation of UCA survivors was per-
formed at the discretion of the treating physician/local investigator
based on local practice at the time of arrest, as well as clinical limita-
tions and availability. For instance, performing CMR prior to defibril-
lator implantation was sometimes not possible in cases where the
arrest was initially managed at a remote community hospital. As
such, phenotypic testing was incomplete in some cases, which may
have resulted in diagnostic misclassification, therefore, increasing
the apparent diagnostic utility of genetic testing. In addition, the
use of the sodium-blocker procainamide to unmask BrS as opposed
to the more potent ajmaline46 may have resulted in under-diagnosis
of BrS with an apparent increased diagnostic utility for SCN5A testing.
Fourth, the diagnostic utility of genetic testing was determined at the
time of arrest. Therefore, its utility may be lesser in cases with UCA
that occurred years prior to genetic evaluation, where a specific diag-
nosis may have been made in the meantime based on repeat pheno-
typic testing and/or family screening.

In conclusion, systematic genetic testing using WES and a virtual
panel identifies a P/LP variant in 10% of apparent UCA survivors,
with an added diagnostic value over phenotypic assessment, and
may therefore be considered in the diagnostic evaluation of such
cases. Genetic variants in cardiomyopathy genes in the absence
of a clinical diagnosis of cardiomyopathy are common, supporting
the concept of ‘concealed cardiomyopathy’ as a mechanism for
cardiac arrest. Variants of uncertain significance are frequent espe-
cially with large gene panels and incidental P/LP variants are pos-
sible, highlighting the importance of restricting genetic testing to
genes with good evidence and within dedicated cardiovascular gen-
etics clinics to maximize the benefit of genetic testing while avoid-
ing misdiagnosis.

Supplementary material
Supplementary material is available at European Heart Journal online.
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