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ABSTRACT

BACKGROUND More than 360,000 Americans experience sudden cardiac arrest (SCA) annually. A subgroup is caused
by rare genetic variants, but existing studies are not population based and have been limited to nonsurvivors.

OBJECTIVES This study sought to establish the prevalence of disease-causing rare genetic variants in both survivors
and nonsurvivors of SCA in the general population.

METHODS Patients with SCA (n = 3,264) were accrued from 2 community-based studies in Oregon and California and
compared with control participants (n = 13,258) from the ARIC (Atherosclerosis Risk in Communities) study. Whole
genome sequencing was performed. Disease-causing (likely pathogenic or pathogenic) variants in 63 candidate genes
associated with arrhythmia/cardiomyopathy were identified using updated American College of Medical Genetics and
Genomics criteria. Gene-collapsing case-control analysis and variant proportion comparison with the Genome Aggre-
gation Database was performed.

RESULTS Disease-causing variants were present in 130 patients (4.0%) in the SCA group as compared with 323 par-
ticipants (2.4%) in ARIC (OR: 1.59; P < 0.001). In the subgroup of patients with a nonischemic SCA, 39 of 638 patients
(6.1%) harbored a disease-causing variant (OR: 2.52; P < 0.001). We identified 15 genes associated with an increased risk
of SCA: ACTC1, BAG3, CACNAIC, DES, DSG2, DSP, FLNC, KCNH2, KCNQ1, LMNA, MYBPC3, MYH7, PKP2, RBM20, and TTN.

CONCLUSIONS Specific disease-causing variants identified in 15 arrhythmia and cardiomyopathy genes were associated
with an increased risk of SCA in the community. These findings will enable targeted SCA prevention strategies in family
members harboring variants in these SCA-associated genes. (JACC Clin Electrophysiol. 2026; m:m-m) © 2026 by the
American College of Cardiology Foundation.
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ABBREVIATIONS
AND ACRONYMS

ACMG = American College of
Medical Genetics and Genomics

ClinGen = National Institutes
of Health Clinical Genome
Resource

DCM = dilated cardiomyopathy

GCEP = Gene Curation Expert
Panel

gnomAD = Genome
Aggregation Database

LP/P = likely pathogenic/
pathogenic

SCA = sudden cardiac arrest

VUS = variant of undetermined
significance

ach year 360,000 Americans will suf-
fer a sudden cardiac arrest (SCA) with
a mortality rate of 90%.' Without the
use of genetic testing, the cause of SCA re-
mains unidentified in approximately 30% of
patients in whom an autopsy is performed.”
Studies using gene-panel or exome
sequencing have identified rare, heterozy-
gous variants in genes associated with Men-
delian  causes of arrhythmia and
cardiomyopathy in 10% to 20% of patients
with SCA.3°
Previous studies examining the genetic
basis of SCA may have been affected by
several biases. First, these studies primarily
studied individuals of European ancestry
who were referred to specialized car-

diogenetic centers.>’ Other studies were performed
using participants in longitudinal cohort studies, in
which genetic analysis was limited to deceased in-
dividuals determined retrospectively and survivors
of SCA could not be included. Also, ischemic vs
nonischemic etiology could not be established.® Last,
previous genetic studies of victims of SCA used the
American College of Medical Genetics and Genomics
(ACMG) 3.0 sequence variant interpretation criteria®
and several updates have been made to these criteria
by the National Institutes of Health Clinical Genome
Resource (ClinGen) consortium since that time.'®

We have evaluated and previously reported the
epidemiology of the detailed SCA phenotype in 2
ongoing community-based studies: SUDS (the Oregon
Sudden Unexpected Death Study) (since 2002)"'?
and the PRESTO (PREdiction of Sudden death in
mulTi-ethnic cOmmunities) study (since 2015)."%
Both studies ascertain SCA prospectively for all ages
and include both survivors and nonsurvivors of SCA.
We sought to 1) establish the population prevalence
of rare disease-causing variants in a set of candidate
genes and 2) confirm the association of disease-
causing variants in these genes with SCA in these 2
prospective population-based studies.

METHODS

SCA AND CONTROL SAMPLES. This study was per-
formed under an approved protocol of the Cedars-
Sinai, Oregon Health and Science University, and
Ventura County Medical Center Institutional Review
Boards. Patients with SCA were accrued from the
SUDS, Multnomah County, Oregon (n = 2,512),"""?
and the PRESTO study Ventura County, California
(n = 966)"* (Figure 1). Detailed ascertainment, adju-

dication, and phenotyping methods have been
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published and are identical for both studies.'-'#"
Patients were excluded if DNA sequencing did not
meet quality control criteria (n = 148 from SUDS and
66 from PRESTO). Based on review of available
medical records, the cause of SCA was assigned as
definite or probable ischemic, definite or probable
nonischemic, or unassigned if no records were
available. Methods used for classification have been
published previously'® and are detailed in the
Supplemental Material.

Control participants (n = 13,713) were obtained
from the ARIC (Atherosclerosis Risk in Communities)
study and were persons without cardiac disease and
aged at least 45 at baseline."”” Participants were
excluded if DNA sequencing did not meet quality
control criteria (n = 81) and if they experienced SCA
during follow-up (n = 455).

WHOLE GENOME SEQUENCING AND VARIANT
CALLING. Whole genome sequencing was performed
at the Baylor College of Medicine Human Genome
Sequencing Center. DNA samples were constructed
into libraries according to the manufacturer’s proto-
col. All samples underwent paired-end sequencing
using NovoSeq instruments (Illumina). Variant call-
ing was performed jointly for the SCA and control
groups using the DRAGEN 4.0 pipeline (Illumina).

GENE SELECTION AND FILTERING. We identified 6
cardiac phenotypes associated with SCA and used the
National Institutes of Health ClinGen Gene Curation
Expert Panels (GCEPs) to identify genes associated
with each cardiac phenotype. We specifically used
the GCEPs for 1) arrhythmic right ventricular cardio-
myopathy,’® 2) Brugada syndrome,'® 3) catechol-
aminergic polymorphic ventricular tachycardia and
short QT syndrome,”® 4) dilated cardiomyopathy
(DCM),*" 5) hypertrophic cardiomyopathy,** and 6)
long QT syndrome.”® Genes classified by each GCEP
as being definitively, strongly, moderately, or of
limited association were included (Supplemental
Table 1). The analysis was restricted to genes with
autosomal dominant, semidominant, and x-linked
inheritance mechanisms. Variants were excluded if
they were present in the Genome Aggregation Data-
base (gnomAD) exomes v4.1 or genomes v4.0 with
total population frequency that was =0.1%>* and if
genotype quality was <20.

VARIANT INTERPRETATION. Variants were assigned
as benign/likely benign (B/LB) or likely pathogenic/
pathogenic (LP/P) if the variant had that classifica-
tion in ClinVar (version July 6, 2025)*° and a review
status of “reviewed_by_expert_panel” or “criter-
ia_provided, multiple_submitters, no_conflicts.” The
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FIGURE 1 Design of the SCA and Control Groups
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CONSORT diagram showing composition of the SCA and control groups. ARIC = Atherosclerosis Risk in Communities; PRESTO = PREdiction of
Sudden death in mulTi-ethnic cOmmunities; SCA = sudden cardiac arrest; SUDS = Oregon Sudden Unexpected Death Study.

latter ClinVar review status requires that the variant
was interpreted as LP/P by at least 2 independent
laboratories and appropriate assertion criteria were
included in the submission. If no applicable ClinVar
classification was present, variant interpretation was
performed using the ACMG 3.0 criteria® with updates
by ClinGen. A full specification of our variant inter-
pretation criteria, including specialized criteria for
variants in TTN, can be found in the Supplemental
Material. Variant effect was determined using
on Matched
Center for

Ensembl Variant Effect Predictor?®

Annotation from the National

Biotechnology Information and European Molecular
Biology Laboratory-European Bioinformatics Insti-
tute (MANE) transcripts.”’” Proband counts were
taken from eligible submissions to ClinVar (version
July 2025). Final variant pathogenicity classification
was based on the sum of points awarded from all
criteria.?®

AUTOMATED VARIANT INTERPRETATION. We devel-
oped a computational method termed Python Auto-
matic Variant Interpretation (PAVI) to apply our
ACMG interpretation method to whole genome
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TABLE 1 Characteristics of the SCA and Control Groups
SCA Group Control Group
(n = 3,264) (n =13,258) P Value
Age, y 66.0 [53.8-78.2] 54.0 [49.0-59.0] <0.001
Race (self-reported) <0.001
White 2,885 (88.4) 10,110 (76.3)
Black 166 (5.09) 3,133 (23.6)
Asian 19 (3.65) 9 (0.07)
Other/Unknown 94 (2.88) 6 (0.05)
Sex <0.001
Women 963 (29.5) 7,451 (56.2)
Men 2,301 (70.5) 5,807 (43.8)
Phenotype subgroup
Definite/Probable ischemic 638 (19.5)
Definite/Probable nonischemic 1,727 (52.9)
Unassigned 899 (27.5)
Study site
SuUDS 900 (27.6)
PRESTO 2,364 (72.4)
Values are n (%) unless otherwise noted.
PRESTO = PREdiction of Sudden death in mulTi-ethnic cOmmunities; SCA = sudden cardiac
arrest; SUDS = Oregon Sudden Unexpected Death Study.

sequences in the SCA and control groups. We vali-
dated PAVI by comparing automated interpretation
against manual interpretation on an independent
dataset of 60 patients with DCM and demonstrated
100% concordance of the manual and computational
variant interpretation methods.

GENOME AGGREGATION DATABASE. We used the
gnomAD as an additional control dataset.”® Variant
Call Format files for gnomAD v4.1 exomes and v4.0
genomes were downloaded and the variant inter-
pretation strategy described previously was applied
to the 63 candidate genes. The number of disease-
causing (LP/P by ACMG sequence variant interpreta-
tion criteria) was aggregated by gene. For genes
without LP/P variants, allele number was taken from
the allele number for B/LB variants.

STATISTICAL ANALYSIS. Genetic ancestry was
determined using principal component analysis
applied to 33,661 uncorrelated single nucleotide
polymorphisms (pairwise r* < 0.1) with minor allele
frequency >0.05 using an in-house program.*° Four
major ancestry groups—White, Black, Asian, and
Other/Unknown—were estimated from the first
3 principal components, using the 4 vertices of a
tetrahedron. The proportions of each ancestry for
each sample were determined by identifying the
nearest point on the tetrahedron and applying bar-
ycentric coordinates. Genetic ancestry correlated
well with self-reported race (Supplemental Figure 1
and Supplemental Table 2).
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For the total SCA group, patients were matched to
those in ARIC 1:4. For the SCA phenotype subgroups,
patients were matched to those in ARIC 1:6 by the
first 6 principal components of genetic ancestry using
the R package “optmatch.”*' Logistic modeling was
used to assess the association between rare variants
in the total SCA group and SCA phenotype subgroups
and SCA using the “b.collapse” function in EPACTS
(Efficient and Parallelizable Association Container
Toolbox) with the first 4 principal components of
genetic ancestry as covariates.>” Gene-collapsing rare
variant case-control analysis was performed using
conditional logistic regression-sequence kernel as-
sociation test as implemented in CLOMAT (Condi-
tional Logistic Model Association Tests)/EPACTS.>*

Data from gnomAD v4.1 exomes and v4.0 genomes
were utilized. For each gene, 1) allele count was
calculated as the sum allele count in both exomes
and genomes for each LP/P variant, 2) null alleles was
calculated as the average allele number for that gene
minus the allele count, and 3) allele frequency was
calculated as follows:

Z allele count for LP and P variants/allele number

Variant proportion for each gene was compared
between the gnomAD and SCA groups using the
Fisher exact test. All analyses and data visualizations
were carried out using R as implemented in R Studio
with the R packages dplyr and ggplot2.

RESULTS

SCA AND CONTROL GROUPS. We included 3,264
patients with SCA from the SUDS (n = 2,364 or 72%)
and PRESTO (n = 900 or 28%) study and 13,258 con-
trol participants from the ARIC study (Figure 1). The
patients with SCA and ARIC control participants
exhibited significant epidemiologic differences
(Table 1), with patients with SCA being older (66 vs 54
years, P < 0.001), less frequently women (30% Vs
56%, P < 0.001), and more frequently self-reporting
as White (88% vs 76%, P < 0.001). Genomic
ancestry closely matched to self-reported race
(Supplemental Figure 1 and Supplemental Table 2).
Cause of SCA was determined to be definite/probable
638 (20%), definite/probable
ischemic in 1,727 (53%), and unassigned in 899 pa-
tients (27%) in the SCA group. Of the 3,264 patients
with SCA, 423 (13%) survived and 2,834 (87%) did not
survive the arrest (status was missing in 7 patients).

nonischemic in

GENE VARIANTS. We evaluated for disease-causing
variants (LP/P by ACMG sequence variant interpre-
tation criteria) in 63 candidate genes associated with
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FIGURE 2 Prevalence of Rare, Disease-Causing Genetic Variants Based on Ischemic vs Nonischemic Etiologies of SCA

allns

Phenotype Group/Subgroup

Ischemic Unassigned

OR of SCA with disease-causing variants, by group and phenotype subgroup. Barplot showing the OR of SCA in patients harboring at least 1
disease-causing (likely pathogenic/pathogenic) variant in a candidate arrhythmia or cardiomyopathy gene for the total SCA group,
nonischemic SCA subgroup, ischemic SCA subgroup, and unassigned SCA subgroup. Bars indicate 95% Cls. Abbreviation as in Figure 1.

Mendelian  arrhythmia and  cardiomyopathy
(Supplemental Table 1) within the SCA and ARIC
control groups. We identified a total of 725,963 vari-
ants in these genes with population frequency <0.1%
(Supplemental Table 3), of which 317 (0.04%) were
classified as LP/P. We classified the remainder as
B/LB (6,020; 0.8%) or uncertain (719,626; 99.2%).

The 317 LP/P variants were present in 38 candidate
genes (Supplemental Table 4); 157 (50%) were previ-
ously classified in ClinVar as LP/P with high confi-
dence and 160 (50%) were novel. Variant
consequence was frameshift/stop-gain in 176 (56%),
missense in 94 (30%), canonical splice site in 34
(11%), and other consequence in 13 (4%). There was
no difference in the frequency of variant conse-
quences between previously classified in ClinVar and
novel variant groups (P = 0.301; Supplemental
Table 5).

The number of LP/P variants per gene varied be-
tween 1 for EYA4, ILK, KCNJ2, LAMA4, MYL3,
SLC4A3, TBX20, and TCAP and 96 for TTN. There
were 447 variant allele heterozygotes, 130 in patients
with SCA and 317 in ARIC control participants, as well

as 6 variant allele homozygotes, all in ARIC control
participants. Any individual LP/P variant was un-
common in the SCA group; the 2 most frequent LP/P
variants, MYBPC3 c.2373dup (p.Trp792ValfsTer41)
and MYBPC3 c.1624G>C (p.Glu542GlIn), were present
in 3 (0.09%) patients each. Individual LP/P variants
were also uncommon in the ARIC control group with
the most frequent variant, MYL2 c.401A>C
(p.Glu134Ala), present in 11 patients (0.08%).

VARIANTS PER PATIENT. We identified 130 patients
(4.0%) in the total SCA group harboring 115 LP/P
variants: 127 patients with a single variant and 3 pa-
tients each harboring 2 variants. In these 130 pa-
tients, 39 (30%) suffered nonischemic SCA, 62 (48%)
suffered ischemic SCA, and 29 (22%) suffered SCA of
unassigned cause. We identified 323 participants
(2.4%) in the ARIC control group harboring 228 LP/P
variants: 301 participants with a single variant and 22
participants each harboring 2 LP/P variants. The odds
of harboring at least 1 LP/P variant was 1.59 (Figure 2;
95% CI: 1.18-2.16; P = 4.75 x 10~°) for the SCA group
as compared with ARIC controls.
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FIGURE 3 Prevalence of Genotype-Positive Patients in the Sudden Cardiac Arrest Group by Age
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Prevalence of patients harboring any disease-causing (likely pathogenic/pathogenic) variant in 4 groups by age at the time of cardiac arrest:
10% in patients 0-29 years, 7% in patients 30-49 years, 4% in patients 50-69 years, and 3% in patients 70 years or older.

There were 39 of 638 patients (6.1%) with LP/P
variants in the nonischemic SCA subgroup, 62 of 1,727
patients (3.6%) in the ischemic SCA subgroup, and 29
of 899 patients (3.2%) in the unassigned subgroup.
The odds of harboring at least 1 LP/P variant was
significantly higher in the nonischemic (Figure 2; OR:
2.52; 95% CI: 1.67-3.79; P = 9.65 x 10~°) and ischemic
(OR: 1.70; 95% CI: 1.36-2.14; P = 0.002) SCA sub-
groups than in the ARIC control group, but similar in
the unassigned SCA subgroup (OR: 1.43; 95% CI: 0.92-
2.21; P = 0.111).

Given the lower frequency of genotype-positive
patients with SCA in the ischemic subgroup but the
higher likelihood of ischemia with increasing age, we
assessed the frequency of genotype-positive patients
with SCA according to 4 groups of increasing age: 0-
29, 30-49, 50-69, and =70 years (Figure 3 and
Supplemental Table 6). We found that the frequency
of genotype-positive patients was highest in the 0- to
29-year age group at 12 of 122 (9.8%) and decreased
with increasing age, whereas the frequency of defi-
nite/probable ischemic SCA increased with age
(Supplemental Table 6).

We also compared the frequency of disease-
causing variants between survivors and non-
survivors of SCA. We identified 15 patients harboring
at least 1 LP/P variant in the 423 SCA survivors (3.5%)

as compared with 115 patients harboring at least 1 LP/
P variant in the 2,834 nonsurvivors (4.1%), a differ-
ence that was not statistically significant (P = 0.713).

GENE-BASED ANALYSIS. We then collapsed LP/P
variants by gene and performed case-control anal-
ysis, while controlling for genomic ancestry, to assess
the association between candidate genes harboring
LP/P variants and the risk of SCA. For the total SCA
group, 1 arrhythmia gene (CACNA1C) and 2 cardio-
myopathy genes (LMNA and MYBPC3) were associ-
ated with a significantly increased risk of SCA (Table 2
and Supplemental Table 7). In the nonischemic SCA
subgroup, 2 arrhythmia genes (KCNH2 and KCNQ1)
and 6 cardiomyopathy genes (BAG3, FLNC, LMNA,
MYBPC3, PKP2, and RBM20) were associated with a
significantly increased risk of SCA (Table 2 and
Supplemental Table 8). In the ischemic SCA sub-
group, 1 arrhythmia gene (CACNAIC) and 5 cardio-
myopathy genes (ACTC1, DSG2, LMNA, MYBPC3, and
TTN) were associated with a significantly increased
risk of SCA (Table 2 and Supplemental Table 9).
Finally, in the wunassigned SCA subgroup, 1
arrhythmia gene (KCNH2) and 2 cardiomyopathy
genes (DES and MYBPC3) were associated with a
significantly increased risk of SCA (Table 2 and
Supplemental Table 10).
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COMPARISON WITH THE GENOME AGGREGATION
DATABASE. Given that 2.4% of participants in the
control group harbored an LP/P variant, we compared
the proportion of disease-causing variants in the SCA
group with a second control group, the gnomAD. We
identified a total of 1,969,594 variants in the 63
candidate genes with population frequency <0.1%
(Supplemental Table 11), of which 1,078 (0.05%) were
classified as LP/P. We classified the remainder as B/
LB (12,601; 0.6%) or uncertain (1,955,915; 99.3%).
For the SCA group, disease-causing LP/P variants
were present in 47 genes (Supplemental Table 11).
Although each of these 47 genes harbored disease-
causing LP/P variants in gnomAD, we found a
significantly higher proportion of disease-causing
variants in the SCA group for 9 genes: CACNAIC,
DSG2, DSP, FLNC, KCNQ1, LMNA, MYBPC3, MYH7,
and TTN (Table 3). Of these 9 genes, 7 had been
identified previously using gene-based case-control
analysis with the ARIC group serving as controls,
whereas 2 genes (DSP and MYH7) were novel.

DISCUSSION

In this community-based study of 63 candidate genes
associated with Mendelian arrhythmia and cardio-
myopathy, we identified disease-causing variants in
4.0% of patients with SCA, which was significantly
higher than 2.4% in the ARIC control group. In pa-
tients with nonischemic SCA, the percentage was
higher at 6.1%. We identified 13 genes that were
associated with a significantly increased risk of SCA
in the total SCA group or its subgroups compared
with the ARIC control group. Using a second control
group, we identified an additional 2 genes with a
significantly higher proportion of disease-causing
variants in the SCA group (Central Illustration). To
our knowledge, this is the first comprehensive,
population-based analysis of SCA rare genetic vari-
ants in which individuals were ascertained prospec-
tively, both survivors and nonsurvivors of SCA were
included, and phenotyping for ischemic vs non-
ischemic etiologies was available.

Our results have important implications for the
role of genetic testing in SCA. The 2017 American
Heart Association/American College of Cardiology/
Heart Rhythm Society Guidelines for Management of
Patients With Ventricular Arrhythmias and the Pre-
vention of Sudden Cardiac Death®* indicate that
postmortem genetic testing is reasonable for SCA
victims “with an autopsy that implicates a potentially
heritable cardiomyopathy or absence of structural
disease, suggesting a potential cardiac channelop-
athy.” Indeed, data suggest that there is a significant

Kransdorf et al
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Case-Control Analysis

TABLE 2 Genes Associated With Sudden Cardiac Arrest in Gene-Collapsing

Association Between Gene and Sudden Cardiac Arrest
(P Values <0.05 From CLR-SKAT)

regression-sequence  kernel association test; DCM = dilated

HCM = hypertrophic cardiomyopathy; LQTS = long QT syndrome.

Primary
Disease Nonischemic Ischemic Unassigned
Gene Association Total Subgroup Subgroup Subgroup
Genes associated with Mendelian arrhythmic diseases
CACNAIC LQTS 0.047 0.003
KCNH2 LQTS 0.014 0.002
KCNQT LQTS 9.2E-05
Genes associated with Mendelian cardiomyopathic diseases
ACTCT HCM 0.049
BAG3 DCM 0.043
DES ARVC 0.040
DSG2 ARVC 3.1E-04
FLNC DCM 0.040
LMNA DCM 0.034 5.6E-04 0.032
MYBPC3 HCM 0.013 4.3E-04 0.010 1.5E-04
PKP2 ARVC 0.033
RBM20 DCM 0.045
TN DCM 0.038
ARVC = arrhythmic right ventricular cardiomyopathy; CLR-SKAT = conditional logistic

cardiomyopathy;

rare genetic variant burden in autopsy-inconclusive
SCA cases,* as well as in cardiac arrest survivors
with an unexplained cause of SCA.” Because we
identified specific genes that were associated with
SCA among all 3 SCA etiologic subgroups (non-
ischemic, ischemic, and unassigned), a genetic
testing panel that includes at a minimum the genes
identified here may be beneficial in evaluating SCA of
any cause. However, because additional genes such

the Genome Aggregation Database

TABLE 3 Proportion of Disease-Causing Variants in Patients With SCA as Compared With

SCA Group gnomAD
Allele Allele

Gene LP/P AC Null AC Frequency LP/PAC Null AC Frequency P Value
Genes associated with Mendelian arrhythmic diseases
CACNAIC 2 6,526 0.306 42 1,567,954 0.0268 0.014
KCNQT 12 6,516 1.838 131 1,591,745 0.8229 0.014
Genes associated with Mendelian cardiomyopathic diseases
DSG2 7 6,520 1.073 352 1,586,474 0.2218 8.0E-04
DSP 6 6,522 0.919 499 1,611,317 0.3096 0.018
FLNC 8 6,520 1.225 623 1,605,110 0.388 0.005
LMNA 4 6,524 0.613 214 1,604,460 0.1334 0.012
MYBPC3 21 6,507 3.217 1408 1,587,156 0.8863 8.9E-07
MYH7 10 6,518 1.532 678 1,613,273 0.4201 5.8E-04
TTN 26 6,501 3.984 1949 1,604,303 1.2134 3.1E-07

Frequency is provided as x 10~%.

other abbreviation as in Table 1.

AC = allele count; gnomAD = Genome Aggregation Database; LP/P = likely pathogenic/pathogenic variants;
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CENTRAL ILLUSTRATION Population-Based Analysis of Rare Genetic Variants in Sudden Cardiac Arrest

Population-Based Study on Genetic Variants in Sudden Cardiac Arrest (SCA)

?
BACKGROUND & OBJECTIVE METHODS & STUDY DESIGN KEY RESULTS & IDENTIFIED GENES
e_0 4.0% 2'4%
m s3s3zhed, SCA PATIENTS CONTROL (130 patients) IS
‘ [ 'ﬂ (Oregon & California, PARTICIPANTS
) (] n=3284) (ARIC Study, n = 13,258) 0dds Ratio
Over 360'000 Americans Disgase-Causing Disgase-tausing
. Variants Present Variants Present
experience SCA annually. Oregon e
SUbs Study SCA GROUP CONTROL GROUP
Goal: Establish prevalence of disease- e (n =3,264) (n =13,258)
causing rare genetic va!rlants in bot_h NONISCHEMIC SCA SUBGROUP
survivors and non-survivors of SCA in
the general population. WHOLE GENOME 6.1% ik
SEQUENCING (39/638 patients) 2.52
(63 Candidate Genes) Disease-Causing Variant (P < 0.001)
? Identified Disease-Causing Variants 15 GENES ASSOCIATED WITH INCREASED SCA RISK
(Likely Pathogenic/Pathogenic) using
ACMG criteria. KCNH2 KCNQ1 CACNAIC

CONCLUSION & CLINICAL IMPACT

® @ Specific disease-causing variants in 15 arrhythmia and cardiomyopathy
° genes are associated with an increased risk of SCA in the community.
Findings enable TARGETED SCA PREVENTION STRATEGIES in family

members harboring variants in these SCA-associated genes.

Kransdorf EP, et al. JACC Clin Electrophysiol. 2026;m(m): H-N.

Arrhythmia Genes

ACTC1 BAG3 DES DSG2 DSP FLNC
LMNA MYBPC3 MYH7 PKP2 RBM20 TTN

Cardiomyopathy Genes

In this study we sought to establish the prevalence of disease-causing rare genetic variants in both survivors and nonsurvivors of SCA in the general population. We
accrued patients with SCA from 2 community-based studies in Oregon and California and compared with control participants from the ARIC study. Whole genome
sequencing was performed. Disease-causing (likely pathogenic or pathogenic) variants in 63 candidate genes associated with arrhythmia/cardiomyopathy were
identified using updated ACMG criteria. Gene-collapsing case-control analysis and variant proportion comparison with the Genome Aggregation Database (gnomAD)
was performed. Disease-causing variants were present in 130 patients (4.0%) in the SCA group as compared with 323 participants (2.4%) in ARIC (OR: 1.59; P < 0.001).
In the subgroup of patients with a nonischemic SCA, 39 of 638 patients (6.1%) harbored a disease-causing variant (OR: 2.52; P < 0.001). We identified 15 genes
associated with an increased risk of SCA: ACTC1, BAG3, CACNAITC, DES, DSG2, DSP, FLNC, KCNH2, KCNQ1, LMNA, MYBPC3, MYH7, PKP2, RBM20 and TTN. These findings
will enable targeted SCA prevention strategies in family members harboring variants in these SCA-associated genes. ACMG = American College of Medical Genetics and
Genomics; ARIC = Atherosclerosis Risk in Communities; PRESTO = PREdiction of Sudden death in mulTi-ethnic cOmmunities; SCA = sudden cardiac arrest;

SUDS = Oregon Sudden Unexpected Death Study.

as RYR2°° and SCN5A' have previously been associ-
ated with SCA but were not found to be associated
with SCA in our study, the utilization of more broad
gene panels remains prudent. In fact, the possibility
remains that analysis of a sufficiently larger cohort
would have identified other important rare genetic
variants in additional candidate genes.

Our results also have important implications for
the role of genetic testing in patients with DCM and
hypertrophic cardiomyopathy. Of the 15 genes we
identified as being associated with SCA, 12 (80%)
were associated with cardiomyopathies. In the
United States, 80% of implantable cardioverter-

defibrillator implants are for primary prevention of
SCA.?> The current approach to risk stratification for
SCA in DCM and hypertrophic cardiomyopathy, as
supported by relevant guidelines,>*3%37 is to perform
genetic testing after a cardiac phenotype has been
established. Once established, specific clinical factors
such as ejection fraction or the presence of non-
sustained ventricular tachycardia are used to deter-
mine the risk of SCA and the ensuant management
strategy. However, studies suggest that phenotype
and risk factors such as ejection fraction may not
always be a reliable starting point for risk stratifica-
tion for SCA.?®*° Moreover, genes that cause
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arrhythmia or cardiomyopathies are frequently
associated with more than 1 phenotype
(Supplemental Table 1); 10 of the 15 (67%) genes we
identified as being associated with SCA are associated
with more than 1 phenotype. Thus, our data highlight
the relevance of an integrated approach incorpo-
rating both genotype and phenotype into the inter-
pretation of genetic testing results in patients with
arrhythmia or cardiomyopathy and their family
members.

Our current results are consistent with our previ-
ous study of the genetics of SCA in young patients in
the community,® which yielded a lower prevalence of
disease-causing variants as compared with studies
performed in referral populations, in which the
typical prevalence of disease-causing variants is
approximately 10% to 20%.>” Similarly, Khera et al®
identified disease-causing variants in 4 arrhythmia
and cardiomyopathy genes in 9 of 600 (1.5%) SCA
cases. However, in the latter study, the mean age of
patients with SCA was 72 years, which could explain
the significantly lower prevalence of rare genetic
variants. Within the SCA group of the current study,
we identified disease-causing variants in only 27 of 63
candidate genes, and only 15 of these genes were
associated with a significantly increased risk of SCA
or exhibited a higher proportion of disease-causing
variants in patients with SCA.

Consistent with previous epidemiologic studies,
definitive/probable ischemia was the most common
phenotype of SCA. We identified 6 genes associated
with an increased risk of SCA in the ischemic SCA
subgroup, suggesting that disease-causing variants
can contribute to ischemic SCA in a small percent-
age of cases. The mechanistic basis for this contri-
bution is unclear, but previous studies have
identified an increased risk of ischemic SCA in
families,*"** suggesting that it may have a rare
variant genetic basis. The concept of “mixed” car-
diomyopathy, wherein myocardial dysfunction is
due to both genetic variants and coronary artery
disease, is well established***> and our findings
suggest that the clinical entity of “mixed” SCA is
also an important cause of SCA.

STUDY STRENGTHS. Ours is one of the first studies of
the genetics of SCA to enroll both survivors and
nonsurvivors. Next, given the large number of SCA
cases in our study, we have been able to determine
gene-based risks of SCA that, to the best of our
knowledge, has not previously been accomplished.

Kransdorf et al
Rare Genetic Variants in SCA

The availability of phenotyping for the cause of SCA
in our study has allowed us to identify novel gene
associations with causes of SCA, for example, our
observation of an association between disease-
causing variants in ACTC1, CACNA1C, DSG2, LMNA,
MYBPC3, and TTN and ischemic SCA.

STUDY LIMITATIONS. The SCA and control groups
were significantly different in several characteristics,
including age, race, and sex distribution, and these
disparities could have confounded our results.
Extensive and detailed phenotyping of SCA is chal-
lenging because of the inherent limitations of
community-based studies focused on out-of-hospital
SCA. At least 40% of individuals present with SCA as
their first manifestation of heart disease. Therefore,
pre-SCA medical records may not be available in
many SCA victims. In addition, autopsy rates have
decreased significantly nationwide and these are not
performed in most SCA victims. Taken together,
these factors limited our ability to perform compre-
hensive and detailed phenotypic characterization of
SCA cases. Therefore some specific clinical data such
as findings from the electrocardiogram and echocar-
diogram were not presented because of significant
levels of missingness.

Disease-causing genetic variants were found in
2.4% of ARIC control participants. Although this
prevalence is higher than might be expected from a
healthy control population, a similar frequency of
disease-causing genetic variants in cardiomyopathy
genes has been observed in biobank studies.*®*”
Nevertheless, to provide rigorous controls for the
frequency of variants, we utilized ARIC participants
without a history of SCA as well as gnomAD as a
second control group. We used a candidate gene
approach considering only genes with known asso-
ciations with arrhythmia and cardiomyopathy and
thus high a priori likelihood of association with SCA,
but because we did not perform adjustment for
multiple comparisons, we acknowledge the possibil-
ity of type I error. Likewise, there are likely addi-
tional genes that when dysfunctional due to rare
genetic variants contribute to an increased risk of
SCA that were not included in our analysis and
should be the subject of future study. We used a
rigorous variant interpretation approach that classi-
fied the vast predominance of variants (99%) as
variant of undetermined significance (VUS); as such
in our effort to maximize specificity it is likely that a
small portion of VUSs were actually LP/P. Further
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studies focused on reclassification of VUS are likely
to identify additional rare variants associated with an
increased risk of SCA.

CONCLUSIONS

In a community-based study of victims of SCA, we
identified 15 genes associated with an increased risk
of SCA. Inclusion of these genes in genetic testing for
SCA will lead to improved identification of persons at
risk for SCA.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In
this prospective, community-based study, disease-
causing variants in 3 arrhythmia and 12 cardiomyop-
athy genes were associated with SCA, demonstrating
that persons in the general population harboring
disease-causing variants in these genes are at an
increased risk of SCA.

TRANSLATIONAL OUTLOOK: These findings
suggest that a gene-centered approach, rather than a
phenotype-driven approach, can identify individuals
at risk for SCA.
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