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IMPORTANCE Genetic testing can guide management of both cardiomyopathies and
arrhythmias, but cost, yield, and uncertain results can be barriers to its use. It is unknown
whether combined disease testing can improve diagnostic yield and clinical utility for patients
with a suspected genetic cardiomyopathy or arrhythmia.

OBJECTIVE To evaluate the diagnostic yield and clinical management implications of
combined cardiomyopathy and arrhythmia genetic testing through a no-charge, sponsored
program for patients with a suspected genetic cardiomyopathy or arrhythmia.

DESIGN, SETTING, AND PARTICIPANTS This cohort study involved a retrospective review of
DNA sequencing results for cardiomyopathy- and arrhythmia-associated genes. The study
included 4782 patients with a suspected genetic cardiomyopathy or arrhythmia who were
referred for genetic testing by 1203 clinicians; all patients participated in a no-charge,
sponsored genetic testing program for cases of suspected genetic cardiomyopathy and
arrhythmia at a single testing site from July 12, 2019, through July 9, 2020.

MAIN OUTCOMES AND MEASURES Positive gene findings from combined cardiomyopathy and
arrhythmia testing were compared with findings from smaller subtype-specific gene panels
and clinician-provided diagnoses.

RESULTS Among 4782 patients (mean [SD] age, 40.5 [21.3] years; 2551 male [53.3%]) who
received genetic testing, 39 patients (0.8%) were Ashkenazi Jewish, 113 (2.4%) were Asian,
571 (11.9%) were Black or African American, 375 (7.8%) were Hispanic, 2866 (59.9%) were
White, 240 (5.0%) were of multiple races and/or ethnicities, 138 (2.9%) were of other races
and/or ethnicities, and 440 (9.2%) were of unknown race and/or ethnicity. A positive result
(molecular diagnosis) was confirmed in 954 of 4782 patients (19.9%). Of those, 630 patients
with positive results (66.0%) had the potential to inform clinical management associated
with adverse clinical outcomes, increased arrhythmia risk, or targeted therapies. Combined
cardiomyopathy and arrhythmia gene panel testing identified clinically relevant variants for 1
in 5 patients suspected of having a genetic cardiomyopathy or arrhythmia. If only patients
with a high suspicion of genetic cardiomyopathy or arrhythmia had been tested, at least 137
positive results (14.4%) would have been missed. If testing had been restricted to panels
associated with the clinician-provided diagnostic indications, 75 of 689 positive results
(10.9%) would have been missed; 27 of 75 findings (36.0%) gained through combined testing
involved a cardiomyopathy indication with an arrhythmia genetic finding or vice versa.
Cascade testing of family members yielded 402 of 958 positive results (42.0%). Overall,
2446 of 4782 patients (51.2%) had only variants of uncertain significance. Patients referred
for arrhythmogenic cardiomyopathy had the lowest rate of variants of uncertain significance
(81 of 176 patients [46.0%]), and patients referred for catecholaminergic polymorphic
ventricular tachycardia had the highest rate (48 of 76 patients [63.2%]).

CONCLUSIONS AND RELEVANCE In this study, comprehensive genetic testing for
cardiomyopathies and arrhythmias revealed diagnoses that would have been missed by
disease-specific testing. In addition, comprehensive testing provided diagnostic and
prognostic information that could have potentially changed management and monitoring
strategies for patients and their family members. These results suggest that this improved
diagnostic yield may outweigh the burden of uncertain results.
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G enetic testing for nonischemic cardiomyopathies and
inherited arrhythmias is recommended by cardio-
vascular societies to establish a genetic diagnosis,

guide clinical management, and identify family members at
risk.1-7 However, many individuals with cardiomyopathies or
arrhythmias do not receive genetic testing and therefore can-
not benefit from gene-specific clinical management.8-10 Barri-
ers to testing include limited clinician knowledge of genetics
and results interpretation as well as real and perceived con-
cerns regarding cost, insurance coverage, and low diagnostic
yields.11,12 Multiple studies13-16 have described the diagnostic
yields of condition-specific genetic tests among patients with
clinical diagnoses. However, evidence supporting the shared
genetic factors associated with arrhythmia and cardiomyo-
pathy has increased,17-19 suggesting that large gene panels
encompassing both cardiomyopathies and arrhythmias may
increase diagnostic yield. Some evidence supports the use of
gene panels restricted to a specific disease subtype, especially
hypertrophic cardiomyopathy (HCM), to limit the possibility
of detecting variants of uncertain significance, which
increases with increasing panel size.3,20 Further exploration
of the trade-offs between diagnostic yield and uncertain
results is needed.

To assess the utility of inclusive testing, we evaluated real
and estimated testing outcomes of patients suspected to have
a genetic cardiomyopathy or arrhythmia who were referred for
no-charge, sponsored genetic testing for 7 subtypes of cardi-
omyopathy and arrhythmia (referred to collectively as cardio-
rhythm) disease. First, we assessed the diagnostic yield of
multidisease genetic testing and cascade testing of family
members. Second, we examined the proportion of individu-
als who received positive results with clinical management im-
plications as defined by current literature and treatment guide-
lines. Third, we explored the possibility of missed positive
results if a disease-specific gene panel had been used instead
of the multidisease panel.

Methods
Study Population
This cohort study was approved by the independent institu-
tional review board service WCG IRB and met the require-
ments for waived informed consent because the study ana-
lyzed deidentified secondary data. Deidentified clinical data
provided by ordering clinicians were reviewed for all individu-
als referred to a commercial testing laboratory (Invitae Corp;
San Francisco, California) via a no-charge, sponsored program
from July 12, 2019, through July 9, 2020. This study followed
the Strengthening the Reporting of Observational Studies in Epi-
demiology (STROBE) reporting guideline for cohort studies.

Main inclusion criteria for patients were location in Canada
or the US and any level of clinician suspicion of genetic cardi-
omyopathy or arrhythmia based on personal or family his-
tory. Ordering clinicians were also asked to provide 1 or more
specific reasons for their clinical suspicion, including (1) sus-
pected or known diagnosis of a cardiomyopathy or arrhyth-
mia, (2) family history of a cardiomyopathy or arrhythmia,

(3) family history of unexplained sudden cardiac death,
and/or (4) postmortem suspicion of cardiomyopathy or
arrhythmia. Ordering clinicians had the option to indicate 1 or
more disease subtype. For cardiomyopathies, disease sub-
types included HCM, dilated cardiomyopathy (DCM), arrhyth-
mogenic right ventricular cardiomyopathy (as written on the
requisition form field; referred to as arrhythmogenic cardio-
myopathy in this study), and/or left ventricular noncompac-
tion cardiomyopathy; for arrhythmias, disease subtypes
included long QT syndrome, catecholaminergic polymorphic
ventricular tachycardia, and/or Brugada syndrome. Clinicians
also had the option to provide an index of suspicion (low, mod-
erate, or high) for diagnostic indications and additional clini-
cal information. Additional methods are provided in the
eMethods in Supplement 1. An example of the form used by
ordering clinicians is available in eFigure 1 in Supplement 1.
Cascade family testing was also provided at no charge through
the program.

Genetic Testing and Variant Interpretation
Next-generation sequencing gene panels were used to simul-
taneously test for both sequence and exon-level copy num-
ber variants, as previously described.21-23 Up to 150 genes as-
sociated with cardiomyopathies or arrhythmias were
sequenced. The primary panel included 67 genes with estab-
lished associations with cardiomyopathies and arrhythmias.
Four optional add-on panels that included genes with prelimi-
nary associations with cardiomyopathies and arrhythmias
could be ordered initially or after receipt of initial results with-
out charge (eTable 1 in Supplement 1). Variants were classi-
fied as pathogenic or likely pathogenic (P/LP), of uncertain sig-
nificance, likely benign, or benign using Sherloc,24 a variant
interpretation framework that relies on a point-based evi-
dence scoring system built on the joint consensus guidelines
from the American College of Medical Genetics and Genom-
ics and the Association for Molecular Pathology.25 Results were
categorized as positive, negative, carrier, or uncertain depend-
ing on the classification of the variant identified and the in-
heritance pattern of the associated condition. Additional de-
tails are provided in the eMethods in Supplement 1.

Key Points
Question Does combined disease testing provide improved
diagnostic yield and clinical utility for patients with a suspected
genetic cardiomyopathy or arrhythmia?

Findings In this cohort study of 4782 patients with a suspected
genetic cardiomyopathy or arrhythmia, combined cardiomyopathy
and arrhythmia testing revealed clinically relevant variants in 1 in 5
patients, and 66.0% of patients with positive findings had
potential clinical management implications. The combined testing
approach captured 10.9% of patients who would have been
missed if genetic testing had been restricted to a specific
suspected disease subtype.

Meaning This study’s findings suggest that combined
cardiomyopathy and arrhythmia genetic testing is able to identify
genetic etiologies associated with these diseases that can inform
patient management.
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Statistical Analysis
Diagnostic yield was calculated as the percentage of patients
with positive genetic test results among all patients for whom
clinicians had indicated a personal known or suspected car-
diomyopathy or arrhythmia. Diagnostic yield was also strati-
fied by referral indication, index of suspicion, age, and vital
status. Family history of cardiomyopathy, arrhythmia, or un-
explained sudden cardiac death were combined into a single
family history variable.

The potential for limited gene testing to miss positive re-
sults was assessed among patients with positive results whose
clinicians had indicated a specific cardiomyopathy or arrhyth-
mia subtype. Testing results for each patient were reanalyzed as
if testing had been restricted to a disease-specific (HCM, DCM,
arrhythmogenic cardiomyopathy, left ventricular noncompac-
tion cardiomyopathy, long QT syndrome, catecholaminergic
polymorphicventriculartachycardia,orBrugadasyndrome)gene
panel (eTable 2 in Supplement 1). Some disease-specific panels
had overlapping gene content. Family testing results were ex-
cluded from the primary analyses of yield and clinically unex-
pectedresults.Familytestingresultswerelimitedtocascadetest-
ing after receipt of a positive result in the index patient.

Genes with clinical management implications were
grouped as associated with (1) adverse clinical outcomes in sar-
comeric HCM (genes ACTC1, MYL2, MYBPC3, MYH7, MYL3,
TNNI3, TNNT2, and TPM1)26 or rapid deterioration (gene
LAMP2),27 (2) heightened arrhythmia risk in cardiomyopathy
(genes ABCC9, DES, DSP, FLNC, LMNA, PLN, RBM20, RYR2,
SCN5A, and TTN),28-33 or (3) targeted therapies (genes GAA,
GLA, and TTR).34,35

Statistical analyses were performed using R Studio,
version 2022.02.3, build 49 (R Foundation for Statistical
Computing); the prop.test function, version 3.6.2, was used for
group comparisons. Two-tailed P < .05 was considered statis-
tically significant.

Results
Study Population
Over the 12-month study period, 4782 unrelated patients were
referred by 1203 clinicians for testing. Of those, 2551 patients
(53.3%) were male, and 2231 (46.7%) were female. The mean
(SD) age at testing was 40.5 (21.3) years (range, 0-93 years); 1028
patients (21.5%) were 60 years or older. With regard to racial
and ethnic ancestry, 39 patients (0.8%) were Ashkenazi Jew-
ish, 113 (2.4%) were Asian, 571 (11.9%) were Black or African
American, 375 (7.8%) were Hispanic, 2866 (59.9%) were White,
240 (5.0%) were of multiple races and/or ethnicities, 138 (2.9%)
were of other races and/or ethnicities (including American In-
dian, French Canadian, Mediterranean, and Sephardic Jew-
ish), and 440 (9.2%) were of unknown race and/or ethnicity
(eTable 3 in Supplement 1). The proportions of Black or Afri-
can American and Hispanic patients were greater than those
observed in a healthy testing cohort reported by the testing
laboratory.36 Overall, 190 cases (4.0%) were post mortem.

Clinicians indicated a suspected or known personal diag-
nosis of genetic cardiomyopathy or arrhythmia in 4270 of 4782

patients (89.3%) (Figure 1), with cardiomyopathies being the
most frequent diagnostic indication (2596 of 4270 patients
[60.8%]). For the remaining 512 patients (10.7%), family his-
tory and/or death suspected to be associated with cardio-
rhythm disease were the only reasons provided by clinicians
for their suspicion. Overall, 2357 patients (49.3%) were re-
ported to have at least 1 category of family history; 1819
patients (38.0%) had a family history of primary cardio-
myopathy or arrhythmia, 1135 (23.7%) had a family history of
unexplained sudden cardiac death, and 597 (12.5%) had a fam-
ily history of both. Clinicians provided multiple reasons for
their suspicion for 2002 patients (41.9%).

Most patients (3360 of 4270 [78.7%]) with an indication of
a personal cardiomyopathy or arrhythmia had at least 1 sub-
type; among those, the most common subtypes were HCM (1393
patients [41.5%]), DCM (965 patients [28.7%]), and long QT syn-
drome (554 patients [16.5%]). In addition, 1996 of 3360 pa-
tients (59.4%) with at least 1 subtype listed had an associated in-
dex of suspicion, with 1226 patients (61.4%) having a high index
of suspicion, 683 (34.2%) having a moderate index of suspi-
cion, and 87 (4.4%) having a low index of suspicion.

Variants in Study Cohort
Overall, 1227 P/LP variants were identified in the cohort (eFig-
ure 2 and eTable 4 in Supplement 1 and spreadsheet of variants
observed in the comprehensive testing cohort in Supple-
ment 2), including 42 copy number variants (3.4% of all P/LP vari-
ants). Seven of the 42 copy number variants (16.7%) encom-
passed only a single exon. Most copy number variants (34
[81.0%]) were in genes associated with autosomal dominant in-
heritance, whereas 6 copy number variants (14.3%) were in the
X-linked DMD gene (4 male patients and 2 female patients). Two
copy number variants (4.8%) were found in autosomal reces-
sive genes but were monoallelic. Across all 1227 P/LP sequence
variants and copy number variants, variants were most fre-
quent in the MYBPC3 gene (205 patients [16.7%]) followed by
the TTN gene (143 patients [11.7%]) and the MYH7 gene (111 pa-
tients [9.0%]). Across all 4782 patients, 1132 (23.7%) had at least
1 P/LP variant, and 89 (1.9%) had more than 1 P/LP variant; 2446
patients (51.2%) had 1 or more variant of uncertain significance
in the absence of any P/LP variant.

Diagnostic Findings
Among all 4782 patients, 954 (19.9%) had a positive result (mo-
lecular diagnosis) (Figure 2). Of those, 25 patients (2.6%) had
positive results in more than 1 gene. Notably, 8 patients (0.8%)
had positive results associated with both cardiomyopathy and
arrhythmia. Patients with a high index of suspicion were more
likely to have a positive result than patients with a low index
of suspicion (371 of 1441 patients [25.7%] vs 11 of 122 patients
[9.0%]; P < .001) (eTable 4 in Supplement 1). However, those
11 patients with a low index of suspicion had a positive result.
If testing had followed recent American Heart Association guid-
ance and excluded patients with low and moderate indices of
suspicion,6,37 at least 137 of 954 patients (14.4%) with posi-
tive results would have been missed.

The diagnostic yield for those with an indication of a per-
sonal cardiomyopathy or arrhythmia was 867 of 4270 pa-
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tients (20.3%). Diagnostic yield varied across conditions and
age groups, with patients aged 19 to 39 years referred for sus-
picion of HCM having the highest yield (95 of 235 patients
[40.4%]) (eTable 5 in Supplement 1). Among the 2596 pa-
tients with a cardiomyopathy indication, 574 (22.1%) had a
positive result, 1273 (49.0%) had an uncertain (1 or more vari-
ants of uncertain significance only) result, and 749 (28.9%) had
a negative or carrier result (eTable 4 in Supplement 1). Among
patients with a single cardiomyopathy subtype indicated, HCM
was associated with the highest yield (336 of 1321 patients
[25.4%]), and left ventricular noncompaction cardiomyo-
pathy was associated with the lowest yield (16 of 144 patients
[11.1%]) (Figure 3). For patients with multiple cardiomyo-
pathy subtypes indicated, the diagnostic yield was 23 of 86
patients (26.7%). Among 686 patients with an arrhythmia-
specific diagnostic indication, 145 (21.1%) had a positive re-
sult, 355 (51.7%) had an uncertain result, and 186 (27.1%) had
a negative or carrier result. Within the arrhythmia-specific di-
agnostic indications, long QT syndrome was associated with
the highest yield (120 of 460 patients [26.1%]), and catechol-
aminergic polymorphic ventricular tachycardia was associ-
ated with the lowest yield (3 of 76 patients [3.9%]) (Figure 3).
For those with multiple arrhythmia subtypes indicated, the
yield was 7 of 49 patients (14.3%). Patients referred for

arrhythmogenic cardiomyopathy had the lowest rate of vari-
ants of uncertain significance (81 of 176 patients [46.0%]),
whereas patients referred for catecholaminergic polymor-

Figure 2. Flowchart of Testing Results for Original Cohort and Family
Members

4782 Patients referred to sponsored
genetic testing program

2446 Patients with   
uncertain result

1382 Patients with   
negative or 
carrier result

954 Patients with   
positive result

110 Family members 
with uncertain or 
carrier result

445 Family members 
with negative
result

402 Family members 
with positive 
result

958 Family members received family-
specific follow-up testing

Family-specific follow-up testing could include up to 150 genes associated with
cardiomyopathies and arrhythmias or be limited to a specific gene or variant.

Figure 1. Clinician-Provided Reasons for Referring Patients

1350900450

Patients who met criteria, No.
0

Criteria met
Single CM HCM DCM ARVC LVNC
Single CM + family history
Single CM + PM
Single CM + family history + PM

Single AR LQTS CPVT BrS
Single AR + family history
Single AR + PM
Single AR + family history + PM

Multiple CM
Multiple CM + family history
Multiple CM + PM
Multiple CM + family history + PM

Multiple AR
Multiple AR + family history
Multiple AR + PM
Multiple AR + family history + PM

Multiple CM and AR
Multiple CM and AR + family history
Multiple CM and AR + PM
Multiple CM and AR + family history + PM

CM and AR unspecified
CM and AR unspecified + family history
CM and AR unspecified + PM

Family history
PM
Family history + PM

CM and AR unspecified + family history + PM

There were 4782 total patients. The family history category includes patients
meeting 1 or more inclusion criterion for a family history of a primary
cardiomyopathy or arrhythmia and/or a family history of sudden cardiac death.
The multiple cardiomyopathy (CM) and arrhythmia (AR) category includes
patients with a combination of suspected or known cardiomyopathies and

arrhythmias. ARVC indicates arrhythmogenic right ventricular cardiomyopathy;
BrS, Brugada syndrome; CPVT, catecholaminergic polymorphic ventricular
tachycardia; DCM, dilated cardiomyopathy; HCM, hypertrophic
cardiomyopathy; LVNC, left ventricular noncompaction cardiomyopathy;
LQTS, long QT syndrome; and PM, post mortem.

Diagnostic Yield of Combined Cardiomyopathy and Arrhythmia Genetic Testing Original Investigation Research

jamacardiology.com (Reprinted) JAMA Cardiology September 2022 Volume 7, Number 9 969

Downloaded From: https://jamanetwork.com/ on 12/07/2022

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2022.2455?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2022.2455
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2022.2455?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2022.2455
http://www.jamacardiology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2022.2455


phic ventricular tachycardia had the highest rate of variants
of uncertain significance (48 of 76 patients [63.2%]).

Clinical Management Implications
Overall, combined cardiomyopathy and arrhythmia gene
panel testing identified clinically relevant variants for 1 in 5
patients suspected of having a genetic cardiomyopathy or
arrhythmia. Genetic testing results would have supported
more intensive monitoring or changes in medication or device
use for 630 of 954 patients (66.0%) with a positive result
(Table 1). Genetic information from those 954 patients esti-
mated a more severe clinical course for 283 individuals
(29.7%); 279 patients (29.2%) had results indicating sarco-
meric HCM (associated with more adverse outcomes than
nonsarcomeric HCM), and 4 patients (0.4%) had results in the
LAMP2 gene (associated with quickly progressing disease).
Positive results were associated with heightened arrhythmia

risk in 300 patients (31.4%). In addition, 57 positive results
(6.0%) were in a gene with a targeted molecular therapy
(genes GAA, GLA, or TTR). Among all patients tested, 1 in 8
(13.2%) had a positive result that could potentially inform
prognosis or clinical management.

Genetic Diagnoses Gained With Combined Disease Testing
Among all 689 patients with a single disease subtype indi-
cated, combined testing produced 75 more genetic diagnoses
(10.9%) compared with estimated results of disease-specific test-
ing offered by the commercial laboratory (Table 2). Most of this
increased yield produced a genetic result within the same broad
category of the diagnostic indication (eg, a specific cardiomy-
opathy was indicated, but genetic testing identified a different
cardiomyopathy). These within-category differences com-
prised 33 of 75 gained diagnoses (44.0%), and all but 1 diagno-
sis were cardiomyopathies (eTable 6 in Supplement 1). Cardio-

Figure 3. Test Results Stratified by Diagnostic Indication

100

80

60

40

20

0

Al
l r

es
ul

ts
, %

Referral indication

HCM DCM ARVC LVNC Multiple
CM

LQTS CPVT BrS Multiple
AR

Mixed
(CM + AR)

None

Uncertain Negative/carrierPositive

Negative or carrier category indicates results in which no molecular diagnosis
was identified, including observation of only benign or likely benign variant(s),
pseudodeficiency allele(s), or a pathogenic or likely pathogenic variant in an
autosomal recessive gene or an X-linked recessive gene in female patients. AR
indicates arrhythmia; ARVC, arrhythmogenic right ventricular cardiomyopathy;

BrS, Brugada syndrome; CM, cardiomyopathy; CPVT, catecholaminergic
polymorphic ventricular tachycardia; DCM, dilated cardiomyopathy;
HCM, hypertrophic cardiomyopathy; LQTS, long QT syndrome; and LVNC, left
ventricular noncompaction cardiomyopathy.

Table 1. Possible Prognostic or Management Changes for Patients With Positive Test Results

Category Genes Potential clinical implications
Patients with positive test
results, No. (%) (n = 954)

Adverse clinical
outcomes among
patients with HCM

ACTC1, MYL2, MYBPC3, MYH7, MYL3, TNNI3,
TNNT2, TPM1

Sarcomeric HCM with earlier adverse
cardiovascular outcomes vs nonsarcomeric HCM,
which necessitates earlier monitoring and medical
and/or device intervention to address greater
incidence of AF, VT, and/or HF26

279 (29.2)a

LAMP2 Rapid deterioration with earlier consideration for
heart transplant27

4 (0.4)

Heightened arrhythmia
risk

ABCC9, DES, DSP, FLNC, LMNA, PLN, RBM20,
RYR2, SCN5A, TTN

More intense cardiac monitoring and/or device
intervention to address AF, VT, and/or heart
block28-33

300 (31.4)

Genes with targeted
therapies

GAA, GLA, TTR Treatment with enzyme replacement therapy
(GAA and GLA) or molecular inhibitors or
stabilizers (TTR)34,35

57 (6.0)

Any gene-specific
management

Any gene listed above Prognostic or treatment implications as described
above

630 (66.0)b

Abbreviations: AF, atrial fibrillation; HCM, hypertrophic cardiomyopathy;
HF, heart failure; VT, ventricular tachycardia.
a Only patients with a diagnostic indication of HCM (alone or in combination

with other indications) were included.
b Patients with multiple gene-specific management implications (n = 10) were

only counted once in this overall sum.
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myopathy indications with arrhythmia-consistent genetic test
results comprised 12 of 75 gained diagnoses (16.0%), and arrhyth-
mia indications with cardiomyopathy-consistent genetic test re-
sults comprised 15 of 75 gained diagnoses (20.0%). Among 689
patients with positive results and a specific diagnostic indica-
tion, 27 of 75 (36.0%; 3.9% of all 689 patients) had an arrhyth-
mia diagnosis but a positive test result for cardiomyopathy or
vice versa.

Family Testing
Among the 954 patients with a positive result, 306 (32.1%) had
family members referred and tested. A total of 958 family mem-
bers received testing (Figure 2), with 1 to 17 family members
(mean [SD], 3.1 [2.8] family members) tested per index pa-
tient. Of those, 402 family members (42.0%) received a posi-
tive result, and 445 (46.5%) received a negative result. If the
index patient had received testing with the laboratory’s disease-
specific gene panel instead of the combined disease panel, 18
of 402 positive cascade test results (4.5%; approximately 1 in
23 family members) would have been missed.

Postmortem Testing
Among 4782 patients tested, 190 (4.0%) were decedents whose
age at death ranged from 2 days to 85 years (median, 26 years).
For 73 of 190 patients (38.4%), being deceased was the only
inclusion criterion provided beyond the general program re-
quirement of a suspected genetic cardiomyopathy or arrhyth-
mia. A total of 102 decedents (53.7%) also had a diagnostic in-
dication of a cardiomyopathy or arrhythmia, which was most
frequently unspecified (48 individuals [47.1%]); 16 individu-
als (15.7%) had HCM and 11 individuals (10.8%) had DCM as di-
agnostic indications. Among the 190 decedents, a positive re-
sult was found for 18 individuals (9.5%), an uncertain result
for 104 individuals (54.7%), and a negative or carrier result for
68 individuals (35.8%) (eFigure 3 in Supplement 1). After re-

ceipt of a positive result for the decedent, at least 1 family mem-
ber of 11 decedents (61.1% of the 18 decedents with a positive
result) received cascade testing, with a mean (range) of 4.0 (2.0-
17.0) family members tested per decedent with a positive re-
sult. In total, 44 family members were tested; of those, 18 fam-
ily members (40.9%) had a positive result.

Discussion
This cohort study evaluated combined cardiomyopathy and
arrhythmia genetic testing without cost as a barrier among 4782
patients with a suspected cardiorhythm disease. The overall di-
agnostic yield (19.9%) was lower than that of a different cohort38

who received combined cardiomyopathy and arrhythmia test-
ing to evaluate 105 genes (which found an overall diagnostic yield
of approximately 30%). Our study’s permissive inclusion crite-
ria, which required only a low level of clinician suspicion for a
genetic association, may account for the overall lower diagnos-
tic yield. In contrast to recent American Heart Association guid-
ancerecommendingthattestingbelimitedtopatientswithahigh
likelihood of disease,6,37 our results support a broader ap-
proach given that at least 14.4% of patients with a positive ge-
netic result had been referred with a low or moderate suspicion
of inherited cardiomyopathy or arrhythmia.

Although the index of clinical suspicion was able to esti-
mate disease in some cases, 9.0% of tests with low clinician sus-
picion had a positive finding. This result suggests the impor-
tance of increasing access to comprehensive genetic testing
becauserelevantgeneticfindingsmaybepresentevenwhenphe-
notype data are inconclusive or unavailable. Age should also not
exclude patients from genetic testing because this testing can
reveal pathogenic variants in patients older than 60 years.39

Moreover, cardiomyopathies and arrhythmias may have over-
lapping clinical presentations, and variants in the same gene may

Table 2. Comparison of Diagnostic Yield by Disease-Specific Gene Panel or Broad Panel Testing
Among Patients With Single Disease-Specific Diagnostic Indications

Referral indicationa
Total patients with
referral indication, No.

Patients, No./total No. (%)

P valued

With positive results With positive results for
genes not on
disease-specific panel

Broad panel diagnostic
yieldb

Disease-specific diagnostic
yield (estimated)c

Total patients, No. 3147 689 614 75 .02

HCM 1321 336/1321 (25.4) 303/1321 (22.9) 33/336 (9.8) .13

DCM 869 166/869 (19.1) 161/869 (18.5) 5/166 (3.0) .76

ACM 176 33/176 (18.8) 28/176 (15.9) 5/33 (15.2) .48

LVNC 144 16/144 (11.1) 2/144 (1.4) 14/16 (87.5) .001

LQTS 460 120/460 (26.1) 106/460 (23.0) 14/120 (11.7) .28

CPVT 76 3/76 (3.9) 2/76 (2.6) 1/3 (33.3) .65

Brugada syndrome 101 15/101 (14.9) 12/101 (11.9) 3/15 (20.0) .54

Abbreviations: ACM, arrhythmogenic cardiomyopathy;
CPVT, catecholaminergic polymorphic ventricular tachycardia; DCM, dilated
cardiomyopathy; HCM, hypertrophic cardiomyopathy; LQTS, long QT
syndrome; LVNC, left ventricular noncompaction cardiomyopathy.
a Based on clinician complete test requisition form. Individuals with zero or

multiple suspected or known diagnostic indications were excluded.
b Positive results were defined as 1 pathogenic or likely pathogenic (P/LP)

variant in a gene associated with an autosomal dominant or X-linked disease, 2
P/LP variants in the same gene associated with an autosomal recessive

disease, or 1 P/LP variant and 1 variant of uncertain significance, each in a
different copy of the same gene (ie, in trans) in a gene associated with
autosomal recessive disease.

c Results for each indication-specific panel are based on an estimation of actual
testing results in the broad panel. The genes included in the broad panel are
shown in eTable 1 in Supplement 1, and those included in each disease-specific
panel are shown in eTable 2 in Supplement 1.

d P values from significance testing for difference between broad testing yield
and disease-specific testing yield. The significance threshold was P < .05.
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produce more than 1 phenotype. For example, patients with
positive findings in the SCN5A gene had a mix of referral indi-
cations, including specific arrhythmia subtypes, specific car-
diomyopathy subtypes, and unknown subtypes. Without com-
prehensive disease testing, some of these patients would likely
have missed opportunities for comprehensive care that ad-
dressed their full medical needs. Testing that encompasses mul-
tiple genetic etiologies may also be especially helpful for pa-
tients with left ventricular noncompaction cardiomyopathy
given that the condition is not well defined and has few defini-
tive genes.40-42 Combined disease testing may more effi-
ciently identify a patient’s disease-causing variant.

Notably, this study found a 10.9% gain in genetic diagnoses
that would have been missed if testing had been limited to genes
associated with a single cardiomyopathy or arrhythmia subtype.
Among the 689 patients with positive results and a specific di-
agnostic indication, 27 (3.9%) had an arrhythmia diagnosis but
a positive test result for cardiomyopathy or vice versa. In addi-
tion, gained positive results were amplified by cascade testing;
approximately1in23familymemberswithpositiveresultswould
have been missed by disease-restricted panels. Although test-
ing in this study was performed by a single commercial labora-
tory, it is likely that any combined cardiomyopathy and arrhyth-
mia panel (offered by many commercial laboratories) would have
identified these patients. These findings aligned with other evi-
dence against limited gene testing,43-47 including findings that
5% of patients with DCM and arrhythmias harbor variants in both
ion channel and cardiomyopathy genes,44 10% of patients with
early-onset atrial fibrillation harbor variants in cardiomyopathy
genes,47 and 22% of patients with idiopathic cardiac arrest har-
bor variants in cardiorhythm genes.45

Most of the patients with positive results (66.0%) in this
study had findings that could potentially inform patient care
or prognosis. Findings from a previous study26 suggested that
sarcomeric HCM was associated with worse outcomes than
nonsarcomeric HCM, with increased risk of heart failure, ear-
lier atrial fibrillation, and major ventricular arrhythmias. Posi-
tive genetic findings in arrhythmogenic cardiomyopathy genes
have implications for monitoring and management of arrhyth-
mia-associated complications.28-33 Disease-causing TTR vari-
ants have specific therapies.35 Moreover, all positive results may
be actionable if there are living first-degree relatives because
clinical screening of close relatives of index patients with posi-
tive results is recommended.3-7 Overall, 42.0% of family mem-
bers who received testing had a positive result, and 46.5% had
a negative result that allowed them to avoid intensive longi-
tudinal screening. Although cascade testing of family mem-
bers was used in 32.1% of positive cases overall, it was used in
61.1% of positive postmortem cases. This finding highlights the
importance of including decedents in genetic testing, despite
complexities in covering the cost of this testing.

There is an inherent trade-off in multidisease testing; al-
though broad testing can identify more patients with genetic
disease than disease-specific testing, it also detects more vari-
ants of uncertain significance. Within the full cohort, 51.2% of
patients had 1 or more variant of uncertain significance in the
absence of any P/LP variant, highlighting the need to resolve
variants of uncertain significance. In some cases, clinical as-

sessment and assessment of variants of uncertain signifi-
cance in family members can promote definitive classifica-
tion by clarifying the variant’s association with disease. Rates
of variants of uncertain significance may be higher among non-
White patients in clinical testing, and broader participation
should help to reduce the disparity in these rates.48 In addi-
tion, academic and commercial groups are pursuing various
methods for resolving variants of uncertain significance, in-
cluding biochemical and cellular assays and machine learn-
ing algorithms.49,50

It is important to provide genetic counseling and clinician
support services, both before and after testing, to manage ex-
pectations and increase understanding of variants of uncertain
significance,whichareconsideredmedicallynonactionable.6 Ex-
pert centers, where available, may be consulted to potentially
aid in family testing and other means to promote resolution of
variants of uncertain significance.51 Although there are con-
cerns that genetic testing may increase health care costs, re-
search is needed to reconcile the balance of those costs with the
potential improved outcomes among patients found to harbor
an actionable variant.

Limitations
This study has limitations. Because clinical data were not con-
firmed with medical records, and ordering clinicians were only
required to document a patient’s eligibility for the program, some
clinical information may have been omitted. The Electronic
Medical Records and Genomics (eMERGE) Network52 and other
efforts to better harness electronic records in genomic research
could address this gap. Furthermore, family testing data were
only available from the study laboratory; therefore, the amount
of cascade testing performed may have been underestimated.
Although more individuals of non-White ancestry were repre-
sented in the present cohort compared with similar studies,53-55

non-White participants remained underrepresented. This is-
sue is of special concern for Black or African American patients,
who receive fewer testing referrals than White patients and may
gain less utility (or even false-positive results because of vari-
ant misclassifications) from testing when it is ordered.56-58 In ad-
dition, ancestry was determined by clinician report. Although
the no-charge program was established to increase access to test-
ing, the inclusion of patients who would not agree to receive typi-
cal for-cost testing may have introduced bias.

Conclusions
In this cohort study, comprehensive genetic testing for cardio-
myopathies and arrhythmias revealed diagnoses that would have
been missed by disease-specific testing or testing restricted to
patients with high likelihood of disease. Furthermore, compre-
hensive testing provided diagnostic and prognostic informa-
tion that could have potentially changed management and moni-
toring strategies for patients and their relatives. Although the
chance of finding variants of uncertain significance increases as
more genes are tested, the benefits of identifying more cases of
genetic disease outweigh the challenges of higher detection of
variants of uncertain significance.
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