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IMPORTANCE Large-scale DNA sequencing identifies incidental rare variants in established Supplemental content at
Mendelian disease genes, but the frequency of related clinical phenotypes in unselected jama.com
patient populations is not well established. Phenotype data from electronic medical records
(EMRs) may provide a resource to assess the clinical relevance of rare variants.

OBJECTIVE To determine the clinical phenotypes from EMRs for individuals with variants
designated as pathogenic by expert review in arrhythmia susceptibility genes.

DESIGN, SETTING, AND PARTICIPANTS This prospective cohort study included 2022 individuals
recruited for nonantiarrhythmic drug exposure phenotypes from October 5, 2012, to
September 30, 2013, for the Electronic Medical Records and Genomics Network
Pharmacogenomics project from 7 US academic medical centers. Variants in SCN5A and
KCNH2, disease genes for long QT and Brugada syndromes, were assessed for potential
pathogenicity by 3 laboratories with ion channel expertise and by comparison with the
ClinVar database. Relevant phenotypes were determined from EMRs, with data available
from 2002 (or earlier for some sites) through September 10, 2014.

EXPOSURES One or more variants designated as pathogenic in SCN5A or KCNH2.

MAIN OUTCOMES AND MEASURES Arrhythmia or electrocardiographic (ECG) phenotypes
defined by International Classification of Diseases, Ninth Revision (ICD-9) codes, ECG data,
and manual EMR review.

RESULTS Among 2022 study participants (median age, 61 years [interquartile range, 56-65
years]; 1118 [55%] female; 1491 [74%] white), a total of 122 rare (minor allele frequency
<0.5%) nonsynonymous and splice-site variants in 2 arrhythmia susceptibility genes were
identified in 223 individuals (11% of the study cohort). Forty-two variants in 63 participants
were designated potentially pathogenic by at least 1laboratory or ClinVar, with low
concordance across laboratories (Cohen k = 0.26). An ICD-9 code for arrhythmia was found in
11 of 63 (17%) variant carriers vs 264 of 1959 (13%) of those without variants (difference,
+4%; 95% Cl, -5% to +13%; P = .35). In the 1270 (63%) with ECGs, corrected QT intervals
were not different in variant carriers vs those without (median, 429 vs 439 milliseconds;
difference, =10 milliseconds; 95% Cl, -16 to +3 milliseconds; P = .17). After manual review, 22
of 63 participants (35%) with designated variants had any ECG or arrhythmia phenotype, and
only 2 had corrected QT interval longer than 500 milliseconds.

CONCLUSIONS AND RELEVANCE Among laboratories experienced in genetic testing for cardiac Author Affiliations: Author
arrhythmia disorders, there was low concordance in designating SCN5A and KCNH2 variants affiliations are listed at the end of this
as pathogenic. In an unselected population, the putatively pathogenic genetic variants were article.

not associated with an abnormal phenotype. These findings raise questions about the Corresponding Author: Dan M.

Roden, MD, Vanderbilt University
Medical Center, 2215B Garland Ave,
Room 1285, Nashville, TN 37232-
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implications of notifying patients of incidental genetic findings.
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equencing of selected gene sets, whole exomes, and

whole genomes is increasingly used for research

and clinical care. These approaches also identify inci-
dental findings (also called secondary findings) of potential
clinical relevance. Driven by the prospect for preclinical
diagnosis and risk factor mitigation, the American College of
Medical Genetics and Genomics (ACMG) has supported the
return of medically actionable incidental findings and gener-
ated a list of genes in which known or predicted pathogenic
variants should be returned to patients who undergo clinical
sequencing.!*? These recommendations have been contro-
versial because the frequency of clinical manifestations of
these variants and their implications for diagnosis and man-
agement are poorly defined.>®

The burden of rare, possibly deleterious variants in the hu-
man genome is much higher than previously assumed.”® How-
ever, the frequency of clinical phenotypes in unselected indi-
viduals with these variants is unknown. Genomic and
phenotypic data from large, unselected populations are re-
quired to define the true risk associated with genetic variants
identified as incidental findings.

One approach is to examine phenotypes in electronic
medical records (EMRs) in a large cohort unselected for
any specific phenotype. The Electronic Medical Records
and Genomics (eMERGE) network has developed and vali-
dated algorithms to extract phenotypes from EMRs and
associate these with genotypes determined from banked
DNA.°!! The eMERGE Pharmacogenomics (eMERGE-PGx)
project is sequencing 84 genes involved in drug response
(pharmacogenes).!? Two of these genes, SCN5A (NG_008934.1)
and KCNH2 (NG_008916.1), were included because they
encode ion channels with which many drugs interact. Rare
variants in these genes can also cause congenital long QT
syndrome, Brugada syndrome, and other genetic arrhyth-
mias (aggregate population prevalence <1:1000).!* Here, we
report the arrhythmia and electrocardiographic (ECG) pheno-
types determined through EMR phenotyping in participants
with rare, potentially pathogenic variants in these 2 genes."

Methods

Study Participants

The design and implementation of the eMERGE-PGx project
have been reported.'? In brief, select pharmacogenes were se-
quenced in a diverse cohort of approximately 9000 patients
who consented to have genetic results included in their EMR
for genome-informed clinical decision support. Participants
were recruited based on their likelihood of being prescribed
medications with relevant pharmacogenomic associations
(eTable 1in the Supplement).!? The project was reviewed and
approved by the institutional review board of each of the 10
participating sites. Written consent was obtained from study
participants or their parent or guardian (for pediatric pa-
tients). Sequence and EMR data for the individuals consecu-
tively enrolled between October 5, 2012, and September 30,
2013, in the eMERGE-PGx project were analyzed, which in-
cludes data from 7 sites.

JAMA January5,2016 Volume 315, Number1

Arrhythmia-Related Genetic Variants and Electronic Medical Records

DNA Sequencing, Variant Calling, and Variant Annotation
DNA samples were sequenced using PGRNseq, a custom
sequencing assay designed to produce highly accurate
DNA sequences of 84 selected pharmacogenes.'* Single-
nucleotide variants were called in accordance with the
Genome Analysis Toolkit best practices and filtered for non-
synonymous and splice-site variants by the eMERGE coordi-
nating center.!®> Copy-number variants were assessed using a
read-depth-based algorithm. Minor allele frequency (MAF,
number of alleles with the variant divided by the total num-
ber of sequenced alleles) was calculated for each variant based
on study data and Exome Aggregation Consortium data, with
rare variants defined as MAF less than 0.5% in the study co-
hort. Sequence data for all putatively pathogenic variant calls
were reviewed manually and confirmed or refuted using Sanger
sequencing as needed. Additional details are available in the
eMethods in the Supplement.

Variant Classification

Two molecular diagnostic laboratories (GeneDx, Gaithersburg,
Maryland, and Transgenomic, New Haven, Connecticut)
and 1 research laboratory (the Mayo Clinic Windland Smith
Rice Sudden Death Genomics Laboratory, Rochester,
Minnesota), all with expertise in ion channel gene variant
evaluation, assessed potential pathogenicity of all missense
and splice-site polymorphisms in SCN5A and KCNH2. Each
laboratory was blinded to the assessments by the other labo-
ratories and to any demographic or clinical data. All variants
designated as “pathogenic” or “likely pathogenic” by any 1
of the 3 laboratories or by ClinVar,'® the submitter-driven
public archive of variant-phenotype associations, were con-
sidered to be putatively pathogenic and are referred to as
“designated variants” (eMethods in the Supplement). Each
laboratory is deidentified by randomly assigned labels of
laboratory 1, 2, or 3.

Identification of Arrhythmia and ECG Phenotypes

For all participants, demographic data; International Classifi-
cation of Diseases, Ninth Revision (ICD-9) data for relevant
arrhythmia and ECG phenotypes; and all available machine-
read ECG intervals for all ECGs in the EMR were extracted
from the oldest EMR available (2002 or earlier for all sites)
through September 10, 2014 (eTable 2 in the Supplement).
Length of EMR follow-up was calculated for each individual
as the difference between the first and last EMR data point
available. Collection of race and ethnicity data, used to cal-
culate differences in variant frequency expected due to
ancestry-specific variation, varied by site (self-report or
EMR-derived); participants missing race/ethnicity data were
coded as “unknown.” Manual review of EMR data was per-
formed for the subset of participants with designated vari-
ants and not those without variants (eFigure and eMethods
in the Supplement). All available ECG tracings from indi-
viduals with designated variants as well as all available ECG
tracings from age-, race-, and sex-matched individuals with-
out pathogenic variants were manually reviewed by 2 inde-
pendent cardiologists blinded to gene variant status (eTable
3in the Supplement).
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Table 1. Demographic and Arrhythmia Characteristics of Participants With and Without Designated Variants®

No Designated Designated
Overall Cohort Variant Variant Carrier
(N = 2022) (n = 1959) (n = 63) P Value
Age, median (IQR), y 61 (56-65) 61 (55-65) 60 (57-64) .60°
Male sex, No. (%) 904 (45) 875 (45) 29 (46) .90¢
Race, No. (%)
White 1491 (74) 1461 (75) 30 (48)
Black or African American 283 (14) 271 (14) 12 (19)
Asian 84 (4) 66 (3) 18 (29)
American Indian 14 (1) 14 (1) 0 <.001¢
or Alaska Native
Native Hawaiian 2(0.1) 1(0.1) 1(2)
or other Pacific Islander
Unknown 148 (7) 146 (7) 203)
Ethnicity, No. (%)
Hispanic or Latino 143 (7) 141 (7) 203)
Not Hispanic or Latino 1798 (89) 1741 (89) 57 (90) 31¢
Unknown 81 (4) 77 (4) 4(6)
Site of recruitment, No. (%)
Group Health, University 894 (44) 866 (44) 28 (44)
of Washington
Mayo Clinic 296 (15) 281 (14) 15 (24)
Mount Sinai 291 (14) 283 (14) 8 (13)
Children’s Hospital 282 (14) 276 (14) 6 (10) 61¢
of Philadelphia '
Marshfield Clinic 91 (5) 89 (5) 2(3)
Northwestern University 89 (4) 87 (4) 203)
Vanderbilt University 79 (4) 77 (4) 2(3)
Medical Center
Length of EMR follow-up, 18 (9-20) 18 (9-20) 19 (9-20) .60°
median (IQR), y¢
Arrhythmia ICD-9 codes in EMR,
No. (%)
AV block 83 (4) 78 (4) 5 (8) .18¢ o . .
. Abbreviations: AV, atrioventricular;
Bundle-branch block 108 (5) 106 (5) 2(3) 77 ECG, electrocardiographic;
Long QT 2(0.1) 2(0.1) 0 >.99¢ EMR, electronic medical record;
Atrial fibrillation 92 (5) 88 (4) 4(6) 53¢ ’%‘,9' ’”te’”;?";’;‘g Classification
of Diseases, Ninth Revision;
Conduction disorder 6 (0.3) 6 (0.3) 0 >.99¢ IQR, interquartile range;
Any arrhythmia code 275 (14) 264 (13) 11 (17) .35¢ QTc, corrected QT interval.
ECG parameters from EMR, 1270 (63) 1234 (63) 36 (57) .36¢ 2 All variants designated as
No. (%) “pathogenic” or “likely pathogenic”
Maximum heart rate, 76 (65-90) 76 (65-90) 73 (65-82) 11° by any 10of the 3 laboratories
median (IQR), /min or by Clinvar.'®
Maximum PR interval, 164 (150-182) 164 (150-182) 172 (151-193) 240 b pyalue from Wilcoxon rank sum
median (IQR), ms (Mann-Whitney) test comparing
Ma)(;i_mun: %RS interval, 92 (86-102) 92 (86-100) 92 (85-104) .78° variant carriers with noncarriers.
me -|an (Q )', ms B ¢ Pvalue from Fisher exact test
mzéliTnuPFQ%T) |rr1T':Serval, 420 (398-442) 420 (398-442) 416 (395-437) .37 comparing variant carriers with
! noncarriers.
Maximum QTc, 443 (423-465) 439 (421-460) 429 (414-458) 17° d . .
median (IQR), ms® Calculated as t_he difference in years
PR >200 ms, No. (%) 135 (7) 130 (7) 5(8) 58 beF‘”;ee” t_’l‘ebfl"sft and last E'V'thata
points available for assessment.
QRS interval >120 ms, 82 (4) 81 (4) 1(2) 73¢ .
No. (%) € Corrected for heart rate using
one C Bazett formula (QTc = QT/V/[RRin
QTc >500 ms, No. (%) 71 (4) 70 (4) 1) o0 seconds]).
Statistical Analysis or R version 3.1.2 (R Project for Statistical Computing),

Two-sided Pearson 2, Wilcoxon rank sum, or Fisher exact  with statistical significance considered if P < .05. Stratified
tests were performed; 95% confidence intervals were calcu-  analyses by age (<30 years, 30-60 years, and >60 years at
lated; and unweighted Cohen « for agreement across labora-  time of study enrollment) were performed to assess for sur-
tories was calculated using Stata version 13.1 (StataCorp)  vival bias.
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Figure 1. Rare Variants Identified in SCN5A

- Rare missense variants in the voltage-activated major cardiac sodium channel Nav1.5 encoded by SCN5A
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A, All 81 rare (minor allele frequency <0.5%) missense variants in the study
population are designated as circles with the single-letter amino acid code for
the reference sequence on the protein structure®334 of the encoded
voltage-activated sodium channel. Variants in orange (n = 32) were designated
as pathogenic or likely pathogenic by ClinVar or at least 1of the 3 expert
laboratories.

B, Variant classification by ClinVar and the 3 independent expert laboratories,
with pathogenic or likely pathogenic designation indicated in red, for the 32 rare
variants with at least 1such designation. The numbers of participants with each
variant and phenotypes are shown below. Totals for each row are listed to the
right. One participant had both SCN5A-D1243N and KCNH2-T983I, designated
with an asterisk.

C, Arrhythmia and electrocardiographic (ECG) phenotypes, indicated in blue,

identified through electronic medical record and ECG review of all participants
with Tor more putatively pathogenic variants; aggregated data from Tables 1, 2,
and 3 are shown. Lines above join the phenotype to the variant identified.
Electronic medical records were searched using International Classification of
Diseases, Ninth Revision (ICD-9) codes and keywords for each phenotype (listed
in eTable 2 in the Supplement), with manual review of the record to confirm
accuracy. All available ECG tracings were reviewed by 2 cardiologists using the
criteria in eTable 3. No individuals were identified with Brugada syndrome or
cardiac pacing. For long QT syndrome, light blue denotes corrected QT interval
(QTc) of 450-500 milliseconds for males or 460-500 milliseconds for females,
while dark blue indicates at least 1 ECG with QTc longer than 500 milliseconds.
AV indicates atrioventricular.

. |
Results

Study Participants and Sequencing Data

The study cohort (Table 1) of 2022 participants had a median
age of 61 years (range, 3-103 years, interquartile range [IQR],
56-65 years). About half were female (n = 1118, 55%). Most were
white (n = 1491, 74%) and not Hispanic or Latino (n = 1798,

JAMA January5,2016 Volume 315, Number1

89%). Electrocardiographic data were available for 1270 par-
ticipants (63%), and median length of EMR follow-up was 18
years (IQR, 9-20 years). The mean per-sample sequencing
depth was 502x platform-wide (indicating that on average, 502
reads were available to assess the genotype at each se-
quenced position for each participant’s DNA), with mean per-
sample coverage of SCN5A and KCNH2 of 578x and 400x, re-
spectively.
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Figure 2. Rare Variants Identified in KCNH2

. Rare missense and splice-site variants in the voltage-activated cardiac repolarizing potassium channel Kv11.1

encoded by KCNH2
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A, All 41 rare (minor allele frequency <0.5%) variants in the study population are
designated as circles (missense variants) or a blue diamond (splice-site variant
at position 150645629) with the single-letter amino acid code for the reference
sequence on the protein structure33° of the encoded voltage-activated
potassium channel, Kv11.1 (sometimes called HERG). Variants in orange (n = 10)
were designated as pathogenic or likely pathogenic by ClinVar or at least 1of the
3 expert laboratories.

B, Variant classification by ClinVar and the 3 independent expert laboratories,
with pathogenic or likely pathogenic designation indicated in red, for the 10 rare
variants with at least 1such designation. The numbers of participants with each
variant and phenotypes are shown below. Totals for each row are listed to the
right. One participant had both SCN5A-D1243N and KCNH2-T983I, designated
with an asterisk.

C, Arrhythmia and electrocardiographic (ECG) phenotypes, indicated in blue,
identified through electronic medical record and ECG review of all participants
with 1or more putatively pathogenic variants; aggregated data from Tables 1, 2,
and 3 are shown. Lines above join the phenotype to the variant identified.
Electronic medical records were searched using International Classification of
Diseases, Ninth Revision (ICD-9) codes and keywords for each phenotype (listed
in eTable 2 in the Supplement), with manual review of the record to confirm
accuracy. All available ECG tracings were reviewed by 2 cardiologists using the
criteria in eTable 3. No individuals were identified with Brugada syndrome or
cardiac pacing. For long QT syndrome, light blue denotes corrected QT interval
of 450-500 milliseconds for males or 460-500 milliseconds for females. AV
indicates atrioventricular; cNBD, cyclic nucleotide binding domain.

Variant Identification and Classification

We identified no copy-number variants, 1 splice-site variant,
and 126 nonsynonymous variants (eTables 4 and 5 in the
Supplement), including 5 common variants with MAFs rang-
ing from 1% to 25%. The splice-site variant and 121 of the
missense variants were rare (Figure 1 and Figure 2). One or
more of these rare variants were found in 223 participants
(11% of the cohort). Manual review of sequencing data indi-

jama.com

cated potential false-positive calls for rs77331749 (KCNH2-
A913V)in 5 of 7 samples; Sanger sequencing confirmed the ab-
sence of the variant in all 5 suspect samples.

At least 1 of the 3 expert laboratories designated 40 vari-
ants as pathogenic or likely pathogenic (eTable 6 in the
Supplement); all 40 were rare. Laboratory 1 designated
16 variants; laboratory 2, 24 variants; and laboratory 3,
17 variants. There was agreement by at least 2 of the 3 labo-
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Table 2. Participants With Designated Variants and Arrhythmia or Electrocardiographic Phenotypes

No. of Laboratories

Arrhythmia Phenotype

Race and Designating Variant
Age, y/Sex  Ethnicity Variant Pathogenic? ClinVar Annotation From EMR Review From ECG Review®
61/M White, NH rs199473048 1 None None Long QTc <500 ms
SCN5A E48K
63/F White, NH rs12720452 1 None None Long QTc <500 ms
SCN5A G615E
59/M Asian, NH rs199473149 2 None None AV node disease
SCN5A P717L
63/M African rs199473166 3 None None AV node disease
American, NH SCN5A 1848F
56/M African rs199473182 1 None Bundle-branch AV node disease,
American, NH SCN5A C982R block long QTc <500 ms
65/F White, NH rs41261344 0 Pathogenic for Brugada, Atrial fibrillation Atrial fibrillation
SCN5A R1193Q risk factor for long QT
60/F Asian, NH rs41261344 0 Pathogenic for Brugada, None Bundle-branch block
SCN5A R1193Q risk factor for long QT
67/F Asian, NH rs41261344 0 Pathogenic for Brugada, Sinus or AV node AV node disease
SCN5A R1193Q risk factor for long QT disease
77/M White, NH rs41261344 0 Pathogenic for Brugada, None AV node disease,
SCN5A R1193Q risk factor for long QT long QTc <500 ms
59/M Asian, NH rs41261344 0 Pathogenic for Brugada, None AV node disease,
SCN5A R1193Q risk factor for long QT long QTc <500 ms
57/F Asian, NH rs41261344 0 Pathogenic for Brugada, None Long QTc <500 ms
SCN5A R1193Q risk factor for long QT
66/F Asian, Unknown rs41261344 0 Pathogenic for Brugada, None Long QTc <500 ms
SCN5A R1193Q risk factor for long QT
57/F White, NH (Nors ID) 1 None Atrial fibrillation Long QTc <500 ms
SCN5A L1194M
20/M White, NH rs137854602 3 Pathogenic for Brugada None AV node disease
SCN5A R1512W
83/M White, NH rs199473618 1 None Atrial fibrillation, Atrial fibrillation, AV
SCN5A V15321 bundle-branch node disease, long QTc
block, and sinus >500 ms
or AV node disease
67/M White, NH rs199473294 2 None Atrial fibrillation Atrial fibrillation
SCN5A A1680T and bundle-branch
block
64/F African rs150264233 1 None Sinus or AV node Long QTc >500 ms
American, NH SCN5A S1904L disease and
long QT
58/F White, NH rs199473637 1 None None Long QTc <500 ms
SCN5A G1935S
61/M African (Nors ID) 2 None None AV node disease
American, NH KCNH2 D119H
60/M White, NH rs199473532 1 None None Long QTc <500 ms
KCNH2 1711V
66/F African (Nors ID) 1 None Long QT Long QTc <500 ms
American, NH KCNH2 R744Q
23/F African (Nors ID) 1 None None Long QTc <500 ms

American, NH KCNH2 G924W

Abbreviations: AV, atrioventricular; ECG, electrocardiogram; EMR, electronic
medical record; F, female; M, male; NH, not Hispanic; QTc, corrected
QT interval.

2 No. of the 3 laboratories designating variant as “pathogenic” or “likely
pathogenic.”

b QT interval corrected for heart rate using Bazett formula (QTc = QT/V/[RR in

seconds]).

ratories for 13 of 40 designated variants (33%), and only 4
variants (10%) were designated by all 3 laboratories (Cohen
Kk = 0.26). ClinVar designated 6 rare variants as pathogenic
or likely pathogenic, 4 of which were designated by at least 1
expert laboratory and 2 of which were not. The 42 rare vari-
ants designated by at least 1 of the 3 laboratories or ClinVar
were present in 63 participants. One participant had both
1s199473599 (SCN5A-D1243N) and rs149955375 (KCNH2-
T983I), while the remaining had 1 designated variant.
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Based on the demographic, ICD-9, and ECG interval data
extracted from the EMRs, the 63 participants with designated
variants were not different from those without such variants
with respect to age, sex, or site of recruitment (Table 1).
Those with designated variants were less likely to be white
(n =30/63 [48%] vs 1461/1959 [75%]; difference, -27%; 95%
CI, -39% to -14%; P < .001). Frequencies of ICD-9 codes for
arrhythmia diagnoses did not differ significantly between
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groups (11/63 [17%] variant carriers vs 264/1959 [13%] with-
out variants; difference, +4%; 95% CI, -5% to +13%; P = .35).
The proportion of patients with ECG data available for analy-
sis was not significantly different between groups (36/63
[57%] vs 1234/1959 [63%]; difference, -6%; 95% CI, -18% to
7%; P = .36), nor were machine-read ECG parameters (heart
rate, PR, QRS, QT, or corrected QT [QTc] intervals as continu-
ous or dichotomous traits). Specifically, median QTc in vari-
ant carriers vs those without variants was 429 vs 439 milli-
seconds (difference -10 milliseconds; 95% CI, -16 to +3
milliseconds; P = .17). Based on this review of ICD-9 and
machine-read ECG intervals, 1 participant with a designated
variant was identified with QTc longer than 500 millisec-
onds, compared with 70 participants without such variants
(difference, -2%; 95% CI, -5% to 1%; P = .72).

Manual review of the EMR data and review with remea-
surement of intervals for 203 ECG tracings from the 63 par-
ticipants with designated variants identified arrhythmia or
ECG phenotypes in 22 participants (35%) (Figure 1, Figure 2,
and Table 2). One additional participant with QTc longer
than 500 milliseconds was identified. Additional pheno-
types identified were QTc above normal (450-500 millisec-
onds for males, 460-500 milliseconds for females, n = 12),
atrial fibrillation (n = 4), bundle-branch block (n = 4), and
sinus or atrioventricular node disease (n = 10). None with
designated variants had evidence of Brugada syndrome.
A family history (based on clinical documentation) of atrial
fibrillation was identified in 3 participants, 2 of whom were
women with QTc between 460 and 500 milliseconds identi-
fied on manual review (Table 3). Family history of sudden
cardiac death was identified in 1 individual with no personal
history of arrhythmia or ECG abnormality. Expert review
of 125 ECGs from 41 participants without designated var-
iants found no differences in arrhythmia or ECG phenotypes
compared with ECG findings from those with variants
(Table 4).

We stratified participants by age (<30 years, n = 282;
30-60 years, n = 680; and >60 years, n = 1060); there were
no differences across strata in the proportion of participants
with a designated variant, nor in the proportions with ECG
or arrhythmia phenotypes (eTable 7 in the Supplement). The
youngest stratum had no machine-read ECG data for analy-
sis, but there were no differences in demographic character-
istics or ICD-9 codes for arrhythmia in those with vs without
designated variants (eTable 8 in the Supplement). In 30- to
60-year-olds, those with designated variants were less likely
to be white, were more likely to have atrioventricular block,
had longer PR intervals, and had longer QRS intervals
(eTable 9 in the Supplement). Among those older than 60
years, designated variant carriers were less likely to be white
and had shorter QTc (eTable 10 in the Supplement).

|
Discussion

In this cohort of 2022 participants in a study of pharmacoge-
nomic sequencing, we identified 122 rare nonsynonymous or
splice-site variants in 2 arrhythmia disease genes. Expert
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Table 3. Summary of Arrhythmia and Electrocardiographic Phenotypes
Determined From Manual EMR and ECG Review for 63 Participants With
Designated Variants®

No. of

Characteristic Participants (%)

Arrhythmia phenotype in EMR

Long QT 2(3.2)

Brugada 0

Bundle-branch block 3(4.8)

Pacemaker or ICD 0

Sinus node or AV node disease 3(4.8)

Atrial fibrillation 4 (6.3)

Sudden cardiac death 0

Any arrhythmia 8(12.7)
Family history of arrhythmia

Long QT 0

Brugada 0

Bundle-branch block 0

Pacemaker or ICD 0

Sinus node or AV node disease 0

Atrial fibrillation 3(4.8)

Cardiac arrest® 1(1.6)

Any arrhythmia family history 4(6.3)
ECG traits®

Long QTc¢ 14 (31.8)

QTc >500 ms¢ 2 (4.5)

Brugada 0

Bundle-branch block or interventricular 1(2.3)

conduction delay

Pacing present 0

AV node disease 9 (20.5)

Atrial fibrillation or atrial flutter 3(6.8)

Abbreviations: AV, atrioventricular; ECG, electrocardiogram; EMR, electronic

medical record; ICD, implantable cardioverter/defibrillator; QTc, corrected

QT interval.

2 All variants designated as “pathogenic” or “likely pathogenic” by any 10of the 3
laboratories or by ClinVar.'®

® Father of individual, at age 44 years.

¢ Ascertained from the 44 individuals with an ECG tracing available from
the EMR.

dQT interval corrected by Bazett method (QTc = QT/V/[RRin seconds]).
Long QTc defined as >450 milliseconds in males or >460 milliseconds
in females.

laboratory review of these variants designated 42 as poten-
tially pathogenic, and these classifications were discordant
across the laboratories. Review of EMR and ECG data
revealed no difference in prevalence of arrhythmia diagno-
ses or ECG phenotypes among participants with the desig-
nated variants compared with those without. After we per-
formed a manual review of EMR data and an ECG review, the
majority of participants with a designated variant in either
SCN5A or KCNH2 had no identifiable arrhythmia or ECG phe-
notype. Among patients with designated variants, 35% had
evidence of any arrhythmia or ECG phenotype; the most
common finding was a QTc above normal; however, only 2
participants had QTc values greater than 500 milliseconds.
One individual had variants in each gene (SCN5A-D1243N
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Table 4. Summary of Phenotypes Identified in Expert ECG Review of Participants With or Without
Designated Variants®

No Designated Variant Designated Variant Carrier

54

With ECG With ECG
(n=41) (n = 44) P Value
Age, median (IQR), y 66 (61-68) 61 (57-65) <.001°
Male sex, No. (%) 19 (46.3) 17 (38.6) .62¢
Race, No. (%)
White 24 (58.5) 24 (54.5)
Black or African American 5(12.2) 9 (20.5)
Asian 11 (26.8) 9 (20.5)
American Indian 0 0 78¢
or Alaska Native
Native Hawaiian 0 1(2.3)
or other Pacific Islander
Unknown 1(2.4) 1(2.3)
Ethnicity, No. (%)
Hispanic or Latino 1(2.4) 2 (4.5)
Not Hispanic or Latino 40 (97.6) 40 (91.0) 62¢
Unknown 0 2 (4.5)
Site of recruitment, No. (%)
Group Health, University 22 (53.7) 19 (43.2)
of Washington
Mayo Clinic 9 (22.0) 9 (20.5)
Mount Sinai 5(12.2) 7 (15.9)
Children’s Hospital 0 3(6.8) 75¢
of Philadelphia :
Marshfield Clinic 2(4.9) 2 (4.5)
o Abbreviations: AV, atrioventricular;
Northwestern University 2 (4.9) 2 (4.5) ECG, electrocardiogram;
Vanderbilt University 1(2.4) 2 (4.5) IQR, interquartile range;

Medical Center
ECG availability
Total No. of ECGs reviewed 125 203

No. of ECGs per individual, 3(1-14) 3(1-31)
median (range)

ECG traits, No. (%)
Long QTc 6 (14.6) 14 (31.8)
QTc >500 ms? 0 2 (4.5)
Brugada pattern 2(4.9) 0
Bundle-branch block 1(2.4) 1(2.3)
or interventricular
conduction delay
Pacing present 0 0
AV node disease 6 (14.6) 9 (20.5)
Atrial fibrillation or atrial flutter 2 (4.9 3(6.8)

QTc, corrected QT interval.

2 All variants designated as
“pathogenic” or “likely pathogenic”
310 by any 1of the 3 laboratories
’ or by ClinVar.'®

b P value from Wilcoxon rank sum
(Mann-Whitney) test comparing

C
08 variant carriers with ECGs to
.49¢ noncarriers with ECGs.
.23¢ € Pvalue from Fisher exact test
>.99¢ comparing variant carriers with
ECGs to noncarriers with ECGs.
9QT interval corrected by Bazett
>.99¢ method (QTc = QT/V/[RRin

57¢ seconds]). Long QTc defined as
> 99¢ >450 milliseconds in males
: or >460 milliseconds in females.

and KCNH2-T983I) and no apparent arrhythmia phenotype.
One variant, SCN5A-R1193Q, designated pathogenic by
ClinVar but by none of the 3 laboratories, was found in 19 of
2022 participants; 7 of 19 participants (5 with Asian ances-
try) had arrhythmia phenotypes, predominantly long QTc
but less than 500 milliseconds. This variant is so common
among a general East Asian population (MAF, 7%) that it is
unlikely to be a cause of the congenital long QT syndrome
(eTable 4 in the Supplement). In vitro functional studies,
which likely account for its ClinVar pathogenic classification,
suggest it may predispose to longer QT intervals, Brugada
syndrome, or both.”8

There are several potential explanations for the paucity
of clinical manifestations among participants with desig-

JAMA January5,2016 Volume 315, Number1

nated ion channel variants. First, some participants may
have clinically manifest disease that was not documented in
the EMR. Additional evaluation and directed history may
reveal personal or family history of syncope or other rel-
evant symptoms. Electronic medical record data including
ICD-9 codes were available for all participants with median
EMR follow-up time of 18 years, and ECG tracings were
available and reviewed for 44 of 63 participants (70%) with
designated variants, indicating that only a minority of
patients have not had a diagnostic test for long QT (an ECG).
Second, these variants may have low penetrance or cause
subclinical disease except in the setting of additional
genetic or environmental influences. Some patients with
familial long QT syndrome may have normal ECGs,'° and
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provocative testing or medication use may unmask the
latent syndrome. Third, this cohort may not represent indi-
viduals at risk for the phenotype; this cohort includes a
wide spectrum of age groups with differential risk for some
of the phenotypes assessed (eg, atrial fibrillation has age-
related penetrance, while long QT syndrome does not).
Age-stratified analysis identified the same frequency of
phenotypes in those with designated variants across age
strata, indicating that the low frequency of phenotypes was
not age-related in this cohort. Fourth, some of these desig-
nated variants may confer little or no increased risk for
either arrhythmias or ECG abnormalities; ie, they may be of
low penetrance for disease or benign variants.

Another important potential reason for the paucity of
clinical findings is the unselected nature of the study popu-
lation. The laboratories evaluated identified variants using
classification methods developed for analysis of variants in
patients with manifest clinical phenotypes. In patients with
phenotypes, there is a much higher a priori probability that a
detected rare variant contributes to the disease under study.
The prevalence of arrhythmias associated with these genes
is low (eg, 1/2500 for long QT syndrome2°-2* and 1/8000 for
Brugada syndrome?%), so it is in fact unlikely that any variant
found in this cohort of 2022 unselected participants is
pathogenic. Nevertheless, similar to other early efforts to
characterize phenotypes in unselected cohorts, we found a
high frequency of potentially pathogenic mutations without
a high burden of disease.?>:?° Variant classification methods
require significant recalibration to assess incidental findings
in unselected cohorts before results can be returned to
patients and participants, a process that will be facilitated by
large sequencing and phenotyping efforts.

A secondary observation in this study is the discord-
ance in variant classification among the 3 different expert
laboratories and ClinVar. There was consensus across
all 3 laboratories and ClinVar for only 2 of the 42 rare
pathogenic variants. Each of the 3 laboratories has devel-
oped specific methodology for evaluating the clinical
effect of variants, and none of the 3 classification systems
yielded similar results. Potential reasons for discordance
include use of different reference databases and annotation
tools, different criteria for comparing annotation sources,
and different thresholds for defining pathogenicity. Devel-
oping standards for variant classification is an ongoing and
critical area of study, as evidenced by recent ACMG guide-
lines and ongoing efforts by ClinGen.?”-28 Ensuring all clini-
cal laboratories have access to the most extensive variant
and phenotype information available and that these data
are shared across laboratories through resources such as
ClinVar will likely improve variant interpretation.29-3¢ Of
note, 2 participants harbored variants that were designated
pathogenic by all 4 sources: one a 20-year-old with atrio-
ventricular nodal disease and the other a 59-year-old with
no arrhythmia or ECG phenotype, indicating that consensus
across variant classification methods may not increase
specificity.

We also observed fewer white participants among those
with designated variants, which may reflect increased bur-
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den of variants®-? or difficulties in variant annotation as a
result of a relative lack of sequence data in nonwhite popula-
tions. Higher MAF in any ancestry group is evidence of low
penetrance or nonpathogenicity. Focused initiatives to
engage, enroll, sequence, and phenotype individuals from a
wide variety of ancestral backgrounds have the potential to
greatly accelerate efforts toward comprehensive variant clas-
sification.

These data also highlight the potential power of coupling
sequencing data with EMRs. Efforts to refine and validate rare
variant classification are dependent on the gathering of accu-
rate phenotype data from very large cohorts who are unse-
lected for any one specific diagnosis. Although the popula-
tion of patients who present to any health system is not
perfectly representative of the global community, it does mir-
ror those individuals who present for clinical care. If the goal
of precision medicine is to enhance that care, the population
of individuals represented in large EMR data sets is a practi-
cal starting point.

Our study approach has several limitations. This study
focused on just 2 ion channel genes. Participants with or
without designated variants may indeed harbor genetic
variants in other genes contributing to long QTc or other
phenotypes, although these are expected to be very rare.
This study included 2022 participants; given the rarity of
pathogenic variants and the long QT phenotype, we did not
have adequate power to demonstrate statistically significant
differences between variant carriers and those without vari-
ants. Much larger cohorts and complementary methods are
required to definitively determine associations of ion chan-
nel variants to disease. All rare variants identified as patho-
genic or likely pathogenic by any one of the 3 expert labora-
tories or ClinVar were included as designated variants,
which enabled us to search for phenotypes among the great-
est number of participants but potentially reduced the
specificity of the designated variant classification. Because
the median age at enrollment was 61 years, the cohort may
experience survival bias, with participants with severe long
QT syndrome or life-threatening arrhythmias at an early age
being underrepresented. A large prospective study (for
example, of a cohort established at birth) may reveal addi-
tional variants and increased burden of phenotypes. This
study used existing EMRs to ascertain phenotypes. Some
participants with genetic variants may have undocumented
or subclinical disease, which may be realized in focused
evaluation or manifest in time due to age, additional pathol-
ogy, or drug challenge (eg, drug-induced long QT).

. |
Conclusions

Among laboratories experienced in genetic testing for car-
diac arrhythmia disorders, there was low concordance in
designating SCN5A and KCNH2 variants as pathogenic. In an
unselected population, the putatively pathogenic genetic
variants were not associated with an abnormal phenotype.
These findings raise questions about the implications of
notifying patients of incidental genetic findings.
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