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ABSTRACT

Background: Published genome-wide association studies (GWAS) are mainly European-centric,
examine a narrow view of phenotypic variation, and infrequently interrogate genetic effects shared across
traits. We therefore examined the extent to which a multi-ethnic, combined trait GWAS of phenotypes

that map to well-defined biology can enable detection and characterization of complex trait loci.

M ethods: With 1000 Genomes Phase 3 imputed datain 34,668 participants (15% African American; 3%
Chinese American; 51% European American; 30% Hispanic/Latino), we performed covariate-adjusted
univariate GWAS of six contiguous electrocardiogram (ECG) traits that decomposed an average heartbeat
and two commonly reported composite ECG traits that summed contiguous traits. Combined phenotype

testing was performed using the adaptive sum of powered scores test (aSPU).

Results: We identified six novel and 87 known ECG trait loci (aSPU p-vaue < 5E-9). Lead SNP
rs3211938 at novel locus CD36 was common in African Americans (minor alele frequency=10%) and
near-monomorphic in European Americans, with effect sizes for the composite trait, QT interval, among
the largest reported. Only one novel locus was detected for the composite traits, due to opposite directions
of effects across contiguous traits that summed to near-zero. Combined phenotype testing did not detect
novel loci unapparent by univariate testing. However, this approach aided locus characterization,

particularly when loci harbored multiple independent signals that differed by trait.

Conclusions. Despite including one-third as few participants as the largest published GWAS of ECG
traits, our study identifies multiple novel ECG genetic loci, emphasizing the importance of ancestral

diversity and phenotype measurement in this era of ever-growing GWAS.
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AUTHOR SUMMARY

We leveraged a multiethnic cohort with precise measures of cardioelectric function to identify novel
genetic loci affecting this complex, multifaceted phenotype. The success of our approach stresses the
importance of phenotypic precision and participant diversity for future locus discovery and
characterization efforts, and cautions agai nst compromises made in genome-wide association studies to

pursue ever-growing sample sizes.
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INTRODUCTION

Genetic susceptibility underlies a mgjority of common diseases and traits, shown by genome-wide
association studies (GWAYS) that have identified thousands of genetic loci for traits such as
cardiovascular, cardiometabolic, cancer, kidney, psychiatric, ocular, inflammatory, and neuromuscular
conditions(1). The many GWAS reports have revea ed both common threads underlying the genetic
architecture of complex diseases and traits, as well as research gaps. For example, evidence of shared
genetic effects (i.e., pleiotropy) iswidespread, even for traits with few known etiologic links(2,3). Y et
few studies have systematically examined evidence of shared genetic effects, thereby missing
opportunities to identify and characterize master regulators as strong candidates for intervention(2,4).
Thereis also limited racial/ethnic diversity, inasmuch as the majority (>80%) of GWAS participants have
been of European ancestry®. Limited diversity leads to a biased view of human variation that hinders
trandation of genetic associationsinto clinical and public health applications for all populations(5,6).
Further, the scale and collaborative nature of current GWAS anal yses prioritize traits that are widely
available across studies, which may not precisely capture phenotypic variation and its underlying
biology(7,8). Together, these research gaps argue for expanding GWAS anal yses to systematically assess

for shared genetic effects across a spectrum of biologically important traits in multi-ethnic populations.

Electrocardiograms (ECG) measure a sequence of distinct el ectrophysiol ogic processes in the
myocardium that underlie cardiac conduction and repolarization. ECG traits have high heritability(9), are
relevant to cardiovascular health,(10) and allow opportunities for dense phenotyping(11). Moreover, there
are few racially/ethnically diverse GWAS reports on ECG traits(12). Therefore, ECG traits are well suited
for assessing the degree to which increased racial/ethnic diversity, evaluation of genetic effects shared
across phenotypes, and improved phenotype resolution can enhance locus identification and
characterization. We therefore examined individual and shared genetic effects underlying six contiguous

measures of the ECG waveform spanning an average heartbeat. Analyses used data from the multi-ethnic
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Population Architecture using Genetic Epidemiology (PAGE) study and the Multi-Ethnic Study of
Atherosclerosis (MESA). Our resultsillustrate the broad utility of multi-ethnic GWAS analyses of
carefully constructed individual and aggregate traits to illuminate the biology of complex diseases and

traits.
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101 RESULTS

102 Sample description

103  Of the 39,538 participants with GWAS and ECG datain ARIC, HCHS/SOL, MESA, and WHI, 34,668
104  (88%) met all inclusion criteria (Tables S1, S2). Seventy-five percent of eligible participants were female,
105  themean age was 55 years, and nearly half were either Hispanic/Latino (30%) or African American

106 (15%) (Table S4). On average, participants were overweight (BMI mean = 29 kg/m?) and had high serum
107  low-density lipoprotein cholesterol (mean = 135 mg/dL). There was a high prevalence of hypertension
108  (49%). Holding all adjustment variables constant, P wave and TP segment durations were the most

109  strongly correlated among the six ECG traits (partial correlation p=-0.65), whereas T wave and P wave

110  durations (p=0.01) as well as QRS and PR durations (p=-0.02) were largely uncorrelated (Table S5).
111

112 Overview of association results

113 Approximately 22M SNPs met our inclusion criteria and were used to assess for associations with the six
114  contiguous and two composite ECG traits (Figures S1, S2). Lead SNPs at 82 of 149 loci (56%) previously
115  reported by 26 interval scale ECG trait GWAS analyses (Table S6) were identified at genome-wide

116  significance in our multi-ethnic population. The successful identification of previously recognized loci
117  varied by trait (Table S7), ranging from 21 of 45 (47%) loci for QRS interval, to nine of 14 (64%) loci for
118 P wave. When using alower significance threshold of paspy<0.0003 (0.05/149), 123 of the 149 (83%)

119  previously recognized interval scale ECG trait loci were identified.

120  Anadditional six loci were >500 kb away from all lead SNPs previously reported by interval scale ECG
121  trait GWAS and are presented as novel (Table 1, Figure 1). As described below, our results highlight the
122 utility of phenotype decomposition, ancestral diversity, and combined-phenotype testing for the

123  identification and characterization of complex trait |oci.
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Figure 1. Lead SNPs at 87 loci significantly associated (paspu<5x10'9) with six contiguous ECG traits

131
132 spanning an average heartbeat, in n=34,668 multi-ethnic participantsin the Population
133 Architecture Using Genomics and Epidemiology study and M ulti-Ethnic Study of Atherosclerosis.
134  Outer stars denote novel loci and darker shades of green indicate lower p-values. To aid interpretation,
135  lead SNPswere organized into broadly similar groups using hierarchical cluster anaysis.
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138 Phenotype decomposition

139 Of the six novel laci identified for the contiguous traits, two loci were identified for P wave and one locus
140 each wasidentified for PR segment, QRS interval, T wave, and TP segment. None of the novel loci were
141  associated with ST segment or affected multiple contiguous ECG traits at genome-wide significance

142 levels.
143

144  Wethen contrasted results for the six contiguous ECG traits with results from the two composite ECG
145  traits, QT interval (QRSinterval + ST segment + T wave) and PR interval (P wave + PR segment) (Figure
146 2). CD36 wasthe only novel locusidentified for both a contiguous (TP segment) and a composite (QT
147  interval) ECG trait (Table 1). We aso examined evidence of consistency of SNP effects by grouping

148  traitsaccording to whether they affected atrial (PR interval, PR segment, and P wave) or ventricular (QT
149  interval, QRSinterval, T wave, and ST segment) conduction. For atrial traits, novel loci identified for the
150  contiguoustraits had varying directions of effects (Figure 2a, Table S9), which when combined resulted
151  innear-zero estimated effects for the composite trait. For example, every copy of the T alele for PITX2
152 lead SNP rs13143308 increased P wave duration by 0.63 milliseconds [ms] (Punivaiae=2X10™), but

153 shortened the PR segment by 0.58 ms (punivariate:6x10'4). However, when evaluated together as the

154  compositetrait PR interval, every copy of thers13143308 T allele prolonged the PR interval by 0.03 ms
155 (Punivariae=0.84). Similarly, among the 59 loci associated with ventricular conduction, two of the three

156  novel loci (rs142166837 and rs13047360) had opposite effects on QRS interval and T wave duration,

157  which did not reach genome-wide significance when summed for the composite trait QT interval (Figure
158 2, Table S9). There were no instances of either PR or QT interval identifying a novel locus not associated

159  with any of the six contiguous traits at the genome-wide level.

160
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161  Figure?2. Lead SNPsat all loci significantly (Paspu<5x10®) associated with () atrial and (b)

162  ventricular conduction measures, in n=34,668 multi-ethnic Population Architecture Using

163  Genomicsin Epidemiology (PAGE) Study and M ulti-Ethnic Study of Atheroscler osis participants.
164  Outer stars denote novel loci; blue and red shading signifies opposite directions of effect, relative to PR
165 interval and QT interval. To aid interpretation, lead SNPs were organized into broadly similar groups
166  using hierarchical cluster analysis.
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Ancestral diversity

Lead SNPs at five of the six novel loci were common (MAF >5%) across ancestral populations, with little
evidence of heterogeneity of effect across race/ethnicity (Table S8). One locus (CD36) showed evidence
of population specificity, with lead SNP rs3211938 near-monomorphic in European and Chinese
populations (MAF<0.01%), infrequent in Hispanic/Latinos (MAF=1%), and common in African
Americans (MAF=10%). Variant rs3211938 showed genome-wide significant associations with TP
segment (Punivariae=1%10"%) and QT interval (Punivaize=6x10"°) and nominal associations with P wave
(punivariate=2><10'5), PR segment (Punivariae=0.008), and QRS interval (Punivariae=0.005). Although no GWAS
of TP segment has been published, each copy of thers3211938 G allele increased QT interval by 3.70 ms.
Reported effects for common (MAF>5%) QT lead SNPs range from 0.5 msto 3.5 ms(13). SNP
rs3211938 was either genotyped or well-imputed across studies and ancestry groups (imputation quality >

0.89, Table S10).

Combined phenotype analyses

We found widespread evidence of shared genetic effects across ECG traits. One fourth of lead SNPs
identified as genome-wide significant (Pag,<h5x10°) had univariate associations with at least two ECG
traits (Punivaiae<5X10°). Lead SNPs at ACVR2B, SCN5A, SCN10A, CEPS5L, CAV1, and TBX5 were
associated with three or more ECG traits at univariate genome-wide significance levels. As expected,
traits that were more highly correlated also showed stronger evidence of shared genetic effects, with 10 of
the 20 lead SNPs that were associated with PR segment al so showing genome-wide associations with TP
segment. However, evidence of shared genetic effects among uncorrelated traits was a so observed. For
example, eight genome-wide significant SNPs at SCN5A, SCN10A, CEP85L, and CNOT1 exhibited
significant univariate associations with both the T wave and P wave, despite low correlation between the

two traits (p = 0.02).
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193  Therealso was evidence of alelic heterogeneity for multiple ECG traits. As an example, five signalsin
194  low LD (r* < 0.1) were detected within a 500 kb region near the previously identified locus TBX5, each
195  associated with adistinct combination of ECG traits. Two of the five independent signals (rs3741698 and
196  rs2047752) were largely specific to PR segment (Figure 3). The other three signals involved PR segment
197 and QRSinterval (lead SNP rs4784657), P wave, QRS interval, and TP segment (Ilead SNP rs883079),
198  and the combined phenotype only (lead SNP rs1895595). Lead SNPs a so showed some evidence of

199  variation across traits, including the locus identified by lead SNP rs7484657, for which p-values for the

200 QRSinterva lead SNP differed by approximately three orders of magnitude from the rs7484657 p-vaue.
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206 DISCUSSION

207  Using cardiac conduction and repolarization traits as an example, we examined the extent to which

208  combined multi-ethnic GWAS anal yses of carefully selected phenotypes that map to well-defined biology
209 improved detection and characterization of loci. We identified six novel loci, five of which were detected
210  only when examining the more precisely defined phenotypes, and a sixth locus that was specific to

211 African ancestral populations. We also showed how leveraging evidence of a shared genetic architecture
212 aided the characterization of known loci, particularly when loci harbored multiple independent signals
213 that differed by trait. In this mega-GWAS erainvolving predominantly European ancestral populations,
214  thisstudy, conducted in a population one-third the size of the largest published ECG trait GWAS (13,14),

215  underscores the merits of prioritizing diversity and phenotype measurement.

216

217  Of the three GWAS challenges we examined, our deliberate selection of phenotype measures mapping to
218  well-defined biology largely drove locus discovery, challenging current trends in GWAS that emphasize
219  increased sample size. The growing scale of GWAS, which today can surpass one million

220  participants(15), has resulted in the prioritization of commonly available traits (e.g., body mass index)
221  over traitsthat more precisely capture underlying biology (e.g., direct measures of body fat(16)). In our
222 case, composite ECG traits PR interva and QT interval have been most commonly interrogated by

223 GWAS. However, these traits represent aggregates of physiologically distinct mechanisms, which may
224 obscure loci with effectslocalized to, or inconsistent across, individual contiguous traits. This

225  phenomenon wasillustrated by the PITX2 locus, alocus associated with atrial fibrillation.(17) Because
226 PITX2 lead SNP rs13143308 had opposing associations with the contiguous P wave and PR segment, a
227  standard approach using the composite PR interval yielded a near-zero effect, obscuring the potential
228  importance of thelocus on atria function regardless of sample size. These results emphasize the need to
229  halance ongoing investmentsin large-scale genome measurement with use of precision phenotyping, for

230  instance through efforts like the ongoing Precision Medicine Initiative’s All of Us Research Program(18).
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The six traits we used in our ECG decomposition were motivated by their relations to physiol ogy, and
their coherence as an aggregate electrophysiologic phenotype. While an important complement to
traditional, coarser measures like the PR and QT intervals, our phenotype decomposition approach that
identified novel loci and improved characterization of known loci captured but afraction of the full
variation in ECG phenotypes; further phenotypic specificity and additional biologic insight may be
offered by GWAS of other ECG traits, including measures of waveform amplitudes, angles, or variability.
A complementary approach might select traits that are governed by a shared genetic architecture, such as
ion channel function or cardiac remodeling when applied to ECG trait GWAS, potentially assisting efforts
to map loci to specific biologic pathways. Further extending combined phenotype ECG trait GWASto
include other phenotypes and traits (e.g. cardiometabolic traits or cardiovascular diseases) alsois
warranted, given evidence that these traits represent interrelated manifestations of common biologic
mechanisms (12)a s well as success of prior combined phenotype studies to disentangle complex
biology(19). Overall, the question of how to select intermediate traits and integrate such traits with other
phenotypic data, including clinical and prognostic information, remains an open question, with best

practicesthat likely will vary across complex traits.

Despite mounting interest in combined phenotype statistical approaches, their merits for novel locus
discovery and locus characterization remain largely untested. Here, combined phenotype analysis of
contiguous ECG traits did not identify novel loci that eluded traditional univariate analyses, despite the
purported ability of combined phenotype methods to increase statistical power. However, preliminary
evaluation of TBX5, alocus harboring multiple independent signals, suggested that combined phenotype
approaches may be particularly informative for fine-mapping. Supporting the extension of combined
phenotype methods to fine-mapping are methods that have been specifically devel oped for this

challenge(20), including fastPAINTOR. When compared with single trait fine-mapping, fastPAINTOR
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256 reduced the number of SNPs required for follow-up in order to capture 90% of the causal variants, from
257 23 SNPsper locus using asingletrait to 12 SNPs when fine-mapping two traits simultaneously. Other
258  potentialy fruitful avenues may extend combined-phenotype studies of ECG traits to include

259 cardiovascul ar disease.

260

261  Thelack of diversity in GWAS has long been described(21), but the literature remains dominated by

262  studies on European ancestral populations. As aresult, genomics research is confined to anarrow sliver of
263  human genetic diversity, even as the US popul ation becomes more diverse(22). Our deliberate selection
264  of an ancestrally diverse population enabled the identification of anovel CD36 locus, which was common
265  only in populations of African descent. Lead SNP, rs3211938, had alarge effect on QT interval, among
266  thelargest effects reported to-date,(13) although winner’s curse may be a concern(13). Variant

267  rs3211938, a ClinVar-indexed missense mutation known to cause CD36 deficiency, encodes a scavenger
268  receptor central to formation and cellular uptake of long-chain fatty acids. Although CD36 and rs3211938
269  have been associated with a spectrum of cardiometabolic phenotypes,(23—-30) the most intriguing finding
270  isthe potentia linkage with sudden cardiac arrest (SCA), for which QT interval prolongation increases
271 risk(31). SCA accounts for approximately 10-20% of total mortality in industrial countries(32), and

272 severa decades of research have suggested a contributory role of impaired fatty-acid uptake in

273  cardiomyocytes. Although genetic studies of CD36 and SCA were largely null(33,34), the use of

274 predominantly European ancestral populations constrained evaluation of rs3211938, which is near

275  monomorphic in al populations except those of African descent. Overall, these results highlight the

276 potential for racially/ethnically diverse studies to provide novel biological insights, beyond the reach of

277  predominantly European ancestral populations.

278  Limitations of our study point to several promising directions for future work. First, we lacked a
279  replication cohort, reflecting the rarity of multi-ethnic studies with high-resolution ECGs from which to

280  derivethe six contiguous ECG traits. However, this study is the largest multi-ethnic GWAS of ECGs to-
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date, with excellent statistical power, and we identified loci that are biologically plausible. Second, we
limited our evaluation to common variants, although previous studies have demonstrated the utility of
interrogating rare variants, particularly in the context of multi-ethnic studies(35,36). Our focus on
common variants reflects the current limitations of combined phenotype methods for interrogating rare
variants in complex samples or with summary data. Widespread interest in this approach suggests that
this gap may be closed soon. Further, while this study hel ps address the lack of diversity in ECG trait
GWAS, the small number of Chinese American participants limited our ability identify loci that were
common only in populations of East Asian descent. Future efforts that further expand population
racial/ethnic diversity represents an important next both for cardiac conduction studies and GWAS more
broadly. Finally, we did not perform in-depth fine-mapping, athough approaches that leverage multiple
phenotypes have been described(20). Identification of allelic heterogeneity provides a clear impetus for
future studies that leverage evidence of a shared genetic effects to disentangle the genetic architecture

underlying ECG traits and, more broadly, complex traits.

This study illustrates three strategies to improve the efficiency of locus discovery. Of these, our findings
emphasi ze the importance of carefully constructed phenotypes and of ancestral diversity for novel locus
identification. In contrast, combined phenotype methods did not enable identification of novel loci
unapparent using traditional approaches, although combined phenotype studies did inform
characterization of known loci. As researchers contemplate the next generation of genomics studies,
increased phenotype resolution and ancestral diversity will be crucia to understanding the ever-expanding

“phenome,” while ensuring equitable access to precision medicine.
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302 MATERIAL AND METHODS
303 Study population

304 Data sources

305  Themulti-ethnic PAGE study(6) is a consortium funded by the National Human Genome Research

306 Institute (NHGRI) to examine the genetic underpinnings of common complex diseases and traits in

307  ancestrally-diverse populations (online supplement). PAGE data used in this study included African

308 American, European American, and Hispanic/Latino participants enrolled in the Women's Health

309 Initiative (WHI)(37) Clinical Trial, and in the population-based Atherosclerosis Risk in Communities
310  Study (ARIC)(38), and Hispanic Community Health Study/Study of Latinos (HCHS/SOL)(39). Data for
311  African American, Chinese American, European American, and Hispanic/Latino populations also were
312 contributed by the population-based Multi-Ethnic Study of Atherosclerosis (MESA)(40) (online

313  supplement).

314

315 Electrocardiography

316  Ten-second, resting, standard 12-lead ECGs were collected following standard protocols (online

317  supplement). To enable direct comparison with the published literature, we used exclusion criteria from
318  published GWAS of QT interval, QRS duration, PR interval, and P wave . Poor-quality ECGs and ECGs
319  exhibiting severe abnormalities were excluded (Table S1, S2). Also excluded were participants with

320  prevalent heart failure or coronary heart disease, and participants taking any class | or 111 anti-arrhythmic

321 medication.

322

323 Wetemporally decomposed the ECG waveform into six contiguous ECG traits, each reflecting distinct
324  physiological processes: P wave, PR segment, QRS interval, ST segment, T wave, and TP segment

325  (Figure 4). Three of the six contiguous traits were measured directly from maximum readings across all
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12 ECG leads (P wave, QRS interval, T wave), and were used to construct the remaining three traits, as

detailed in supplementary material. We al so evaluated two composite ECG traits that are widely available

and have been examined in numerous GWAS analyses. the QT interval (13) and the PR interval(14). The

PR interval combines the contiguous P wave and PR segment, reflecting conduction through the atria and

the AV-node. The QT interval spans the contiguous QRS interval, ST segment, and the T wave,

representing ventricular activity.

Figure 4. lllustration of the six contiguous (P wave, PR segment, QRS interval, ST segment, and TP
segment) and two composite (QT interval and PR interval) ECG traits.

Traditional composite
traits
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336 Genotyping and Imputation

337  Imputation was performed across studies, using the 1000 Genomes Project phase 3 reference panel (Table
338  S3). In addition to study-specific quality control protocols, we excluded SNPs meeting any of the
339  following criteriac minor allele frequency (MAF) <1%; imputation quality score < 0.3; or effective sample

340 size< 30, caculatedas2 X MAF(1 — MAF) X N x Q, where Q isimputation quality and N is study size.

341

342 Statistical Methods

343 Overview

344  Statistical analyses were carried out in two stages. First, genome-wide univariate associations for each of
345  six contiguous ECG traits were calculated in twelve substudies defined by genotyping platform,

346  racelethnicity, and study (Table S3). The pooled PAGE sample of Hispanic/Latino and African American
347  participants from the HCHS/SOL and WHI genotyped together(41) on the Multi-Ethnic Genotyping

348  Array (MEGA) array was retained as a single substudy. The remaining 11 substudies were defined by
349  ancestry (African American, Chinese American, and European American) and study (ARIC, MESA, and
350  WHI). Substudy-specific univariate results for the six contiguous ECG traits were then combined via

351 trait-specific inverse-variance meta-analysis(42). Next, meta-analyzed contiguous ECG trait-specific

352  univariate associations were eva uated in aggregate using the adaptive sum of powered scores method(43)
353  (aSPU, described below), yielding a combined-trait p-value for each SNP. All univariate and combined-
354  phenotype analyses were performed in the multi-ethnic popul ation as demonstrated previously in the

355  PAGE study(44), and, in sensitivity analyses, by self-identified race/ethnicity.

356

357
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Univariate associations

Univariate associations for the six contiguous ECG traits and the two composite ECG traits were
estimated assuming an additive genetic model of inheritance and adjusting for linear effects of age at
study exam, sex, study site or region, inverse heart rate, and ancestral principa components(45). The
pooled PAGE sample was analyzed using generalized estimating equations allowing correlated errors
among households sharing first or second-degree relatives, and independent error distributions
by self-reported ancestry group(46). Linear regression was used for the other 11 analytic groups.
Models were implemented using SUGEN (46) (ARIC, pooled PAGE sample, WHI) and SNPTest
(MESA). For each continuous and composite ECG trait, results were combined across substudies using
inverse-variance weighted, genomic inflation-corrected meta-analysis(42). SNP effect heterogeneity
across substudies and, in sensitivity analyses, among self-reported race/ethnicity was measured with the
Cochran’s Q test. For each ECG trait, SNP meta-analysis p-values were assessed by calculating genomic

inflation factors (A) and plotting the expected distribution against observed results.

Combined phenotype analyses

To evauate evidence of shared genetic effects across all six contiguous ECG traits, meta-anal yzed
univariate results were combined with aSPU(43). The aSPU procedure was selected based on its
accommodation of effect direction across traits, low type | error rate in simulation studies when compared
with other available procedures (data not shown), and its scalability to 1000 genomes imputed data. We
implemented aSPU using Julia 1.0 to optimize efficiency, and made the code freely available as a Julia

package (https://github.com/kaskarn/JaSPU).
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380  aSPU uses meta-analyzed univariate summary z-scores, calculated for each SNP across all k traits.

381  Briefly, the procedure estimates X, the k x k correlation of null z-scores across univariate results and
382  draws 10™ Monte-Carlo samples from the multivariate N, (0, £) distribution. For each SNPj, the results
383  foral ktraits zj, zjy, ..., zj;, are used to form the sequence of powered scores: SPU(y) = z}’ + z;’ +
384 ..+2z!,wherey=0,1, ..., 8, ». Thissequenceis compared to values produced by all 10" draws from
385  thesimulated null distribution, and a Monte-Carlo p-value is derived for the best-powered SPU(y) to
386  calculate an overall SNP- p-value (paseu), ranging between 1/(1+10") and 1. Thetest is adaptive in the
387  sensethat they yielding the maximal SPU(y) can vary across SNPs, so that the test maintains power

388  against anumber of different alternative hypotheses.

389

390 Reporting

391  Multi-ethnic combined phenotype results were presented as the primary findings, employing Bonferroni
392 correction assuming 10M SNP tests (i.e. paspu<5%10°). Ancestry-specific and ECG-trait specific analyses

393  were performed to aid interpretation of results and are considered sensitivity analyses.
394

395  Previously-reported SNPs were identified through review of the NHGRI-EBI GWAS Catal og(12) as of
396  January 22, 2019 (Table S6), for the following interval scale ECG phenotypes: PR interval, PR segment,
397 QRSinterval, P wave, QT interval, and T wave, supplemented by aliterature review to identify

398  publications not indexed by the NHGRI-EBI GWAS Catalog(14,44,47). There were no published GWAS

399  analysesof ST segment or TP segment durations.

400
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401  Wedefined alocusto encompass all SNPs within 500 kb of, and in linkage-disequilibrium (LD) with, the
402  lead SNP (multi-ethnic r? > 0.2 in the unrelated PAGE study participants). SNPs > 500 kb away from all
403  previously reported ECG trait loci were considered novel. Locus-specific lead SNPs were identified as the
404  SNP with the lowest paspu. Tied lowest paspy Were resolved using the lowest locus-specific univariate p-
405  value across contiguous ECG traits. Complete summary level results from al analyses are made available

406  through dbGaP (phs000356).

407
408 Ethics Statement

409  All datawere analyzed anonymously, and this study was exempted from review under 45 CFR 46.101(b)

410 by the University of North Carolinainstitutional review board (IRB #18-1764).
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411 SUPPORTING INFORMATION
412 Supporting material and methods, tables (S1-9), and figures (S1-2) are included in two additional files

413  Figure Sl1. Quantile-Quantile plotsfor trans-ancestry meta-analyzed associations of SNPswith each
414  of six ECG traits (decomposed ECG phenotype) in n=34,668 participants from the Population

415  Architectures using Genomics and Epidemiol ogy (PAGE) study and the Multi-Ethnic Study of

416  Atherosclerosis (MESA). Black markers and lambda values represent to p-values for all SNPs that passed
417  quality control. Blue markers represent the subset of SNPs >500kb from any previously-reported ECG
418  lead SNP.

419  Figure S2 Manhattan plotsfor univariate, trans-ethnic ECG trait GWAS in 34,668 participants from
420  the Population Architectures using Genomics and the and Multi-Ethnic Study of Atherosclerosis

421 (MESA).. Genome-wide (Punivaiae < 5%10°°) significant loci within 500kb of previously-reported ECG
422  GWAS results are shown in yellow; genome-wide (Punivaize < 5x10°°) significant loci >500 kb from

423 previously reported ECG loci are shown in blue.

424

425  Table S1. Exclusion criteriafor genome-wide study of all evaluated electrocardiographic traits.
426  Table S2. Participant exclusions (cumulative), by study and ancestry group

427  Table S3. Genotyping, imputation, and quality control by participating study

428  Table $4. Participant characteristics by study of origin, and ancestry group, among N=34,668

429  participants from the Population Architecture using Genomics and Epidemiology (PAGE) study and the
430  Multiethnic Study of Atherosclerosis (MESA).

431

432  Table S5. Partial correlations between six contiguoustraits decomposing the ECG, in n=10,618
433  dligible Hispanic Community Health Study/Study of Latinos participants. Partia correlations were

434  adjusted for RR interval, gender, study site, and ancestry principal components.

435
436  Table 6. Published genome-wide association studies of eectrocardiographic traits, indexed on the NHGRI
437  GWAScatalog (Sept. 30, 2018).

438

439  Table S7. Previoudly-reported associations of SNPswith temporal electrocar diographic traits, and
440  corresponding resultsin N=34,668 participants in the Popul ation Architecture using Genomics and

441  Epidemiology (PAGE) study and the Multiethnic Study of Atherosclerosis (MESA).

442  Table S8 Trait-specific direction of effects, and meta-analysis heter ogeneity p-valuesfor univariate
443  associations (punivariate < 5x10-9) of loci discovered in combined-phenotype analyses of six

444  eectrocardiographic traits (paSPU < 5x10-9), in 34,668 participations from the Population

445  Architecture usingGenomics and Epidemiology study (PAGE) and Multi-Ethnic Study of Atherosclerosis
446  (MESA).

447
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448  Table SO Trait-specific trans-ethnic meta-analyzed effect estimates and standard errorsfor

449  univariate associations (punivariate < 5x10-9) of loci discovered in combined-phenotype analyses of
450  six electrocardiographictraits (paSPU < 5x10-9), in 34,668 participations from the Population

451  Architecture using Genomics and Epidemiology study (PAGE) and the Multi-Ethnic Study of

452  Atherosclerosis (MESA).

453

454  Table S10 Imputation quality scores of all novel variants reported in this study.
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