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Background-—ECG global electrical heterogeneity (GEH) is associated with sudden cardiac death. We hypothesized that a genome-
wide association study would identify genetic loci related to GEH.

Methods and Results-—We tested genotyped and imputed variants in black (N=3057) and white (N=10 769) participants in the
ARIC (Atherosclerosis Risk in Communities) study and CHS (Cardiovascular Health Study). GEH (QRS-T angle, sum absolute QRST
integral, spatial ventricular gradient magnitude, elevation, azimuth) was measured on 12-lead ECGs. Linear regression models were
constructed with each GEH variable as an outcome, adjusted for age, sex, height, body mass index, study site, and principal
components to account for ancestry. GWAS identified 10 loci that showed genome-wide significant association with GEH in whites
or joint ancestry. The strongest signal (rs7301677, near TBX3) was associated with QRS-T angle (white standardized b+0.16 [95%
CI 0.13–0.19]; P=1.5910�26), spatial ventricular gradient elevation (+0.11 [0.08–0.14]; P=2.1910�12), and spatial ventricular
gradient magnitude (�0.12 [95% CI �0.15 to �0.09]; P=5.9910�15). Altogether, GEH-SNPs explained 1.1% to 1.6% of GEH
variance. Loci on chromosomes 4 (near HMCN2), 5 (IGF1R), 11 (11p11.2 region cluster), and 7 (near ACTB) are novel ECG
phenotype-associated loci. Several loci significantly associated with gene expression in the left ventricle (HMCN2 locus—with
HMCN2; IGF1R locus—with IGF1R), and atria (RP11-481J2.2 locus—with expression of a long non-coding RNA and NDRG4).

Conclusions-—We identified 10 genetic loci associated with ECG GEH. Replication of GEH GWAS findings in independent cohorts is
warranted. Further studies of GEH-loci may uncover mechanisms of arrhythmogenic remodeling in response to cardiovascular risk
factors. ( J Am Heart Assoc. 2018;7:e008160. DOI: 10.1161/JAHA.117.008160.)
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T he human heart generates electricity with every heart-
beat, and the surface ECG records differences in

electrical potentials produced by the heart as an electrical

generator on the body surface. The cornerstone assumption
of electrocardiology is that the entire heart can be repre-
sented by a single electromagnetic dipole vector, which
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rotates throughout the cardiac cycle. Rotation of this vector
throughout the cardiac cycle forms closed loops, correspond-
ing to atrial depolarization (P-loop), ventricular depolarization
(QRS-loop), and ventricular repolarization (T-loop). The surface
ECG, therefore, characterizes global electrophysiological
properties of the entire heart throughout both depolarization
and repolarization phases of the cardiac cycle. It can be
demonstrated that the vector sum of the depolarization (QRS)
and repolarization (T) vectors defines a vector along which
non-uniformity in excitation and repolarization is most
prominent.1,2 This vector, called the “spatial ventricular
gradient” (SVG), captures the magnitude and direction of
the steepest gradient between the areas of the heart with the
longest and the shortest total recovery time.1,3,4 In 1988,
Mark Josephson’s group demonstrated5 that susceptibility to
ventricular arrhythmias is characterized by heterogeneity in
total recovery time (which is a combination of both dispersion
of endocardial activation and dispersion of refractoriness). A
global measure of the dispersion of total recovery time is a
surrogate for an underlying arrhythmogenic substrate, encom-
passing dispersion of endocardial activation (eg, electrophys-
iological substrate of post-infarction ventricular arrhythmias),
as well as dispersion of refractoriness (eg, electrophysiolog-
ical substrate of inherited or iatrogenic long QT syndromes).

Experimental and theoretical studies have demonstrated
that the SVG is related to global heterogeneity of both action
potential duration and morphology6,7 and that it is

theoretically independent of the specific ventricular activation
sequence.8 SVG is a vector sum of spatial QRS and T vectors,
reflecting implication of the spatial QRS-T angle.9 Spatial QRS-
T angle is a well-known marker9 of the risk of ventricular
tachyarrhythmias10 and sudden cardiac death (SCD)11,12 in
the general population, heart failure (HF) patients, and other
populations.13,14

The sum absolute QRS-T integral (SAI QRST) is a scalar
analog of the SVG15–18 which is associated with ventricular
tachyarrhythmias in HF patients.15,16,19 SAI QRST is associ-
ated with electrical dyssynchrony,20 the mechanical response
to cardiac resynchronization therapy (CRT),21 and mortality in
patients with implanted CRT devices.22 Patient-specific time-
varying associations between SAI QRST and high sensitivity
troponin I suggest that SAI QRST also reflects subclinical
myocardial injury.23

Altogether, features of the SVG vector (vector magnitude,
direction, a scalar value, and QRS-T angle) characterize global
electrical heterogeneity (GEH). Abnormal GEH is associated
with a risk for ventricular arrhythmias10,15,16,19 and SCD,
independent of time-updated CVD, its risk factors, left
ventricular ejection fraction, and traditional ECG measure-
ments (heart rate, corrected QT interval (QTc), QRS duration,
ventricular conduction abnormalities, and left ventricular
hypertrophy).12 To understand the biology underlying GEH,
we performed a genome-wide meta-analysis using data from 2
genome-wide association studies (GWAS) of GEH.

Methods
The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the procedure.24 Study-specific geno-
type and phenotype data are available through the respective
study cohort coordinating centers. GWAS results will be
available through the CHARGE (Cohorts for Heart and Aging
Research in Genomic Epidemiology) Consortium Summary
Results from Genomic Studies (dbGaP Study Accession:
phs000930.v5.p1).

Participating Studies: ARIC and CHS
The ARIC (Atherosclerosis Risk in Communities) study is an
ongoing, prospective cohort study assessing risk factors,
progression, and outcomes of CVD in 15 792 community
participants aged 45 to 64 years (45% male, 74% white).25

The CHS (Cardiovascular Health Study) is an ongoing,
prospective cohort study assessing risk factors, progression,
and outcomes of CVD in 5888 community participants aged
>65 years (42% male, 85% white) recruited from 4 US
communities.26 We excluded participants with reported race
other than white or black, uninterpretable ECGs,12

Clinical Perspective

What Is New?

• Ten genetic loci have a genome-wide significant associa-
tions with electrocardiographic global electrical heterogene-
ity (GEH) and reflect the multifactorial nature of GEH.

• Loci on chromosomes 4 (near HMCN2), 5 (IGF1R), 11
(11p11.2 region cluster), and 7 (near ACTB) have not been
previously reported to be associated with any elctrocardio-
gram phenotype.

What Are the Clinical Implications?

• Functional characterization of GEH-associated genetic loci
may uncover pathophysiology of previously unrecognized
conditions manifested by abnormal GEH and increased risk
of sudden cardiac death.

• Functional characterization of GEH-associated loci may
guide the discovery of targets for new therapies which could
modulate electrical heterogeneity and potentially prevent
sudden cardiac death.

• Future pharmacogenomic studies of GEH may identify
individuals who are most likely to benefit from (or be hurt
by) specific pharmacological therapies.
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arrhythmias (second or third degree atrioventricular block,
atrial fibrillation [AF]), Wolff–Parkinson–White ECG phenotype,
implanted pacemaker, QRS duration ≥120 ms, using class I
and III antiarrhythmic medications or digoxin, history of
coronary heart disease (CHD) or heart failure (HF) as
previously defined,12 participants with extreme phenotype
(> �4 SD), and participants missing genotype data. The final
ARIC study population included 2465 black participants and
8038 white participants. The final CHS population included
592 blacks and 2731 whites. Together the 2 cohorts included
13 826 adults (3057 blacks and 10 769 whites). Both studies
were approved by the institutional review boards of all
participating institutions, and all participants gave informed
consent.

The Phenotype of Global Electrical Heterogeneity
GEH ECG measurements were calculated as previously
described12 (Figure 1). SAI QRST was calculated as the
arithmetic sum of areas under the QRS-T curve.15,17 Spatial
mean QRS-T angle was measured as the 3-dimensional angle
between the mean QRS-vector and the mean T-vector.9 The
magnitude, azimuth, and elevation of the SVG vector were
measured as previously defined.12

GWAS Genotyping and Imputation
Both ARIC and CHS data were imputed to the 1000 Genomes
Project Phase 1 reference panel (March 2012 release).27

Detailed methods are provided in Table S1. In the ARIC cohort
22 487 821 SNPs were available for analysis in whites, and
26 434 100 in blacks. For CHS white data, SNPs with
variance in allele dosage less than or equal to 0.01 were
excluded; SNPs with an effective number of minor alleles
(2*N*MAF*imputation quality) less than or equal to 5 were
excluded in CHS blacks. Thus, in CHS 9 117 794 SNPs were
available for analysis in whites and 13 695 499 in blacks.

Statistical Methods
Within each cohort, and stratified by race, trait variables
were transformed to make their distributions more normal,
specifically using a square-root transformation for all
variables except SAI QRST for which a log-transformation
was used. Following transformation, the variables were then
standardized to have a mean of 0 and a standard deviation
of 1 (Z-score). Each GEH z-score was linearly regressed on
allele dosage, adjusting for age, sex, height, body mass
index (BMI), study site, and principal components to account
for ancestry.

Meta-analysis, both stratified by race and combined across
all races, was performed using inverse variance weights as

implemented in METAL,28 with adjustment for each study’s
genomic control correction factor, calculated from all ana-
lyzed SNPs.29 Associations were considered as genome-wide
significant at P<1910�8.

Figure 1. Measurement of GEH. A, Spatial QRS-T angle repre-
sents the angle between the QRS-vector and T-vector in three-
dimensional space. B, Spatial ventricular gradient (SVG) is a
vector defined as the vector sum of the QRS-vector and the T-
vector. SVG magnitude is the length of the SVG-vector. SVG
azimuth is the angle of the SVG-vector projected onto the XY
(horizontal) plane, and SVG elevation is the angle of the SVG-
vector projected in the XZ (vertical) plane. C, SAI QRST represents
the sum of the area under the QRS complex and T-wave using the
isoelectric line as the reference (shaded area). X-, Y-, and Z-lead
QRS-T complexes and their calculated SAI QRST results are
shown.
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Bioinformatics Analyses of the Loci

We used several bioinformatics approaches (LDlink,30 Regu-
lomeDB,31 Genome-Wide Annotation of Variants [GWAVA],32

and Data-driven Expression Prioritized Integration for Complex
Traits [DEPICT]33) to search and annotate SNPs in the regions
containing genome-wide significant SNPs. Publicly available
reference haplotypes from Phase 3 (Version 5) of the 1000
Genomes Project (1000G)34 were used to calculate popula-
tion-specific measures of linkage disequilibrium (LD)30 in
whites. To evaluate the potential functional effect of the
identified loci, we identified all proxy SNPs in moderate to
high LD (R2≥0.5) to the index SNP within �500-kb regions.
We used dbSNP’s predicted30 functional effect of variants and
considered SNPs with RegulomeDB31 score <4. RegulomeDB31

integrates the RoadMap Epigenomics and ENCODE projects to
identify variants which have potential or demonstrated regu-
latory function, and predicts potential mechanisms of func-
tional involvement. We used a GWAVA32 score to identify loci
with likely functional non-coding variants. We used an
unmatched GWAVA score threshold ≥0.35, GWAVA transcrip-
tion start site (TSS) score threshold ≥0.45, and region GWAVA
score threshold ≥0.55 to mark potentially functional loci. In
addition, we searched the National Human Genome Research
Institute GWAS catalogue35 for the association of GEH SNPs
and SNPs in high LD (R2≥0.8) with other complex traits or
diseases identified in previous GWAS.

Evidence of Expression in Heart Tissue
Expression quantitative trait loci (eQTLs) in the left ventricle
(LV), and atrial appendage have been evaluated using the
Genotype-Tissue Expression (GTEx) project36 portal (analysis
release V7; updated 09/05/2017; accessed 11/07/2017).
All cis eQTLs, which have been precomputed in a �1 Mb cis
window around the TSS were included, if considered signif-
icant, as described below. Beta distribution-adjusted empirical
P-values from FastQTL were used by the GTEx investigators to
calculate q-values, and a false discovery rate (FDR) threshold
of ≤0.05 was applied to identify genes with a significant eQTL
(“eGenes”). To identify the list of all significant variant-gene
pairs associated with eGenes, a genome-wide empirical P-
value threshold, pt, was defined as the empirical P-value of the
gene closest to the 0.05 FDR threshold. pt was then used to
calculate a nominal P-value threshold for each gene based on
the beta distribution model (from FastQTL) of the minimum P-
value distribution f(pmin) obtained from the permutations for
the gene. Specifically, the nominal threshold was calculated
as F�1(pt), where F�1 is the inverse cumulative distribution.
For each gene, variants with a nominal P-value below the
gene-level threshold were considered significant and included
in the final list of variant-gene pairs. A threshold of at least 70

samples per tissue was used, as it was determined to provide
sufficient statistical power for eQTL discovery.

Evidence of Expression in Failing Hearts
HF is a well-recognized substrate for SCD, which is charac-
terized by differential gene expression and “fetal gene
activation”.37 We, therefore, performed a look-up for cis eQTL
in 177 failing hearts in the Myocardial Applied Genomics
Network (MAGNet) consortium database (http://www.med.
upenn.edu/magnet/).38–40 The significance level was Bonfer-
roni—adjusted for the number of tests performed.

Results

Meta-Analysis of Genome-Wide Association
Results
We identified 10 loci (Figure 2) that showed genome-wide
significant association with GEH (Table 1). Top loci were
associated with phenotype consistently in both ARIC and CHS
studies (Figure 3). Four loci were associated with at ≥2 GEH
traits: QRS-T angle, SVG azimuth, and SVG magnitude, and
SAI QRST (Figures 2 and 4). The loci associated with GEH are
detailed in Figure 5, with the index SNP labeled for each
independent signal. Pairwise correlations between the 5 GEH
ECG variables and traditional ECG measurements ranged from
negligible (r=0.007) to weak for all but one pair: SAI QRST-
SVG magnitude had moderate strength (r=0.7) correlation
(Table 2). Most identified SNPs remained statistically signif-
icantly associated with GEH phenotypes after additional
adjustment for traditional ECG metrics (QRS and QT duration,
RR0 and PR intervals) (Table S2). GEH genome-wide significant
associations were largely consistent between whites and
blacks (Table 1 and Figure 4). The total variance explained by
the GEH-associated SNPs was small, as expected: 1.6% for
SVG magnitude; 1.48% for SAI QRST; 1.25% for spatial QRS-T
angle; 1.1% for SVG elevation, and 1.1% for SVG azimuth.

Potential Functional Impact of the GEH Variants
All detected SNPs were non-coding. Therefore, we utilized
eQTL databases and functional annotation tools that interpret
non-coding variants (Table S3). Several loci were significantly
associated with gene expression in the heart. The fourth locus
(near HMCN2) was associated with expression of HMCN2
(effect size 0.23; P-value 1.7e-5), and the fifth locus (IGF1R)
was associated with expression of IGF1R (effect sie 0.24; P-
value 1.4e-7) in LV. The IGF1R locus was also significantly
associated with IGF1R gene expression in human failing
hearts (adjusted P-value 0.023). The eighth locus was
associated with expression of a long non-coding RNA RP11-
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481J2.2 (effect size 0.24; P-value 1.0e-6) and NDRG4 (effect
size 0.37; P-value 1.1e-9) in atrial appendage.

According to RegulomeDB score, all 10 loci demonstrated
at least one SNP in LD >0.5 with an index SNP in the
corresponding locus that had a functional potential (score
<4). GWAVA annotation predicted functional variants in 8 out
of 10 loci, as defined by either unmatched score (which has
high accuracy with ROC AUC 0.97), or TSS score (ROC AUC
0.88). Five loci had both unmatched and TSS scores: second
(near HAND1), fourth (near HMCN2), fifth (IGF1R), seventh
(LUZP1-KDM1A), and ninth (complex SPI1-AGBL2-NUP160-
PSMC3-FNBP4-CELF1-SLC39A13-RAPSN).

Several GEH loci have been previously reported to be
associated with other phenotypes. The fifth locus (IGF1R)
showed pleiotropy; it has been previously reported as having a
genome-wide significant association with fasting plasma
glucose.41 Genetic variants in the first locus (near TBX3)
have been previously shown to be associated with QRS
duration42 and PR43 interval. Locus 2 (near HAND1) and locus
3 (NFIA) previously have been shown to be associated with
QRS duration.42,44,45 Adjustment for QRS, PR, QT, and RR0

intervals (Table S2) strengthened association between the
first locus (near TBX3) and GEH, suggesting that GEH is
capturing an independent underlying electrophysiological
phenomenon, as opposed to simply being a marker of QRS,
PR, QT, or RR0 intervals. In contrast, the association between
the second locus (near HAND1) and GEH was nearly fully
explained by traditional ECG measurements. Attenuation of
the association of GEH with the third locus (NFIA) after
adjustment for QRS, PR, QT, and RR0 was negligible.

Diverse Biological Patterns of Global Electrical
Heterogeneity
Nearly all the 10 identified loci had specific “electrical
signatures”—a specific pattern of associations with the GEH
ECG phenotype (Figure 4)—suggesting variable underlying
biological and electrophysiological phenomena underlying
each locus. Locus 1 (near TBX3) was characterized by the
GEH phenotype of ventricular conduction abnormalities
(widening QRS-T angle, decreasing SVG magnitude, and
rotation of the SVG vector backward and upward) as both
SVG elevation and azimuth are increasing. Locus 2 (near
HAND1) was characterized by rotation of SVG vector back-
ward and downward (increasing SVG azimuth, but decreasing
SVG elevation). Locus 3 (NFIA) was characterized by a “super-
normal” GEH pattern: narrowing of QRS-T angle, rotation of
SVG forward and downward, and increasing SVG magnitude.
Locus 4 (near HMCN2) was characterized by rotation of SVG
backward and decreasing SVG magnitude without QRS-T
angle widening. The fifth locus (IGF1R) was characterized by
increased SVG magnitude despite QRS-T angle widening, and

Figure 2. Manhattan plots of the GWAS meta-ana-
lyses for (A) sum absolute QRS-T integral (SAI QRST), (B)
spatial ventricular gradient (SVG) magnitude, (C) SVG
azimuth, (D) SVG elevation, and (E) spatial QRS-T angle
in individuals of both white and black ancestry. The
dotted horizontal line represents the genome-wide
significance threshold.
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rotation of SVG vector backward and downward. Patterns of
the sixth (SCN5A) and eighth (lncRNA) loci were similar to
each other (decreasing scalar values of SVG, without changes
in SVG direction). However, the effect of adjustment for
traditional ECG metrics was different for each locus
(Table S2): adjustment strengthened the association with
GEH in the eighth (lncRNA) locus but attenuated the
association with GEH in the sixth (SCN5A) locus. Similar
patterns were also demonstrated by locus 7 (LUZP1-KDM1A),
9 (complex SPI1-AGBL2-NUP160-PSMC3-FNBP4-CELF1-
SLC39A13- RAPSN), and 10 (near ACTB), which were manifest
by increased scalar values of the SVG without significant
changes in SVG direction. Adjustment for traditional ECG
measurements strengthened the association between GEH
and the ninth locus, but slightly attenuated associations in the
seventh and tenth loci, suggesting differences in underlying
biology.

Discussion
This meta-analysis of GEH GWAS yielded 10 genetic loci that
contained genome-wide significant SNPs in white ancestry
individuals, or in joint ancestry. Despite a smaller number of
participants with black ancestry, consistent direction of the
associations was also observed in individuals of black
ancestry. The identified loci characterize different aspects of
biology and electrophysiology and reflect the multifactorial
nature of GEH.

The strongest association between GEH and locus 1 was
mapped near the TBX3 gene, which plays a critical role in the
development of the cardiac conduction system.46 TBX3 is
expressed throughout the entire central cardiac conduction
system (sinoatrial node, atrioventricular node, His bundle, and
proximal bundle branches), in a pattern mutually exclusive to
that of chamber-specific genes (connexin 40, connexin 43,
natriuretic peptide A gene).46 TBX3 represses chamber-
specific promoters which is crucial for normal development
of the central conduction system. At late stages of fetal
development connexin 40 expression is initiated in the His
bundle and proximal bundle branches which are locations
where TBX3 is expressed at relatively low levels. Reduced
expression of TBX3 in proximal bundle branches is associated
with greater expression of connexins 40 and 43, and
accordingly, faster conduction,47 which is manifest by shorter
QRS duration. TBX3 deficiency can also lead to insufficient
development of AVN,46 which might manifest as prolonged PR
interval. Indeed, supporting this connection between QRS and
PR interval, the GWAS variant associated with increased QRS
interval is also associated with decreased PR interval.42,43

Importantly, in this locus, several variants were associated
with GEH, but not with other ECG variables, suggesting
different underlying biology, which should be studied further.

Locus 2 was mapped to the intronic region of HAND1.
HAND1 is essential for cardiac development and postnatal
structural remodeling. HAND1 affects the development of the
ventricular outflow tract, and is responsible for cardiac left-

Figure 3. Comparison of the association of index SNPs markers with global electrical heterogeneity
(GEH) ECG phenotypes in 10 loci in 2 cohorts: (A) ARIC and (B) CHS. Associations in ARIC are shown by a
blue square; in CHS—by a purple circuit. SU, standardized units (per 1 standard deviation of ECG trait).
ARIC indicates Atherosclerosis Risk in Communities Study; CHS, Cardiovascular Health Study.
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right asymmetry, which might be affected via epigenetic
mechanisms. Local HAND1 expression level represents a
switch between cardiomyocyte proliferation and

differentiation. HAND1 also has a direct role in LV hypertro-
phy; it is a part of a metabolic pathway adapting the heart to
hypoxia during development and adulthood, and is one of the
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Figure 4. Forest plots for the association of index SNPs markers with 5 global electrical heterogeneity (GEH) ECG phenotypes in 10 loci.
Associations for white (square), black (diamond) individuals, and joint ancestries (circuit) are shown. Red color indicates associations with SAI
QRST; green color—with SVG magnitude; dark navy—with SCG azimuth; magenta color—with SVG elevation; blue color—with spatial QRS-T
angle. SU, standardized units (per 1 standard deviation of ECG trait). A, Locus 1. B, Locus 2. C, Locus 3. D, Locus 4. E, Locus 5. F, Locus 6. G,
Locus 7. H, Locus 8. I, Locus 9. J, Locus 10.
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“fetal” genes upregulated in failing cardiomyocytes. Re-
initiation of the fetal gene program instructs cell to increase
their cytoplasmic mass, ie, permits the development of LV
hypertrophy, which can lead to cardiac arrhythmias. Two
putative HAND1 targets include T-box transcription factor 5
(TBX5), participating in conduction system development, and
the homebox factor IRX4, which has been implicated in the
development of ventricular arrhythmias and SCD.

Locus 3 (NFIA) was previously reported to be associated
with QRS duration in the Japan Pharmacogenomics Data
Science Consortium (JPDSC) project, and the CHARGE QRS
and eMERGE GWASs. Nuclear factor I-A (NFIA) gene encodes
a site-specific DNA-binding protein.

Locus 4 (near HMCN2) expresses HMCN2 (Hemicentin 2)
in the LV. Hemicentin 2 belongs to the fibulin family of
extracellular matrix proteins that play pivotal roles in fibrob-
last migration and development of interstitial fibrosis. HMCN2
is implicated in calcium ion binding and bicuspid aortic valve
with concomitant ascending aortic dilation.

Locus 5 (insulin-like growth factor 1 receptor, IGF1R) is a
pleiotropic variant. IGF1R is a key step in growth hormone
signaling and physiologic cardiomyocyte hypertrophy.48 Vari-
ation in expression of IGF1R in the LV could lead to variations
in hypertrophy that in turn influences GEH.

Locus 6 (SCN5A) was mapped in the intron of SCN5A.
SCN5A encodes a voltage-gated sodium channel which is
crucially important for cardiac action potential initiation and
propagation. SCN5A mutations cause well-known arrhythmic/
SCD syndromes (Brugada and long QT-3) manifested by life-
threatening arrhythmias. Locus 6 is independent (not in LD)
from other previously reported variants of SCN5A and
warrants further study.

Locus 7 (LUZP1-KDM1A): Leucine zipper protein 1 LUZP1
encodes a protein that contains a leucine zipper motif. The
exact function of the encoded protein is not known, but
available data suggest that LUZP1 can be implicated in cardiac
development, malformations, and cardiomyopathy develop-
ment. Lysine-specific demethylase-1 (KDM1A) induces
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Figure 4. Continued
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demethylation of histone H3 and, therefore, cause epigenetic
modifications and alterations in gene transcription. Functional
annotation of locus 7 (LUZP1-KDM1A) suggests that it is an
active histone modification site (active TSS, strong transcrip-
tion in cardiac myocytes).

Functional annotation of locus 8 (lncRNA RP11-481J2.2)
and locus 9 (SPI1-AGBL2-NUP160-PSMC3-FNBP4-CELF1-
SLC39A13-RAPSN) suggest that both loci are likely function-
ally active. There are no previous reports of phenotype
associations at GWAS significance for either loci. Locus 9 is a

Figure 5. Regional association plots show association results at each significantly associated locus. Ten loci are displayed in the order listed
in Table 1. Each SNP is plotted with respect to its chromosomal location �500 kb (X-axis) and its P-value (Y-axis on the left). Known gene
transcripts are annotated at the bottom. The SNPs are colored according to their degree of linkage disequilibrium (r2). The index SNP is shown
as a purple diamond. The tall blue spikes indicate the recombination rate (Y-axis on the right) at that region of the chromosome. A, Locus 1. B,
Locus 2. C, Locus 3. D, Locus 4. E, Locus 5. F, Locus 6. G, Locus 7. H, Locus 8. I, Locus 9. J, Locus 10.
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large cluster of genes at the 11p11.2 region of chromosome
11. The exact function of locus 9 is unknown. Neighboring
common variations at the 11p11.2 region, encompassing
MADD and SPI1, have been associated with fasting glucose
and insulin in previous GWASs. Previously reported glycemic
traits-associated MADD loci are not in LD with locus 9

(R2<0.2). Previously reported diastolic HF-associated MADD
loci are also not in LD with locus 9 (R2<0.2).

Locus 8 is a long non-coding RNA (lncRNA) RP11-481J2.2.
It is expressed in the human heart although its function is
unknown. In addition, locus 8 contains eQTL for expression of
NDRG4. While the exact function of NDRG4 in the heart is

Figure 5. Continued

Table 2. Pairwise Pearson Correlation Coefficients Between the Standardized GEH ECG Variables, and Standardized Traditional
ECG Measurements

QRS-T Angle SAI QRST SVG Azimuth SVG Elevation SVG Magnitude QT Duration RR0 Interval PR Interval

SAI QRST 0.243

SVG azimuth 0.405 �0.016

SVG elevation 0.164 �0.168 �0.131

SVG magnitude �0.249 0.696 �0.281 �0.205

QT duration �0.059 0.227 0.048 0.0647 0.094

RR0 interval �0.040 0.320 �0.013 0.042 0.155 0.855

PR interval 0.029 0.056 �0.009 0.149 0.007 0.105 0.136

QRS duration 0.258 0.394 0.179 0.0689 0.070 0.189 0.187 0.144

GEH indicates global electrical heterogeneity; SAI QRST, sum absolute QRS-T integral; SVG, spatial ventricular gradient.
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unknown, NDRG4 is responsible for sodium channel traffick-
ing in the nervous system and has been associated with
cardiomyopathy.

Genetic Determinants of Vectorcardiogram
Morphology Phenotype
In this study, we discovered 4 novel ECG phenotype—
associated genetic loci. Loci on chromosomes 4 (near
HMCN2), 5 (IGF1R), 11 (11p11.2 region cluster), and 7 (near
ACTB) have not been previously reported associated with any
ECG phenotype. Future functional studies of these loci might
discover novel molecular mechanisms and underlying biology
of electrophysiological processes, affecting vectorcardiogram
morphology.

We also identified several loci in proximity to previously
reported variants, but not in LD with them, thus representing
independent signals. Locus on chromosome 16 (lncRNA
RP11-481J2.2) is located between two previously reported
loci, associated with QT interval and ST-T wave amplitudes.
Locus on chromosome 1 (LUZP1-KDM1A) is located near loci,
previously reported associated with QT interval, height,
longevity, and salt-sensitive hypertension. Locus on chromo-
some 3 (SCN5A) is located on a well-known sodium channel
gene. Further functional studies will help to shed important
light on the biology of ECG.

Finally, 3 GEH-associated loci (near TBX3, HAND1, and
NFIA) are known, previously reported loci, associated with
QRS duration and PR interval. Nevertheless, our findings
helped to interpret previously puzzling discordant associations
of these loci with QRS and PR intervals.

Impact on Research, Clinical Care, and Prevention
Improving our understanding of genetic variants related to
variations in GEH may have important clinical implications.
First, it improves our understanding of the mechanisms
underlying GEH (eg, ventricular conduction abnormalities, left-
to-right ventricular ion channels distribution asymmetry).
Functional characterization of GEH-associated genetic loci
may uncover underlying pathophysiology of previously clini-
cally unrecognized conditions which are manifest by signifi-
cantly abnormal GEH and increased risk of SCD. Second,
functional characterization of GEH-associated loci may aid the
discovery of targets for new drugs which could modulate
electrical heterogeneity and, thus, potentially prevent ventric-
ular tachyarrhythmias and SCD. The recent success of PCSK9-
inhibitors is an inspirational example of this novel therapeutic
approach guided by genomic discovery. Development of safe
and effective therapeutics to prevent SCD is urgently needed.
Third, future pharmacogenomic studies of GEH may identify
individuals who are most likely to benefit from (or be hurt by)

specific pharmacological treatments. Limitations of QT inter-
val as an assay for an assessment of pro-arrhythmic
compounds is well recognized. Many pharmaceutical com-
pounds prolong QT interval without pro-arrhythmic risk, while
others manifest by an increased risk of ventricular tach-
yarrhythmia without significant QT prolongation. GEH is a
measure of dispersion of depolarization and repolarization and
therefore integrates underlying electrophysiological substrate
more than traditional ECG measurements. Future studies of
the effect of medications on GEH are needed. Finally, in the
future, GEH-associated loci may become clinically important
for prediction of SCD and ventricular arrhythmia risk. As
expected for common genetic variants, the effect size of the
identified variants is small. However, combining several SNPs
into a genetic risk score might potentially allow early
identification of individuals at risk for ventricular conduction
abnormalities or ventricular arrhythmias.

Limitations
Important limitations of the study should be noted. Replica-
tion of the GEH GWAS in independent cohorts is needed. A
GWAS with larger sample size is also needed as other studies
become available in the future, especially for stratified
analysis in different ancestries and ethnicities, and for
comparison of males and females. While our study included
both white and black ancestries, our results may not be
generalizable to other ancestries. It is also important to
emphasize that we have identified only markers of genetic
regions associated with GEH ECG phenotype. The causal
genes remain unknown. Targeted mapping of identified loci
and functional analyses are needed to elucidate the under-
lying biology.

In summary, this genome-wide meta-analysis of >10 000
white and 3000 black individuals with GEH ECG phenotypes
elucidated plausible biological mechanisms behind GEH,
which was recently shown to be associated with SCD in the
general population.12 Further studies of the underlying biology
of GEH-associated loci will help to uncover mechanisms of
arrhythmogenic remodeling in the heart in response to
traditional cardiovascular risk factors.
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SUPPLEMENTAL MATERIAL 



Table S1. Genotyping and imputation of the genetic data. See Excel file. 

 

Table S2. Adjustment for QRS, PR, QT, and RR’ intervals. See Excel file. 

 

Table S3. Functional characteristics of GEH-associated SNPs. See Excel file. 


