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ABSTRACT
Objectives We hypothesised that (1) the prevalent 
cardiovascular disease (CVD) is associated with global 
electrical heterogeneity (GEH) after adjustment for 
demographic, anthropometric, socioeconomic and 
traditional cardiovascular risk factors, (2) there are sex 
differences in GEH and (3) sex modifies an association of 
prevalent CVD with GEH.
Design Cross- sectional, cohort study.
Setting Prospective African- American The Jackson Heart 
Study (JHS) with a nested family cohort in 2000–2004 
enrolled residents of the Jackson, Mississippi metropolitan 
area.
Participants Participants from the JHS with analysable 
ECGs recorded in 2009–2013 (n=3679; 62±12 y; 36% 
men; 863 family units). QRS, T and spatial ventricular 
gradient (SVG) vectors’ magnitude and direction, spatial 
QRS- T angle and sum absolute QRST integral (SAI QRST) 
were measured.
Outcome Prevalent CVD was defined as the history 
of (1) coronary heart disease defined as diagnosed/
silent myocardial infarction, or (2) revascularisation 
procedure defined as prior coronary/peripheral arterial 
revascularisation, or (3) carotid angioplasty/carotid 
endarterectomy, or (4) stroke.
Results In adjusted mixed linear models, women had 
a smaller spatial QRS- T angle (−12.2 (95% CI −19.4 
to -5.1)°; p=0.001) and SAI QRST (−29.8 (−39.3 to 
−20.3) mV*ms; p<0.0001) than men, but larger SVG 
azimuth (+16.2(10.5–21.9)°; p<0.0001), with a significant 
random effect between families (+20.8 (8.2–33.5)°; 
p=0.001). SAI QRST was larger in women with CVD 
as compared with CVD- free women or men (+15.1 
(3.8–26.4) mV*ms; p=0.009). Men with CVD had a smaller 
T area (by 5.1 (95% CI 1.2 to 9.0) mV*ms) and T peak 
magnitude (by 44 (95%CI 16 to 71) µV) than CVD- free 
men. T vectors pointed more posteriorly in women as 
compared with men (peak T azimuth + 17.2(8.9–25.6)°; 
p<0.0001), with larger sex differences in T azimuth in 
some families by +26.3(7.4–45.3)°; p=0.006.
Conclusions There are sex differences in the electrical 
signature of CVD in African- American men and women. 
There is a significant effect of unmeasured genetic and 
environmental factors on cardiac repolarisation.

INTRODUCTION
Over the decades, African- American men and 
women carry the highest burden of cardiovas-
cular disease (CVD) among all race/ethnic 
groups in the USA.1 ECG is an inexpensive 
and widely available tool for cardiovascular 
assessment.

Sex and race discrimination do exist in 
modern medicine. Despite the knowledge 
of the biological sex differences, it is widely 
accepted to apply findings (norms, thresh-
olds, stratification limits) derived from 
studies conducted predominantly in men also 
to women. While racial2 and sex differences3 
in ECG characteristics have been previ-
ously acknowledged, sex differences in the 

Strengths and limitations of this study

 ► This large community study of African- American 
adults is one of few studies with the nested family 
cohort study, thus offering insight into the effect of 
unmeasured environmental exposures and genetic 
variations.

 ► In this sizeable community- dwelling cohort of 
African- Americans, more than half of the partici-
pants were female, thus strengthening the statistical 
analyses conducted.

 ► This ancillary study of the prospective National 
Institute of Health (NIH)- funded Jackson Heart Study 
cohort used a well- validated strict definition of prev-
alent cardiovascular disease and rich phenotyping, 
thus offering rigorous adjustment for cardiovascu-
lar risk factors, socioeconomic and anthropometric 
characteristics.

 ► Cross- sectional design precluded the causal inter-
pretation of the observed associations.

 ► Excluded from the current study the Jackson Heart 
Study participants with missing covariates were 
somewhat different from those who were includ-
ed, thus limiting the generalisability of the study 
findings.
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association of prevalent CVD with ECG phenotype have 
been studied mostly in white persons.

Global electrical heterogeneity (GEH)4 is a novel 
vectorcardiographic (VCG) phenotype,5 based on 
Wilson’s ventricular gradient idea. Ventricular gradient 
defines the vector along which heterogeneity in exci-
tation and refractoriness is the most prominent.6–8 
Wilson’s frontal plane ventricular gradient was extended 
into 3- dimensions (the spatial ventricular gradient 
(SVG)) in 1954.9 10 In 1957, Burger published mathe-
matical proof of the SVG’s independence of the acti-
vation path and the SVG’s direction pointing to the 
myocardium with the shortest duration of the excited 
state.11 We quantify GEH by measuring five SVG vector 
features (magnitude, direction (azimuth and elevation), 
a scalar value sum absolute QRST integral (SAI QRST), 
and spatial QRS- T angle) on orthogonal XYZ ECG.5 12 
GEH is associated with sudden cardiac death (SCD),13 
cardiovascular mortality,14 and left ventricular dysfunc-
tion15 after rigorous adjustment for known cardiovas-
cular risk factors. Sex differences in GEH have been 
shown predominantly in white population.3 14 However, 
sex differences in GEH and an association of prevalent 
CVD with GEH in African- American men and women 
have not been previously studied.

To address this knowledge gap, we conducted a cross- 
sectional study of GEH in African- American participants 
of the Jackson Heart Study (JHS) to investigate the cross- 
sectional associations of prevalent CVD and sex with GEH. 
We hypothesised that (1) the prevalent CVD is associated 
with GEH after adjustment for demographic, anthropo-
metric, socioeconomic and traditional cardiovascular risk 
factors, (2) there are sex differences in GEH and (3) sex 
modifies an association of prevalent CVD with GEH.

METHODS
Study population
The JHS was initiated in 1998 as a prospective cohort 
study of CVD in African- Americans.16 17 The JHS enrolled 
5306 participants from the Jackson, Mississippi metro-
politan area from 2000 to 2004. Recruitment strategies 
included: (1) enrolment of the Atherosclerosis Risk in 
Communities (ARIC)18 study participants, (2) random 
and (3) volunteer recruitment pools and (4) enrolment 
of secondary family members. Eligible participants were 
35–84 years of age, except in a nested family cohort, which 
included younger participants (21–84 years of age).

In this cross- sectional study, we included JHS partici-
pants who had analysable resting 12- lead ECG recorded 
as a part of the third clinical examination in 2009–2013 
(figure 1; n=3717). We further excluded participants with 
missing major risk factor (hypertension and smoking 
history) and anthropometric data (n=38), and missing 
covariates (n=768). This study population included 3001 
participants (figure 1A).

Vectorcardiogram and ECG analysis
Raw digital ECG signal was analysed in the Tereshchenko 
laboratory at OHSU, as previously described.5 12 13 19 Briefly, 
the analysis includes several steps. First, each cardiac beat 
was manually labelled by at least two physician investiga-
tors (KJL, KAP and LGT). Then, 12- lead ECG was trans-
formed into XYZ ECG, using Kors transformation.20 Using 
only one (dominant) type of beat, the time- coherent 
global median beat was constructed, and the origin of the 
heart vector was identified.19 In this study, we included 
three categories of median beats. Normal (N) category 
included normal sinus median beat, atrial paced median 
beat, junctional median beat and ectopic atrial median 
beat. The ventricular pacing (VP) category included 
ventricular paced, and both atrial and ventricular paced 
median beats. The supraventricular (S) category included 
median beats of atrial fibrillation or atrial flutter with 
consistently one type of ventricular conduction.

Spatial peak and spatial area QRS, T and SVG vectors 
were constructed, and their direction (azimuth and eleva-
tion) and magnitudes were measured.5 12 19 Scalar values 
of SVG were measured by SAI QRST21–23 and by QT inte-
gral on vector magnitude (VM) signal.12 Both area and 
peak QRS- T angles were measured.5 12 19 Quality control 
of automated ECG analysis was performed by investiga-
tors (KTH and NMR) with the aid of visual display. The 
open- source MATLAB (MathWorks, Natick, Massachu-
setts, USA) code is provided at https:// physionet. org/ 
physiotools/ geh and https:// github. com/ Tereshchen-
kolab/ Origin.

Traditional ECG measurements were performed by 
the 12 SL algorithm as implemented in Magellan ECG 
Research Workstation V2 (GE Marquette Electronics, 
Milwaukee, Wisconsin, USA) and included median beat 
measurements (QRS and QT intervals). QT interval was 
corrected for heart rate by several approaches: Bazett, 
Fridericia, Hodge and Framingham, as provided by the 
JHS Coordinating Centre. Cornell voltage was calculated 
as the sum of the RaVL and the SV3 amplitudes.

Ventricular conduction abnormalities were diagnosed 
using Minnesota code24 at the EPICARE (Wake Forest 
University, North Carolina, USA). Minnesota code 7-1-1 
(left bundle branch block), 7–4 (intraventricular block), 
6–8 (pacemaker) and 6–6 (intermittent aberrant ventric-
ular conduction) were included.

Prevalent CVD
Prevalent CVD was defined during the third clinical 
examination if at least one of the following was present: 
(1) history of coronary heart disease (CHD) defined as 
either self- reported prior myocardial infarction (MI) 
(diagnosed by a doctor or health professional, or hospi-
talisation for MI), or ECG diagnosis of MI, (2) history 
of cardiac procedure defined as either prior coronary 
revascularisation (coronary artery bypass grafting or 
percutaneous coronary intervention) or peripheral arte-
rial revascularisation or (3) prior carotid angioplasty or 
carotid endarterectomy or (4) self- reported stroke history 

https://physionet.org/physiotools/geh
https://physionet.org/physiotools/geh
https://github.com/Tereshchenkolab/Origin
https://github.com/Tereshchenkolab/Origin
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(diagnosed by a doctor or health professional). Stable 
angina pectoris was not included in the CVD definition.

Covariates: cardiovascular risk factors measured at the third 
clinical examination
The third clinical examination included physical exam-
ination, anthropometry, a survey of medical history and 
cardiovascular risk factors and blood and urine collec-
tion. Height and weight were measured, and body mass 
index (BMI) and body surface area (BSA) were calcu-
lated. BMI categories included under or normal weight 
(<25.0 kg/m2), overweight (25.0 to <30.0 kg/m2) or obese 
(≥30.0 kg/m2). The dimensionless waist- to- hip ratio 
(WHR) was calculated as the ratio of the waist’s circum-
ference to that of the hips. Self- reported postmenopausal 
status for women was defined as no menstrual periods 
during the past 2 years.25

Smoking status was defined as current, former and 
never smoker. The use of alcohol was categorised as yes 
(in the past 12 months) vs no. Physical activity was charac-
terised according to the American Heart Association clas-
sification26 as ideal (≥75 min of vigorous or ≥150 min of 
moderate or combined physical activity per week), inter-
mediate (<75 min of vigorous or <150 min of moderate 

or combined physical activity per week) or poor (no 
vigorous or moderate physical activity).

Hypertension was defined as blood pressure 
≥140/90 mm Hg or the use of antihypertensive therapy. 
Fasting plasma glucose and glycosylated haemoglobin 
(HbA1c) levels were measured as previously described.27 
Diabetes was defined per 2010 American Diabetes Asso-
ciation guidelines as fasting plasma glucose ≥126 mg/
dL or HbA1c ≥6.5% or use of antidiabetic medica-
tions within 2 weeks prior to the clinic visit. Fasting 
total cholesterol, low- density lipoprotein (LDL), high- 
density lipoprotein (HDL) and triglyceride levels were 
measured.28

The estimated glomerular filtration rate (eGFRCKD- EPI) 
was calculated using the Chronic Kidney Disease Epide-
miology Collaboration equation (mL/min/1.73 m2). 
Self- reported history of chronic kidney disease (CKD) 
and dialysis was recorded. Systemic inflammation was 
assessed by high- sensitivity C reactive protein (hsCRP), 
which was measured in serum as previously described.29

Family income was categorised as at least US$75 000 per 
year vs less than US$75 000 per year.

Figure 1 (A) Flow chart of study cohort development. (B) Directed acyclic graph of the regression analysis. Black arrows 
indicate the studied associations. Green arrows indicate interaction (effect modification). Red arrows connect confounders with 
exposures and outcomes. (C) Schematic illustration of a linear regression model (or fixed ‘within family’ effect) and a mixed 
model with a random intercept (between families effect). (D) Schematic presentation of the average male (blue) and female (red) 
peak QRS, T, and SVG vectors. SVG, spatial ventricular gradient.
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Families structure
Per the design, the JHS enrolled the secondary family 
members and comprised a Family Cohort that included 
nearly 300 pedigrees.30 In this study, to assess the effect 
of unmeasured environmental and genetic factors, we 
comprised family units of participants with the same 
4- symbols code indicating similar family names.

Statistical analysis
Unadjusted comparison
Normally distributed continuous variables were reported 
as mean±SD and compared using the t- test. Variables with 
a skewed distribution were reported as the median and 
IQR and compared using the Wilcoxon rank- sum test. 
Categorical variables were compared using the χ2 test.

Analysis of circular variables
Circular variables (azimuth and elevation angles of QRS, 
T and SVG vectors, and QRS- T angles) were presented as 
mean and 95% CI. Two- sample tests for circular variables 
included the Watson U- square statistic and the Kuiper 
statistics.

As distributions of QRS- T angles and SVG elevation 
angles were normal or nearly normal, and their values 
were only positive, ranging from 0° to 180°, we included 
them in all regression analyses without transformation. As 
SVG azimuth angles were ranging from −180° to +180°, 
we transformed SVG azimuth by doubling its value and 
then adding 360°.2 31 For interpretation, we then trans-
formed SVG azimuth back.

Adjusted linear models
To answer whether sex and prevalent CVD are inde-
pendently associated with GEH (figure 1B), we 
constructed linear models with ECG and VCG measure-
ments as outcome variables (one by one) and adjusted for 
known confounders13 15 21–23 32 that were measured during 
the third clinical examination. All models were adjusted 
for age, anthropometric characteristics (weight, height, 
BMI, BSA, waist and hip circumference, WHR), lipid 
levels (total cholesterol, LDL, HDL, triglycerides), hyper-
tension and levels of systolic and diastolic BP, diabetes 
and levels of fasting glucose and HbA1c, CKD, history of 
dialysis, and eGFRCKD- EPI, hs- CRP, levels of physical activity, 
smoking, use of alcohol, menopausal state and socioeco-
nomic factors (income category). To account for unmea-
sured confounders, we adjusted for the study recruitment 
type. All models were also adjusted for the type of median 
beat (N, S or VP). All models, except the model for heart 
rate, were adjusted for mean RR’ interval. As we previ-
ously showed that sex modifies an association of GEH 
with SCD,3 we included an interaction term of sex with 
prevalent CVD status in all models.

The linear model assumes that the error terms are 
independent, which may not be the case in our study, as 
the JHS enrolled families, and the error terms are likely 
correlated within families. Therefore, we first compared 
the fit of two models: linear regression and mixed linear 

model with random intercept (figure 1C). Measuring a 
random effect is a way of accounting for unmeasured 
differences between family units. Intercept is a predicted 
value of outcome if all predictors in the model are equal 
to zero (at the reference level). We used the likelihood 
ratio test to compare the fit of linear regression and mixed 
linear model with random intercept. If a mixed model 
with random intercept was a better fit, we further used 
the generalised least squares (GLS) estimator, which does 
not require normality of the residuals. GLS is a weighted 
average of between and within effects. We reported both 
fixed (within families) and random (between families) 
effects. We used the Hausman specification test to deter-
mine whether we should be allowed to use a GLS esti-
mator or if we should use the fixed (within) effect model 
only. The Hausman specification test describes whether 
there are systematic differences between the GLS and 
fixed effect estimators due to the correlation of predictor 
variable with the error term (omitted variable bias or 
endogeneity).

Statistical analysis was performed using STATA MP 
V.16.1 (StataCorp). A p<0.05 was considered statistically 
significant. We used the Strengthening the Reporting of 
Observational Studies in Epidemiology cross- sectional 
checklist when writing our report.33

Patient and public involvement
Patients or the public were not involved in the design, 
conduct or reporting of this study. However, the study 
participants and the public are involved in the dissemi-
nation plans of our research. A lay summary of the manu-
script in 500 words was provided to the JHS (https://www. 
jacksonheartstudy. org/) Publication Committee, which 
plans community engagement events.

RESULTS
Study population
On average, study participants were 62 years of age; more 
than half were female (table 1) and were obese. Nearly 
three- quarters of participants had hypertension, and one- 
third of the participants were current or former smokers.

There were few differences in participants’ character-
istics with missing covariates who were excluded from 
the regression analyses. Excluded participants were more 
likely to be younger females, with smaller height, lower 
systolic blood pressure, higher BMI and faster heart rate 
(online supplemental table 1). Nevertheless, VCG char-
acteristics of included and excluded participants were 
broadly similar.

Family units structure
There were 863 family units in our study. Nearly half of 
them consisted of a single person (343 units; 40%), and 
17% (149 units) consisted of two participants. There were 
16 large family units (2%) with 20–79 family members per 
unit, accounting for 24% of the study population (n=713).

https://www.jacksonheartstudy.org/
https://www.jacksonheartstudy.org/
https://dx.doi.org/10.1136/bmjopen-2020-042899
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Table 1 Comparison of clinical characteristics in men and women

Characteristic All (n=3001) Men (n=1151) Women (n=1850) P value

Age (SD), years 62.4 (11.5) 60.7 (11.8) 63.5 (11.1) <0.0001

BMI (SD), kg/m2 32.0 (6.3) 30.4 (6.3) 32.9 (7.3) <0.0001

Obese BMI group, n (%) 1677 (55.9) 524 (45.5) 1153 (62.3) <0.0001

Waist- hip ratio (SD) 0.91 (0.08) 0.96 (0.06) 0.89 (0.07) <0.0001

BSA (SD), m2 2.00 (0.24) 2.12 (0.23) 1.93 (0.21) <0.0001

Ever tobacco smoker, n (%) 906 (30.2) 470 (40.8) 436 (23.6) <0.0001

Alcohol intake past 12 mo, n (%) 1356 (45.2) 660 (57.3) 696 (37.6) <0.0001

Hypertension, n (%) 2225 (74.1) 790 (68.6) 1435 (77.6) <0.0001

Systolic blood pressure (SD), mm 
Hg

127.9 (18.5) 128.5 (16.9) 127.6 (19.4) 0.153

Diastolic blood pressure (SD), mm 
Hg

75.2 (10.7) 76.6 (10.8) 74.3 (10.5) <0.0001

HbA1c (SD), % 6.13 (1.10) 6.09 (1.14) 6.16 (1.07) 0.130

Plasma glucose (SD), mg/dL 105.5 (32.3) 107.6 (34.3) 104.3 (30.9) 0.008

Diabetes status, n (%) 881 (29.4) 315 (27.4) 566 (30.6) 0.059

LDL cholesterol (SD), mg/dL 120.3 (36.2) 119.7 (36.4) 120.7 (36.1) 0.488

HDL cholesterol (SD), mg/dL 57.9 (16.0) 52.5 (14.7) 61.3 (15.9) <0.0001

Triglyceride (SD), mg/dL 97.4 (48.7) 102.5 (54.2) 94.2 (44.7) <0.0001

Total cholesterol (SD), mg/dL 197.7 (40.1) 192.7 (40.1) 200.8 (39.7) <0.0001

Stroke history, n (%) 155 (5.2) 63 (5.5) 92 (5.0) 0.547

CHD history, n (%) 104 (3.5) 48 (4.2) 56 (3.0) 0.096

Cardiac procedures history, n (%) 98 (3.3) 37 (3.2) 61 (3.3) 0.905

CVD history, n (%) 311 (10.4) 132 (11.5) 179 (9.7) 0.117

Menopause, n (%) – – 1688 (91.2) –

High sensitivity CRP median (IQR), 
mg/dL

0.29 (0.12–0.64) 0.20 (0.09–0.43) 0.36 (0.15–0.78) <0.0001

eGFR CKD- EPI 85.7 (22.2) 85.1 (21.7) 86.1 (22.5) 0.215

Dialysis history, n (%) 22 (0.7) 12 (1.0) 10 (0.5) 0.117

CKD history, n (%) 91 (3.0) 30 (2.6) 61 (3.3) 0.283

Ideal physical activity, n (%) 764 (25.5) 361 (31.4) 403 (21.8) <0.0001

Income ≥75 K/year, n(%) 623 (20.8) 364 (31.6) 259 (14.0) <0.0001

Heart rate (SD), bpm 63.6 (10.5) 62.8 (10.6) 64.1 (10.4) 0.002

QRS duration (SD), ms 89.2 (15.7) 93.6 (16.3) 86.4 (14.6) <0.0001

Ventricular conduction abnormality, 
n (%)

18 (0.6) 15 (1.3) 3 (0.2) <0.0001

Bazett corrected QT (SD), ms 426.5 (25.5) 418.3 (26.5) 431.5 (23.5) <0.0001

Framingham corrected QT (SD),ms 422.2 (22.6) 414.8 (23.3) 426.9 (20.8) <0.0001

Hodge corrected QT (SD), ms 423.6 (22.9) 416.9 (23.6) 427.8 (21.4) <0.0001

Fridericia corrected QT (SD), ms 423.1 (22.6) 415.8 (23.3) 427.6 (20.9) <0.0001

Cornell voltage (SD), µV 1534 (592) 1706 (650) 1426 (525) <0.0001

Median beat: normal sinus, n (%) 2957 (98.5) 1133 (98.4) 1824 (98.6) 0.093

Median beat: atrial fibrillation, n (%) 32 (1.1) 10 (0.9) 22 (1.2)

Median beat: ventricular pacing, n 
(%)

12 (0.4) 8 (0.7) 4 (0.2)

QRS area (SD), mV*ms 38.5 (18.3) 39.5 (20.0) 37.9 (17.2) 0.025

Peak QRS magnitude (SD), mV 1.59 (0.44) 1.60 (0.46) 1.59 (0.42) 0.540

Continued
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For the vast majority of linear models, the linear regres-
sion model provided a better fit than the mixed model. 
Only four mixed models with random intercept demon-
strated a better fit than linear regression: models for 
QRS duration, area and peak T azimuth and area SVG 
azimuth. Hausman specification test supported the use of 
the GLS estimator in these four models.

Comparison of men and women
Female study participants were older, less physically 
active, with a higher prevalence of obesity and hyperten-
sion, higher levels of hsCRP and a lower income than 
male participants (table 1). On the other hand, women 
were less likely to smoke and consume alcohol and had 
a more favourable lipid profile than men. There were no 
statistically significant differences in the CVD prevalence 
between men and women (table 1).

In unadjusted comparison (table 1), women had a 
faster heart rate, more narrow QRS, and longer QTc than 
men. There were no differences in peak SVG and peak 
QRS magnitudes between men and women; however, 
SAI QRST and area SVG, as well as QRS- T angles were 
smaller in women than in men. There were significant 
differences in SVG direction: SVG pointed higher up and 
further anteriorly in men than in women. There were no 

differences in the type of median beat between men and 
women; only approximately 1% of participants had S and 
VP types of the median beat (table 1).

After adjustment for confounders (table 2), the QRS- T 
angle remained larger in men than in women (figure 2). 
The SVG vector pointed farther upward and anteriorly 
in men than in women (figure 2). A significant random 
effect for area SVG azimuth (figure 3) indicated a range 
of meaningful differences (up to 40°) in SVG azimuth for 
different families. Differences between families in SVG 
azimuth were mostly due to differences in T azimuth. 
Both area and peak T vectors pointed more posteriorly in 
women as compared with men (figure 3), and there was a 
significant random effect (table 2 and figure 3), resulting 
in larger sex differences in T azimuth in some families. 
Area SVG, SAI QRST (figure 4), and T area with T VMs 
(figure 5) and elevation of QRS and T vectors (figure 6) 
were smaller in women than in men. However, there 
were no sex differences in peak SVG magnitude and QRS 
vector azimuth and magnitude (figures 5–6).

GEH in participants with and without prevalent CVD
Prevalent CVD was diagnosed in 311 out of 3001 partic-
ipants (10.4%). After full adjustment, the QRS- T angle 
was significantly wider in participants with CVD in both 

Characteristic All (n=3001) Men (n=1151) Women (n=1850) P value

Area QRS azimuth (95% CI),° 20.7 (19.9 to 21.5) 21.4 (19.8 to 23.0) 20.3 (19.3 to 21.2) <0.001

Peak QRS azimuth (95% CI),° 9.3 (8.5 to 10.1) 8.3 (6.7 to 9.9) 9.9 (9.0 to 10.8) <0.001

Area QRS elevation (95% CI),° 73.8 (73.2 to 74.4) 75.7 (74.6 to 76.8) 72.6 (71.8 to 73.3) <0.001

Peak QRS elevation(95% CI),° 72.7 (72.2 to 73.2) 74.7 (73.8 to 75.5) 71.5 (70.9 to 72.1) <0.001

T area (SD), mV*ms 48.7 (23.3) 56.5 (24.6) 43.8 (21.2) <0.0001

Peak T magnitude (SD), mV 0.36 (0.16) 0.40 (0.17) 0.33 (0.15) <0.0001

Area T azimuth (95% CI),° −45.2 (–46.2 to –44.1) −52.3 (–53.9 to –50.7) −40.6 (–41.9 to –39.2) <0.001

Peak T azimuth (95% CI),° −36.3 (–37.4 to –35.1) −46.1 (–47.8 to –44.4) −30.0 (–31.4 to –28.6) <0.001

Area T elevation (95% CI),° 75.8 (75.3 to 76.3) 77.7 (76.9 to 78.4) 74.6 (73.9 to 75.3) <0.001

Peak T elevation (95% CI),° 70.1 (69.5 to 70.6) 73.3 (72.5 to 74.1) 68.0 (67.3 to 68.7) <0.001

Area SVG (SD), mV*ms 69.6 (28.5) 73.7 (31.1) 67.0 (26.3) <0.0001

Peak SVG magnitude (SD), mV 1.81 (0.50) 1.81 (0.54) 1.81 (0.47) 0.860

Area SVG azimuth (95% CI),° −14.3 (–15.1 to –13.4) −22.2 (–23.6 to –20.9) −9.4 (–10.4 to –8.5) <0.001

Peak SVG azimuth (95% CI),° 3.4 (2.6 to 4.1) 0.6 (-0.9 to 2.1) 5.0 (4.2 to 5.8) <0.001

Area SVG elevation (95% CI),° 71.8 (71.3 to 72.3) 74.0 (73.1 to 74.9) 70.4 (69.8 to 71.1) <0.001

Peak SVG elevation (95% CI),° 71.2 (70.7 to 71.6) 73.1 (72.3 to 73.9) 69.9 (69.4 to 70.5) <0.001

SAI QRST (SD), mV*ms 154.5 (51.7) 169.4 (55.4) 109.1 (46.9) <0.0001

VM QT integral (SD), mV*ms 103.4 (34.5) 113.8 (36.9) 97.0 (31.3) <0.0001

Area QRS- T angle (95% CI),° 67.3 (66.1 to 68.6) 75.0 (72.9 to 77.1) 62.7 (61.2 to 64.2) <0.001

Peak QRS- T angle (95% CI),° 48.3 (47.1 to 49.6) 55.7 (53.4 to 57.9) 44.1 (42.7 to 45.5) <0.001

BMI, body mass index; BSA, body surface area; CHD, coronary heart disease; CKD, chronic kidney disease; CKD- EPI, Chronic Kidney 
Disease Epidemiology Collaboration; CRP, C reactive protein; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; 
HbA1c, glycosylated haemoglobin; HDL, high- density lipoprotein; LDL, low- density lipoprotein; SVG, spatial ventricular gradient; VM, vector 
magnitude.

Table 1 Continued
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Table 2 Difference in GEH in women (as compared with men) and participants with prevalent CVD (as compared with CVD- 
free)

ECG/VCG 
characteristic

Women versus men Prevalent CVD versus CVD- free
Women with CVD versus men 
and CVD- free women

Difference (95% CI) P value Difference (95% CI) P value Difference (95% CI) P value

Heart rate, bpm +2.6 (0.7 to 4.5) 0.007 −0.1 (–1.8 to 1.6) 0.912 +0.1 (–2.2 to 2.3) 0.945

QRS duration, 
ms#(mixed)

−5.0 (–7.8 to –2.1) 0.001 +3.1 (0.5 to 5.7) 0.020 +1.5 (–1.9 to 4.9) 0.374

Between effect +0.1 (–6.5 to 6.7) 0.987 +2.1 (–3.7 to 7.8) 0.481 +2.6 (–4.7 to 9.9) 0.490

Hausman p=0.979 
Within effect

−6.1 (–9.3 to –2.8) <0.0001 +3.4 (0.4 to 6.3) 0.027 +1.3 (–2.6 to 5.1) 0.524

Bazett corrected QT, 
ms

+11.4 (7.2 to 15.7) <0.0001 +4.8 (0.9 to 8.7) 0.016 −3.4 (–8.5 to 1.6) 0.182

Cornell voltage, mV −0.36 (–0.48 to –0.25) <0.0001 −0.03 (–0.13 to 0.08) 0.629 +0.07 (–0.06 to 0.20) 0.308

QRS area, mV*ms −1.1 (–4.6 to 2.4) 0.548 +2.3 (–0.9 to 5.5) 0.151 +1.5 (–2.7 to 5.6) 0.484

Peak QRS magnitude, 
mV

−0.07 (–0.15 to 0.02) 0.131 +0.04 (–0.04 to 0.11) 0.373 +0.01 (–0.09 to 0.11) 0.841

Area QRS azimuth,° +1.9 (–3.6 to 7.4) 0.505 +2.3 (–2.7 to 7.4) 0.368 −0.5 (–7.1 to 6.0) 0.876

Peak QRS azimuth,° +1.7 (–3.4 to 6.8) 0.517 +7.6 (3.0 to 12.3) 0.001 −2.0 (–8.1 to 4.0) 0.513

Area QRS elevation,° −3.9 (–7.3 to –0.5) 0.026 +0.9 (–2.2 to 4.1) 0.559 +2.0 (–2.1 to 6.1) 0.336

Peak QRS elevation,° −3.5 (–6.1 to –0.9) 0.008 +1.6 (–0.8 to 4.0) 0.186 +1.7 (–1.4 to 4.8) 0.270

T area, mV*ms −15.5 (–19.7 to –11.2) <0.0001 −5.1 (–9.0 to –1.2) 0.011 +7.2(2.1 to 12.3) 0.005

Peak T magnitude, mV −0.08 (–0.11 to –0.05) <0.0001 −0.04 (–0.07 to –0.02) 0.002 +0.05 (0.02 to 0.09) 0.003

Area T azimuth,°#(GLS, 
RE)

+14.5 (7.3 to 21.8) <0.0001 +0.1 (–6.6 to 6.8) 0.975 +4.5 (–4.5 to 12.8) 0.352

Between effect +27.5 (11.0 to 44.1) 0.001 −16.5 (–30.8 to –2.12) 0.024 +29.9 (11.5 to 48.2) 0.001

Hausman p=0.204 
Within effect

+11.4 (3.2 to 19.5) 0.006 +3.7 (–3.9 to 11.2) 0.344 −1.7 (–11.5 to 8.2) 0.736

Peak T azimuth,°#(GLS, 
RE)

+17.2 (8.9 to 25.6) <0.0001 −0.2 (–7.8 to 7.5) 0.963 +3.7 (–6.2 to 13.7) 0.459

Between effect +26.3 (7.4 to 45.3) 0.006 −14.6 (–31.0 to 1.9) 0.082 +19.7 (–1.3 to 40.6) 0.066

Hausman p=0.650 
Within effect

+14.7 (5.3 to 24.0) 0.002 +3.8 (–4.9 to 12.5) 0.396 −0.7 (–12.1 to 10.6) 0.897

Area T elevation,° −3.5 (–6.5 to –0.4) 0.025 +0.3 (–2.5 to 3.1) 0.832 +1.6 (–2.0 to 5.2) 0.383

Peak T elevation,° −5.6 (–8.7 to –2.6) <0.0001 −0.1 (–2.9 to 2.8) 0.969 +2.2 (–1.5 to 5.9) 0.235

Area SVG, mV*ms −10.6 (–15.9 to –5.3) <0.0001 −7.2 (–12.1 to –2.3) 0.004 +6.8 (0.4 to 13.1) 0.036

Peak SVG magnitude, 
mV

−0.06 (–0.16 to 0.03) 0.192 −0.06 (–0.14 to 0.03) 0.215 +0.05 (–0.7 to 0.16) 0.433

Area SVG 
azimuth,°#(GLS, RE)

+16.2 (10.5 to 21.9) <0.0001 +1.8 (–3.4 to 7.0) 0.502 +5.5 (–1.3 to 12.2) 0.113

Between effect +20.8 (8.2 to 33.5) 0.001 −13.1 (–24.0 to –2.1) 0.020 +25.0 (11.0 to 39.1) <0.0001

Hausman p=0.073 
Within effect

+13.6 (7.2 to 20.0) <0.0001 +4.0 (–1.9 to 10.0) 0.184 +1.7 (–6.1 to 9.4) 0.670

Peak SVG azimuth,° +4.8 (0.001 to 9.6) 0.0499 +8.4 (4.0 to 12.8) <0.0001 +2.6 (–8.3 to 3.13) 0.374

Area SVG elevation,° −4.5 (–7.5 to –1.4) 0.004 −1.2 (–4.0 to 1.6) 0.393 +3.8 (0.1 to 7.3) 0.042

Peak SVG elevation,° −3.6 (–6.1 to –1.2) 0.004 +0.9 (–1.3 to 3.2) 0.412 +2.1 (–0.8 to 5.1) 0.154

SAI QRST, mV*ms −29.8 (–39.3 to –20.3) <0.0001 −4.3 (–123.0 to 4.5) 0.338 +15.1 (3.8 to 26.4) 0.009

VM QT integral, mV*ms −19.7 (–26.1 to –13.4) <0.0001 −2.3 (–8.2 to 3.4) 0.422 +10.2 (2.6 to 17.7) 0.008

Area QRS- T angle,° −10.7 (–17.3 to –4.1) 0.001 +12.5 (6.5 to 18.5) <0.0001 −1.6 (–9.4 to 6.3) 0.694

Peak QRS- T angle,° −12.2 (–19.4 to –5.1) 0.001 +15.3 (8.7 to 21.9) <0.0001 −1.0 (–9.6 to 7.5) 0.811

Bold values are statistically significant; P<0.05
CVD, cardiovascular disease; GEH, global electrical heterogeneity; SVG, spatial ventricular gradient; VCG, vectorcardiographic; VM, 
vector magnitude.



8 Pollard JD, et al. BMJ Open 2021;11:e042899. doi:10.1136/bmjopen-2020-042899

Open access 

Figure 2 Estimated adjusted marginal (least squares) means and 95% CI of (A) peak QRS- T angle, (B) peak SVG azimuth, (C) 
peak SVG elevation, (D) area QRS- T angle, (E) QTc, (F) area SVG elevation in male and female participants with (orange) and 
without (green) prevalent CVD. All models were adjusted for age, weight, height, BMI, BSA, waist and hip circumference, WHR, 
total cholesterol, LDL, HDL, triglycerides, hypertension, levels of systolic and diastolic BP, diabetes, levels of fasting glucose 
and HbA1c, CKD, history of dialysis, eGFRCKD- EPI, levels of physical activity, smoking, use of alcohol, menopausal state, income, 
study recruitment, type of median beat and mean RR’ interval. BMI, body mass index; BSA, body surface area; CKD, chronic 
kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HbA1c, glycosylated haemoglobin; 
HDL, high- density lipoprotein; LDL, low- density lipoprotein; SVG, spatial ventricular gradient; WHR, waist- to- hip ratio.

Figure 3 Estimated adjusted (model as described in figure 2 legend) marginal means and 95% prediction intervals of (A, D) 
area SVG azimuth, (B, E) area T azimuth and (C, F) peak T azimuth. (A–C) A fixed portion of a linear prediction (within families 
effect) in male and female participants with (orange) and without (green) prevalent CVD. (D–F) Random intercepts by family 
(between families effect). CVD, cardiovascular disease; SVG, spatial ventricular gradient.
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men and women (figure 2). We observed significant 
effect modification by sex for several GEH characteristics 
(table 2). Women with CVD had larger SAI QRST (by 10.9 
(95% CI 3.4 to 18.3) mV*ms) and VM QT integral (by 
7.8 (95% CI 2.8 to 12.7) mV*ms) than CVD- free women, 

but there were no differences in men (figure 4). Men 
with CVD had smaller area SVG (by 7.2 (95% CI 2.3 to 
12.1) mV*ms), T area (by 5.1 (95% CI 1.2 to 9.0) mV*ms), 
and T peak magnitude (by 44 (95% CI 16 to 71) µV) than 
CVD- free men, whereas no differences by CVD status were 

Figure 4 Estimated adjusted (model as described in figure 2 legend) marginal (least squares) means and 95% CI of (A) area 
SVG, (B) SAI QRST, (C) Cornell voltage, (D) peak SVG magnitude, (E) vector magnitude QT integral, (F) heart rate in male and 
female participants with (orange) and without (green) prevalent CVD. CVD, cardiovascular disease; SVG, spatial ventricular 
gradient.

Figure 5 Estimated adjusted (model as described in figure 2 legend) marginal means and 95% prediction intervals of (A) T 
area, (B) QRS area, (C, F) QRS duration, (D) peak T% magnitude, (E) peak QRS magnitude. (A–E) A fixed portion of a linear 
prediction (within families effect) in male and female participants with (orange) and without (green) prevalent CVD. (F) Random 
intercepts by family (between families effect). CVD, cardiovascular disease.
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observed in women (figures 4–5). In women with CVD, 
the SVG vector pointed more superiorly (area SVG eleva-
tion larger by 2.5 (95% CI 0.2 to 4.9)°), as compared with 
CVD- free women (figure 2). However, there was no differ-
ence in SVG elevation in men with and without CVD.

DISCUSSION
This large community- based cross- sectional study of 
nearly 4000 African- American men and women revealed 
several novel findings. First, we demonstrated sex differ-
ences in VCG after rigorous adjustment for prevalent 
CVD, cardiovascular risk factors, sociodemographic 
and anthropometric characteristics. Second, we showed 
that sex modified an association of CVD with ECG and 
VCG phenotype. Third, we observed a significant effect 
of unmeasured genetic and environmental factors on T 
and SVG azimuth. The azimuth of T and SVG vectors can 
serve as sensitive markers of cardiac repolarisation.

Sex differences in GEH
Consistently with the recent study in the ARIC cohort,3 
we observed significant sex differences in the SAI QRST 
and the SVG vector direction, but not in peak SVG magni-
tude. Importantly, the size of sex differences previously 
seen in the predominantly white populations3 12 21 was 
mainly similar to that found in African- American men 
and women in this study. Sex is biologically determined, 
and sex differences in GEH manifest independently of 

race.2 In this study, we showed sex differences in GEH 
that persisted after adjustment for anthropometric char-
acteristics, prevalent CVD, and cardiovascular risk factors, 
suggesting that GEH can detect sex differences in the 
underlying expression of potassium channels.34 35 Consis-
tently with our findings, recent analysis of the double- 
blind placebo- controlled trial showed that dofetilide had 
a larger effect on the spatial QRS- T angle in women than 
in men.36

Sex modifies an association of CVD with ECG and VCG 
phenotype
Our study corroborated a well- known association of GEH 
with CVD.22 23 32 37 However, little was known about how sex 
modifies an association of GEH with CVD. In a prospec-
tive cohort study conducted in the predominantly white 
Finnish population, SAI QRST was strongly associated 
with cardiovascular mortality in women but not in men.14 
In accordance with Lipponen et al,14 our cross- sectional 
study observed differences in SAI QRST by CVD status in 
women but not in men. In ARIC, the spatial QRS- T angle 
was more strongly associated with fatal CHD in women 
than in men.38 In contrast, sex did not modify an asso-
ciation of QRS- T angle with prevalent CVD in this study, 
which can be explained by differences in the design and 
outcome definitions between studies.

In the previous biracial ARIC population study, a 
substantial number of ECG markers (QRS duration, 

Figure 6 Estimated adjusted (model as described in figure 2 legend) marginal (least squares) means and 95% CI of (A) peak 
QRS azimuth, (B) peak QRS elevation, (C) peak T elevation, (D) area QRS azimuth, (E) area QRS elevation, (F) area T elevation in 
male and female participants with (orange) and without (green) prevalent CVD. CVD, cardiovascular disease.
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Cornell voltage, SAI QRST, SVG magnitude, heart rate 
and QTc) were associated with a larger risk of sudden 
cardiac death (SCD) in women than in men.3 Notably, 
in this cross- sectional study, we newly observed smaller 
area SVG, T area and T peak magnitude in men with 
CVD as compared with CVD- free men, but no differences 
in women. Altogether, our study showed that sex signifi-
cantly modifies an association of prevalent CVD with 
GEH.

An effect of unmeasured genetic and environmental factors 
on repolarisation
For the first time, our study showed significant random 
effects carried by family units, manifested by a substan-
tial range of differences in T and SVG azimuth between 
families. Some family units had very large differences (up 
to 40°) in T vector direction between family members 
with different characteristics (eg, male vs female; with vs 
without CVD). In contrast, other family units either had 
very little differences in T vector direction between family 
members with different characteristics, or had opposing 
differences. This study cannot answer whether observed 
differences were due to underlying genetic variations or 
different environmental exposures. Numerous pharma-
cological, dietary,39 40 and environmental factors can block 
the cardiac human ether-à-go- go- related gene channel,41 42 
which can explain differences in repolarisation character-
istics between families. On the other hand, a previous JHS 
study43 showed a common genetic variant SCN5A- 1103Y 
was associated with prolongation of the QT interval and 
shortening of QRS. In the JHS, 15% of African- American 
participants are carriers of SCN5A- 1103Y.43 Intriguingly, a 
mixed model with random intercept was the optimal fit 
for QRS duration in this study, suggesting the importance 
of between- families differences in QRS. Further studies of 
the effects of environmental exposures and genetic varia-
tions on GEH44 are needed.

CONCLUSIONS AND CLINICAL IMPLICATIONS
In summary, in this study, we showed that the prevalent 
CVD is associated with GEH after adjustment for demo-
graphic, anthropometric, socioeconomic and traditional 
cardiovascular risk factors and sex modifies an associa-
tion of prevalent CVD with GEH. Our study provided new 
evidence of sex differences in the electrical signature of 
CVD, reflecting unique underlying biological pathways in 
African- American men and women with and without CVD. 
VCG and GEH characteristics added multidimensionality 
in the description of the sex differences. When compared 
with men, women’s SVG points farther posteriorly and 
more downward. Women with CVD have larger SAI QRST 
than CVD- free women. In contrast, men with CVD have 
a smaller T- area than CVD- free men. Importantly, we 
described a range of differences in the cardiac repolari-
sation vector’s direction in response to unmeasured envi-
ronmental exposures and genetic variations. Observed sex 

differences support sex- specific approaches to CVD predic-
tion, prevention and management in African- American 
men and women.
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