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Association Between Temporal Changes
in Early Repolarization Pattern With
Long-Term Cardiovascular Outcome:

A Population-Based Cohort Study

Li-Juan Liu, MD, PhD*, Na Tang, MD*; Wen-Tao Bi, MD*; Ming Zhang, MD, PhD; Xue-Qiong Deng, BN;
Yun-Jiu Cheng “*/, MD, PhD

BACKGROUND: The prognostic value of early repolarization pattern (ERP) remains controversial. We aim to test the hypothesis
that temporal changes in ERP are associated with increased risks for sudden cardiac death (SCD) and cardiovascular death.

METHODS AND RESULTS: A total of 14 679 middle-aged participants from the prospective, population-based cohort were in-
cluded in this analysis, with ERP status recorded at baseline and during 3 follow-up visits in the ARIC (Atherosclerosis Risk in
Communities) study. We related baseline ERP, time-varying ERP, and temporal changes in ERP to cardiovascular outcomes.
Cox models were used to estimate the hazard ratios (HRs) adjusted for possible confounding factors. With a median follow-up
of 22.5 years, there were 5033 deaths, 1239 cardiovascular deaths, and 571 SCDs. Time-varying ERP was associated with
increased risks of SCD (HR, 1.59 [95% Cl, 1.25-2.02)), cardiovascular death (HR, 1.70 [95% CI, 1.44-2.00]), and death from
any cause (HR, 1.16 [95% CI, 1.05-1.27]). Baseline ERP was also associated with 3 outcomes. Compared with those with
consistently normal ECG findings, subjects with new-onset ERP or consistent ERP experienced increased risks of developing
SCD and cardiovascular death. The time-varying ERP in women, White subjects, and anterior leads and J-wave amplitudes
>0.2 mV appeared to indicate poorer cardiovascular outcomes.

CONCLUSIONS: Our findings suggest that baseline ERP, time-varying ERP, new-onset ERP, and consistent ERP were independ-
ent predictors of SCD and cardiovascular death in the middle-aged biracial population. Repeated measurements of the ERP
might improve its use as a risk indicator for SCD.
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ing characterized by elevation of the QRS-ST

junction (J wave) on a standard 12-lead ECG rel-
ative to the T-P baseline, has recently been reported
to increase the vulnerability to ventricular fibrillation
(VF) and sudden cardiac death (SCD).'-® Nevertheless,
other studies have shown negative or neutral relation-
ships between ERP and cardiovascular outcomes.*®

Early repolarization pattern (ERP), a common find-

As a result, considerable confusion remains concern-
ing the prognostic significance of ERP, its risk stratifi-
cation, and whether additional evaluation or treatment
is warranted.

ERP is a modifiable factor that may change over
time in response to the interaction of genes and en-
vironmental factors and resting heart rate as well as
clinical conditions and medical treatment.® Few studies
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CLINICAL PERSPECTIVE

What Is New?

e Baseline early repolarization pattern (ERP) and
time-varying ERP were associated with in-
creased risks of sudden cardiac death, cardio-
vascular death, and death from any cause.

e Regarding temporal changes in ERP, new-onset
ERP and consistent ERP were associated with
increased risks of sudden cardiac death and
cardiovascular death.

e The time-varying ERP in women, White sub-
jects, and anterior leads and J-wave ampli-
tudes >0.2 mV indicate poorer cardiovascular
outcomes.

What Are the Clinical Implications?

e Repeated measurements of the ERP might im-
prove its use as a risk indicator for sudden car-
diac death.

Nonstandard Abbreviations and Acronyms

ARIC Atherosclerosis Risk in Communities
ERP early repolarization pattern
SCD sudden cardiac death

have assessed the associations of changes in ERP
over time with mortality. There are several case reports
and case-control studies reporting day-to-day varia-
tions of J-wave amplitudes proximate to the VF epi-
sodes."”~® However, the association of changes in ERP
over time with the risk of cardiovascular death has not
been assessed in population studies.

Therefore, the aim of this study was to prospec-
tively examine the association of changes occur-
ring over years in ERP with cardiovascular outcomes
in participants of the ARIC (Atherosclerosis Risk in
Communities) study, a large, multicenter, biracial,
community-based cohort, with outcome surveillance
spanning >2 decades.

METHODS

The data that support the findings of this study are
available from the corresponding author on reason-
able request.

Study Design and Population

The design of the ARIC study has been described pre-
viously.”® In brief, participants aged between 45 and
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64 years were recruited from 4 communities across
the United States (Washington County, MD; Forsyth
County, NC; Jackson, MS; and suburban Minneapolis,
MN). Participants underwent a standardized evaluation
of cardiovascular risk factors and returned for 4 follow-
up visits (visit 1in 1987-1989, visit 2 in 1990-1992, visit
3 in 1993-1995, and visit 4 in 1996-1998). Thus, the
median time interval between visits for participants
was a median of 3.0 years, with an interquartile range
(IQR) of 2.9 to 4.0 years. In addition to visits to the
research center, participants were continuously and
actively monitored for major morbidity and mortality
through semiannual telephone calls. The examination
included a 12-lead ECG, from which the data for ERP
were derived. The study was approved by the institu-
tional review boards at all participating institutions, and
all participants provided written informed consent at
enrollment. This research has been conducted using
publicly available data sets. Deidentified data were
used, and no additional ethical approval was required.

We obtained the cohort data sets from the National
Institutes of Health BioLINCC (Biologic Specimen and
Data Repository Information Coordinating Center).! 12
For the present analysis, we excluded the following
participants: (1) subjects for whom ECGs were miss-
ing or incomplete; (2) subjects with major ventricular
conduction abnormalities (eg, complete left or right
bundle branch blocks), pacemakers, Wolff-Parkinson-
White syndrome, Brugada syndrome, or QRS duration
>120 ms; (3) subjects with acute chest pain accompa-
nied by ST-segment elevation on ECG; and (4) the few
ARIC participants with races other than Black race or
White race.

ECG Measurement

Digital 12-lead ECGs were obtained at baseline as de-
scribed previously.’® At the examination, a standard
resting supine 12-lead ECG using MAC PC ECG ma-
chines (Marquette Electronics, Milwaukee, WI) was ob-
tained for each subject a minimum of 1 hour after any
smoking or caffeine ingestion. Tracings were sent via a
phone modem to be computer coded at the ARIC ECG
Reading Center. All records with significant Minnesota
Code findings as determined by the computer as well
as a random sample of tracings were independently
visually coded by 2 trained coders (blinded to outcome
status). Final decisions about the discrepancies be-
tween the computer code and visual code were made
by another senior coder.

According to a recently published consensus article,
ERP is present if all of the following criteria are met'*:
(1) an end-QRS notch or slur on the final 50% of the
downslope of a prominent R wave, (2) J-wave ampli-
tudes >0.1 mV in >2 contiguous leads of the 12-lead
ECG, and (3) QRS duration is <120 ms. ERP with J wave
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was detected automatically using signal processing and
functional data analysis techniques provided by Wang et
al’® This method had a sensitivity of 100% and a speci-
ficity of 94% to detect the presence of a J wave."®

Measurement of Temporal Changes in
ERP

To evaluate temporal changes in ERP, we considered
EPR status as a time-varying exposure variable so that
an individual could have a different value for different
segments of observation time. The data from visits 1
to 4 were used, and therefore ERP status was updated
up to 3 times after visit 1.

We also assessed temporal changes in ERP status
from the preceding visit by comparing the ERP value
at the last visit and the value from the preceding visit.'®
We defined the following binary categories: (1) subjects
with no ERP at both measurements (normal-normal or
consistently normal), (2) subjects with no ERP at the
first measurement but presented with ERP at the sec-
ond measurement (normal-ERP or new-onset ERP),
(3) subjects with ERP at the first measurement but with
no ERP at the second measurement (ERP-normal or
transient ERP), and (4) subjects with ERP for both visits
(ERP-ERP or consistent ERP). According to our defini-
tion of temporal changes in ERP status, the binary cat-
egories were based on ERP status in the last 2 exams.
For example, if ERP status on the first exam was nor-
mal, on a second exam showed ERP, on a third exam
showed normal, and a fourth showed ERP, this subject
would be labeled as new-onset ERP.

Ascertainment of Outcomes

The primary study end point was physician-adjudicated
SCD. The methods for ascertainment of SCD events
have been described previously.® To identify SCD, all
fatal cardiovascular events in ARIC were reviewed by
an independent panel of physicians. Pairs of physician
adjudicators blinded to clinical data and follow-up status
independently assessed the death information using a
standard coding form. In case of divergent results, the
case was recoded by paired investigators. If further disa-
greement occurred, a preliminary decision was achieved
by consensus. In the present study, SCD was defined
as a sudden pulseless condition that was fatal (within
24 hours) and that was consistent with a ventricular tach-
yarrhythmia occurring in the absence of a known noncar-
diac condition as the proximate cause of the death.

The secondary end point was cardiovascular death
because we hypothesized that the incidence of car-
diovascular death should be increased if ERP was
proarrhythmic, particularly in a cohort at high risk for
atherosclerotic heart disease. In addition, we included
an analysis of death from any cause to guard against
differential misclassification of deaths."”
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Statistical Analysis

Characteristics of the participants at each visiting time
point were compared across categories of ERP status.
Baseline characteristics of participants are presented
as means (SDs) for continuous variables and percent-
ages for categorical variables. Tests for differences in
means were assessed using unpaired t tests for con-
tinuous variables and ¥? tests for independence for
categorical variables.

We related baseline ERP, time-varying ERP, and
temporal changes in ERP to several outcomes outlined
previously. Follow-up of baseline ERP and time-varying
ERP was defined as the time between the baseline
visit until the outcome of interest, death, loss to fol-
low-up, or end of follow-up, whichever occurred first.
Follow-up time of temporal changes in ERP started
from the visit when the last ERP value was recorded.
We used Cox’s proportional hazards models to obtain
multivariate adjusted hazard ratios (HRs) for all study
outcomes. The multivariable analysis adjusted for the
established predictors of outcome. These included
sex and race and time-dependent variables such as
age, hypertension, smoking status, diabetes, coro-
nary heart disease or chronic heart failure, body mass
index, blood pressure, total cholesterol, fasting blood
glucose, heart rate, QTc duration, presence of left ven-
tricular hypertrophy on ECG, and use of cardiac medi-
cations. Kaplan—Meier survival curves were plotted for
different outcomes. Missing values on the covariates
were imputed, and models were run for every imputa-
tion and then averaged using Rubin’s rules.'® To evalu-
ate the incremental prognostic value of the addition of
baseline ERP or time-varying ERP to the basic model,
we calculated the area under the receiver operating
characteristic curve.

ERP status was stratified according to the amplitude
of J wave (0.1-0.19 mV or >0.2 mV) and lead territories
(inferior, lateral, or anterior). Subgroup analyses were
also examined in the study participants across several
prespecified clinical factors that might be associated
with cardiovascular outcomes, and the P values for in-
teraction were calculated in each subgroup. These risk
factors included sex, race, age, hypertension, diabe-
tes, dyslipidemia, smoking status, and use of cardiac
medications. Bonferroni’s corrected a for the multiple
comparison tests was set at 0.005 (0.05/10).

We used Stata version 15.0 for all analyses. A
2-tailed P value <0.05 was considered to indicate sta-
tistical significance unless otherwise specified.

RESULTS

Baseline Characteristics

The baseline characteristics of the study group at visits
110 4 are presented in Table 1. At visit 1, of the 14 679
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subjects who met the inclusion criteria, the mean (SD)
age at baseline was 54.3 (5.8) years, 6700 (45.6%)
were men, and 10 932 (74.5%) were White subjects. A
total of 5136 (35.0%) of the population at baseline had
hypertension, 1778 (12.1%) had diabetes, and 3884
(26.5%) were current smokers. With regard to cardiac
medications, 533 (3.6%) were taking calcium-channel

Temporal Changes in ERP and Cardiovascular Outcome

were taking [3-blockers, and 116 (0.8%) were taking
antiarrhythmics.

At the follow-up visits, there were increases in body
mass index; systolic blood pressure; QTc duration;
prevalence of diabetes; hypertension; coronary heart
disease; and the use of calcium antagonists, digitalis,
and (-blockers. There were declines in diastolic blood

blockers, 244 (1.7%) were taking digitalis, 799 (5.4%)

pressure, cholesterol, low-density lipoprotein
Table 1. Characteristics of subjects at Visits 1 to 4
Characteristic Visit 1 Visit 2 Visit 3 Visit 4
No. of subjects 14 679 12 945 1779 10 657
Age, y, mean (SD) 54.3 (5.8) 571 (5.7) 60.1 (5.7) 62.9 (5.7)
Male subjects, n (%) 6700 (45.6) 5892 (45.5) 5337 (45.3) 4800 (45.0)
White race, n (%) 10 932 (74.5) 10 035 (77.5) 9275 (78.7) 8445 (79.2)
Education, n (%)
<High school 3500 (23.8) 2777 (21.5) 2380 (20.2) 2035 (18.1)
High school/vocational school 5995 (40.8) 5406 (41.8) 4922 (41.8) 4504 (42.3)
College, graduate, or 5184 (35.3) 4762 (36.8) 4477 (38.0) 4118 (38.6)
professional school
Smoking status, n (%)
Never 6027 (41.1) 5124 (39.6) 4822 (40.9) 4366 (41.2)
Former 4768 (32.5) 4918 (38.0) 4866 (41.3) 4633 (43.8)
Current 3884 (26.5) 2903 (22.4) 2091 (17.8) 1589 (15.0)
Hypertension, n (%) 5136 (35.0) 4553 (35.2) 4771 (40.5) 5034 (47.2)
Diabetes, n (%) 1778 (12.1) 1493 (11.5) 1821 (15.5) 1773 (16.6)
Coronary heart disease, n (%) 736 (5.0) 739 (5.7) 845 (7.2) 931 (8.7)
Body mass index, kg/m?, mean 27.7 (5.4) 27.9 (5.4) 28.5 (5.5) 28.8 (5.6)
(SD)
Blood pressure, mm Hg, mean (SD)
Systolic 121.3 (19.1) 121.4 (18.5) 124.6 (19.1) 127.6 (19.1)
Diastolic 73.6 (11.4) 72.0 (10.2) 71.7 (10.5) 70.9 (10.4)
Fasting glucose, mmol/L, mean 6.1 (2.3 6.3 (2.4) 6.2 (2.4) 6.2 (2.1)
(SD)
Total cholesterol, mmol/L, mean 5.6 (1.1) 5.4 (1.0 5.4 (1.0) 5.2 (1.0)
(SD)
Low-density lipoprotein 3.6 (1.0) 3.5 (1.0) 3.3(0.9) 3.2 (0.9)
cholesterol, mmol/L, mean (SD)
High-density lipoprotein 1.3(0.4) 1.3(0.4) 1.3(0.5) 1.3(0.4)
cholesterol, mmol/L, mean (SD)
Triglycerides, mmol/L, mean (SD) 1.5(1.0 1.5(1.0 1.6 (1.0) 1.6 (1.0)
ECG findings
Heart rate, bpm, mean (SD) 66.3 (10.4) 65.4 (10.1) 65.3 (10.1) 62.6 (10.2)
QTc duration, ms, mean (SD) 416.4 (20.4) 4171 (19.8) 420.0 (22.1) 420.7 (21.6)
Left ventricular hypertrophy on 332 (2.3) 308 (2.4) 303 (2.6) 259 (2.4)
ECG, n (%)
Early repolarization pattern, 1922 (13.1) 1460 (11.3) 1289 (10.9) 1203 (11.3)
n (%)
Medication, n (%)
Calcium antagonist 533 (3.6) 920 (7.1) 1384 (11.8) 1427 (13.4)
Digitalis 244 (1.7) 249 (1.9) 285 (2.4) 285 (2.7)
B-blocker 799 (5.4) 758 (5.9) 845 (7.2) 983 (9.2)
Antiarrhythmics 116 (0.8) 86 (0.7) 74 (0.6) 77 (0.7)
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cholesterol, resting heart rate, and the prevalence of
current smoking.

Baseline ERP, Time-Varying ERP, and
Cardiovascular Outcomes

With a median follow-up of 22.5 (IQR, 18.0-23.6) years
from visit 1, a total of 5033 (34.3%) subjects died. Of
these deaths, 1239 (8.4%) were from cardiovascular
causes, and 571 (3.9%) were adjudicated as SCD.
After adjusting for multiple cardiovascular risk factors,
subjects with ERP at baseline had slightly increased
risks for SCD (adjusted HR, 1.34; 95% CI, 1.08-1.68),
cardiovascular death (adjusted HR, 1.39; 95% Cl,
1.19-1.62), and death from any cause (adjusted HR,
1.10; 95% ClI, 1.01-1.19) than did those without ERP
(Table 2). The Kaplan—Meier curves for SCD, cardio-
vascular death, and death from any cause in subjects
with baseline ERP are shown in Figure 1.

There was a tendency toward a decrease in the
frequency of ERP from visit 1 to visit 4, ranging from
10.9% to 13.1%. However, the risk magnitude of the
3 outcomes associated with time-varying ERP seems
to be higher than the baseline ERP. Compared with
subjects without time-varying ERP, the adjusted HRs
of time-varying ERP for SCD was 1.59 (95% Cl, 1.25-
2.02), for cardiovascular death was 1.70 (95% Cl, 1.44—
2.00), and for death from any cause was 1.16 (95% Cl,
1.05-1.27; Table 2). On receiver operating characteristic
curve analysis, the model for SCD had a significantly
higher predictive value when baseline ERP or time-
varying ERP was included (area under the receiver
operating characteristic curve, 0.784 [95% CI, 0.763-
0.805; P<0.001] for baseline ERP; area under the
receiver operating characteristic curve, 0.791 [95% ClI,
0.771-0.812; P<0.001] for time-varying ERP) compared
with when it was not (area under the receiver operating
characteristic curve, 0.769; 95% Cl, 0.747-0.791).
Similar results were observed for cardiovascular death
and death from any cause (Table 3 and Figure 2).

We performed sensitivity analyses by excluding
subjects with a history of coronary heart disease or
chronic heart failure, and the risk magnitude seemed
to be decreased for ERP at baseline, which was only
associated with a slightly increased risk of cardiovascular
death (adjusted HR, 1.21; 95% ClI, 1.01-1.45). However,
for time-varying ERP, the results were similar to the
results obtained from the main analysis (adjusted HR,
1.42 [95% Cl, 1.06-1.90] for SCD; adjusted HR, 1.55
[95% ClI, 1.27-1.89] for cardiovascular death; Table S1).

Temporal Changes in ERP and
Cardiovascular Outcomes

Baseline characteristics of subjects according to
changes in ERP status are shown in Table S2. Of the
13 357 subjects with at least 2 measurements, 11 359
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(85.0%) subjects had consistent normal ECG findings,
477 (3.6%) had transient ERP, 470 (3.5%) had new-
onset ERP, and 1051 (7.9%) had consistent ERP ECG
findings in both measurements.

Compared with those with consistent normal ECG
findings, subjects with new-onset ERP experienced
increased risks of developing SCD (adjusted HR, 1.61;
95% Cl, 1.09-2.40) and cardiovascular death (adjusted
HR, 1.67; 95% CI, 1.27-2.19), but new-onset ERP did
not seem to be associated with death from any cause.
For those with transient ERP, the risks for the 3 out-
comes were not significantly increased compared
with the consistent normal group in the multivariable
adjusted model. In addition, subjects with consistent
ERP also had increased risks for SCD (adjusted HR,
1.50; 95% ClI, 1.13-1.99), cardiovascular death (ad-
justed HR, 1.52; 95% ClI, 1.24-1.86), and death from
any cause (adjusted HR, 1.16; 95% CI, 1.04-1.29;
Table 4). The Kaplan—Meier curves for cardiovascular
outcomes associated with temporal changes in ERP
are shown in Figure 3.

Assessment of Outcomes According to
Time-Varying ERP Phenotypes

Compared with subjects without time-varying ERP,
those with J-wave amplitudes of 0.1 to 0.19 mV ex-
perienced nonsignificantly increased risks of SCD and
all-cause death, but a significantly increased risk of
cardiovascular death. In addition, subjects with J-wave
amplitudes >0.2 mV had even higher risks for all 3 out-
comes (adjusted HR, 1.62 [95% ClI, 1.27-2.07] for SCD;
adjusted HR, 3.08 [95% ClI, 2.23-4.25] for cardiovas-
cular death; adjusted HR, 1.73 [95% ClI, 1.40-2.15] for
death from any cause; Table 5).

With respect to lead distribution, time-varying ERP
in lateral leads or inferior leads was not significantly
associated with increased risks for all 3 outcomes.
However, time-varying ERP in anterior leads seems
to confer increased risks for SCD (adjusted HR, 1.58;
95% Cl, 1.24-2.02), cardiovascular death (adjusted
HR, 1.72; 95% CI, 1.45-2.038), and death from any
cause (adjusted HR, 1.14; 95% ClI, 1.04-1.26; Table 5).

We also assessed the ERP phenotypes for baseline
ERP. Similarly, J-wave amplitudes >0.2 mV seemed to
confer higher risk of death than J-wave amplitudes of
0.1 to 0.19 mV. However, only ERP in anterior leads was
associated with increased risks of SCD and cardiovas-
cular death (Table S3).

Stratified Analysis for Time-Varying ERP

We performed stratified analyses across several pre-
specified clinical factors that might influence the out-
comes (Table 6). The finding of increased risks of SCD
and cardiovascular death in subjects with time-varying
ERP was consistently found in all of the stratified
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Table 2. Unadjusted and Adjusted HRs of Death Associated With Baseline ERP Status and Time-Varying ERP Status*

Variable Baseline ERP P value Time-varying ERP P value
Sudden cardiac death
Unadijusted HR (95% Cl) 210 (1.72-2.55) <0.001 2.52 (2.04-3.14) <0.001
Age- and sex-adjusted HR (95% Cl) 1.76 (1.44-2.16) <0.001 2.08 (1.66-2.60) <0.001
Multivariate adjusted HR (95% Cl) 1.34 (1.08-1.68) 0.008 1.59 (1.25-2.02) <0.001
Cardiovascular death
Unadijusted HR (95% Cl) 1.86 (1.62-2.13) <0.001 2.40 (2.06-2.79) <0.001
Age- and sex-adjusted HR (95% ClI) 1.64 (1.42-1.89) <0.001 2.08 (1.78-2.43) <0.001
Multivariate adjusted HR (95% Cl) 1.39 (1.19-1.62) <0.001 1.70 (1.44-2.00) <0.001
Death from any cause
Unadjusted HR (95% Cl) 1.42 (1.32-1.53) <0.001 1.53 (1.40-1.67) <0.001
Age and sex-adjusted HR (95% ClI) 1.32 (1.22-1.42) <0.001 1.38 (1.27-1.51) <0.001
Multivariate adjusted HR (95% Cl) 110 (1.01-1.19) 0.03 116 (1.05-1.27) 0.001

ERP indicates early repolarization pattern; and HR, hazard ratio.

*Variables included in the multivariate analyses were age, race, sex, hypertension, smoking status, diabetes, history of coronary heart disease or chronic
heart failure, body mass index, blood pressure, total cholesterol, fasting blood glucose, heart rate, QTc duration, presence of left ventricular hypertrophy on

ECG, and use of cardiac medications.

analyses. However, significant interactions were pre-
sent for sex and race. Time-varying ERP was associ-
ated with a greater risk of SCD in women (adjusted HR,
2.32; 95% Cl, 1.46 to 3.70) than in men (adjusted HR,
1.45; 95% Cl, 1.10 to 1.90; P=0.002 for interaction) and
in White subjects (adjusted HR, 2.07; 95% ClI, 1.52 to
2.80) than in Black subjects (adjusted HR, 1.21; 95%
Cl, 0.83 to 1.75; P<0.001 for interaction). subjects with
dyslipidemia (adjusted HR, 1.86; 95% CI, 1.33 to 2.61)
had a nonsignificantly higher risk of SCD than those
without dyslipidemia (adjusted HR, 1.42; 95% CI, 1.01
to 2.00; P=0.03 for interaction). Of note, although use
of cardiac medications was associated with a higher
prevalence of ERP, it did not seem to influence the as-
sociation between time-varying ERP and SCD signifi-
cantly (P=0.72 for interaction).

Similarly, women with time-varying ERP had a
higher risk of cardiovascular death than men. No
significant interaction effects were identified for age,
history of hypertension, diabetes, or smoking status
(Table 6).

DISCUSSION

In a large, community-based study comprising a bi-
racial population, subjects with baseline ERP, time-
varying ERP, new-onset ERP, and consistent ERP were
at significantly increased risks of SCD and cardiovas-
cular death. However, for those with transient ERP,
the ERP seems to be a benign phenomenon. In those
with time-varying ERP, J-wave amplitudes >0.2 mV ap-
peared to indicate poor cardiovascular outcomes. A
trend toward an increased risk associated with time-
varying ERP in White subjects and women was ob-
served in the outcome of SCD.

In agreement with previous reports of a prevalence
of ERP of 2.3% to 20.0%, the overall prevalence of ERP
at baseline in our study was 13.1% (8.8% for White
subjects, 25.7% for Black subjects).?® Variation in the
prevalence of ERP might be associated with disparity
in trait definition, detection technique, and demograph-
ical characteristics of the study samples. For instance,
previous reports describing the clinical correlates and

A Sudden Cardiac Death B Cardiovascular Death

1.00 No ERP 1.00
ERP

0.80 0.80

Hazard Ratio: 1.34 (95% Cl, 1.08-1.68)

0.60 0.60

Survival Free of Sudden Cardiac Death
Survival Free of Cardiovascular Death

040 0.40

Hazard Ratio: 1.39 (95% Cl, 1.19-1.62)

c Death from Any Cause

1.00
No ERP

0.80

060  Hazard Ratio: 1.10 (95% Cl, 1.01-1.19)

Survival Free of Death from Any Cause

0.40

10 15 20 2 0 5
Follow-up (years)

10 15
Follow-up (years)

10 15 20 25
Follow-up (years)

Figure 1.
subjects with baseline ERP.
ERP indicates early repolarization pattern.
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Table 3. Incremental Prognostic Value of the Addition of Baseline ERP or Time-Varying ERP to the Basic Model for
Cardiovascular Outcomes
Basic model* Basic model+baseline ERP Basic model+time-varying ERP
ROC AUC (95% ClI) ROC AUC (95% ClI) P valuet ROC AUC (95% CI) P valuet
Sudden cardiac death | 0.769 (0.747-0.791) 0.784 (0.763-0.805) <0.001 0.791 (0.771-0.812) <0.001
Cardiovascular death 0.768 (0.764-0.793) 0.779 (0.764-0.793) <0.001 0.787 (0.772-0.802) <0.001
Death from any cause 0.764 (0.755-0.773) 0.769 (0.760-0.778) <0.001 0.778 (0.769-0.787) <0.001

ERP indicates early repolarization pattern; and ROC AUC, area under the receiver operating characteristic curve.
*Variables included in the basic model were age, race, sex, hypertension, smoking status, diabetes, history of coronary heart disease or chronic heart failure,
body mass index, blood pressure, total cholesterol, fasting blood glucose, heart rate, QTc duration, presence of left ventricular hypertrophy on ECG, and use

of cardiac medications.
P value compared with basic model.

heritability of ERP that used ST-segment elevation as a
criterion found a prevalence of only 2.3% in the general
population.® However, other studies that used an ap-
proved definition of ERP proposed by experts, which
did not include ST-segment elevation as a required cri-
terion, found that 23.9% to 29.3% of healthy control
subjects manifested ERP, which compares with our
finding of 13.1% in the general population.!®2°

The past few years have seen a rapidly growing in-
terest in assessing the association between ERP and
cardiovascular outcomes. In the largest cohort study
by Tikkanen and colleagues, ERP in inferior leads was
associated with modestly higher rates of cardiovascular
death and arrhythmia death.?2 However, other studies
reported no association between ERP and cardiovas-
cular death.*® In our previous analysis of the ARIC co-
hort, ERP at baseline was also associated with slightly
increased risks of SCD and death from coronary heart
disease.?! Nevertheless, this study only used com-
plete data with a relatively shorter follow-up duration.
Furthermore, the approach applied in the previous
study was to assess the ERP status at 1 point only,
which might not adequately address the nature of ERP.

To our knowledge, no previous population-based
study has assessed the temporal changes in ERP in
relation to the cardiovascular outcomes in the general

population. Our results indicated that time-varying ERP
was more strongly associated with cardiovascular out-
comes than baseline ERP. However, the new-onset
ERP and consistent ERP recorded in the serial ECGs
were the strongest predictors of SCD or cardiovascular
death. Transient ERP seems to be an innocuous find-
ing. As ERP is not uncommon in the general popula-
tion, especially in young male subjects, the majority of
subjects with ERP are likely not at risk for developing
VF in the future. Our observations suggest that moni-
toring the J-wave amplitude over time as a biomarker
of health status may be useful in identifying individuals
at greatest risk of SCD.

In previous cohort studies, ERP was considered to
be a stable ECG finding rather than a transient phe-
nomenon. However, in clinical practice, the pheno-
type of ERP can change over time, in accordance with
the changes of vagal tone, heart rate, sport activities,
reproductive hormones, and health conditions.?>24
Therefore, ERP could be a permanent phenomenon
for some subjects but a transient ECG pattern for
others.?* A large number of case reports noted that
J-wave amplitude was dramatically augmented only
during peri-event periods of VF, and the amplitude of
J wave remote from the VF events did not differ from
that seen in healthy controls, indicating that temporal
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ERP indicates early repolarization pattern.
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Table 4. Unadjusted and Adjusted HR of Cardiovascular Outcomes Associated With Temporal Changes in ERP Status*

ERP-
Normal-normal normal Normal- ERP-ERP
Variable (n=11 359) (n=477) P value ERP (n=470) | P value (n=1051) P value
Sudden cardiac death
No. of deaths 340 17 28 74
Unadjusted HR (95% Cl) 1.00 1.24 0.40 211 <0.001 2.58 <0.001
(0.76-2.01) (1.44-3.10) (2.00-3.31)
Age- and sex-adjusted HR (95% ClI) 1.00 1.01 0.97 1.74 0.005 1.98 <0.001
(0.62-1.65) (1.18-2.56) (1.18-2.56)
Multivariate adjusted HR (95% Cl) 1.00 0.91 0.70 1.61 0.02 1.50 0.005
(0.55-1.48) (1.09-2.40) (1.13-1.99)
Cardiovascular death
No. of deaths 759 39 60 140
Unadjusted HR (95% ClI) 1.00 1.26 0.15 2.01 <0.001 2.21 <0.001
(0.92-1.74) (1.55-2.62) (1.84-2.64)
Age- and sex-adjusted HR (95% ClI) 1.00 1.08 0.65 1.73 <0.001 1.79 <0.001
(0.78-1.49) (1.33-2.26) (1.49-2.16)
Multivariate adjusted HR (95% ClI) 1.00 1.02 0.89 1.67 <0.001 1.562 <0.001
(0.74-1.42) (1.27-2.19) (1.24-1.86)
Death from any cause
No. of deaths 3430 163 166 451
Unadjusted HR (95% Cl) 1.00 118 0.04 1.25 0.005 1.59 <0.001
(1.01-1.38) (1.07-1.46) (1.44-1.75)
Age- and sex-adjusted HR (95% ClI) 1.00 1.04 0.61 1.1 0.19 1.35 <0.001
(0.89-1.22) (0.95-1.30) (1.22-1.49)
Multivariate adjusted HR (95% Cl) 1.00 0.97 0.70 1.09 0.29 116 0.006
(0.82-1.14) (0.93-1.28) (1.04-1.29)

ERP indicates early repolarization pattern; and HR, hazard ratio.

*Variables included in the multivariate analyses were age, race, sex, hypertension, smoking status, diabetes, history of coronary heart disease or chronic
heart failure, body mass index, blood pressure, total cholesterol, fasting blood glucose, heart rate, QTc duration, presence of left ventricular hypertrophy on

ECG, and use of cardiac medications.

elevation of the J wave might be an important risk fac-
tor for the prediction of malignant tachyarrhythmia.”~®

Recent experimental evidence suggested that ERP
might be caused by a transient ventricular transmural
voltage gradient owing to a prominent I,,-mediated ac-
tion potential notch in the epicardium, potentially lead-
ing to phase 2 reentry and causing fatal arrhythmias.?®
Yet results of the study raise the following question: why
would new-onset ERP be associated with an increased
risk for SCD? One possible explanation is that transient
ERP is associated with younger age, lower heart rate,
better cardiovascular fitness, and higher vagal tone,
which generally protect against malignant ventricular
arrhythmias. Elevation of vagal tone could cause re-
gional dispersion of repolarization, which is manifest as
ERP on ECG. This type of ERP tends to disappear with
the reduction of vagal activity and increase in sympa-
thetic tone.?® In the Coronary Artery Risk Development
in Young Adults Study, Walsh and colleagues® found
that lower heart rate and longer exercise duration were
associated with the presence of ERP, but they were not
predictors of ERP maintenance over time.

Consistent ERP might be a phenotypic manifesta-
tion of heart disease or genetic susceptibility. Defects

J Am Heart Assoc. 2022;11:022848. DOI: 10.1161/JAHA.121.022848

in 1 of the repolarization currents may not suffice to
produce phase 2 reentry in these conditions. However,
when other factors affecting repolarization are present,
the repolarization reserve may become exhausted,
and subjects with ERP could be at an increased risk
for malignant arrhythmias.?® The new-onset ERP might
be representative of acute conditions that could lead
to dramatic repolarization changes, such as autonomic
nervous system perturbances, acute ischemia, hypo-
kalemia, drugs, and acquired ion channel deficiencies,
and thus increase the vulnerability to life-threatening
ventricular arrhythmias.?"?® These hypotheses were
supported by the higher risks of both SCD and car-
diovascular death among subjects with new-onset
J-waves >0.2 mV than among those with J-wave am-
plitudes of 0.1 to 0.19 mV.

Moreover, more recent clinical studies have sug-
gested that J waves associated with ERP can be
attributed to either depolarization or repolarization
abnormalities or both.??3 There is also the possibility
that the risk difference between the transient and con-
sistent/new-onset ERP observed in this study might in
fact be attributed to these different potential origins of
the J wave. That is, a consistent/new-onset ERP could
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Figure 3. Kaplan-Meier curves for (A) sudden cardiac death, (B) cardiovascular death, and (C) death from any cause in

subjects with temporal changes of ERP.
ERP indicates early repolarization pattern.

be associated with microstructural abnormalities re-
sulting in delayed depolarizations than more transient
functional abnormalities in ionic channels impacting
repolarization.

It is of note that, compared with Black subjects
and men, White subjects and women tend to have a
higher risk of SCD associated with time-varying ERP.
The largely consistent directionality of this effect de-
creases the probability that the results were attributed
to chance. One explanation is that there are under-
lying genetic differences among races and sexes
that result in different types of ERP. Some genotypes
might inherently increase the risk of fatal ventricular
arrhythmias, whereas others could be relatively be-
nign while producing the same ECG findings.®" It is
also possible that ERP in Black subjects and men re-
sult from a higher vagal tone, and it is thus considered
exercise related and relatively benign. Furthermore,
the higher risk of death observed in women than in
men might be attributed to loss of menstruation or
onset of estrogen use, which has been identified to
increase cardiovascular events.®?-34 Further studies,
including well-designed clinical trials and experiment

studies, are warranted to elucidate the specific patho-
genic mechanisms.

First, the major strengths of our study include the
prospective cohort of a healthy biracial population, the
relatively large sample size, the long-term and virtu-
ally complete follow-up, and the detailed risk factors
and ECG information. Second, the application of an
entirely automated method to detect ERP eliminates
bias and enables us to compare the prognostic signif-
icance of this pattern. Third, the cause of death was
classified using a strict adjudication process. Fourth,
our previous study and other reports have identified
that ERP could be a marker of underlying structural
heart diseases (ischemic, cardiomyopathy, etc) and
not just a pure electrical phenomenon.®%3 We thus
performed sensitivity analyses by excluding subjects
with coronary heart disease or chronic heart failure,
but the results did not materially change. This might
further corroborate our hypothesis that dynamic ERP
could be an independent risk factor for cardiovascular
outcomes.

Some limitations of our analysis should be noted. First,
this study included only individuals aged between 45

Table 5. HRs of Various ERP Phenotypes for Cardiovascular Outcomes in subjects With Time-Varying ERP*

Sudden cardiac death Cardiovascular death Death from any cause
Adjusted HR (95% Adjusted HR (95% Adjusted HR (95%
Cl) P value Cl) P value Cl) P value
J-wave amplitude
01-0.19 mV 1.32 (0.69-2.50) 0.40 1.53 (1.28-1.83) <0.001 110 (0.99-1.21) 0.05
>0.2 mV 1.62 (1.27-2.07) <0.001 3.08 (2.23-4.25) <0.001 1,73 (1.40-2.15) <0.001
Lead distributions
Inferior 2.08 (1.03-4.21) 0.04 1.86 (1.09-3.16) 0.02 1.40 (1.02-1.993) 0.04
Lateral 1.00 (0.63-1.57) 0.99 1.13 (0.83-1.54) 0.44 1.07 (0.91-1.27) 0.40
Anterior 1.58 (1.24-2.02) <0.001 1.72 (1.45-2.03) <0.001 1.14 (1.04-1.26) 0.003

ERP indicates early repolarization pattern; and HR, hazard ratio.

*Variables included in the multivariate analyses were age, race, sex, hypertension, smoking status, diabetes, history of coronary heart disease or chronic
heart failure, body mass index, blood pressure, total cholesterol, fasting blood glucose, heart rate, QTc duration, presence of left ventricular hypertrophy on

ECG, and use of cardiac medications.

J Am Heart Assoc. 2022;11:022848. DOI: 10.1161/JAHA.121.022848
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Table 6. Stratified Analysis of HRs of Cardiovascular Outcomes Associated With Time-Varying ERP*

Variable Sudden cardiac death Cardiovascular death Death from any cause
P value for P value for P value for
HR (95% CI) interaction HR (95% CI) interaction HR (95% CI) interaction
Sex
Male 1.45 (1.10-1.90) 0.002 1.53 (1.26-1.86) 0.003 1.11 (1.00-1.24) 0.15
Female 2.32 (1.46-3.70) 2.33 (1.71-3.19) 1,32 (1.10-1.58)
Race
White 2.07 (1.562-2.80) <0.001 1.84 (1.49-2.28) 0.31 1.19 (1.05-1.34) 0.95
Black 1.21 (0.83-1.75) 1.51 (1.16-1.96) 1.12 (0.97-1.30)
Age, y
>55 1.77 (1.31-2.37) 0.44 1.78 (1.46-2.17) 0.87 1.16 (1.04-1.30) 0.60
<55 1.28 (0.85-1.93) 1.51(1.11-2.04) 1.15 (0.98-1.36)
Hypertension
Yes 1.60 (1.17-2.20) 0.57 1.73 (1.39-2.14) 0.95 1.26 (1.10-1.43) 0.29
No 1.55 (1.07-2.25) 1.65 (1.28-2.14) 1.08 (0.95-1.24)
Diabetes
Yes 2.00 (1.29-3.10) 0.82 2.28 (1.68-3.10) 0.33 1.49 (1.23-1.81) 0.34
No 1.50 (1.12-2.00) 1.57 (1.28-1.91) 1.10 (0.99-1.22)
Dyslipidemia®
Yes 1.86 (1.33-2.61) 0.03 1.99 (1.57-2.51) 0.05 1.32 (1.14-1.51) 0.05
No 1.42 (1.01-2.00) 1.47 (1.17-1.86) 1,04 (0.92-1.18)
Smoking status
Never 1.50 (0.93-2.44) 0.87 1.74 (1.26-2.41) 0.40 1.29 (1.07-1.55) 0.46
Former 1.64 (1.09-2.47) 1.87 (1.43-2.46) 1.20 (1.02-1.40)
Current 1.56 (1.07-2.28) 1.54 (1.17-2.02) 1.06 (0.91-1.23)
Use of cardiac medications
Yes 1.52 (0.94-2.48) 0.72 1.54 (1.12-2.13) 0.39 1.28 (1.03-1.59) 0.71
No 1.57 (1.19-2.07) 1.74 (1.43-2.11) 113 (1.02-1.25)

ERP indicates early repolarization pattern; and HR, hazard ratio.

*Variables included in the multivariate analyses were age, race, sex, hypertension, smoking status, diabetes, history of coronary heart disease or chronic
heart failure, body mass index, blood pressure, total cholesterol, fasting blood glucose, heart rate, QTc duration, presence of left ventricular hypertrophy on

ECG, and use of cardiac medications.

fDyslipidemia was defined as total cholesterol >5.7 mmol/L or low-density lipoprotein cholesterol >3.6 mmol/L or high-density lipoprotein cholesterol
<1.0 mmol/L or triglycerides >1.7 mmol/L or pharmacological treatment for dyslipidemia, according to US National Institutes of Health guidelines for dyslipidemia.

and 64 years, and thus we cannot comment on the in-
fluence of ERP outside this age range. Second, because
of the strictly epidemiologic nature of our investigation,
we cannot further clarify the pathophysiologic and patho-
genetic circumstances underlying ERP. Third, although
we controlled for potentially confounding factors in the
multivariable-adjusted analyses, the possibility of residual
confounding cannot be completely ruled out. For exam-
ple, ejection fraction was an important prognostic risk
factor for cardiovascular death and could have impacted
the results of this study, but the limited data available pre-
cluded our further analysis. Fourth, when assessing the
role of temporal changes in ERP, we used only the last
2 available exams. Given the variable availability of ERP
data, this approach may be biased. However, as the re-
sults indicated, the most recent value of ERP before an
event or at the end of the follow-up period could be more
informative of outcome than the baseline ERP value in the

J Am Heart Assoc. 2022;11:022848. DOI: 10.1161/JAHA.121.022848

general population. Fifth, the results from a given study
for the multiple comparisons are not independent, and
there is the possibility that results with P values closer to
0.05 may be false positives, whereas those with much
lower P values are likely true positives. Therefore, we
used Bonferroni correction for the 10 interactions that
yielded a threshold of 0.005, which might to some extent
reduce the possibility of a type | error.

In summary, our study shows that baseline ERP,
time-varying ERP, new-onset ERP, and consistent
ERP, rather than transient ERP, might be promising
markers of risk for SCD in the general population. In
particular, much attention should be paid to the pop-
ulation with high-amplitude, time-varying ERP and
time-varying ERP in anterior leads. Future clinical and
experimental studies should focus on understanding
the exact mechanisms of temporal ERP and reasons
for the trends found based on sex and race.
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SUPPLEMENTAL MATERIAL



Table S1. Sensitivity analyses of adjusted hazard ratio of death by excluding subjects with coronary heart disease or chronic heart
failure.

Variable Time-varying

Baseline ERP P Value P Value

ERP
Sudden cardiac death
Multivariate adjusted HR (95% CI) 1.16 (0.89-1.51) 0.27 1.42 (1.06-1.90) 0.02
Cardiovascular death
Multivariate adjusted HR (95% CI) 1.21 (1.01-1.45) 0.04 1.55 (1.27-1.89) <0.001
Death from any cause
Multivariate adjusted HR (95% CI) 1.01 (0.92-1.11) 0.79 1.07 (10.96-1.19) 0.23

ERP, early repolarization; HR, hazard ratio; CI, confidence interval.

*Variables that were included in the multivariate analyses were age, race, sex, hypertension, smoking status, diabetes mellitus, body mass index,
blood pressure, total cholesterol, fasting blood glucose, heart rate, QTc duration, presence of left ventricular hypertrophy on ECG, and use of
cardiac medications.



Table S2. Baseline characteristics of subjects according to changes in ERP status.

Characteristic Normal-normal ERP-normal Normal-ERP ERP-ERP P value
No. of subjects 11359 477 470 1051
Age, years 54.2 (5.7) 54.2 (5.6) 54.2 (5.8) 54.2 (5.8) 0.87
Males, % 4592 (40.3) 333 (69.8) 317 (67.5) 816 (77.6) <0.001
Caucasians, % 9085 (80.0) 283 (59.3) 348 (74.0) 526 (50.1) <0.001
Education, %
<High school 2357 (20.8) 123 (25.8) 106 (22.6) 333 (31.7) <0.001
High school/vocational school 4871 (42.9) 170 (35.6) 177 (37.7) 330 (31.4)
College, graduate, or 4131 (36.4) 184 (38.6) 187 (39.8) 388 (36.9)
professional school
Smoking status, %
Never 4951 (43.6) 176 (36.9) 167 (35.3) 326 (31.0) <0.001
Former 3712 (32.7) 168 (35.2) 176 (37.5) 351 (33.4)
Current 2696 (23.7) 133 (27.9) 127 (27.0) 374 (35.6)
Hypertension, % 3700 (32.6) 159 (33.3) 172 (36.6) 440 (41.9) <0.001
Diabetes, % 1203 (10.6) 51 (10.7) 62 (13.2) 157 (14.9) <0.001
Coronary heart disease, % 462 (4.1) 25 (5.2) 42 (8.9) 85 (8.1)
Body mass index, kg/m2 27.8 (5.3) 26.8 (4.9) 27.1(4.9) 26.5 (4.5) <0.001
Blood pressure, mmHg
Systolic 120.0 (17.8) 123.1 (17.7) 122.4 (19.4) 125.3 (21.3) <0.001
Diastolic 73.0 (10.6) 75.8 (11.3) 74.3 (11.7) 76.1 (13.1) <0.001
Fasting glucose, mmol/L 6.0 (2.0) 59 (2.1) 6.2 (2.6) 6.2 (2.6) <0.001
Total cholesterol, mmol/L 56 (1.1) 5.5(1.0) 5.5(1.0) 55(1.1) 0.12
Low-density lipoprotein 3.6 (1.0) 3.5(1.0) 3.6 (1.0) 3.6 (1.0) 0.12

cholesterol, mmol/L




High-density lipoprotein
cholesterol, mmol/L
Triglycerides, mmol/L
Electrocardiographic findings

Heart rate, bpm

QTc duration, ms

Left ventricular hypertrophy on

electrocardiogram, %
Medication, %

Calcium antagonist

Digitalis

B-Blocker

Antiarrhythmics

1.3 (0.4)
1.5 (1.0)

66.4 (10.1)
416.2 (18.4)
129 (1.1)

354 (3.1)
145 (1.3)
597 (5.3)
64 (0.6)

1.4 (0.5)
1.3 (0.9)

64.2 (9.7)
412.9 (18.7)
17 (3.6)

18 (3.8)
8(1.7)

31 (6.5)
10 (2.1)

1.3 (0.4)
15(1.2)

64.7 (9.9)
414.4 (21.0)
15 (3.2)

25 (5.3)
6 (1.3)
37 (7.9)
3(0.6)

1.3 (0.4)
1.4 (1.0)

64.5 (10.6)
415.0 (24.9)
99 (9.4)

41 (3.9)
25 (2.4)
64 (6.1)
14 (1.3)

0.07

<0.001

0.06
<0.001
<0.001

0.04
0.03
0.05
<0.001




Table S3. Hazard ratios of various ERP phenotypes for cardiovascular outcomes in subjects with baseline ERP*.

Sudden cardiac death Cardiovascular death Death from any cause

. Adjusted .
No. of Adjusted HR No. of 0 No.of  Adjusted HR
deaths  (95%Cl) P VAU Geaths HRC(IS;S hoopValie s (oswcny P Value
No ERP (N=12315) 442 1.00 985 1.00 4209 1.00
J-wave amplitude
0.1-0.19 mV 1.33 1.29 1.06
(N=1617) 114 (1.06-1.67) 0.01 211 (1.10-1.52) 0.002 718 (0.97-1.15) 0.19
>0.2 mV 151 2.39 1.46
- <0. <0.
(N=176) 15 (0.89-2.58) 0.13 43 (1.74-3.29) 0.001 106 (1.20-1.78) 0.001
Lead distributions
Inferior leads 1.40 1.18 1.27
(N=119) ! (0.66-2.96) 0.38 12 (0.67-2.08) 0.58 o1 (0.97-1.68) 0.09
Lateral leads 1.08 1.14 1.04
(N=642) 39 (0.77-1.53) 0.66 2 (0.89-1.45) 0.31 266 (0.91-1.18) 0.55
Anterior leads 1.32 1.40 1.08
(N=1717) 117 (1.05-1.65) 0.02 234 (1.20-1.64) <0.001 741 (1.00-1.18) 0.06

ERP, early repolarization; HR, hazard ratio; CI, confidence interval.

*Variables that were included in the multivariate analyses were age, race, sex, hypertension, smoking status, diabetes mellitus, history of
coronary heart disease or chronic heart failure, body mass index, blood pressure, total cholesterol, fasting blood glucose, heart rate, QTc duration,
presence of left ventricular hypertrophy on ECG, and use of cardiac medications.



