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Role of Early Repolarization Pattern in Increasing Risk of Death

Yun-Jiu Cheng, MD;* Xiao-Xiong Lin, MD;* Cheng-Cheng Ji, MD;* Xu-Miao Chen, MD; Li-Juan Liu, MD, PhD; Kai Tang, MD, PhD;
Su-Hua Wu, MD, PhD

Background—An early repolarization pattern (ERP) has been hypothesized to be arrhythmogenic in experimental studies, but the
prognostic significance of the ERP in the general population is controversial. We performed a meta-analysis to examine the link
between ERP and the risk of sudden cardiac arrest (SCA), cardiac death, and death from any cause.

Methods and Results—We performed a literature search using MEDLINE (January 1, 1966 to July 31, 2015) and EMBASE (January
1, 1980 to July 31, 2015) with no restrictions. Studies that reported relative risk (RR) estimates with 95% confidence intervals (Cls)
for the associations of interest were included. Sixteen studies involving 334 524 subjects were identified. Compared with those
without ERP, subjects with ERP experienced significantly increased risk for developing SCA (RR 2.18; 95% Cl 1.29-3.68), cardiac
death (RR 1.48; 95% ClI 1.06—2.07), and death from any cause (RR 1.21; 95% Cl 1.02—1.42), respectively. The increased risk was
present predominantly in Asians and whites but not in African Americans. ERP with J-point elevation in inferior leads, notching
configuration, and horizontal or descending ST segment connote higher risk. ERP was associated with an absolute risk increase of
139.6 (95% ClI 130.3—149.3) additional SCAs per 100 000 person-years and responsible for 7.3% (95% ClI 1.9—-15.2) of SCA in the
general population.

Conclusions—ERP is associated with significant increased risk for SCA, cardiac death, and death from any cause. Future studies
should focus on understanding the exact mechanisms for the arrhythmia risk and developing reliable tools for risk stratification.
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n early repolarization pattern (ERP)—elevation of the
QRS-ST junction (J-point) and QRS notching or slurring in
multiple leads—is a common electrocardiographic finding
that affects 1% to 13% of persons.' Although traditionally
viewed as benign, ERP has recently been reported to be a
marker of increased transmural heterogeneity of ventricular
repolarization in experimental studies, which might increase
the vulnerability to ventricular fibrillation.?
The past few years have seen a rapidly growing interest in
testing this hypothesis. Many epidemiologic studies have
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investigated the link between ERP and long-term cardiovas-
cular risk, but the results are surprisingly conflicting.*> Our
group has previously reported a meta-analysis and revealed
that ERP was associated with increased risk for arrhythmia
death in the general population.® However, evidence was
limited at that time, and it may be underpowered to detect
positive effects for particular outcomes or subgroups. There-
fore, we conducted a new meta-analysis to summarize all
published cohort studies and case-control studies to update
the cardiovascular outcomes associated with ERP in the
general population.

Methods

Research Objectives

The primary study endpoint was sudden cardiac arrest (SCA),
including sudden cardiac arrest (International Classification of
Disease, 10th Revision [ICD-10] codes 146.901, 146.902,
146.051), ventricular fibrillation (149.002), and sudden cardiac
death (146.101). The secondary study endpoint was cardiac
death with the underlying cause of death consistent with a
cardiovascular disease (I10-179), because we hypothesized
that the incidence of cardiac death should be increased if ERP
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was proarrhythmic. In addition, we included an analysis of
death from any cause, which is a hard, verifiable endpoint and
not subject to classification errors.

Search Strategy

We searched the publications listed in the electronic
databases MEDLINE (source PubMed, January 1, 1966 to July
31, 2015) and EMBASE (January 1, 1980 to July 31, 2015)
using the following text and key words in combination both as

MeSH terms and text words: “early repolarization,” “J-wave,”
“cardiac,” “cardiovascular,” “death,” “mortality,” “ventricular
fibrillation,” “sudden cardiac death,” “cardiac arrest.” We

searched articles published in any language and scrutinized
references from these studies to identify other relevant
studies.

Study Selection

To minimize differences among studies, we imposed the
following methodological restrictions for the inclusion criteria:
(1) Studies were used that contained the minimum informa-
tion necessary to estimate the relative risk (RR) associated
with ERP and a corresponding measure of uncertainty (ie, 95%
confidence interval [Cl], standard error, variance, or P value of
the significance of the estimate). (2) Cohort studies were
used, ie, case-control studies published as original articles
(case reports and prevalence studies were excluded). (3)
Studies used had to be independent. In case of multiple
reports on the same population or subpopulation, we
considered the estimates from the most recent or most
informative reports. In instances of multiple publications, the
most up-to-date or comprehensive information was used. The
study was determined to be exempt by the Institutional
Review Board of the First Affiliated Hospital of Sun Yat-Sen
University.

Data Abstraction and Quality Assessment

Three authors (Y.J.C., X.X.L., C.C.).) independently extracted
the data. The following data were extracted from each study:
first author’s name, publication year, geographical location,
sex category, mean age, study size, study design, sampling
framework, study population, number of cardiovascular
events, covariates adjusted for in the multivariable analysis,
and RRs and the associated measure of variance. When
available, we used the most comprehensively adjusted risk
estimates. The Newcastle-Ottawa quality assessment scale
(NOS) was used to evaluate the quality of observational
studies. We developed the evaluation criteria. The score
ranged from O to 9 points for cohort and case-control studies,
with a higher score indicating higher study quality.

Statistical Analysis

The RR was used as a measure of the association between
ERP and cardiovascular risk. For case-control studies,
the odds ratios (ORs) were transformed into RRs using the
formula RR=OR/[(1—Pg)+(PoxOR)], in which Pq is the
incidence of the outcome of interest in the reference group.”

When available, we used the most comprehensively
adjusted risk estimates reported in the original manuscript
for the meta-analysis. When actual RR was not available, we
calculated RRs and 95% Cls using Stata (College Station, TX)
version 11.0. Summary RRs (95% Cl) were calculated by
pooling the study-specific estimates using a random-effects
model that included between-study heterogeneity (parallel
analyses used fixed-effects models) because significant
heterogeneity was anticipated among studies. Pooled RRs
were expressed with 95% Cls. We calculated the 1” (95% Cl)
statistic to assess heterogeneity across studies, applying the
following interpretation for 1% <50%=low heterogeneity; 50%
to 75%=moderate heterogeneity; >75%=high heterogeneity.®°
Subgroup analyses and meta-regression models were car-
ried out to investigate potential sources of between-study
heterogeneity.

We calculated absolute difference in risk per 100 000
population year with ERP as ([RR—1]xly), where RR indicates
pooled RRs and I, was the cumulative incidence of events
among the population without ERP. On the basis of popula-
tion-based cohort studies, |y was estimated by weighting each
study by its sample size.'®'" We calculated the population-
attributable fraction (PAF) as {prevalence of ERPx(RR—1)/
(prevalence of ERPx[RR—1]+1)}, where RR indicates pooled
RRs.'? On the basis of population-based cohort studies, the
average prevalence of ERP was estimated by weighting the
result of each study by its sample size. Small study bias,
consistent with publication bias, was assessed with a funnel
plot, by the Begg adjusted rank correlation test, and by the
Egger regression asymmetry test. We used STATA, version
11.0 (Stata Corp, College Station, TX) for all analyses.
Statistical tests were 2 sided and used a significance level
of P<0.05.

Results

Study Selection

With the search strategy, 1259 unique citations were initially
retrieved. Of these, 259 articles were considered of interest,
and full text was retrieved for detailed evaluation. Two
hundred thirteen articles with no relevant outcomes were
excluded, and another 30 articles were excluded because they
did not provide enough data to estimate RR, leaving 16
studies for final inclusion in the meta-analysis. The study by

DOI: 10.1161/JAHA.116.003375

Journal of the American Heart Association 2

HDOYVIASHY TVNIDIYO



Early Repolarization and Death Cheng et al

Klatsky et al was excluded because it only examined ECG in a
small proportion of patients undergoing health examination,
and the prevalence of ERP might be underestimated'®
(Figure S1).

Study Characteristics

A total of 334 524 subjects were included in the 16 eligible
studies, of whom 60.6% were men. Five studies were based in
Europe, 7 in North America, 3 in East Asia, and 1 was
multinational. There were 12 population-based cohort studies
and 4 case-control studies."*%'*2% Four studies investigated
only Asians, 5 studies included only whites, and 7 studies
involved multiethnic populations. Of the primary studies,
100% had described independent, consecutive sampling of
their cohort. Average follow-up duration ranged from 6.4 to
30.0 years. Patients were followed up for an average of over
10 years in a majority of studies (75.0%). The sizes of the
cohorts ranged from 852 to 211 920, with the 5 largest
studies recruiting over 10 000 participants. The endpoint of
SCA was reported in 8 studies, cardiac death was reported in
8 studies, and death from any cause was reported in 9
studies, respectively (Tables S1 and S2). Adjusted RRs could
be determined for all cohort studies and 3 of the case-control
studies. Most risk estimates were adjusted for age (14
studies) and sex (14 studies). Eleven studies (68.8%) reported
an adjusted estimate for at least 1 of the cardiovascular risk
factors: BMI (9 studies), cholesterol (4 studies), diabetes (4

studies), hypertension (9 studies), smoking (8 studies), heart
rate (8 studies), and history of coronary heart disease (5
studies) (Tables S1 and S2).

Association With SCA, Cardiac Death, and Death
From Any Cause

Figures showed the results from the random-effects model
(parallel analysis with fixed-effects model) combining the
RRs for the 3 outcomes. Overall, subjects with ERP,
compared with the reference group, experienced a signif-
icantly increased risk for developing SCA (RR 2.18; 95% ClI
1.29-3.68; P=0.003) (Figure 1), cardiac death (RR 1.48;
95% Cl 1.06-2.07; P=0.02) (Figure 2), and death from any
cause (RR 1.21; 95% Cl 1.02-1.42; P=0.03) (Figure 3),
respectively. Four cohort studies used sudden cardiac death
as the endpoint of interest, involving 39 587 patients and
1118 events. ERP was significantly associated with
increased risk of sudden cardiac death (RR 1.33; 95% ClI
1.13-1.57; P<0.001]), with no evidence of significant
between-study heterogeneity (I?=0%; 95% Cl 0-84.69;
P=0.51) (Figure S2).

There was evidence of considerable heterogeneity of RRs
across these studies. Risk estimates did not materially
change after analyses with fixed-effect models, inclusion of
the studies with adjusted RRs, or exclusion of the 1 largest
and the outlier studies, yet substantial heterogeneity was
still present. When the analysis was confined to those large

Source, y ERP (+) ERP (-) RR (95% Cl) Weight (%)
E Subjects) E /Subj

.
Case—control » H
Rosso R, 2008 19/35 26/134 —— 2.49 (1.56,3.74) 14.05
Haissaguerre M, 2008 64/86 142/533 ! —— 7.24 (4.96, 9.88) 14.60
Kim S, 20127 5/9 20/76 — 3.00 (0.86, 7.59) 929
Cappato R, 2010°* 10/118 11/268 —B— 1.61 (0.92,2.32) 13.89
Subgroup, random-effects O 3.09 (1.40, 6.79) 51.84
Subgroup, fixed-effect ' <> 3.61(2.87,4.53)
. ,

L}
Prospective cohort !
Hiamatsu T, 2012 1/264 11/7366 i 2.54(0.33,19.57) 4.61

19

Olson K, 2011 58/1866 179/13275 -+ 1.23 (0.87, 1.75) 14.57
Tikkanen J, 2008° 61/630 736/10234 B 1.29 (1.06, 1.57) 1525
Subgroup, random-effects <> H 1.28 (1.08, 1.52) 34.44
Subgroup, fixed-effect << E 1.28 (1.08, 1.52)
. H
Retrospective cohort H
Haruta D, 2011”7 27/1429 45/4523 —B— 1.83 (1.12,2.97) 13.72
Subgroup, random-effects _ 1.83 (1.12, 2.98) 13.72
Subgroup, fixed-effect S 183 (112,298)

'
Overall, random-effects <> 2.18(1.29, 3.68) 100.00
Overall, fixed-effect < 1.85(1.63,2.12)

H

T T T
1 2 4 8
RR (95% CI)

Figure 1. Forest plot showing relative risk for SCA associated with ERP. The size of each square is proportional to the study’s weight (inverse
of variance). ERP indicates early repolarization pattern; RR, relative risk; SCA, sudden cardiac arrest.
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Source, y ERP (+) ERP (-) RR (95% Cl) Weight (%)
(Events/Subjects) (Events/Subjects)

i

Prospective cohort !
1

Hiamatsu T, 2012 14/264 159/7366 —— 2.54 (1.40, 4.58) 11.48
Sinner M, 2010' 89/812 422/5401 : = 3.4 (1.44,9.53) 7.41
Tikhanoff, L, 2014 29/1249 55/3790 —— 0.90 (0.5, 1.45) 13.01
Singh V, 2013" 38/301 431/4479 —l— 1.30 (0.99, 1.71) 15.94

H
Tikkanen J, 2008° 157/630 1820/10234 - 131 (1.12, 1.54) 17.13
Rollin A, 2012°° 11/159 13/1002 H L ] 5.60 (2.27, 11.80) 8.62
Subgroup, random-effects <:> 1.74 (1.21, 2.49) 73.59
Subgroup, fixed-effect O 1.38(1.22,1.57)

:

:
Retrospective cohort H
Uberoi A, 2011° 29/664 1966/28617 - 1.21(0.59, 2.48) 9.84

L}
Haruta D, 201" 100/1423 434/4523 - ! 0.75 (0.60, 0.93) 16.57
Subgroup, random-effects <:> E 0.84 (0.56, 1.25) 26.41
Subgroup, fixed-effect <> H 0.78 (0.63, 0.96)

L}

L}
Overall, random-effects — 148 (1.06, 2.07) 100.00
Overall, fixed-effect <> H 1.19(1.07, 1.32)

:

1

1 . 1 1 1
5 1 2 4 8
RR (95% CI)

Figure 2. Forest plot showing relative risk for cardiac death associated with ERP. The size of each square is proportional to the study’s weight
(inverse of variance). ERP indicates early repolarization pattern; RR, relative risk.

prospective cohort studies, the overall combined RR for
SCA still reached statistical significance (RR 1.28; 95% ClI
1.08-1.52), but heterogeneity was decreased to 0%.
However, moderate to high heterogeneity was still present
for risk of cardiac death and death from any cause

(Table 1). For the endpoint of SCA, the pooled OR from
case-control studies (for which the OR-to-RR conversion
was not used) was 4.25 (95% Cl 1.84-9.81), significantly
higher than the pooled RR from cohort studies (RR 1.33;
95% Cl 1.13-1.57; P=0.005).

Source, y ERP (+) ERP (-) RR (95% Cl) Weight (%)
(Events/Subjects) (Events/Subjects)

'
Prospective cohort H
Sinner M, 2010’ 244/812 1252/5401 : 1.87(1.03,3.37) 522
Ilkhanoff, L, 2014" 97/1249 165/3790 —— 1.07 (0.81, 1.42) 10.63
Stavrakis S, 2012 170/852 34257 . 1.49 (1.05, 2.12) 9.08
Tikkanen J, 20083 423/630 5730/10234 -.- 1.14 (1.03, 1.26) 14.38
Olson K, 2011" 585/1866 2970/13275 E 3 1.40 (1.28,1.53) 14.54
Rollin A, 2012 22/159 55/1002 [ S 2.45 (1.44, 4.15) 6.02
Aagaard P, 2014”" 370/3450 27101/208470 E 3 E 0.98 (0.89, 1.07) 14.50
Subgroup, random-effects 0 1.28 (1.08, 1.53) 74.37
Subgroup, fixed-effect 0: 1.18(1.12,1.25)
: :
Retrospective cohort H
Shulman E, 2013 56/532 3740/33412 4. 1.15 (0.89, 1.50) 11.07
Haruta D, 2011" 624/1423 2262/4523 = E 0.85 (0.78, 0.93) 14.56
Subgroup, random-effects <> 0.96 (0.72, 1.29) 25.63
Subgroup, fixed-effect 0 E 0.88 (0.81, 0.95)

'
Overall, random-effects 0 1.21 (1.02, 1.42) 100.00
Overall, fixed-effect O E 1.09 (1.04, 1.14)

H

T * T T T
5 1 2 4 8
RR (95% CI)

Figure 3. Forest plot showing relative risk for death from any cause associated with ERP. The size of each square is proportional to the study’s
weight (inverse of variance). ERP indicates early repolarization pattern; RR, relative risk.
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Neither funnel plots nor Egger and Begg tests showed
evidence of publication bias for aborted SCA (Egger, P=0.56;
Begg, P=0.54), cardiac death (Egger, P=0.67; Begg,
P=0.27), and death from any cause (Egger, P=0.78; Begg,
P=0.18) (Figure S3).

Stratified Analyses

To further explore study heterogeneity, we performed strat-
ified analyses across a number of key study characteristics
and clinical factors. Level of adjustment, follow-up duration,
age, publication year, or sex category were not significant
sources of heterogeneity. There was some evidence that type
of studies and race seemed to be associated with the risk for
SCA. Case-control studies showed higher risk estimates than
prospective cohort studies and retrospective cohort studies
(P=0.04). In addition, SCA associated with ERP appeared to be
more evident in Asians (RR 2.01; 95% ClI 1.30-3.10)
compared with whites (RR 1.50; 95% Cl 1.08-2.07) and
African Americans (RR 0.82; 95% Cl 0.52-1.30; P=0.01).
However, increased risks of cardiac death and death from any
cause were observed only in whites (RR 2.19; 95% Cl 1.29—
3.73 for cardiac death; RR 1.18; 95% Cl 1.03—1.35 for death
from any cause), not in Asians (RR 1.34; 95% Cl 0.41-4.41 for
cardiac death; RR 0.85; 95% Cl 0.78—0.93 for death from any
cause) or African Americans (RR 0.75; 95% Cl 0.32—1.79 for
cardiac death; RR 0.96; 95% Cl 0.83—1.10 for death from any
cause). Notably, the finding of increased risk for SCA, cardiac
death, and death from any cause in subjects with ERP was
consistently found in studies with prospective cohorts or
adjustments for multiple cardiovascular risk factors. In
addition, risk estimates for all 3 outcomes were consistently
higher in women than in men, but the difference was not
statistically significant (Table 2).

Assessment of Outcomes According to Early
Repolarization Pattern

Subjects with J-point elevation of at least 0.1 mV in the
inferior leads had a higher risk of SCA (RR 2.06; 95% Cl 1.31—
3.22; P=0.002), cardiac death (RR 1.76; 95% Cl 1.14-2.74;
P=0.01), and death from any cause (RR 1.41; 95% Cl 1.05—
1.89; P=0.02) than did those without this abnormality.
Subjects with J-point elevation of more than 0.2 mV on
inferior leads had an increased risk of death from any cause
(RR 1.54; 95% Cl 1.06—2.24; P=0.02) and markedly elevated
risks of SCA (RR 2.92; 95% Cl 1.45-5.89; P=0.003) and
cardiac death (RR 2.98; 95% Cl 1.83—-4.86; P<0.001). J-point
elevation in the lateral leads was of significance in predicting
death from any cause (RR 1.21; 95% CI 1.07—-1.36; P=0.002),
but it did not predict SCA (RR 1.05; 95% CI 0.64-1.71;

P=0.86) or cardiac death (RR 1.35; 95% Cl 0.95-1.94;
P=0.10). J-point elevation in both inferior and lateral leads was
associated with increased risk for SCA (RR 2.74; 95% Cl 1.69—
4.44; P<0.001) but not for cardiac death (RR 1.36; 95% ClI
0.74-2.48; P=0.32) or death from any cause (RR 1.20; 95% ClI
0.85—1.69; P=0.30) (Table 3).

Notching configuration was associated with increased risks
of SCA (RR 1.46; 95% Cl 1.18-1.80; P=0.001), cardiac death
(RR 1.77; 95% CI 1.33-2.37; P<0.001]), and death from any
cause (RR 2.12; 95% Cl 1.15-3.91; P=0.02). Slurring config-
uration conferred slightly increased risk for death from any
cause (RR 1.19; 95% CI 1.03—1.37; P=0.02) but not for SCA
(RR 1.60; 95% Cl 0.99-2.58; P=0.06) or cardiac death (RR
1.21; 95% Cl 0.96—1.52; P=0.11). Compared to those without
ERP, the population with a horizontal or descending ST
segment had increased risks for SCA (RR 2.03; 95% CI 1.10—
3.74; P=0.02), cardiac death (RR 6.93; 95% Cl 2.76—17.43;
P<0.001), and death from any cause (RR 2.29; 95% CI 1.52—
3.45; P<0.001). However, a rapidly ascending ST segment did
not seem to be associated with all 3 outcomes (RR 1.01; 95%
Cl 0.72—1.41 for SCA; RR 1.07; 95% CI 0.77—1.48 for cardiac
death; RR 1.25; 95% Cl 0.95—-1.64 for death from any cause)
(Table 3). Examples of ERP with benign and malignant
patterns are shown in Figure S4.

Absolute Risk Estimates and PAF Calculation

The population without ERP experienced an average of 118.3
(95% Cl 110.4-126.5) cases of SCA, 474.2 (95% Cl 459.6—
489.0) cases of cardiac death, and 1520.9 (95% CI 1505.5—
1536.4) cases of death from any cause per 100 000 subjects
per year. As compared with no ERP, ERP was associated with
an estimated 139.6 (95% Cl 130.3—-149.3) additional SCAs,
227.6 (95% Cl 220.6—234.7) additional cardiac deaths, and
319.4 (95% Cl 316.2-322.6) additional deaths from any cause
per 100 000 person-years.

From 8 population-based studies that reported information
on prevalence of ERP, we could calculate that the average
prevalence of ERP in the general population was 6.7% (95% CI
2.5-17.7). From the combined summary estimates obtained
from all studies, PAF of the 3 outcomes due to ERP could be
estimated to be 7.3% (95% Cl 1.9—15.2) for SCA, 3.1% (95% ClI
0.4-6.7) for cardiac death, and 1.4% (95% Cl 0.1-2.7) for
death from any cause.

Discussion

The present meta-analysis, involving 334 524 individuals from
16 studies has found increased risk of SCA, cardiac death,
and death from any cause in subjects with ERP. The increased
risk was present predominantly in Asians and whites but not
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3 in African Americans. J-point elevation in inferior leads,
E ° - notching configuration, and horizontal or descending ST
1%}
- 3 g segment appeared to connote poor cardiovascular outcomes.
>
3 In absolute risk, ERP would account for an estimated 139.6
— Py el
215 g additional SCAs per 100 000 subjects per year and 7.3% of
N — » . .
5 O |k S SCAs in the general population.
© ® | ]
5 fT i < Early repolarization is very commonly observed in the
x NN = pediatric population, men, athletes, and African Americans.?’
o 3 After puberty, the prevalence of an ERP pattern increases in
©
o | N s men and decreases in women, suggesting a possible influence
LQNIT S . . .
- ol & 8 of reproductive hormones.”® J-wave amplitude increases
Tg23B - | & = duri ;
- uring slow heart rates as well as in a short-long-short
$|a 58 S| @ g
F ELB 3|8 g sequence.”’ Circadian variation of the J-wave amplitude is
>
2 = also known to occur in concordance with vagal tone.
< jo3
= — g L . . .
S _ | @ 3 Sympathetic stimulation by isoproterenol and sodium channel
e 3|38 g .
s| T£8 |3 : blockers could attenuate the J-wave amplitude.®
8§ E43 8|2 £ The underlying mechanisms involved in the association
o T between ERP and mortality remain uncertain, but several
» +
3 " . .
s ey = lausible explanations have been suggested. The J wave on
> © &
< < ) electrocardiography is inscribed as a consequence of the
© . . . . .
=& g presence of a prominent l,-mediated action potential notch in
?\I.’- ':r 4 epicardium, but not endocardium giving rise to a transmural
g § E »i voltage gradient. Further accentuation of I, eventually leads to
S Y 5 disproportionate shortening of the epicardial action potential
2 s ® 5 . T
& | £ and phase 2 reentry and thus to ventricular fibrillation or
Q o e . .
8|~ s SCA.?" However, it is also possible that an ERP pattern might
T o o g serve as an underlying electrophysiological substrate that may
Tg$g = | ¥ g . . : A .
) N z require a trigger to increase sudden death risk. Under certain
o =] N =3 S oy . g . .
s " =2 o - conditions known to predispose to additional repolarization
© ~ . . .
a - g § B heterogeneity, such as ST-segment elevation myocardial
o - u 5 %] . . . . . .
2 i i § ST L 2. infarction, hypokalemia, and heart failure, patients with ERP
5 : N8 sy . L
S| Bda AR S Y- may be at increased arrhythmic risk.%?
s T3 y y
. g gf There are several findings regarding ERP pattern and
= IS
s o~ § £38 stratified analyses that need to be addressed. First, our
= — c g"c
< ° 2 2§ results indicated that J-point elevation in inferior leads rather
> >
=& : £ g than lateral leads was associated with an increased risk of
© | o 8 = . . . .o .
2R 2 ;; SCA. One explanation was that J-point elevation in inferior
= < | o 2 . B
S =8 2 I3 leads might represent a moderately arrhythmogenic substrate
) |- 3 = = . . . .
= @olo| 2 3o that facilitates polymorphic ventricular arrhythmias, sup-
x s 1_' °© ‘(7; © . . . . e .
& Al CH orted by evidence that arrhythmias in idiopathic VF are
g ©F
8 B usually triggered by ventricular extrasystoles with an inferior
o | o Q2 c t
O | < ° .S .. . .
T () £ 2 origin.®® Nevertheless, presence of a J-point in lateral leads
P = il I 54 L . » oo . . .
o 8= 5ol 22838 E often involves vagal-mediated bradycardia and subsequent
e 53 - | © EL 33
s 1) 22 E5 increase of I, current in the lateral left ventricle, which might
Q D = = . . .
. c 225 not be arrhythmogenic even in the presence of ventricular
T2 8|8 5882
S te8 I8 ges¢g extrasystoles.®* Second, notching configuration rather than
e S| %23 SIS §2E¢
2 P weo —|>| g32c5 slurring configuration confers increased arrhythmic risk. The
c S o S
e L oo & > oL epe . . . . .
‘g’ 5 = % é % possibility exists that some instances of slurring configuration
© g olo § o §§ may be due to delayed depolarization, which may be
] 9 - . N . o . o .
z 08 B S5 E *Z < E completely benign while producing ECG findings similar to
o 5| = 5 2 .
= g8 S |VI|A| E 338 ERP. However, the study by Haissaguerre et al found no
© w»| o a 3 o . ope T .
[ 526 significant association between presence of late ventricular
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potentials and QRS slurring.?® Third, ERP with a horizontal or
descending ST segment is associated with poor cardiovascu-
lar outcomes, whereas this is not the case for ERP with a
rapidly ascending ST segment. ERP with a rapidly ascending
ST segment is generally believed to result from transmural
heterogeneity mediated by I, current in the plateau phase of
the myocardial action potential. It usually occurs during vagal
stimulation, which generally protects from lethal ventricular
arrhythmias.®® Fourth, why does ERP confer increased risk of
SCA and cardiac death in whites and Asians but not in African
Americans? One explanation is that ERP could be a single
phenotypic manifestation of a diverse array of genotypes,
which might be differentially distributed among various racial
groups. Some genotypes may inherently increase risk of
malignant arrhythmia, whereas others might be relatively
benign while producing similar ECG findings.'® It is also
possible that ERP with a rapidly ascending ST segment, which
is a relatively benign phenotype, is more prevalent in African
Americans than in other races.® In addition, African Amer-
icans with ERP were younger and less likely to have
pathologic Q waves or coronary heart disease than other
populations, which may account partly for the racial disparity
of cardiovascular outcomes.>®

Compared with our previous meta-analysis, the present
study included an addition of 8 new primary studies and
~200 000 subjects, which might provide more robust
findings.'#'%18:21:22:24.26 Tharefore, the higher risk estimates
observed for all 3 outcomes in this study might be attributable
to the larger sample size. In absolute terms an addition of
139.6 SCAs and 474.2 cases of cardiac death occurred per
100 000 subjects per year associated with ERP in this study.
Given that the absolute risk is not small and that ERP is a
common electrocardiographic finding around the world, the
total number of excess SCAs and cardiac deaths may not be
negligible. Therefore, developing a reliable way is of great
importance to risk-stratify the patients at high risk. On the
other side, the recognition of the benign forms is equally
important to reassure the patients. Currently, however, there
is neither a reliable provocative drug being tested to augment
ERP, nor any value in performing electrophysiological studies
and familial genetic screening.37 Therefore, further studies,
including well-designed clinical and experiment studies, are
warranted to develop a reliable prognostic tool for risk
stratification of patients with ERP pattern.

Strengths of this meta-analysis include the strict inclusion
criteria, the large number of patients analyzed, the robustness
of the findings in sensitivity analyses, and the fact that all
subgroup analyses were prespecified a priori. The absence of
important publication bias supports the robustness of the
study findings. Still, there were some study limitations. First, a
large amount of heterogeneity was observed in the results of
the various studies. Inclusion of different types of studies into

1 meta-analysis may also introduce heterogeneity into the
results. Although study type and race adjustment seem, at
least in part, to explain this finding, heterogeneity still exists
in the outcomes of cardiac death and death from any cause.
Despite this, the consistency of the finding of an increased
risk of SCA among individuals with ERP in both case-control
and cohort studies suggests that the association is valid.
Second, although our study showed a significant association
between ERP and risk of death, we could not establish a
causal link between ERP and poor cardiovascular outcomes
based on the data from observational studies. Third, as the
prevalence of ERP differed among the selected studies, we
could not exclude the possibility of misdiagnosis of ERP.
Fourth, lack of individual participant data may preclude
determining the independent associations of individual vari-
ables with study outcomes. Instead, we used between-study
meta-regressions when possible.

In conclusion, the results from this meta-analysis suggest
that ERP was associated with increased risk of SCA, cardiac
death, and death from any cause, independent of conventional
cardiovascular risk factors. ERP with J-point elevation in inferior
leads, in both inferior and lateral leads, notching configuration,
and horizontal or descending ST segment appears to connote a
higher risk for SCA. The increased risk was present predom-
inantly in Asians and whites but not in African Americans. J-
point elevation in lateral leads, slurring configuration, and
rapidly ascending ST segment appear to be relatively benign
ERP phenotypes. Future clinical and experiment studies should
focus on populations with ERP at high risk, on understanding the
exact mechanisms for cardiovascular risk, on developing
reliable tools for risk stratification, and ultimately on devising
strategies to prevent SCA in subjects with this pattern.
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SUPPLEMENTAL MATERIAL

Table S1. Cohort studies reporting incidence risk estimates.

Study Study type Country Sample Men Ratio  Average Mean End points Adjustment
size (%) of ERP Follow-up age
(%) (years) (years)
Hiamatsu T, Prospective  Japan 7630 40.7 35 15 52.4 Cardiac death, Age, sex, BMI,
2012* cohort study sudden cardiac  smoking, blood
death pressure, heart rate
Sinner M, Prospective  Germany 6213 48.9 54.1 18.9 52 Death from any Age, sex, BMI,
2010 ° cohort study cause, cardiac cholesterol, blood
death pressure, smoking,
heart rate, heart
failure, CHD,
diabetes mellitus
llkhanoff, L, Prospective UK and 5039 45.5 24.8 23 24.8 Death from any Age, sex, race,
20142 cohort study  United states cause, cardiac BMI, cholesterol,
death blood pressure,
smoking, heart rate
Stavrakis S, Prospective United states 852 99.7 69.8 6.4 49 Death from any Age, sex, race,
2012 * cohort study cause BMI, heart rate
Uberoi A, Retrospective United States 29281 87.2 2.3 7.6 55 Cardiac death Age, sex, race
2011° cohort study
Shulman E, Retrospective United states 34351 NA 1.6 12 NA Death from any Age, sex, BMI,
2013 ° cohort study cause blood pressure,
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heart rate, CHD

ERP, early repolarization pattern; BMI, body mass index; CHD, coronary heart disease.

Table S2. Case-control studies reporting incidence risk estimates.

Study Country Sample  Men Ratio of Mean age End points Adjustment
size (%) ERP (%) (years)
Kim S, 2012 South Korea 143 62.3 10.6 49.7 Sudden cardiac arrest None
13
Rosso R, United states 169 71 31.1 38 Ventricular fibrillation Age, sex
2008 **
Cappato R, Iltaly 386 76.2 10.1 27.3 Sudden cardiac death or Propensity scores
2010 ° cardiac arrest
Haissaguerre Europe 618 63.6 31.0 36 Sudden cardiac death Age, sex, race
M, 2008 *°

ERP, early repolarization pattern
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Figure S1. Flowchart of the selection of studies included in meta-analysis.



Source, y ERP (+) ERP (-) RR (95% CI) Weight (%)

(Events/Subjects) (Events/Subjects)

1
Hiamatsu T, 2012 1/264 11/7366

. 2.54 (0.33, 19.57) 0.62

7
Haruta D, 2011 27/1429 45/4523 1.83 (1.12,2.97) 10.91

Tikkanen J, 20089 61/630 736/10234 1.29 (1.06, 1.57) 67.23

Overall, random-effects 1.33(1.13, 1.57) 100.00

Overall, fixed-effect 1.33(1.13, 1.57)
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Figure S2. Forest plot showing relative risk for sudden cardiac death associated with ERP. The size of each square is proportional to the study’s
weight (inverse of variance).
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Figure S3. Funnel plots showing risks for SCA, cardiac death and death from any cause associated with ERP. The horizontal line in the funnel
plot indicates the random-effects summary estimate (using inverse-variance weighting), while the sloping lines indicate the expected 95%
confidence intervals for a given standard error, assuming no heterogeneity between studies. Symmetrical distribution of circles below and above

the horizontal line indicates no evidence of publication bias.
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Figure S4. Representative examples of ERP with benign and malignant patterns. (A) Example of benign ERP with slurring pattern and ascending

ST segment in a healthy subject. (B) Example of malignant ERP with notching pattern and horizontal/descending ST segment in a subject



presenting with cardiac death.
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death pressure, heart rate
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heart rate, CHD

ERP, early repolarization pattern; BMI, body mass index; CHD, coronary heart disease.

Table S2. Case-control studies reporting incidence risk estimates.

Study Country Sample  Men Ratio of Mean age End points Adjustment
size (%) ERP (%) (years)
Kim S, 2012 South Korea 143 62.3 10.6 49.7 Sudden cardiac arrest None
13
Rosso R, United states 169 71 31.1 38 Ventricular fibrillation Age, sex
2008 **
Cappato R, Iltaly 386 76.2 10.1 27.3 Sudden cardiac death or Propensity scores
2010 ° cardiac arrest
Haissaguerre Europe 618 63.6 31.0 36 Sudden cardiac death Age, sex, race
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Figure S1. Flowchart of the selection of studies included in meta-analysis.



Source, y ERP (+) ERP (-) RR (95% CI) Weight (%)

(Events/Subjects) (Events/Subjects)

1
Hiamatsu T, 2012 1/264 11/7366

. 2.54 (0.33, 19.57) 0.62

7
Haruta D, 2011 27/1429 45/4523 1.83 (1.12,2.97) 10.91

Tikkanen J, 20089 61/630 736/10234 1.29 (1.06, 1.57) 67.23
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Figure S2. Forest plot showing relative risk for sudden cardiac death associated with ERP. The size of each square is proportional to the study’s
weight (inverse of variance).
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Figure S3. Funnel plots showing risks for SCA, cardiac death and death from any cause associated with ERP. The horizontal line in the funnel
plot indicates the random-effects summary estimate (using inverse-variance weighting), while the sloping lines indicate the expected 95%
confidence intervals for a given standard error, assuming no heterogeneity between studies. Symmetrical distribution of circles below and above

the horizontal line indicates no evidence of publication bias.
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Figure S4. Representative examples of ERP with benign and malignant patterns. (A) Example of benign ERP with slurring pattern and ascending

ST segment in a healthy subject. (B) Example of malignant ERP with notching pattern and horizontal/descending ST segment in a subject



presenting with cardiac death.
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