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Aims There is an urgent need to extend sudden cardiac death (SCD) risk stratification beyond the left ventricular ejec-
tion fraction (LVEF). We evaluated whether a cumulative electrocardiogram (ECG) risk score would improve iden-
tification of individuals at high risk of SCD.

...................................................................................................................................................................................................
Methods
and results

In the community-based Oregon Sudden Unexpected Death Study (catchment population �1 million), 522 SCD
cases with archived 12-lead ECG available (65.3 ± 14.5 years, 66% male) were compared with 736 geographical
controls to assess the incremental value of multiple ECG parameters in SCD prediction. Heart rate, LV hypertro-
phy, QRS transition zone, QRS-T angle, QTc, and Tpeak-to-Tend interval remained significant in the final model,
which was externally validated in the Atherosclerosis Risk in Communities (ARIC) Study. Sixteen percent of cases
and 3% of controls had >_4 abnormal ECG markers. After adjusting for clinical factors and LVEF, increasing ECG
risk score was associated with progressively greater odds of SCD. Overall, subjects with >_4 ECG abnormalities
had an odds ratio (OR) of 21.2 for SCD [95% confidence interval (CI) 9.4–47.7; P < 0.001]. In the LVEF >35% sub-
group, the OR was 26.1 (95% CI 9.9–68.5; P < 0.001). The ECG risk score increased the C-statistic from 0.625 to
0.753 (P < 0.001), with net reclassification improvement of 0.319 (P < 0.001). In the ARIC cohort validation, risk of
SCD associated with >_4 ECG abnormalities remained significant after multivariable adjustment (hazard ratio 4.84;
95% CI 2.34–9.99; P < 0.001; C-statistic improvement 0.759–0.774; P = 0.019).

...................................................................................................................................................................................................
Conclusion This novel cumulative ECG risk score was independently associated with SCD and was particularly effective for

LVEF >35% where risk stratification is currently unavailable. These findings warrant further evaluation in prospec-
tive clinical investigations.
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Introduction

Sudden cardiac arrest is a major cause of mortality in the Western
world, causing >300 000 sudden cardiac deaths (SCD) annually in the
USA alone.1 In a large proportion of patients, SCD is the first manifes-
tation of underlying cardiac disease.2 At present, the left ventricular
(LV) ejection fraction (LVEF) is widely used to identify candidates for
primary prevention therapy with implantable cardioverter-
defibrillators, but this approach has significant and well-recognized
limitations. Importantly, most cardiac arrests occur among subjects
with preserved or only moderately reduced LVEF, who are judged to
be at low risk if only LV function is considered3; therefore, new
markers that will enhance SCD risk stratification are urgently sought.4

Recently published risk scores for SCD have demonstrated the
importance of discovering novel markers that are more specific for
sudden arrhythmic death.5,6 Since SCD ultimately results from a
lethal arrhythmia, electrical markers could be explored further.7 Due
to wide availability and low cost, the 12-lead electrocardiogram
(ECG) is a potentially attractive, non-invasive tool for SCD risk strati-
fication. Several ECG variables, including increased resting heart rate
and markers of abnormal cardiac depolarization and repolarization,
have been previously associated with increased risk of SCD.8–13

However, the discriminative power of individual ECG parameters
has been limited, prompting a search for new approaches that
employ the ECG as a risk predictor.4 Most importantly, none of the
existing SCD risk scores have incorporated and compared the role
of the LVEF, the current major clinically utilized risk predictor of
SCD.

Since SCD risk represents the sum of several different risk-
inducing processes and factors, it is possible that a combination of
ECG parameters reflecting abnormalities in different phases of the
cardiac electrical cycle could convey more information than a single
parameter alone. A proof-of-concept study from the Oregon
Sudden Unexpected Death Study (Oregon SUDS) has recently dem-
onstrated that the combined use of a few selected ECG parameters
may result in improved SCD risk prediction.14 In the present study
from the Oregon SUDS, we assessed the incremental SCD risk asso-
ciated with the presence of multiple ECG risk markers that have each
individually been associated with SCD. Moreover, we evaluated
whether this ECG-based approach would improve the risk prediction
models beyond the LVEF, and then sought to validate these associa-
tions in an independent cohort.

Methods

Ascertainment of sudden cardiac death
cases and controls
The Oregon SUDS is a population-based case-control study investigating
out-of-hospital cardiac arrests in the Northwestern USA, with ongoing
prospective identification of cases. The rationale and methods of the
study have been described in detail previously.15 In brief, between 1
February 2002 and 31 January 2015, all cases of suspected out-of-hospital
cardiac arrest (including survivors) were prospectively identified in the
Portland, Oregon metropolitan area, with a population of approximately
one million. Sudden cardiac death definition, adjudication process, and
enrolment of controls are explained in more detail in Supplementary
material online, Methods.

Controls were recruited from the same geographical area to represent
individuals at risk for SCD, but with no history of ventricular arrhythmias
or cardiac arrest. Since coronary artery disease (CAD) is responsible for
SCD in the majority of cases, controls were ascertained so that they
would represent a similar distribution of CAD as SCD cases,3 making it
possible to identify factors specific to SCD.

The present analysis was restricted to >_18-year-old subjects with 12-
lead ECGs and medical records available. Demographics and past clinical
history were determined from the medical records in a uniform fashion
for cases and controls. Left ventricular ejection fraction was determined
from archived echocardiograms, performed prior and unrelated to car-
diac arrest. The study was approved by the institutional review boards of
Cedars-Sinai Medical Center, Oregon Health and Science University, and
all participating hospitals and health systems.

Electrocardiographic analysis
All cases and controls included in this study had an archived resting
12-lead ECG available for the analysis with paper speed of 25 mm/s and
calibration of 10 mm/mV. ECGs prior and unrelated to the cardiac arrest
were obtained for cases [a median of 324 days prior to arrest (interquar-
tile range 65–981)]; for 67% the ECG was obtained within 2 years of
SCD. If multiple ECGs were available, the one closest to the cardiac
arrest was chosen. Electrocardiograms with atrial fibrillation or atrial flut-
ter, left or right bundle-branch block (LBBB/RBBB), II/III-degree atrioven-
tricular block, pre-excitation, or paced rhythm were excluded from the
analysis, since they impeded the assessment of the ECG parameters
under study. Heart rate, QRS duration, LV hypertrophy (LVH), delayed
intrinsicoid deflection, QRS transition zone, frontal QRS-T angle, QTc
interval, and Tpeak-to-Tend (TpTe) interval were analysed from the
ECG. QTc interval >450 ms for men and >460 ms for women was con-
sidered prolonged.16 Detailed description of the ECG analysis is included
in Supplementary material online, Methods.

Statistical analysis
Independent sample t-tests and Pearson’s v2 tests were used for bivariate
case-control comparisons of continuous and categorical variables,
respectively. Heart rate, QRS duration, QRS-T angle, QT interval and
TpTe interval were modelled separately as categorical and continuous
variables; LVH, delayed intrinsicoid deflection and QRS transition zone
were modelled only as categorical variables. In subsequent analyses, LV
function was categorized as severely reduced (LVEF <_35%) or not
severely reduced (LVEF >35%).

Multivariable logistic regression analysis used to determine the associa-
tion of multiple ECG risk markers with SCD risk is described in more
detail in Supplementary material online, Methods. Model fit was evaluated
with the Hosmer–Lemeshow goodness-of-fit test, and model discrimina-
tion with the C-statistic. Net reclassification improvement (NRI) was cal-
culated comparing the baseline model including age, sex, hypertension,
diabetes, and LVEF to the model including these and the ECG score.
We calculated a category-based NRI with categories defined by
predicted probability of SCD from the logistic regression model: <0.50
low, 0.50–0.69 intermediate, and >_0.70 high. All statistical calculations
were performed using SAS 9.3 (SAS Institute Inc, Cary, NC, USA). For all
analyses, values of P <_ 0.05 were considered statistically significant.

External validation in the Atherosclerosis
Risk in Communities Study
A detailed description of the design of the Atherosclerosis Risk in
Communities (ARIC) Study has been published previously.17 Briefly,
ARIC is a prospective, multicentre general population cohort study
of 15 792 participants (45% male, 74% white) aged 45–65, enrolled

3018 A.L. Aro et al.

Deleted Text: INTRODUCTION
Deleted Text: &thinsp;
Deleted Text: ,
Deleted Text: nited 
Deleted Text: tates
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: .
Deleted Text: ,
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: .
Deleted Text: METHODS
Deleted Text: SCD
Deleted Text: C
Deleted Text: C
Deleted Text:  
Deleted Text: .
Deleted Text:  1<sup>st</sup>,
Deleted Text: SCD
Deleted Text: l
Deleted Text:  
Deleted Text: ,
Deleted Text: &thinsp;
Deleted Text: LVEF
Deleted Text: A
Deleted Text: (
Deleted Text: [
Deleted Text: )
Deleted Text: CG
Deleted Text: left ventricular
Deleted Text: z
Deleted Text: &thinsp;
Deleted Text: &thinsp;
Deleted Text:  
Deleted Text: .
Deleted Text: A
Deleted Text: chi-square
Deleted Text: &thinsp;
Deleted Text: &thinsp;
Deleted Text: -
Deleted Text: &thinsp;
Deleted Text: -
Deleted Text: &thinsp;
Deleted Text: V
Deleted Text: A
Deleted Text: R
Deleted Text: C
Deleted Text: S
Deleted Text:  
Deleted Text: .
Deleted Text: e
Deleted Text: ,


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
1987–1989. The follow-up continued until 31 December 2002 including
annual telephone calls, subsequent visits, local hospital surveillance, and
searching the National Death Index. The outcome used for the present
analysis was adjudicated out-of-hospital SCD,6 defined as a sudden pulse-
less condition in a previously stable individual without evidence of a non-
cardiac cause of cardiac arrest.

Electrocardiograms from the baseline visit were independently eval-
uated for the six ECG risk markers that were independently associated
with SCD in the Oregon SUDS population, using the same exclusion cri-
teria, as described in Supplementary material online, Methods. Hazard
ratios (HR) with 95% confidence intervals (CIs) were calculated using
Cox proportional hazards model, with adjustments for age, sex, diabetes,
and hypertension.

Results

Demographic and clinical characteristics
During the 13-year period of the Oregon SUDS, a total of 3361 SCD
cases were enrolled, and 1089 (32%) of these had at least one pre-
arrest ECG available. After excluding 136 subjects with only non-
sinus rhythms such as atrial fibrillation/flutter, those with LBBB
(n = 56), RBBB (n = 61), and additional 314 patients who were missing
measurements of one or more of the parameters of the ECG risk
score, the final analysis included 522 SCD cases with complete ECG
data that were compared with 736 controls. Demographics and clini-
cal history of the study subjects are presented in Table 1. No differ-
ence in age and sex was observed between cases and controls, but
cases were less likely than controls to be of white European descent,
and more likely to be current smokers, and to have diabetes and
hypertension. Consistent with sampling of the control population,
controls were more likely to have a prior history of known CAD
than cases.

Electrocardiographic findings in cases
and controls
Table 2 summarizes the unadjusted ECG findings in SCD cases and
controls. All ECG parameters studied differed between the two
groups and were significantly associated with SCD in univariate analy-
sis. Cases had higher heart rate (78 ± 18 vs. 67 ± 14 bpm; P < 0.001),
wider QRS duration (95 ± 16 vs. 93 ± 15 ms; P = 0.003), longer QTc
(453 ± 39 vs. 422 ± 32 ms; P < 0.001) and TpTe intervals (87 ± 18 vs.
81 ± 15 ms; P < 0.001), and wider QRS-T angle (61 ± 51 vs. 44 ± 41�;
P < 0.001) than controls. Markedly delayed QRS transition, signs of
LVH and delayed intrinsicoid deflection were also more prevalent
among cases than controls. When all ECG parameters were entered
together with age and sex in multivariable models, QRS duration and
delayed intrinsicoid deflection lost statistical significance (P >_ 0.20)
and were omitted from further modelling. The final ECG risk model
included elevated heart rate >75bpm, LVH (according to Sokolow–
Lyon or Cornell criteria), delayed QRS transition zone >_V5, wide
frontal QRS-T angle >90�, prolonged QTc interval (>450 ms in men;
>460 ms in women) and prolonged TpTe >89 ms.

The cumulative number of these ECG abnormalities was signifi-
cantly higher in cases than controls. Only 37% of SCD cases had a
low ECG risk score (0–1 abnormalities), compared with 74% of the
controls. In contrast, 16% of cases had a high ECG risk score of >_4,
while just 3% of controls presented with a high ECG score

(P < 0.001) (Figure 1). As the ECG risk score increased, prevalence of
cardiovascular risk factors and documented CAD increased among
study subjects as demonstrated in Table 3.

Risk of sudden cardiac death associated
with cumulative electrocardiogram
abnormalities
In the presence of one or more ECG abnormalities, risk for SCD
increased progressively (Figure 1). In the multivariable model, an ECG
risk score of 1 was associated with an odds ratio (OR) of 2.2 (95% CI
1.2–4.1; P = 0.01), risk score of 2 with OR 4.0 (95% CI 2.2–7.5;
P < 0.001) and risk score of 3 with OR 8.3 (4.3–16.1; P < 0.001) for
SCD. With a high ECG risk score >_4, risk of SCD was increased to
OR 21.2 (95% CI 9.4–47.7; P < 0.001). The distribution of abnormal
ECG markers was similar in survivors and non-survivors of cardiac
arrest (P = 0.32), and the association of the ECG risk score with SCD
was similar in survivors and non-survivors (see Supplementary mate-
rial online, Table S1). In additional subgroup analyses, the association
with SCD risk was not markedly different in men and women
(see Supplementary material online, Table S2; P-value for gender
interaction 0.25), or in elderly subjects >_65 years compared with the
younger age group (see Supplementary material online, Table S3;
P-value for age interaction 0.51). When analysis was restricted to
subjects with LVEF >35%, the ECG risk score was highly predictive of
SCD, with OR 26.1 (95% CI 9.9–68.5; P < 0.001) with >_4 ECG abnor-
malities (Table 4). In contrast, in the subgroup with LVEF <_35%,
increasing ECG risk score was not associated with SCD, but the small
number of subjects precluded reliable estimates of effect size in this
group (P-value for LVEF interaction 0.09).

Addition of the ECG risk score to a model including LVEF and
demographic/clinical factors resulted in significant improvement in
the receiver operating characteristic curve. The C-index for the
model with LVEF, age, sex, hypertension, and diabetes was 0.625, and
addition of the ECG variables significantly improved model discrimi-
nation, with C-statistic of 0.753 (P < 0.001). Overall net reclassifica-
tion improvement was 0.319 (P < 0.001). The event NRI was 35.4%,
with 42.4% of cases appropriately reclassified into a higher risk group
and 7.0% of cases inappropriately reclassified into a lower risk group.
The non-event NRI was -3.5%, with 10.1% of controls appropriately
reclassified into a lower risk group and 13.5% of controls inappropri-
ately reclassified into a higher risk group. As a sensitivity analysis, an
alternative risk score using different weights on the ECG parameters
was calculated, as described in the Supplementary material online,
Methods. This weighted ECG risk score performed similarly to the
unweighted ECG risk score with C-statistic of 0.760 and NRI of
0.315.

Baseline characteristics and performance
of the electrocardiogram risk markers in
the ARIC cohort
Baseline characteristics of the ARIC cohort are presented in
Supplementary material online, Table S4. Compared with Oregon
SUDS participants, the ARIC participants were significantly younger,
with fewer individuals having hypertension, diabetes and CAD. Only
1.1% of ARIC participants presented with >_4 ECG abnormalities at
the baseline visit, and those were more likely to have CAD and
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..cardiovascular risk factors than the rest of the study population
(see Supplementary material online, Table S5). During the median
follow-up of 14.0 years, 260 SCDs occurred [incidence 1.43 (95% CI
1.26–1.61) per 1000 person-years], with a mean ± SD time from the
baseline visit and ECG to SCD of 7.2 ± 3.6 years. As the number of
abnormal ECG parameters increased from 0 to >_4, cumulative SCD
incidence increased from 0.95% to 6.67% (Figure 2). After adjust-
ments for age, sex, hypertension, and diabetes, participants with ECG
risk score of 1 had an HR for SCD of 1.41 (95% CI 0.94–2.13;
P = 0.098), those with ECG risk score of 2 had an HR 2.65 (95% CI
1.73–4.07; P < 0.001), and those with ECG risk score of 3 had an HR
of 3.86 (95% CI 2.32–6.43; P < 0.001) compared with ECG risk score

of zero. Individuals with a high ECG risk score of >_4 had HR of 4.84
for SCD (95% CI 2.34–9.99; P < 0.001). The C-statistic for the clinical
variables (age, sex, hypertension, and diabetes) and ECG risk score
together was significantly higher than for the clinical parameters alone
(0.774 vs 0.759; P = 0.019).

Discussion

Our analysis from this large community-based study on SCD
revealed several findings. First, we report that combining multiple
ECG variables into a cumulative risk score resulted in significant

....................................................................................................................................................................................................................

Table 1 Demographics and clinical characteristics of sudden cardiac death cases and controls

Demographics Cases (n 5 522) Controls (n 5 736) P-value

Age, years 65.3 ± 14.5 65.8 ± 11.5 0.57

Male 346 (66%) 503 (68%) 0.44

Racea <0.001

White 426 (82%) 665 (92%)

Black 55 (11%) 25 (3.5%)

Hispanic 10 (1.9%) 10 (1.4%)

Other 27 (5.2%) 24 (3.3%)

Smokerb <0.001

Current 165 (40%) 124 (22%)

Former 132 (32%) 237 (42%)

Never 113 (28%) 209 (37%)

Diabetes 205 (39%) 188 (26%) <0.001

Hypertension 387 (74%) 493 (67%) 0.008

History of coronary artery disease 239 (46%) 401 (54%) 0.002

Body mass index (kg/m2)c 30.6 ± 9.8 29.8 ± 6.4 0.12

LVEF <_35%d 51 (21%) 34 (11%) <0.001

Data are presented as mean ± SD or n(%).
SD, standard deviation; LVEF, left ventricular ejection fraction.
aRace information missing for 4 cases and 12 controls.
bSmoking history missing for 112 cases and 166 controls
cBody mass index missing for 116 cases and 26 controls.
dLeft ventricular ejection fraction, missing for 279 cases and 418 controls.

....................................................................................................................................................................................................................

Table 2 Electrocardiographic characteristics of sudden cardiac death cases and controls, and unadjusted odds ratios
for SCD associated with individual parameters

ECG pattern Cases (n 5 522) Controls (n 5 736) Odds ratio (95% CI) P-value

Heart rate >75bpm 266 (51%) 167 (23%) 3.5 (2.8–4.5) <0.001

QRSd >110 ms 72 (14%) 57 (8%) 1.9 (1.3–2.8) <0.001

Prolonged QTca 247 (47%) 114 (15%) 4.9 (3.8–6.4) <0.001

Tpeak-Tend >89 ms 219 (42%) 188 (26%) 2.1 (1.7–2.8) <0.001

QRS-T angle >90� 142 (27%) 103 (14%) 2.3 (1.7–3.1) <0.001

Delayed QRS transition zone 147 (28%) 123 (17%) 2.0 (1.5–2.6) <0.001

Electrocardiographic LVH 83 (16%) 59 (8%) 2.2 (1.5–3.1) <0.001

Delayed intrinsicoid deflection 104 (20%) 107 (15%) 1.5 (1.1–2.0) 0.01

Data are presented as n (%).
ECG, electrocardiogram; CI, confidence interval.
aQTc >450 ms in men and >460 ms in women.
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additive improvement in SCD risk estimation. The ECG parameters
that remained significant in the final model, namely resting heart rate,
LVH, QRS transition zone, QTc interval, QRS-T angle, and Tpeak-to-
Tend interval, are relatively easily obtained from the standard 12-lead
ECG, making the ECG risk score relevant to clinical practice.
Moreover, the ECG risk score remained associated with SCD inde-
pendent of several known SCD risk factors. These results were

replicated in the separate ARIC study, a cohort of community-
dwelling adults. Finally, for the first time, this risk score could be eval-
uated in the context of the LVEF. The findings suggest that especially
among subjects with preserved or only moderately reduced LVEF
currently lacking effective means of SCD risk stratification, the cumu-
lative effect of several ECG risk markers was a particularly strong pre-
dictor of future SCD.

Figure 1 Prevalence of electrocardiogram (ECG) abnormalities in the Oregon SUDS, and risk of sudden cardiac death (SCD) associated with the
ECG risk score. (A) Distribution of ECG abnormalities between SCD cases and controls. ECG parameters included in the model were elevated rest-
ing heart rate, ECG left ventricular hypertrophy, delayed QRS transition, QRS-T angle >90�, prolonged QTc, and prolonged TpTe. (B) Cumulative
risk of SCD associated with the presence of multiple ECG abnormalities. Model adjusted for age, sex, hypertension, diabetes, and left ventricular
function.

....................................................................................................................................................................................................................

Table 3 Demographic and clinical characteristics of Oregon SUDS subjects according to the electrocardiogram risk
score

Score 0 (n 5 343) Score 1 (n 5 390) Score 2 (n 5 247) Score 3 (n 5 175) Score �4 (n 5 103) P-value

Age, years 65.6 ± 11.5 65.3 ± 13.4 65.3 ± 12.8 65.6 ± 13.6 67.1 ± 13.9 0.44

Male 234 (68%) 284 (73%) 156 (63%) 111 (63%) 64 (62%) 0.04

Current smokera 70 (25%) 73 (25%) 70 (38%) 48 (34%) 28 (35%) 0.007

Diabetes 78 (23%) 105 (27%) 88 (36%) 73 (42%) 49 (48%) <0.001

Hypertension 225 (66%) 252 (65%) 188 (76%) 134 (77%) 81 (79%) <0.001

History of coronary artery disease 164 (48%) 172 (44%) 135 (55%) 96 (55%) 73 (71%) <0.001

Body mass index (kg/m2)b 29.0 ± 7.1 30.3 ± 7.6 31.3 ± 8.3 30.3 ± 8.3 29.7 ± 8.7 0.09

ECG parameters in the ECG risk score were heart rate >75 bpm, LVH, delayed QRS transition, QRS-T angle >90� , prolonged QTc, and prolonged TpTe. Data are presented
as mean ± SD or n (%).
SD, standard deviation; LVH, left ventricular hypertrophy; ECG, electrocardiogram.
aSmoking history missing for 112 cases and 166 controls.
bBody mass index missing for 116 cases and 26 controls.
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Most of the individual ECG parameters included in the present
study were independently associated with a doubling or tripling in
odds of SCD. This magnitude of risk may be useful in estimating risk
in the population and creating hypotheses for underlying mecha-
nisms, but higher ORs are needed to predict risk in individual sub-
jects. Since these are rarely obtained with a single, even powerful risk
marker,18 assessing a combination of multiple risk markers represents
a logical next step. In the Oregon SUDS, the presence of >_4 abnor-
mal ECG markers was associated with ORs of over 20 for SCD, the
risk being independent of LV function and multiple clinical character-
istics. The high ECG risk score >_4 appears to be specific for SCD
cases, being observed in 16% of SCD cases and only 3% of controls,
and may extend SCD risk stratification beyond solely relying on LV
function. Based on this study, a particularly interesting target for com-
bining several ECG parameters would be cardiac patients with LVEF
>35% who currently lack means of any effective SCD risk stratifica-
tion. In this group, a high ECG risk score was associated with even
greater risk of SCD, suggesting a potential utility of this approach for
these patients. There are several potential mechanisms that could
explain the relationship between high ECG risk score and SCD. The
presence of multiple ECG abnormalities encompassing both

depolarization and repolarization phases of the cardiac cycle may
reflect more diffuse and complex arrhythmogenic substrates.
Furthermore, increased heart rate and QTc prolongation, which car-
ried the highest risk for SCD of the individual ECG parameters in the
present study, may be manifestations of cardiac autonomic nervous
system dysfunction predisposing to ventricular arrhythmias.9,19 In
addition, besides being a general marker of underlying structural
heart disease, prolonged QTc interval reflecting abnormally delayed
ventricular repolarization is well established as a predictor of
increased vulnerability to arrhythmias.11,12

Patients included in the Oregon SUDS were either cases who suf-
fered cardiac arrest or controls that mostly had established, signifi-
cant CAD. In contrast, the ARIC general population cohort used to
independently evaluate the ECG risk score, was free of known heart
disease at recruitment, and represented a younger and much lower-
risk population; subsequently, multiple ECG abnormalities were
observed less often. Furthermore, in the Oregon SUDS we analysed
the ECG closest to the cardiac arrest event, in contrast to ARIC
where we utilized the baseline recruitment ECG performed
5–10 years prior to the cardiac arrest event. These factors could
explain the significant, but attenuated effect of the ECG risk score in
ARIC. However, the observed 6.7% incidence of SCD in ARIC (not
including survivors of cardiac arrest) associated with the presence of
>_4 abnormal ECG markers during the follow-up remains a significant
finding. Taken together, these findings suggest that the ECG risk
score is likely to be more useful if deployed among patients with
established cardiovascular disease who are at intermediate risk.

Initially, our proposed ECG risk score model included eight ECG
variables reflecting different phases of the cardiac electrical cycle. All
of these variables have been independently associated with increased
risk of SCD, reflecting the underlying myocardial structural and elec-
trical arrhythmia substrate, neural influences or genetic predisposi-
tion to SCD.7,9,12,13,20–24 However, when these ECG parameters
were combined into a single model, QRS duration and delayed intrin-
sicoid deflection lost significance and were thus omitted from the final
cumulative ECG risk score. While a number of the remaining six
ECG parameters were correlated with each other, none were so
strongly correlated that they introduced potential multicollinearity
into the multivariable model, and each remained associated with
SCD. Distinctly abnormal ECG patterns suggestive of specific cardiac
pathology such as Q-waves, bundle-branch blocks, ST-T elevation or
depression, and atrial fibrillation or atrial flutter were not included in
our ECG risk score, but in previous studies these major ECG

....................................................................................................................................................................................................................

Table 4 Risk of SCD associated with the ECG risk score in the subgroup of patients with LVEF >35% (n 5 476)

Number of abnormal ECG markers Cases (n 5 192) Controls (n 5 284) Odds ratio (95% CI)a P-value

0 17 95 Reference —

1 43 100 2.3 (1.2–4.4) 0.008

2 50 59 4.5 (2.4–8.5) <0.001

3 46 23 10.4 (5.1–21.5) <0.001

>_4 36 7 26.1 (9.9–68.5) <0.001

ECG parameters included in the model were heart rate >75bpm, LVH, delayed QRS transition, QRS-T angle >90� , prolonged QTc and prolonged TpTe.
LVH, left ventricular hypertrophy; CI, confidence interval; ECG, electrocardiogram.
aModels adjusted for age, sex, diabetes, and hypertension.

Figure 2 Incidence of sudden cardiac death (SCD) in the ARIC
cohort. Observed cumulative incidence of SCD associated with the
presence of multiple electrocardiogram (ECG) abnormalities in the
ARIC validation cohort during the mean follow-up of 14 years.
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abnormalities have been independently associated with cardiovascu-
lar morbidity and mortality.25,26

Due to the major public health implications of SCD, there has
been particular interest in better identifying individuals at high risk
before occurrence of the lethal arrhythmia. Most of these attempts
to create a risk score for SCD, such as the MUSTT score,27 MADIT-II
score,28 and MUSIC risk score,29 have focused on patients with
severely reduced LV function or heart failure, who are already known
to be at especially high risk of SCD. These risk scores have used a
combination of clinical and demographic characteristics combined
with imaging findings, some including ECG parameters such as ven-
tricular conduction abnormalities and atrial fibrillation. However,
many of these risk scores also predict non-SCD that cannot be pre-
vented by implantable cardioverter-defibrillators, so there has been a
search for more specific ways to identify individuals at high risk of
ventricular tachyarrhythmias. A prior analysis from the combined
cohorts of ARIC and Cardiovascular Health Studies suggested that,
of the ECG patterns studied, increased heart rate, prolongation of
QTc and T-wave abnormalities were stronger predictors of SCD risk
compared with the risk of incident coronary heart disease.30 A recent
publication from the same general population cohorts with 486 cases
of SCD during the 14-year follow-up extended these observations by
demonstrating that ECG markers of myocardial global electrical het-
erogeneity may be helpful in predicting risk of SCD. When these

ECG markers (sum of absolute QRST integral, spatial QRS-T angle,
and spatial ventricular gradient) were added to the clinical risk fac-
tors, risk prediction for SCD was improved, with an increase in the
C-statistic from 0.777 to 0.790.6

Limitations
Although prospective cohort studies can provide robust evaluation
of risk predictors, the low annual incidence of SCD requires very
large cohorts to acquire sufficient events, making these studies practi-
cally challenging. Additionally, LV function should be considered in
any new risk prediction model, and many cohort studies do not pro-
vide this information. Consequently, the case-control design
employed in the present study is a feasible way to obtain sufficient
numbers for analysis. The strengths of the Oregon SUDS include the
community-based design, prospective and well-documented ascer-
tainment and adjudication of the SCD cases, detailed life-time clinical
history from archived medical records obtained similarly for cases
and controls, and the relative proximity of ECG recording to the
SCD, which is rarely available in prospective cohort studies with a
long follow-up. Although some of the ECG changes such as repolari-
zation abnormalities may be dynamic, the fact that even a remotely
obtained ECG risk score has prognostic significance increases the
likelihood of meaningful contribution to non-invasive risk stratifica-
tion well in advance of the SCD event. However, the case-control

Heart rate >75bpm

QRS 
transi�on 

>V4

LVH Frontal QRS-T 
angle >90°

QTc interval 
>450/460ms

Electrical Risk Score

Poten�al for Improved SCD Risk Stra�fica�on
Beyond the LV Ejec�on Frac�on

Res�ng 12-lead Electrocardiogram

Tpeak-Tend 
interval >89ms

Summarizing Figure Components of the multi-marker, cumulative electrocardiographic risk score for prediction of sudden cardiac death.
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.
design of the discovery population has certain limitations. We were
able to address some of these by validating the findings in a separate,
independent population sample, also acknowledging that ORs from a
case-control study cannot be directly compared with HRs obtained
from a prospective cohort study. The present analysis was restricted
to those with ECG available, leading to some bias in selecting patients
at potentially higher risk. This is especially relevant for the subgroup
with information on the LV function available. However, patients that
are referred for cardiac evaluation represent a clinically attractive
subgroup, in which an intervention based on the high ECG risk
score would be practically feasible. Selecting appropriate controls
is a crucial aspect of any case-control study and could lead to
potential biases. In Oregon SUDS, controls were chosen from the
same geographical area and had a similar cardiac risk profile as SCD
cases, with further adjustments made for residual differences
between the groups in the multivariate models; with the goal that
any observed differences between the groups would be more specific
to SCD.

Conclusions

Integrating multiple widely available ECG parameters into a cumula-
tive risk score resulted in significantly improved SCD risk prediction
beyond clinical characteristics and severely reduced LV systolic func-
tion. In this patient population with a high burden of cardiovascular
risk factors, the presence of a high ECG risk score >_4 increased odds
of SCD by 20, and was particularly effective in the LVEF >35% sub-
group where SCD risk stratification tools are currently lacking.
When validated in a younger and healthier general population cohort
(ARIC), the risk of SCD associated with a high ECG risk score was
attenuated but remained highly significant. These results may contrib-
ute to improvements in clinical risk stratification for SCD, especially
among patients with preserved LVEF. However, further prospective
investigations using a combination of electrical as well as other clinical
risk markers will be needed to determine an evidence-based
approach to SCD prevention.

Supplementary material

Supplementary material is available at European Heart Journal online.
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