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Electrocardiography score based on the Minnesota code classification
system predicts cardiovascular mortality in an asymptomatic low-risk
population
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Hwan-Cheol Park?, Young-Hyo Lim® and Jinho ShinP
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ABSTRACT ARTICLE HISTORY
Background: The use of a single abnormal finding on electrocardiography (ECG) is not Received 3 October 2023
recommended for stratifying the risk of cardiovascular (CV) events in low-risk general populations Revised 16 November

because of its low discriminative power. However, the value of a scoring system containing igig’ ted 20 November
multiple abnormal ECG findings for predicting CV death has not been sufficiently evaluated. 2023p

Methods: In a prospective community-based cohort study, 8417 participants without

atherosclerotic CV diseases (ASCVDs) and any related symptoms were followed for 18years. The KEYWORDS
standard 12-lead ECGs were recorded at baseline and the ECG findings were categorized using Electrocardiography;
the Minnesota code classification. CV deaths were defined as death from myocardial infarction Minnesota code
(MI), chronic ischemic heart disease, heart failure, fatal arrhythmia, cerebrovascular event, ~ classification; .
pulmonary thromboembolism, peripheral vascular disease and sudden cardiac arrest and identified Icaro!ugvkascularl Tortallty,
using the Korean National Statistical Office (KOSTAT) database. ow-nsk population
Results: In a multivariate Cox proportional hazard (CPH) model, major and minor ST-T wave

abnormalities, atrial fibrillation (AF), Q waves in the anterior leads, the lack of Q waves in the

posterior leads, high amplitudes of the left and right precordial leads, left axis deviation and sinus

tachycardia were associated with higher risks of CV deaths. The ECG score consisted of these

findings showed modest predictive values represented by C-statistics that ranged from 0.632 to

760 during the follow-up and performed better in the early follow-up period. The ECG score

independently predicted CV death after adjustment for relevant covariates in a multivariate

model, and improved the predictive performance of the 10-year ASCVD risk estimator and a

model of conventional risk factors including age, diabetes and current smoking. The combined

ECG score (Harrell's C-index: 0.852, 95% confidence interval [CI], 0.828-0.876) composed of the

ECG score and the conventional risk factors outperformed the 10-year ASCVD risk estimator

(Harrell's C-index: 0.806; 95% Cl, 0.780-0.833) and the model of the conventional risk factors

(Harrell's C-index: 0.841, 95% Cl, 0.817-0.865) and exhibited an excellent goodness of fit between

the predicted and observed probabilities of CV death.

Conclusions: The ECG score could be useful to predict CV death independently and may add

value to the conventional CV risk estimators regarding the risk stratification of CV death in

asymptomatic low-risk general populations.

KEY MESSAGES

+ The ECG score based on the Minnesota code classification can independently predict CV death
and significantly improve the predictive power of the conventional CV risk estimators in
asymptomatic low-risk general population.

+ The combined ECG score comprised the ECG score, age and the presence of diabetes and
current smoking predicted CV mortality more accurately than the conventional SV risk
estimators.

+ ECG may still be a viable CV risk stratification tool for population-based health screening
projects.
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Introduction

Multiple studies have reported that the presence of
abnormal findings on resting electrocardiography
(ECQ) indicating myocardial injuries, arrhythmia and
conduction system abnormalities predicted future car-
diovascular (CV) events in low-risk general populations
[1-5]. The presence of nonspecific minor ST-T abnor-
malities on resting ECG was also associated with CV
mortality [5,6]. In asymptomatic elderly patients, the
presence of abnormal morphologies in resting ECG
was even reported to improve the predictive power
of the Framingham risk estimator [7]. Most recently,
the Brazilian Longitudinal Study of Adult Health
(ELSA-Brasil) also reported that major morphologic
abnormalities in ECG significantly improved the net
reclassification index for CV mortality when added to
the Systematic Coronary Risk Evaluation (SCORE) [8].
However, to date, clinical practice guidelines do not
recommend using resting ECG in CV risk stratification
in general populations because no randomized con-
trolled trials (RCTs) have investigated the benefits of
resting ECG for health screening, and the improvement
in predictive power of the models containing resting
ECG was minimal [9].

A prediction model typically requires a new predic-
tor sensitive to the outcomes and independent of the
other predictors in the model to improve its discrimi-
native powers. A single abnormal finding in resting
ECG may indicate a certain pathology of the myocar-
dium or the conduction system but might not be sen-
sitive to CV outcomes. We hypothesized that a scoring
system composed of various abnormal ECG findings
associated with ST-T wave abnormalities, Q wave
abnormalities, arrhythmia and ventricular hypertrophy
may be more predictive of CV death than a single
abnormal finding or a simple composite of abnormal
findings on ECG and may also provide significant addi-
tional predictive power to conventional risk estimators
in low-risk populations. Therefore, we developed a
scoring system predicting CV death using only abnor-
mal findings on resting ECG and evaluated the predic-
tive powers of the scoring systems in an asymptomatic
low-risk general population.

Methods
Study population

This study was conducted with participants in the
Ansan-Ansung cohort study, an ongoing longitudinal
investigation, as a part of the Korean Genome
Epidemiology Study (KoGES), which is a larger project

funded by the South Korean government (Korean
National Research Institute of Health, and Korean
Centers for Disease Control and Prevention under the
Ministry of Health and Welfare) to investigate the asso-
ciation of genetic and environmental factors with met-
abolic and CV diseases. Detailed information regarding
the Ansan-Ansung cohort study protocols was pub-
lished previously [10,11]. Koreans aged between 40
and 69years who resided in two cities were enrolled
in the study from June 2001 to January 2003.
Comprehensive health evaluations, including demo-
graphic, social and past medical information, physical
examinations, laboratory tests for urine and blood
chemistries, ECG and simple chest radiology, were con-
ducted in a tertiary hospital located in Ansan City.
Eight serial follow-up evaluations completing the base-
line protocol were conducted biennially through
scheduled visits to the hospital until 2018. Written
informed consent was obtained from all of the par-
ticipants at every visit. The study protocol adhered
to the principles of the Declaration of Helsinki. The
Institutional Review Board of Hanyang University Guri
Hospital (IRB No. GURI-2021-09-016) and the Korean
National Research Institute of Health reviewed and
approved the study protocols.

Information on demographic, social and past
medical histories and symptoms

Participants underwent face-to-face interviews con-
ducted by trained investigators using a questionnaire
at every visit to collect information regarding the
following variables: demographics; lifestyle factors,
including smoking, alcohol intake and physical activ-
ity; comorbidities, including hypertension, diabetes
mellitus (DM), myocardial infarction (MI), coronary
artery disease (CAD), cerebrovascular event, heart fail-
ure and peripheral vascular diseases (PVDs); and
related medications. Angina-related symptoms were
defined as dyspnea during exertion=New York Heart
Association classification 2; chest pain that was
pressure-like, squeezing, burning or fullness in both
arms, substernal area, anterior chest wall or jaw; and
chest pain during exercise, emotional stress or cold
exposure. Comprehensive physical examinations were
conducted for anthropometric measurements, blood
pressure and pulse rate (PR). Laboratory tests were
conducted after at least an 8-h fast. Serum creatinine,
lipid profiles, fasting glucose and hemoglobin Alc
(HbA1c) were measured using an automated analyzer
(Hitachi Automatic Analyzer 7600, Hitachi, Nittobo,
Tokyo, Japan).



Hypertension was defined as a previous diagnosis
of hypertension or administration of antihypertensive
medications. DM was defined as a previous diagnosis
of DM, administration of either insulin or oral hypogly-
cemic agents or HbA1c 26.5%. The estimated glomer-
ular filtration rate (eGFR) was calculated using the
Chronic Kidney Disease Epidemiology Collaboration
Study equation. The 10-year atherosclerotic CV disease
(ASCVD) risk was calculated using a modified equation
as previously described in the Korean Heart Study [12].

Measurement and classification of ECG

Standard 12-lead ECG was obtained using a GE
Marquette MAC 5000° (GE Marquette Inc., Milwaukee,
WI) at baseline evaluation. ECG was recorded at a
25mm/s paper speed and 0.1 mV/mm amplitude and
classified according to the Minnesota codes by one
experienced cardiologist from the tertiary hospital.

Abnormal ECG findings were defined as described
in Supplementary Table S1. Abnormal ECG findings
prevalent in 5 or fewer participants in the entire study
population, including advanced AV block (Minnesota
code 6-1/6-2-1/6-2-2), sinus node dysfunction
(Minnesota code 8-5-1/8-5-2), intraventricular conduc-
tion delay (Minnesota code 7-4), and left bundle
branch block (Minnesota code 7-1-1/7-1-2), were not
included in the prediction model as predictors of
CV death.

Identification and definition of CV death

CV death was identified through the causes of death
recorded in the death certificate as an International
Disease Classification-10 (ICD-10) code and registered
in the database from the Korean National Statistical
Office (KOSTAT). CV death was defined as death from
MI (121-123), chronic ischemic heart disease (124-125),
heart failure (134-137, 142-145 and 150), fatal arrhythmia
(146-147), cerebrovascular event (I160-169), pulmonary
thromboembolism (126-128), PVD (170-175) and sudden
cardiac arrest (R96).

Participant selection

To conduct the study only with an asymptomatic
low-risk population, participants who had prior histo-
ries of CV diseases, including MI, non-Ml CAD, heart
failure and ischemic/hemorrhagic stroke, were
excluded. Self-reported previous diagnoses made by
physicians were used as the definitions of these CV
diseases. ~ Non-MI  CADs were defined as
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physician-diagnosed angina pectoris without MI.
Participants with any angina-related symptoms or
those with missing data required to calculate ASCVD
risk were also excluded from the analyses (Figure S1).

Statistical analysis

Baseline characteristics and abnormal ECG findings
were compared between participants who had experi-
enced CV death and those who had not, to identify
the differences in the variables by the outcome. The
comparisons were performed using a Chi-square test
for categorical variables and Student’s t test for contin-
uous variables. For variables with a skewed distribu-
tion or limited numbers of observations in categories,
Mann-Whitney’s U test or Fisher’s exact test was used.

The crude association between each abnormal ECG
finding and CV death was evaluated using a Cox
proportional hazard (CPH) model. A multivariate CPH
model was produced only with abnormal ECG findings
to identify strong independent predictors of CV death
among the various abnormal ECG findings. To mini-
mize overfitting bias and optimize model complexity,
the full models with abnormal ECG findings were
reduced using a backward variable selection proce-
dure. The cutoff criterion for the variable selection pro-
cedure was set to p=0.10. Variables with similar traits
excluded each other from the full models to avoid
multicollinearity, and the variable inflation factor for
each variable was set to remain <2. The ECG score was
produced using the coefficients of the best-fit model.

The ECG score was defined as the sum of points
produced from the nomogram of coefficients of the
best-fit model, in which each point was rounded to an
integer and the maximum point score was set to 100.
Detailed methods to produce the ECG score from the
nomogram and an example of the ECG score calcula-
tion are described in Figure S2. The proportional haz-
ard assumption of the ECG score was evaluated using
the scaled Schoenfeld residual test. Participants were
divided into 3 groups by the ECG score at 30 and 60
points, and then the cumulative incidence of CV death
was compared among groups using the Kaplan-Meier
survival curve and a log-rank test. The risk of CV death
was compared among the 3 groups using a univariate
CPH model. Apparent goodness of fit of the ECG
model was evaluated using the intraclass correlation
coefficient (ICC) and Hosmer-Lemeshow test between
observed and predicted rates of CV death.

The non-linear relationships of continuous variables
including age, BMI, low-density lipoprotein (LDL) choles-
terol levels and PR with the risk of CV death were eval-
uated using univariate CPH models with a restrictive
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cubic spline fit. In cases where a significant non-linear
relationship was identified, the continuous variable was
transformed based on the fitting curve (Figure S3). As a
result, BMI was categorized into 3 groups (<23kg/m?,
23-24.9kg/m? and >25kg/m?) and PR was transformed
into PR =70 (or O, if PR < 70 bpm), reflecting their
non-linear relationship with the risk of CV death.

A multivariate CPH model was used to evaluate the
independent association between the ECG score and
CV death in the presence of covariates including age,
sex, hypertension, DM, BMI, central obesity, current
smoking, current alcohol consumption and LDL choles-
terol levels. The model was reduced using a backward
variable selection procedure to minimize the overfit-
ting bias and to identify the most significant predic-
tors for CV death. Using the best-fit model from the
variable selection procedure, we produced the com-
bined ECG score to predict CV death. The coefficients
of the best-fit model were normalized and summed to
produce the combined ECG score.

CPH models were compared using the C-statistics
from the receiver-operating characteristic (ROC) curves,
Harrell's C-indices and Bayesian information criterion
(BIC) to evaluate whether adding the ECG score
improved a conventional risk factor model and the
10-year ASCVD risk model. The conventional risk factor
model included the same covariates as the combined
ECG model minus the ECG score. C-statistics of the
ROC curves were compared between models in a
24-month interval using Delong’s test. The other indi-
ces were used to compare the overall performance of
the models. Harrell's C-indices were compared using
Student’s t-test proposed by Schroder et al. [13], and a
difference between 2 BICs = 10 was considered
significant.

Validation and calibration

CPH models were validated using 1000 bootstrap res-
amples. For multivariate CPH models, the original full
models with all covariates included were validated
under the same backward variable selection condi-
tions. Calibrations between the observed and pre-
dicted survival rates were also performed using
another set of 1000 bootstrap resamples. For the mul-
tivariate CPH models, the original full models were
also calibrated under the same variable selection con-
ditions. Optimism was estimated using the discrimina-
tive power from the model training and testing. The
calibrations were performed at 48, 96, 144 and
192 months of follow-up.

All statistical analyses were conducted using sta-
tistical software R version 4.2.2 (R Core Team, R

Foundation for Statistical Computing, Vienna, Austria)
and RStudio-2022.12.0 (Build 353; RStudio Team, BPC,
Boston, MA). R packages including ‘dplyr,
‘ResourceSelection’, 'descr, ‘survival, ‘rms, ‘timeROC,
‘PROC, “irr, 'BiocManager, ‘survcomp’ and ‘tableone’ were
used for the analyses. The entire R script used to per-
form the analyses is described in Supplementary Data

S1. A p value < 0.05 was considered significant.

Results

Among 10,030 participants enrolled at the baseline
evaluation, 8419 participants who had no prior CV
diseases or angina-related symptoms and had avail-
able baseline ECG and 10-year ASCVD risk were
observed for a median of 17.4years (interquartile
range [IQR], 15.8-18.0years) of follow-up (121,120.8
person-years). The mean age was 52.1+8.9years, and
4278 participants (50.8%) were males. CV death
occurred in 192 participants (2.3%). Baseline charac-
teristics and their comparisons between the partici-
pants who had CV death and those who did not are
described in Table 1. The mean age was older, and
waist circumference, PR, HbA1c and the frequencies of
the lower-income class, central obesity, alcohol intake,
DM and hypertension were greater in those who had
CV death; BMI, physical activity, lipid profiles and the
frequencies of male sex and smokers were not differ-
ent between the 2 groups. Abnormal ECG findings
were more frequent in those who had CV death than
in those who did not. The frequencies of abnormal
ECG findings are described in Table S2. T-wave flatten-
ing, any ST-T wave abnormality, major and minor ST-T
wave abnormalities, Q waves in the anterior precordial
leads, atrial fibrillation (AF), high amplitudes of QRS in
the right and left precordial leads and tachycardia (HR
>100 bpm) were more frequent in those who had
CV death.

Univariate CPH models showed that ST-segment
depression, T-wave flattening, any T-wave abnormality,
any ST-T wave abnormality, major and minor ST-T
wave abnormality, AF, high amplitude of QRS complex
in the left and right precordial leads, left axis devia-
tion, left anterior fascicular block and tachycardia
were significantly associated with a higher risk of CV
death (Figure 1). A multivariate CPH model showed
that major and minor ST-T abnormalities, AF, Q-waves
in the anterior and posterior precordial leads, high
amplitudes in the left and right precordial leads, left
axis deviation and tachycardia were significantly asso-
ciated with a higher risk of CV death in the best-fit
model (Table 2). Harrell’s C-index for the best-fit model
was 0.631 (95% Cl 0.593-0.668).
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Table 1. Baseline characteristics of the study population.
Overall CV death (-) CV death (+)
N=8419 N=8227 N=192 p Value

Age (years) 52.1+£8.9 51.9+8.38 62.5+6.2 <0.001
Sex (male) 4278 (50.8) 4184 (50.9) 94 (49.0) 0.655
Upper-income class 4191 (49.9) 4154 (50.5) 37 (19.3) <0.001
BMI (kg/m?) 24.5+3.1 245+3.1 243+3.5 0.330
Waist circumference (cm) 82.5+8.38 82.5+8.8 84.8+9.7 <0.001
Central obesity? 2403 (28.6) 2331 (28.3) 72 (37.5) 0.007
Smoking 0.162

Never smoker 4908 (58.3) 4804 (58.4) 104 (54.2)

Ex-smoker 1335 (15.9) 1308 (15.9) 27 (14.1)

Current smoker 2176 (25.8) 2115 (25.7) 61 (31.8)
Alcohol intake <0.001

Never drinker 3854 (45.7) 3760 (45.7) 94 (49.0)

Ex-drinker 536 (6.4) 511 (6.2) 25 (13.0)

Current drinker 4029 (47.9) 3956 (48.1) 73 (38.0)
Physical activity (MET-h/day) 23.3+£149 23.3+£14.9 23.5+17.1 0.845
Diabetes 557 (6.6) 520 (6.3) 37 (19.3) <0.001
Hypertension 1226 (14.6) 1167 (14.2) 59 (30.7) <0.001
eGFR (mL/min/1.73 m?) 92.2+14.4 923+14.3 85.6+13.8 <0.001
HbA1c (%) 58%+1.0 58+09 6.3+1.6 <0.001
Total cholesterol (mg/dL) 191.0+£106.4 190.9+35.5 191.8+39.7 0.732
Triglyceride (mg/dL) 134 [99, 189] 134 [99, 189] 142 [108, 192] 0.116
HDL cholesterol (mg/dL) 448+35.6 44.8+10.0 451+123 0.702
LDL cholesterol (mg/dL) 118.7+30.5 118.7+30.5 118.3+32.7 0.865
Pulse rate (bpm) 63.8+7.6 63.8+7.6 66.5+9.6 <0.001
Any abnormal ECG findings 3179 (37.8) 3073 (37.4) 106 (55.2) <0.001

Data are presented as the mean+SD, or N (%).
aWaist circumference >90cm for males and >85cm for females.

BMI: body mass index; eGFR: estimated glomerular filtration rate; HbA1c: hemoglobin Alc; HDL: high density lipoprotein; LDL: low density lipoprotein;

ECG: electrocardiography

The internal validation using 1000 bootstrap resam-
ples showed that the optimism of the model C-index
was 0.015 (95% Cl, 0.014-0.017), and the optimism-
corrected C-index was 0.616 (95% Cl, 0.583-0.649). The
calibration results showed that the predicted survival
rate agreed well with the observed rate, and the 0.9
quantile absolute errors between the observed and pre-
dicted survival rates at 72, 120, 168 and 216 months
were all <1%, but the optimism-corrected biases
between the observed and predicted survival rates
increased as the predicted survival decreased (Figure S4).

The ECG scores produced using the nomogram of
coefficients from the multivariate CPH model ranged
from 0 to 167. The C-statistics of the ECG score ranged
from 0.650 (95% Cl, 0.611-0.689) to 0.760 (95% Cl,
0.633-0.887) and peaked at 24months of follow-up
and gradually decreased over time (Figure 2). A
Kaplan-Meier survival curve showed that the cumula-
tive incidence of CV death was greater in the groups
with higher ECG scores (Figure 3(A)). A univariate CPH
model showed that the risk of CV death increased two
or more times for every additional 30 points in the
ECG score. The observed and predicted event rates
highly agreed, but the agreement level decreased in
the highest score group (=60 points) or as the
follow-up duration increased (Figure 3(B,C)).

The ECG score was associated with a higher risk
of CV death independently of conventional CV risk

factors (Model 2 in Table 3). The predictive power
represented by Harrell's C-index was significantly
improved when the ECG score was added to the pre-
diction model for CV death consisting of the conven-
tional CV risk factors (Model 1 vs. Model 2 in Table 3).
The ECG score also significantly improved the predic-
tive power when added to the 10-year ASCVD risk
(Model 3 vs. Model 4 in Table 3). The model with the
ECG score and the conventional CV risk factors includ-
ing age, diabetes and current smoking (Model 2)
showed the strongest predictive power among the
models (Table 3). The ECG score improved the
C-statistics of the 10-year ASCVD risk equation model
in the early follow-up period (24, 48, 72 and
120 months), but not in the late follow-up period
(Model 3). In contrast, the combined model with the
ECG score (Model 2) exhibited C-statistics comparable
to those of the 10-year ASCVD risk equation in the
early follow-up period, while it demonstrated signifi-
cantly higher C-statistics than the 10-year ASCVD risk
equation in the late follow-up period (Figure S5 and
Table S3). The combined ECG score produced from
Model 2 showed C-statistics >0.82 throughout the
follow-up period and an excellent goodness of fit
(Figure 4). Calibration using bootstrap resamples
showed only a small amount of absolute errors in the
survival probability predicted using the combined
ECG score (Figure S6).
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Figure 1. Associations between ECG findings and the risk of CV death in univariate models. ST depression, T-wave flattening,
major and minor ST-T wave abnormalities, atrial fibrillation and high amplitude in the left and right precordial leads, left axis
deviation, left anterior fascicular block, tachycardia and PR = 70 bpm are associated with an increased risk of CV death. HR: hazard

ratio; Cl: confidence interval; PR: pulse rate

Table 2. Multivariate Cox proportional hazard model of ECG findings for CV deaths.

ECG finding N (+)/N (=) Event (+)/event (-) Coefficient HR 95% Cl p Values

Harrell's C-index: Major ST-T wave abnormality 312/8107 12 (3.8%)/180 (2.2%) 0.6537 1.92 1.07-3.47 0.030

0.631

95% Cl 0.594-0.668 Minor ST-T wave abnormality 630/7789 28 (4.4%)/164 (2.1%) 0.7780 2.18 1.45-3.27 <0.001
N=8419 Atrial fibrillation 30/8389 8 (26.7%)/184 (2.2%) 2.7029 149 7.31-30.5 <0.001
Event = 192 Q wave (anterior) 127/8292 5 (3.9%)/187 (2.3%) 1.0947 3.00 1.13-7.88 0.027
Q wave (posteroinferior) 510/7909 6 (1.2%)/186 (2.4%) —0.8725 0.42 0.17-1.01 0.054

High voltage in the left precordial leads 1180/7239 39 (3.3%)/153 (2.1%) 0.4388 1.55 1.09-2.21 0.015

High voltage in the right precordial leads 7/8412 2 (28.6%)/190 (2.3%) 3.0008 20.1 4.95-81.6 <0.001

Left axis deviation 174/8245 9 (5.2%)/183 (2.2%) 0.9321 2.54 1.29-4.99 0.007

Sinus tachycardia (HR > 100 bpm) 33/8386 4 (12.1%)/188 (2.2%) 1.9445 6.99 2.59-18.9 <0.001

HR: hazard ratio; Cl: confidence interval

N (+), number of participants with the finding; N (-), number of participants without the finding.

Event (+), number of events among the participants with the finding; Event (—), number of events among the participants without the finding.

The full model included major ST-T wave abnormality, minor ST-T wave, atrial fibrillation, Q wave (anterior), Q wave (posteroinferior), high voltage in the
left precordial leads, high voltage in the right precordial leads and left axis deviation and right axis deviation.

The variable selection procedure was conducted using a backward selection method (exclusion criterion: p>0.10).

We performed a sensitivity analysis for the predic-
tion model after replacing the variable tachycardia (HR
>100 bpm) with actual PR (range 45-128 bpm) (Table
S4). The PR was not recorded from the baseline ECG
but was recorded during the physical examinations.
This ECG-PR score model had a higher Harrell's C-index
than the ECG score (0.665 [95% Cl, 0.626-0.704] vs.
0.631 [95% Cl, 0.594-0.668], Table S4 and Table 2) and
significantly improved the model with the conven-
tional risk factors (Model 1 vs. Model 2b in Table S5)

and the 10-year ASCVD risk (Model 3 vs. Model 4b in
Table S5). The improvements attributed by the ECG-PR
score were greater than those attributed by the ECG
score (0.852 for Model 2 vs. 0.857 for Model 2b; 0.820
for Model 4 vs. 0.826 for Model 4b).

Discussion

In the results, we found that the major and minor ST-T
wave abnormality, AF, Q waves in the anterior leads,
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Figure 2. Nomogram of the multivariate Cox proportional hazard model and the C-statistics of the prediction scores. A) The
maximum value of the nomogram was set to 100. The numbers on the scales of individual predictors indicate the normalized
coefficient of the predictors. The points were rounded to the closest integers. B) The scores ranged between 0 and 167. The sur-
vival ROC curve analysis showed a gradual decrease in the C-statistics over time during the follow-up.

Figure 3. Goodness of fit of the ECG score model for predicting CV death. A) Participants were divided into groups based on their
ECG scores (Group 1 [black], <30 points; Group 2 [red], 30-59 points; Group 3 [blue], =60 points). The cumulative incidence of CV
death increased with the ECG scores. The solid lines represent the observed cumulative incidence of CV death, and the broken
lines represent the cumulative incidence of CV death predicted using the ECG score. The HRs for CV death were 2.00 and 5.58 in
Group 2 and 3, compared with that in Group 1. B) The predicted incidences of CV deaths agreed well with the observed inci-
dences of CV deaths throughout the follow-up period. The intraclass correlation coefficient (ICC) between the predicted and
observed incidences of CV deaths was 0.989 (95% Cl, 0.978-0.995). The agreement level was lower in Group 3 than in the other
groups. C) Hosmer-Lemeshow tests showed that the observed incidences agreed well with the predicted incidences throughout

the follow-up duration.

lack of Q waves in the posterior leads, high amplitude
of QRS complex in the left and right precordial leads,
left axis deviation and sinus tachycardia were signifi-
cantly associated with a higher risk of CV deaths. The
ECG score, although it had a modest predictive value
for CV death, showed additive value to the predictive
power of the 10-year ASCVD risk and a model with
conventional risk factors for CV deaths.

Abnormal findings in resting ECG are not uncom-
mon. The ELSA-Brasil reported that the prevalence of

major ECG abnormalities was 11.3% in men and 7.9%
in women [14]. Our previous report showed that the
prevalence of abnormal ECG findings related to myo-
cardial injury was 17.3% [5]. Our current results also
showed that any types of abnormal ECG findings were
found in 37.8% of the study population, and abnormal
ECG findings significantly associated with the risk of CV
death were found in 30.4% of the study population.
Abnormal resting ECG findings, including ST-T wave
changes and Q waves, were found to be predictive of
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Table 3. Comparisons of the ECG score with conventional risk estimators for CV deaths.

optimism-corrected

Harrell's C-index C-index BIC Variables HR 95% Cl p Value

Model 0 0.631 (0.594-0.668) 0.630 (0.591-0.669) 3300.1 ECG score 1.22 1.18-1.26 <0.001
Model 1 0.841 (0.817-0.865) 0.839 (0.817-0.861) 3070.4 Age (year) 1.17 1.15-1.20 <0.001
Diabetes mellitus 243 1.70-3.49 <0.001

Current smoking 1.68 1.24-2.28 0.001

Model 2 0.852 (0.828-0.876) 0.850 (0.827-0.872) 3044.1 ECG score 1.13 1.08-1.18 <0.001
p<0.001*vs. model 1 ABIC = 25.4 with model 1 Age (year) 117 1.14-1.20 <0.001
p<0.001*vs. model 3 ABIC = 168.2 with model 3 Diabetes mellitus 2.16 1.47-3.16 <0.001

Current smoking 1.57 1.14-2.15 0.005

Model 3 0.806 (0.779-0.833) 0.806 (0.780-0.833) 32123 10-year ASCVD risk  1.09 1.08-1.10 <0.001
Model 4 0.820 (0.792-0.847) 0.820 (0.792-0.847) 31722 ECG score 1.16 1.12-1.21 <0.001
p=0.046*vs. model 3 ABIC = 40.1 with model 3 10-year ASCVD risk ~ 1.08 1.07-1.10 <0.001

ECG: electrocardiography; ASCVD: Atherosclerotic cardiovascular disease; HR: hazard ratio; Cl: confidence interval

Model 0: ECG score.

Model 1: Age, sex, hypertension, diabetes mellitus, BMI (3 categories, <23, 23-24.9, >25kg/m?), central obesity (=90cm for M; >85cm for F), current

smoking, current alcohol intake and low-density lipoprotein levels.
Model 2: Model 1+the ECG score.

Model 3: 10-year ASCVD risk.

Model 4: 10-year ASCVD risk +the ECG score.

The models were reduced using a backward variable selection procedure (criterion p>0.05).
“The p values were derived from the Student’s t-test proposed by Haibe-Kains et al.

future CV events in low-risk populations [1,3-7,15].
Most recently, Pinto-Filho et al. also reported in the
ELSA-Brasil cohort study that the presence of major
ECG abnormalities independently predicted CV death
and all-cause death and significantly improved the net
reclassification index of the European SCORE [14].
However, ECG has not been recommended for CV risk
stratification in low-risk populations, mainly because
no RCTs have reported beneficial effects of health
screening programmes, including resting ECG, on CV
outcomes and the improvement in the prediction
models for CV events by abnormal resting ECG find-
ings was minimal [5,9]. Individual abnormal ECG find-
ings, such as ST-segment depression, T-wave inversion
and pathologic Q waves in standard 12-lead resting
ECG typically have high specificities but low sensitivi-
ties to CV diseases in low-risk general populations [5].
The proposed ECG score, composed of several abnor-
mal ECG findings based on the Minnesota code classi-
fication system, has better performance (Harrell’s
C-index of 0.538 [0.519-0.557] vs. 0.631 [0.594-0.668])
with a higher sensitivity in predicting CV death than
single abnormal ECG findings. Moreover, the ECG score
improved the predictive power of conventional CV risk
estimators when added to the prediction models, and
the combined ECG score model containing the ECG
score and a few conventional CV risk factors performed
better than the 10-year ASCVD risk in predicting
CV death.

Several previous studies proposed CV risk stratifica-
tion methods using ECG findings. Tan et al. reported
in a study on 29,320 male veterans that the risk of
death increased progressively as the number of ECG
abnormalities increased and proposed a simple ECG
score summing up the numbers of ECG abnormalities

to predict CV mortality [16]. Lu et al. also proposed, in
a prospective community-based cohort study on
elderly Taiwanese individuals, an ECG abnormality
score including left ventricular hypertrophy (LVH), pro-
longed corrected QT duration (>450ms) and PR inter-
val (>220ms) and others and reported that the score
improved a model of conventional CV risk factors for
CV mortality [17]. More recently, Shah et al. reported,
in a community-based cohort study, that T-wave axes,
heart rate and corrected QT interval were associated
with a higher risk of major adverse CV disease [18].
They developed the National Health and Nutrition
Examination Survey (NHANES) ECG risk equation con-
sisting of these ECG abnormalities plus age and sex,
and the equation showed similar predictive powers
for CV death and all-cause death to the Framingham
risk score and the pooled cohort equation. The
NHANES ECG risk equation also improved the predic-
tive power of the Framingham risk score and the
pooled cohort equation when added to the models.
Our results are consistent with those of the above
studies, showing that the ECG score independently
predicted CV death and the proposed combined ECG
score showed better predictive performance for CV
death than the model with conventional CV risk fac-
tors and the 10-year ASCVD risk equation. These
results suggest a potential role of resting ECG in the
risk stratification for CV death in asymptomatic
low-risk general populations.

In the results, most major ECG abnormalities were
associated with a higher risk of CV deaths; however,
the Q wave/QS patterns in the posteroinferior leads
were associated with a lower risk of CV death. This is
an unexpected result, since the presence of posterior
wall Q-waves was reported to impact the composite
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Figure 4. Predictive performances of the combined ECG score. A) The combined ECG score comprised the ECG score, age, the
presence of diabetes and current smoking. B) The C-statistics of the combined ECG score gradually increased while remain >0.820
throughout the follow-up period. T=N indicates the time of the observation (Months) and the numbers indicate C-statistics and
the 95% confidence intervals of the C-statistics. C) The risk of CV death markedly diverged with the groups divided based on the
combined ECG score (Group 1 [black], <50 points; Group 2 [red], 50-99 points; Group 3 [blue], =100 points). The observed rates
(solid lines) and predicted rates (broken lines) of CV deaths appeared to be closely approximated. D) The combined ECG score
showed an excellent goodness of fit between the observed and predicted cumulative incidences of CV deaths. The intraclass
correlation coefficient (ICC) was approaching 1 between the observed and predicted incidences of CV deaths.

events of death and hospitalization for ischemic heart
disease as negatively as the presence of anterior wall
Q-waves [4]. In our data, the presence of the postero-
inferior Q waves was much more numerous than the
presence of the anterior Q waves (510 vs. 127; Table
S2), and the most posteroinferior Q waves were small
Q waves in lead lll and aVF (70.7% for codes 1-3-4, [Q
wave duration of 30-39ms in lead lll and amplitude
>1.0mm in aVF]), while the most anterior Q waves
were major Q waves (61.4% for codes 1-1-X). These dif-
ferences in the components between the anterior and
posteroinferior Q waves may provide some explana-
tion for the result, given that small Q-waves in the
inferior leads are often considered benign in a low-risk
population.

Although PR was not derived from ECG, a higher
PR was significantly associated with a higher risk of
CV death, as did the presence of the sinus tachycardia
code in ECG. These results align with many published
epidemiological studies that highlighted the associa-
tion between resting heart rate and CV mortality in
both general populations and patients with estab-
lished CV diseases [19,20]. Since heart rate is such a
fundamental feature achievable from all ECG, the
ECG-PR score incorporating PR, instead of sinus tachy-
cardia, may be a better tool to predict CV death than
the ECG score, if PR could be validated as a represen-
tative measure of heart rate in ECG.

The strengths of this study included, first, a large
number of participants, which allowed the
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investigation of various ECG findings not included in
previous studies for prediction ECG models. Second,
we strictly included low-risk participants without
underlying CV diseases or any related symptoms to
produce a prediction model truly applicable for risk
stratification during health screening examinations.
Third, we used the Minnesota codes classified and
recorded in the dataset by an experienced cardiologist
during the baseline period. Since the original ECG
images were no longer accessible, we were unable to
verify the ECG findings. Consequently, we cannot dis-
miss the possibility of misclassification in the recorded
ECG findings. Nevertheless, it is important to note that
we intentionally designed the ECG score solely based
on the Minnesota code classification, which can be
automatically obtained and archived using software,
therefore, applied to large population health survey
plans. The NHANES ECG risk equation proposed by
Shah et al. [18] included T-wave axes, heart rate and
corrected QT interval as ECG variables, which is quite
an unfamiliar approach to most physicians, and the
model also included age and male sex, the two most
prominent predictors for CV diseases, which may
explain most variances in the prediction model. Fourth,
we developed the ECG score and the combined ECG
score using multivariate CPH models. Unlike our study,
the ECG scores proposed by Lu et al. [17] and Tan
et al. [16] were produced simply by summing the
numbers of abnormal ECG findings without using sta-
tistical models for survival data. This approach ignores
the differences in effect sizes among ECG variables,
which were greater than double in the score proposed
by Tan et al. [16]. The score model proposed by Lu
et al. [17] even included ECG variables not associated
with death in the model. These may cause significant
biases in calibrations of new datasets.

Limitations

Our study also has several limitations. First, the only
outcome included in the model development was CV
death, and other related CV outcomes, such as M,
stroke and heart failure admission, were not included.
Because in the Ansan-Ansung cohort, information
regarding clinical outcomes except the time and cause
of death was reported by participants themselves in
onsite interviews, clinical outcomes may have con-
tained recall bias and survivor bias; thus, we did not
include those outcomes. Second, the 10-year ASCVD
risk equation was developed to estimate the risk of
major CV events rather than CV death; therefore, its
predictive values may not be as sufficiently validated

for CV death as the European SCORE, which was
designed to predict 10-year fatal CV events. However,
the predictive value of the 10-year ASCVD risk equa-
tion for CV death has been demonstrated in multiple
studies [18,21]. Moreover, unlike other conventional CV
disease risk estimators, including the Framingham risk
score and the European SCORE, the modified version
of the 10-year ASCVD risk equation is optimized for
the Korean population [12]. Third, although we demon-
strated the predictive values of the ECG score and the
combined ECG score for CV death in the results, this
should not be interpreted as sufficient evidence for
resting ECG to be utilized in health screening surveys
for general populations. ECG should still demonstrate
the benefit of its utilization on clinical outcomes before
it is applied to actual health screening survey pro-
grammes. Finally, we validated and calibrated the ECG
score and the combined ECG score internally using
bootstrap resamples. This internal validation and cali-
bration using bootstrapping is a well-established suc-
cessful method to evaluate bias in prediction models
and estimate the performances of the models with
new data, and it is more effective than split-sample
model validation [22,23]. External validation in inde-
pendent population-based cohorts with participants of
various ethnic backgrounds is often considered the
more desired approach, but Steyerberg EW and Harrell
FE stated that external validation by temporal or spa-
tial data splitting would yield poorer model perfor-
mances and unstable validation findings [23,24].
Therefore, internal validation using bootstrapping, a
resampling technique, would be the most reasonable
approach for the given data.

In conclusion, the ECG score based on the Minnesota
code classification, including major and minor ST-T
wave changes, AF, Q waves in the anterior leads, lack
of Q waves in the posteroinferior leads, high ampli-
tude of QRS complex in the left and right precordial
leads, left axis deviation and sinus tachycardia, inde-
pendently predicted CV death and significantly
improved the predictive power of the model with con-
ventional CV risk factors and the 10-year ASCVD risk
equation for CV death in the asymptomatic low-risk
general population. The combined ECG model com-
prising age, the presence of diabetes, current smoking
and the ECG score showed sufficient predictive perfor-
mance with an excellent goodness of fit for CV death.
These findings suggest a potential usage of resting
ECG in health screening survey programmes for gen-
eral populations, although further studies for external
validation of the ECG score and the clinical impacts of
the ECG score are desired.
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