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ORIGINAL RESEARCH

Association Between Silent Myocardial
Infarction and Long-Term Risk of Sudden
Cardiac Death

Yun-Jiu Cheng, MD, PhD*; Yu-He Jia, MD, PhD*; Feng-Juan Yao, MD, PhD*;, Wei-Yi Mei, MD, PhD;
Yuan-Sheng Zhai, MD, PhD; Ming Zhang, MD, PhD; Su-Hua Wu "=/, MD, PhD

BACKGROUND: Although silent myocardial infarction (SMI) is prognostically important, the risk of sudden cardiac death (SCD)
among patients with incident SMI is not well established.

METHODS AND RESULTS: We examined 2 community-based cohorts: the ARIC (Atherosclerosis Risk in Communities) study
(n=183 725) and the CHS (Cardiovascular Health Study) (n=5207). Incident SMI was defined as electrocardiographic evidence
of new myocardial infarction during follow-up visits that was not present at the baseline. The primary study end point was
physician-adjudicated SCD. In the ARIC study, 513 SMIs, 441 clinically recognized myocardial infarctions (CMIs), and 527
SCD events occurred during a median follow-up of 25.4 years. The multivariable hazard ratios of SMI and CMI for SCD were
5.20 (95% Cl, 3.81-7.10) and 3.80 (95% ClI, 2.76-5.23), respectively. In the CHS, 1070 SMIs, 632 CMls, and 526 SCD events
occurred during a median follow-up of 12.1 years. The multivariable hazard ratios of SMI and CMI for SCD were 1.70 (95% Cl,
1.32-2.19) and 4.08 (95% Cl, 3.29-5.06), respectively. The pooled hazard ratios of SMI and CMI for SCD were 2.65 (2.18-3.23)
and 3.99 (3.34-4.77), respectively. The risk of SCD associated with SMI is stronger with White individuals, men, and younger
age. The population-attributable fraction of SCD was 11.1% for SMI, and SMI was associated with an absolute risk increase
of 8.9 SCDs per 1000 person-years. Addition of SMI significantly improved the predictive power for both SCD and non-SCD.

CONCLUSIONS: Incident SMI is independently associated with an increased risk of SCD in the general population. Additional
research should address screening for SMI and the role of standard post—-myocardial infarction therapy.
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coronary revascularization and antithrombotic therapy.*
However, subjects whose first manifestation is SCD or
who have no typical symptoms during the acute phase
of Ml seldom benefit from these therapies.® Also, these
subgroups of patients are poorly represented in clinical
trials from which current standards of care and treat-

health burden, accounting for more than 50% of
cardiovascular death, with a currently estimated
incidence of 4 to 5 million cases around the world an-
nually.! Because the SCD often presents without warn-
ing symptoms before the event, it is typically the initial

SUdden cardiac death (SCD) is a worldwide major

manifestation of cardiovascular disease in the general
population.? Coronary heart disease (CHD) is the most
predominant underlying cause of SCD.® Currently,
most patients experiencing acute myocardial infarc-
tion (MI) with significant symptoms would present to
a hospital for effective medical treatments, including

ment guidelines of CHD are derived.

Silent myocardial infarction (SMI), defined as ev-
idence of pathological Q wave on the ECG in the
absence of history of typical cardiac symptoms, con-
stitutes up to one-half of all MlIs in the general popu-
lation.®='° Previous reports have shown that both SMI
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CLINICAL PERSPECTIVE

What Is New?

e Silent myocardial infarction (SMI) detected by
ECG is common, and the incidence rate of SMI
increases with age.

e SMI was associated with =3-fold increased risk
of sudden cardiac death (SCD), and the strength
of the association between SMI and SCD was
comparable to that between SMI and non-SCD,
but weaker than the association between clini-
cally recognized myocardial infarction and SCD.

e There are race, sex, and age differences in the
prognostic significance of SMI. The risk of SCD
associated with SMI is stronger with White indi-
viduals, men, and younger age.

What Are the Clinical Implications?

e Being more prevalent than CMI, SMI constitutes
an underappreciated public health problem.

e FEarly detection of SMI by ECG may be war-
ranted to predict future risk of SCD and to bet-
ter identify those who might benefit from more
aggressive risk screening and management.

Nonstandard Abbreviations and Acronyms

ARIC  Atherosclerosis Risk in Communities
CHS Cardiovascular Health Study

CMI clinically recognized myocardial infarction
HCM  hypertrophic cardiomyopathy

MC Minnesota code

NSCD non-sudden cardiac death

SCD sudden cardiac death

SMI silent myocardial infarction

and clinically recognized MI (CMI) were associated with
poor prognosis, including heart failure, a second M,
and even death."" In a recent case-control study by
Vahatalo et al,’® SMI determined by autopsy findings
was associated with risk of SCD. However, there are
limited data regarding the association between ECG-
defined SMI and long-term risk of SCD in the general
population. In addition, whether SMl is associated with
SCD similar to CMI or worse than CMI remains elu-
sive. Moreover, prevalence of SCD varies by race, sex,
and age, and hence, there is a possibility that race,
sex, and age modify the relationship between SMI and
SCD.

In this study, we analyzed data from participants
enrolled in 2 community-based, observational, mul-
ticenter biracial cohorts, the ARIC (Atherosclerosis
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Risk in Communities) study and CHS (Cardiovascular
Health Study), to determine the risk of SCD. We
sought to examine the prevalence of SMI in the gen-
eral population, to compare the associations of SMI
and CMI with SCD versus those with no MI, and to
examine the consistency of these relationships in
subgroups stratified by race, sex, and age as well as
SCD risk factors.

METHODS

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

Study Population

The ARIC study was a community-based, biracial
cohort study designed to investigate the causes of
atherosclerosis and its clinical outcomes, as well
as variations in cardiovascular risk factors, medical
care, and disease.'®" Participants between 45 and
64 years of age were recruited from 4 communi-
ties across the United States (Washington County,
MD; Forsyth County, NC; Jackson, MS; and sub-
urban Minneapolis, MN) between 1987 and 1989.
Participants underwent a standardized evaluation of
cardiovascular risk factors and returned for 4 follow-
up visits: 1990 to 1992 (visit 2), 1993 to 1995 (visit 3),
1996 to 1998 (visit 4), and 2011 to 2013 (visit 5). They
continued to be followed via semiannual telephone
calls to ascertain the study end point. The present
study used data obtained from baseline (1987-1989)
through December 31, 2014.

The CHS is a cohort study of risk factors for CHD
that prospectively enrolled and continues to follow
a community-dwelling cohort of men and women
>65 years of age from Medicare eligibility lists in 4 US
communities (North Carolina, California, Maryland,
and Pennsylvania).’®'® CHS field centers recruited
a first cohort of 5201 participants in 1989/1990 and
a second cohort of 687 participants in 1992/1993.
Trained personnel performed annual follow-up
visits through 1998/1999 to assess participant
demographic characteristics, medical history, hospi-
talizations, and lifestyle through standardized proto-
cols. Semiannual phone interviews were conducted
continuously since enrollment to ascertain health
status, incident, and mortality events. The present
study used data obtained from baseline (1989/1990
for the first cohort and 1992/1993 for the second co-
hort) through June 30, 2009.

Details of eligibility criteria and study procedures in
each cohort have been described elsewhere.'*'6 We
chose these cohorts because they were designed to
understand the incidence and risk factors of SCD;
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their methodology for the ascertainment of SCD was
rigorous, comparable, and validated.'® Both studies
were approved by the institutional review boards at all
participating institutions, and all participants provided
written informed consent at enrolliment.

We excluded the following participants: (1) subjects
for whom ECGs were missing or incomplete; (2) sub-
jects with ventricular conduction abnormalities (eg,
bundle-branch block, external pacemaker, or Wolff—
Parkinson-White pattern); (3) subjects with a history of
cardiovascular disease at baseline that was defined as
the presence of ECG evidence of M, a self-reported
history of physician-diagnosed MI, coronary artery
bypass surgery, coronary angioplasty, hypertrophic
cardiomyopathy (HCM), heart failure, and stroke. After
all exclusions, the final analysis cohorts consisted of
13 725 ARIC study participants and 5207 CHS partic-
ipants (Figure 1).

ECG Analysis and Diagnostic Criteria for
SMI

At the examination, a standard resting supine 12-
lead ECG using MAC PC ECG machines (Marquette
Electronics, Milwaukee, WI) was obtained for each sub-
ject a minimum of 1 hour after any smoking or caffeine
ingestion. All ECGs were read by 2 trained medical
practitioners who had received training in ECG read-
ing according to the Minnesota code (MC) and were
blinded to outcome status. Final decisions about the
discrepancies between the practitioners were made by
another senior practitioner.

SMI and Long-Term Risk of SCD

Incident SMI was defined as ECG evidence of new
MI during follow-up visits in the ARIC study and CHS
that was not present at the baseline visit in the ab-
sence of documented CMI. Participants with both SMI
and CMI during follow-up visits were considered to
have CMI. ECG evidence of Ml was defined by the new
appearance of MC ECG classifications as a major Q/
QS wave abnormality (MC 1.1 or MC 1.2) or minor Q/
QS wave abnormality (MC 1.3) plus major ST-T abnor-
mality (MC 4.1, MC 4.2, MC 5.1, or MC 5.2).”

Ascertainment of Outcomes

The primary study end point was physician-adjudi-
cated SCD. The methods for ascertainment of SCD
events have been described previously.’® To identify
SCD, all fatal CHD events (including definite fatal M,
definite fatal CHD, and possible fatal CHD) in ARIC
and CHS were reviewed by an independent panel of
physicians. In the present study, SCD was defined
as a sudden pulseless condition that was fatal (within
24 hours) and that was consistent with a ventricular
tachyarrhythmia occurring in the absence of a known
noncardiac condition as the proximate cause of the
death. The secondary end point was non-SCD (NSCD)
defined as CHD death not meeting SCD criteria.'®

Statistical Analysis

For baseline characteristics by Ml status (no Ml, SMI,
and CMI), descriptive statistics were used to determine
mean values and SDs, as well as frequencies and per-
centages for categorical variables. We used multiple

A Atherosclerosis Risk in Communities cohort

15792 Participants in ARIC

243 With missing or
uninterpretable ECGs were
excluded

15549 Participants were
identified for further analysis

389 With ventricular conduction
abnormalities were excluded

15160 Participants were
eligible for the study

1435 With history of
—>| cardiovascular disease at baseline
were excluded

13725 Participants were
included in the main analysis

B Cardiovascular Health Study cohort

5888 Participants in CHS

21 With missing or
uninterpretable ECGs were
excluded

5867 Participants were
identified for further analysis

88 With ventricular conduction
abnormalities were excluded

5779 Participants were eligible
for the study

5| 572 With history of cardiovascular
disease at baseline were excluded

5207 Participants were
included in the main analysis

Figure 1. Study population derivation from the ARIC study (A) and CHS (B).
ARIC indicates Atherosclerosis Risk in Communities study; and CHS, Cardiovascular Health Study.

J Am Heart Assoc. 2021;10:e017044. DOI: 10.1161/JAHA.120.017044



Cheng et al

imputation based on 5 replications and the Markov-
chain Monte Carlo method, to account for missing data
on education, body mass index (BMI), dyslipidemia,
and heart rate. Each participant contributed follow-up
time from the date of the baseline examination until the
earliest of the following dates: SCD/NSCD, other death,
loss to follow-up, or end of follow-up. We calculated
average follow-up using the reverse Kaplan—-Meier
estimator by flipping the meaning of event and cen-
sor.?% Cumulative incidence rates of SCD and NSCD
per 1000 person-years were calculated among ARIC
and CHS participants who had SMI and CMI (versus
no MI). Cumulative incidence curves of the time to SCD
or NSCD by Ml status used the Kaplan—-Meier method.

As correlation tests of Schoenfeld residuals and
the rank order of event time for assessing Cox pro-
portional hazard assumption indicated that appli-
cation of the Cox proportional hazard model was
appropriate, time-varying Cox proportional hazard
models were used to obtain multivariable adjusted
hazard ratios (HRs) to examine the associations of
SMI and CMI (versus no MI) with SCD/NSCD, as well
as test for modification of the association between
MI and SCD/NSCD for a series of potential effect
modifiers. We ran 3 models: in model 1, we have no
adjustment for cardiovascular risk factors. In model
2, we adjusted for age (continuous), sex, and race
at baseline. In model 3, we additionally adjusted for
the baseline covariates: education levels, smoking
status, alcohol use, hypertension, diabetes mellitus,
dyslipidemia, heart rate (continuous), BMI, ECG-
determined left ventricular hypertrophy, use of blood
pressure—lowering medication, use of beta-blockers,
use of aspirin, use of statins at the baseline visit, and
incident heart failure. In addition, the impact of com-
peting risk adjustment on SCD risk was evaluated
by estimating HRs with and without adjustment for
competing risk of NSCD. To assess the association
between electrocardiographic markers of SMI and
SCD, SMI was stratified according to the morphology
of Q wave (major Q/QS wave abnormality or minor
Q/QS wave abnormality), and the ECG abnormalities
were categorized as anterior (V1-V3), lateral (I, aVL,
or V4-V6), and inferior (Il, lll, or aVF), in which the SMI
subgroups were each compared with the reference
group with no Ml.

The ARIC and CHS results were meta-ana-
lyzed using random effect models. The meta-anal-
ysis results were considered the primary results.
Population-attributable fractions were calculated to
evaluate the potential impact of risk factor reduction
from the public health perspective using the following
formula: population-attributable fraction=pd[(HR—1)/
HR\, where pd; is the proportion of cases falling into
ith exposure level and HR; is the HR comparing ith
exposure level with unexposed group.?’ We then
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calculated —-2log likelihood values, Akaike informa-
tion criterion, and area under the receiver operat-
ing characteristic curve to evaluate the incremental
prognostic value of the addition of SMI/CMI to the
basic model. Finally, stratified analyses were per-
formed by sex, race, history of hypertension, history
of diabetes mellitus, smoking status, and BMI group
(18.5-25, 25-30, and >30), and the P values for in-
teraction were calculated in each subgroup. We also
assessed the interaction with continuous covariates
such as age and heart rate. Participants were divided
into 5 age groups to evaluate age-related effects: 45
to 54, 55 to 64, 65 to 74, 75 to 84, and 85+ years of
age. We used Stata version 15.0 (StataCorp, College
Station, TX) for all analyses. Statistical tests were
2-sided and used a significance level of P<0.05.

RESULTS

Baseline Characteristics

The cohort at risk for SCD in the ARIC study consisted
of 7474 women and 6251 men 45 to 64 years of age at
baseline and, in the CHS, 3003 women and 2204 men
>B5 years of age or older at baseline (Table 1). Of the
5207 participants in the CHS, 4697 (90.2%) were from
the first cohort and 510 (9.8%) were from the second
cohort. From visit 2 through visit 4 of the ARIC cohort,
513 subjects (3.7%) experienced SMI, and 441 (3.2%)
experienced CMI. During the follow-up visits of the
CHS cohort, 1070 subjects (20.5%) experienced SMI,
and 632 (12.1%) experienced CMI.

Baseline characteristics of the study participants
stratified by Ml status were shown in Table 1. The SMI
and CMI shared common cardiovascular risk factors,
and the prevalence of standard coronary risk factors
was higher in subjects with SMI or CMI than those
without MI. Subjects with SMI were more often older
and men, had lower education levels, had a higher
BMI, and were more likely to have histories of hyper-
tension and diabetes mellitus compared with those
without MI but less likely to be smokers and alco-
hol drinkers. They were also more likely to be taking
aspirin, beta-blockers, and blood pressure—lowering
medication.

Of note, the use of beta-blockers was not signifi-
cantly different in subjects with SMI compared with
those with CMI at baseline for both cohorts. However,
during follow-up, subjects with SMI are less likely to
take beta-blockers than those with CMI (34.1% versus
42.9% in ARIC cohort; P<0.001; 28.8% versus 40.2%
in CHS cohort; P<0.001). Also, we observed less use
of beta-blockers in subjects with minor Q/QS wave
compared with those with major Q/QS wave (27.3%
versus 38.9% in ARIC cohort; P<0.001; 24.3% versus
31.5% in CHS cohort; P<0.001). In addition, subjects
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with SMl is less likely to be treated with coronary revas-
cularization than those with CMI in CHS cohort (8.7%
versus 41.8%; P<0.001), but not in ARIC cohort (22.4%
versus 25.9%; P=0.216).

The overall incidence rate of SMI and CMI were 8.4
and 5.7 per 1000 person-years, respectively, and SMI
represented 59.6% of all Mls in the general population.
The prevalence of incident SMI was age dependent
and increased dramatically after 65 years of age; it was
2.4 per 1000 person-years at ages 45 to 54 but 46.3
per 1000 person-years at ages >85. The prevalence
also increased with age for the CMI, ranging from 1.9
per 1000 person-years at ages 45 to 54, to 19.4 per
1000 person-years at ages >85. In addition, the inci-
dence rate of SMI was significantly higher than CMI in
every age category (Figure 2).

Association Between SMI and Risk of
SCD

In the ARIC cohort, during a median follow-up of 25.4
(interquartile range 18.9-25.6) years, there were 527
cases of SCD and 476 cases of NSCD. In time-varying
Cox proportional hazard models adjusting for age, sex,
race, and both incident SMI and CMI, compared with
no M, were significantly associated with increased risk
of SCD (Table 2, model 2). Although additional adjust-
ment for cardiovascular risk factors attenuated these
risk estimates (Table 2, model 3), the associations re-
mained statistically significant. The magnitude of risk
of SCD associated with SMI was larger than the risk
associated with CMI (adjusted HR, 5.20; 95% ClI, 3.81-
7.10; P<0.001 for SMI; and adjusted HR, 3.80; 95% Cl,
2.76-5.23; P<0.001 for CMI; P=0.032). In addition, as
compared with no MI, SMI and CMI were associated
with 6.04- and 12.75-fold risk of NSCD, but the risk
estimate associated with SMI seemed to be lower than
the risk associated with CMI (P<0.001).

50

sSMI

sV
I v

Incidence rate (per 1000 person-years)

45-54 55-64 65-74 75-84 85+
Age (years)

Figure 2. Incidence rate of SMI and CMI and change as a
function of age.

CMI indicates clinically manifest myocardial infarction; and SMI,
silent myocardial infarction.
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In the CHS cohort, during a median follow-up of 12.1
(interquartile range, 6.2-18.5) years, there were 526
cases of SCD and 487 cases of NSCD. In time-varying
Cox proportional hazard models adjusting for demo-
graphics and clinical risk factors (Table 2, model 3),
incident SMI was associated with higher risk of SCD
(adjusted HR, 1.70; 95% CI, 1.32-2.19; P<0.001) and
NSCD (adjusted HR, 1.64; 95% ClI, 1.27-2.11; P<0.001)
than no MI. In contrast to the ARIC study, CMI conferred
markedly higher risk for both SCD (adjusted HR, 4.08;
95% Cl, 3.29-5.06; P<0.001) and NSCD (adjusted HR,
4.68; 95% Cl, 3.77-5.79; P<0.001), as compared with
incident SMI (P<0.001). Figure 3 and Table 2 show the
cumulative incidence of SCD and NSCD stratified by
Ml status for the ARIC and CHS cohorts.

The pooled HR (95% Cl) of incident SMI for SCD in the
ARIC study and the CHS was 2.65 (95% CI, 2.18-3.23;
P<0.001).The pooled HR (95% CI) of incident SMI for
NSCD was 2.91 (95% Cl, 2.41-2.52; P<0.001) (Table 2).
These 2 HRs did not differ significantly (P=0.612).
However, the pooled HRs associated with CMI were 3.99
(95% Cl, 3.34-4.77; P<0.001) for SCD and 7.33 (95% ClI,
6.25-8.59; P<0.001) for NSCD, and statistically higher
than the HRs associated with SMI (P<0.001). The pooled
HR for SCD obtained from the competing risk model
were slightly more attenuated than the HR obtained from
the conventional Cox proportional hazards model, but
remained statistically significant (adjusted HR, 2.44; 95%
Cl, 2.01-2.95; P<0.001 for SMI; and adjusted HR, 3.85;
95% Cl, 3.12-4.75; P<0.001 for CMI).

Using the information on person-years in subjects
with or without MI, we could calculate absolute annual
rates of SCD from 3 groups: 11.0 cases per 1000 per-
son-years in subjects with SMI, 18.5 cases in those
with CMI, and 2.1 cases in those without MI, corre-
sponding to an absolute risk increase of 8.9 (95% ClI,
7.3-10.5) cases per 1000 person-years for SMI and
16.4 (95% Cl, 13.6—19.1) cases per 1000 person-years
for CMI (Table 2).Using the unadjusted summary risk
estimates, we could calculate the population-attribut-
able fraction of SCD attributable to Ml were 11.1% (95%
Cl, 9.7-12.3%) for SMI, and 12.3% (95% CI, 11.5-13.0%)
for CMI. The additive prognostic value of SMI/CMI in
addition to the basic model was further evaluated.
The combined model with SMI/CMI provided a better
fit with lower —2log likelihood and Akaike information
criterion than that in the basic model for both SCD
and NSCD. On receiver operating characteristic curve
analysis, the model for SCD had a significantly higher
predictive value when SMI/CMI was included (area
under the curve, 0.74; 95% ClI, 0.73-0.75;, P<0.001 for
SMI; area under the curve, 0.75; 95% CI 0.73-0.77;,
P<0.001 for CMI) compared with when it was not (area
under the curve, 0.72; 95% ClI, 0.0.71-0.73). Similarly,
addition of SMI/CMI could also improve the predictive
values for the outcome of NSCD (Table 3, Figure 4).
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Table 2. Risk of Sudden Cardiac Death and Non-Sudden Cardiac Death by Myocardial Infarction Status, ARIC Cohort, and

CHS Cohort
Crude Incidence Rate* Model 1T HR Model 2 HR Model 38 HR
No. of Events Person-Years (95% CI) (95% Cl) (95% ClI) (95% Cl)
Sudden cardiac death
ARIC cohort
No MI 408 280 667 1.45 (1.32-1.60) 1.00 1.00 1.00
SMI 73 6217 11.74 (9.21-14.74) 8.42 6.80 (4.99-9.26) 5.20 (3.81-7.10)
(6.19-11.45)
CMI 46 5278 8.72 (6.39-11.61) 5.08 (3.70-6.94) 4.48 (3.25-6.17) 3.80 (2.76-5.23)
CHS cohort
No MI 284 48 057 5.91 (5.24-6.64) 1.00 1.00 1.00
SMI 115 10 846 10.60 (8.76-12.71) 2.10 (1.63-2.71) 1.80 (1.40-2.32) 1.70 (1.32-2.19)
CMI 127 4086 31.08 (25.98-36.87) 5.38 (4.35-6.66) 4.32 (3.49-5.37) 4.08 (3.29-5.06)
Combined
No Ml 692 328 724 2.11 (1.95-2.27) 1.00 1.00 1.00
SMI 188 17 063 11.02 (9.51-12.70) 3.69 (3.03-4.49) 3.06 (2.52-3.73) 2.65(2.18-3.23)
CMI 173 9364 18.48 (15.84-21.41) 5.28 (4.43-6.30) 4.37 (3.65-5.23) 3.99 (3.34-4.77)
Non-sudden cardiac death
ARIC cohort
No Ml 314 280 667 112 (1.00-1.25) 1.00 1.00 1.00
SMI 68 6217 10.94 (8.50-13.85) 8.47 6.96 (5.23-9.27) 6.04 (4.54-8.05)
(6.38-11.23)
CMI 94 5278 17.81 (14.42-21.75) 21.94 17.32 12.75
(17.36-27.72) (13.68-21.94) (10.04-16.18)
CHS cohort
No MI 255 48 057 5.31 (4.68-6.00) 1.00 1.00 1.00
SMI 95 10 846 8.76 (7.09-10.70) 2.09 (1.62-2.70) 1.78 (1.38-2.30) 1.64 (1.27-2.11)
CMI 137 4086 33.53 (28.22-39.52) 6.31 (5.11-7.79) 5.06 (4.09-6.27) 4.68 (3.77-5.79)
Combined
No MI 569 328 724 1.73 (1.59-1.88) 1.00 1.00 1.00
SMI 163 17 063 9.55 (8.15-11.13) 3.92 (3.24-4.74) 3.26 (2.69-3.94) 2.91 (2.41-3.52)
CMI 231 9364 24.67 (2.16-28.02) 11.03 8.80 (7.51-10.31) 7.33 (6.25-8.59)
(9.43-12.90)

ARIC indicates Atherosclerosis Risk in Communities; CHS, Cardiovascular Health Study; CMI, clinically manifest myocardial infarction; HR; hazard ratio; MI,

myocardial infarction; and SMI, silent myocardial infarction.
* per 108 person-years.
fModel 1adjusted for no cardiovascular risk factor.
*Model 2 adjusted for age, sex, and race.

SModel 3 adjusted for variables in model 2 plus education levels, smoking status, alcohol use, hypertension, diabetes mellitus, dyslipidemia, heart rate
(continuous), BMI, ECG-determined left ventricular hypertrophy, use of blood pressure—lowering medication, use of beta-blockers, use of aspirin, use of statins

at the baseline visit, and incident heart failure.

Electrocardiographic Measurements

We also assessed the prognostic significance of dif-
ferent electrocardiographic phenotypes in the pres-
ence of SMI (Table 4). Compared with those with
major Q/QS wave abnormality, subjects with minor
Q/QS wave plus major ST-T abnormality had an in-
creased risk of SCD (adjusted HR,3.25; 95% CI,
1.86-5.68; P<0.001 versus adjusted HR, 1.80; 95%
Cl, 1.27-2.55; P<0.001; P=0.029), and risk of NSCD
(adjusted HR, 4.05; 95% ClI, 2.34-7.01; P<0.001 ver-
sus adjusted HR, 2.03; 95% ClI, 1.31-3.15; P<0.001;
P=0.035). In addition, pathological Q waves in inferior

J Am Heart Assoc. 2021;10:e017044. DOI: 10.1161/JAHA.120.017044

leads and lateral leads seem to confer higher risk of
SCD than those in anterior leads. ST-segment de-
pression in anterior leads and lateral leads was also
associated with higher risk of SCD compared with
that in inferior leads.

Stratified Analyses

We performed stratified analyses across several
prespecified clinical factors that might influence
the outcomes. As shown, the pattern of associa-
tions between MI status and SCD was consistent
among these subgroups; that is, there was no effect
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Figure 3. Cumulative incidence of sudden cardiac death and non-sudden cardiac death stratified by Ml status.

A and B, Sudden cardiac death and non-sudden cardiac death in the ARIC study; (C and D) sudden cardiac death and non-sudden
cardiac death in the CHS study. ARIC indicates Atherosclerosis Risk in Communities study; CHS, Cardiovascular Health Study; CMI
clinically manifest myocardial infarction; MI, myocardial infarction; and SMI, silent myocardial infarction.

modification of history of diabetes mellitus, smok-
ing status, and BMI on the association between
MI by type and SCD. Three interaction effects be-
tween subgroup and SMI were identified: SMI was
associated with a greater risk of SCD in men (ad-
justed HR, 3.05; 95% ClI, 2.34-3.97; P<0.001) than
in women (adjusted HR, 1.93; 95% ClI, 1.42-2.62;
P<0.001; P=0.031 for interaction), in White individu-
als (adjusted HR, 2.83; 95% ClI, 2.26-3.55; P<0.001)
compared with Black individuals (adjusted HR, 1.81;
95% CI, 1.15-2.85; P=0.010; P=0.003 for interac-
tion), in subjects without hypertension (adjusted HR,
2.91; 95% Cl, 2.16-3.90; P<0.001) compared with
those with hypertension (adjusted HR, 2.29; 95% ClI,
1.74-3.01; P=0.001 for interaction) (Figure 5). No sig-
nificant interactions were found between these pre-
specified clinical factors and SMI for the secondary
outcome. Given that the relationship between SMI

J Am Heart Assoc. 2021;10:e017044. DOI: 10.1161/JAHA.120.017044

and SCD differed on the basis of race and sex, the
4 subgroups (White men, White women, Black men,
and Black women) were examined separately. Only
Black women were found to have no significantly in-
creased risk of SCD when SMI was present (adjusted
HR, 1.60; 95% Cl, 0.87-2.96; P=0.132) (Table 5).

We further assessed the interactions with contin-
uous covariates and Ml status for the outcomes. No
significant interaction effect was identified between
heart rate and MI status for both SCD (P=0.112) and
NSCD (P=0.258). However, age seemed to be an
important factor that might influence the outcomes
(P<0.001 for SCD and NSCD). The risk of SCD as-
sociated with SMI was stronger in younger partic-
ipants. The adjusted HRs of SCD associated with
SMI among the 5 age groups were 6.56 (95% Cl,
3.93-10.93; P<0.001) for ages 45 to 54, 4.61 (95%
Cl, 3.06-6.96; P<0.001) for ages 55 to 64, 2.37 (95%
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*Variables included in basic model: age, sex, race, education levels, smoking status, alcohol use, hypertension, diabetes mellitus, dyslipidemia, heart rate (continuous), body mass index, ECG-determined left

AIC indicates Akaike information criteria; CMI, clinically manifest myocardial infarction; ROC AUC, area under the receiver operating characteristics; and SMI, silent myocardial infarction.
ventricular hypertrophy, use of BP-lowering medication, use of beta-blockers, use of aspirin, use of statins at the baseline visit and incident heart failure.

P value compared with basic model.
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Cl, 1.69-3.33; P<0.001) for ages 65 to 74, 1.21 (95%
Cl, 0.71-2.08; P=0.480) for ages 75 to 84, and 0.51
(95% ClI, 0.06-4.45; P=0.545) for ages 85+, respec-
tively. Similar trend was observed for the outcome of
NSCD (Table 6).

DISCUSSION

In 2 large population-based cohort studies in the
United States including middle-aged and elderly
individuals, we examined the incidence of SMI and
its association with SCD. The 3 key findings are the
following: (1) SMI is common (=60% of the Mis are
silent), and the incidence rate increases with age; (2)
SMI was associated with ~3-fold increased risk of
SCD, and the strength of the association between
SMI and SCD was comparable to that between SMI
and NSCD but weaker than the association between
CMI and SCD; and (3) there are race, sex, and age
differences in the prognostic significance of SMI. We
found that the risk of SCD associated with SMI is
stronger with White individuals, men, and younger
age. These findings highlight the importance of de-
tection of SMI and the potential impact of such de-
tection on personalized prevention of SCD that takes
into account race, sex, and age.

Previous studies have found incidence of SMI in
the general population ranged from 219 to 24 per
1000 person-years.?? In agreement with this, the inci-
dence rate of SMI in our study was 8.4 per 1000 per-
son-years, slightly higher than that of CMI. Clinically
apparent Ml causes myocardial scar formation, which
provides a substrate for malignant reentrant arrhyth-
mias and in turn leads to SCD.?® SMI similarly could
cause myocardial injury and scar formation, and myo-
cardial ischemia can be one of the triggering factors,
but it is unknown whether this type or degree of scar
can lead to reentrant circuits formation and subse-
quent SCD. Prior studies have identified SMI to be as-
sociated with greater risk of future reinfarction, other
CHD, stroke, heart failure, and all-cause mortality, but
few studies have examined the association between
SMl and SCD."

Consistent with the previous report by Vahatalo
et al,”? the present study demonstrates a positive
association between incident SMI and risk of SCD.
Furthermore, another autopsy study by Adabag et
al’* in individuals who died because of SCD but had
no prior coronary history had also shown that a large
proportion had experienced SMI. However, our re-
sults add incremental values as compared with the
previous reports. First, the study by Vahatalo et al
was a case-control study conducted in individuals
who had SCD and CHD with higher baseline risk and
inherent biases. The relative risk of SMI may be higher
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Figure 4. Comparison of area under the receiver operating characteristic curve (AUC) for sudden cardiac death (A) and
non-sudden cardiac death (B) between the full model without and with SMI/CMI.
AUC indicates area under the curve; CMI, clinically manifest myocardial infarction; and SMI, silent myocardial infarction.

in this study because of selection biases, which were
not present in our community-based population
study. Nonetheless, the current study indicates that
the increased risk of SCD associated with SMI ex-
tends to the community. Second, although autopsy
or myocardial biopsy might be more robust in detect-
ing SMI compared with ECG, it is of limited predic-
tive value in clinical application, as it is impractical for
every subject to undergo myocardial biopsy before
death. Because ECG is a noninvasive, inexpensive,
readily available tool with high interrater reliability,
SMI could be identified with ease as a prognostic
risk factor. Third, as the study by Vahatalo et al in-
cluded only White populations of European ances-
try and mainly male patients with older age, studies
are warranted to fill in knowledge gaps about SMI in
Black individuals, women, and younger population,
who were often underrepresented in epidemiologic
studies of SCD. Our observations of race, sex, and
age differences in the association between SMI and
SCD add to the accumulating evidence of sex, race,
and age differences in cardiovascular disease out-
comes and the potential differences in the impact of
risk factors among sexes, races, and different age
groups. Fourth, they did not adjust for vascular risk
factors or comorbidities, making the association be-
tween SMI and SCD inconclusive. In this context, this
study adds novel findings supporting the hypothesis
that SMl is an independent risk factor for SCD.

The increased risk of SCD associated with SMI
detected by ECG in community-based cohorts of
middle-aged and elderly populations is an important

J Am Heart Assoc. 2021;10:e017044. DOI: 10.1161/JAHA.120.017044

finding of this study, since we found that the majority
of all MIs were clinically unrecognized, suggesting a
significant public health burden. Currently, up to one-
third cases of SCD have no known causative mech-
anism and are classified as unexplained SCD. Early
detection of risk factors has the potential to minimize
the burden of SCD-related mortality.?® The associ-
ation found between SMI and SCD of undetermined
cause suggests that SMI, which was often missed in
routine care, might be responsible for some propor-
tion of SCD cases. Our results indicated the proportion
of SCD explained by SMI was comparable to that ex-
plained by CMI. Given the prevalence and prognosis
of SMI, repeated measurement of ECG during sched-
uled health maintenance visits should be considered
for high-risk subsets of patients, particularly for those
with cardiovascular risk factors. Despite the fact that
guideline-directed medical therapy has a clear role in
the secondary prevention of future SCD among CMI
patients and has become part of a quality-of-care core
measure, it is unclear whether such benefit exists for
subjects with SMI.® Further studies are warranted to
elucidate the beneficial effects of screening for SMI
and whether guideline-directed medical therapy would
reduce the risk of SCD in SMI patients in the same way
as CMI patients.

Not surprisingly, SMI has a weaker association with
SCD than CML. In the short term, ECG changes re-
flecting ischemic cascade in the myocardium might
precede clinical symptoms.?® Thus, there is possibility
that SMI represents milder or earlier changes before
the development of CMI or SCD. In addition, studies
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Number of HR P for
Subgroup Events/Participants(%) (95%Cl) P-value interaction
No MI 692/16276(4.3) (Ref.) -
All Participants SMI 188/1583(11.9) o 2.65(2.18-3.23) <0.001 N/A
cMmI 173/1073(16.1) o 3.99(3.34-4.77) <0.001
No Ml 375/6607(5.4) (Ref.) -
Males SMI 125/833(15.0) —— 3.05(2.34-3.97) <0.001
cmi 109/640(17.0) —— 4.60(3.69-5.73) <0.001
Sex 0.031
No Ml 317/9294(3.4) (Ref.) -
Females sSMI 63/750(8.4) —— 1.93(1.42-2.62) <0.001
cMmI 64/369(14.8) —e—i 3.64(2.70-4.90) <0.001
No MI 455/12403(3.7) (Ref.) -
Whites sMI 157/1298(12.1) —a— 2.83(2.26-3.55) <0.001
cMmI 133/855(15.6) o 4.26(3.48-5.22) <0.001
Race 0.003
No MI 273/3873(6.1) (Ref.) s
Blacks SMI 31/285(10.9) | — | 1.81(1.15-2.85) 0.010
cMmI 40/178(18.4) —a— 4.00(2.79-5.75) <0.001
No Mi 387/5737(6.8) (Ref.) -
Present sMmI 97/803(12.1) —e—i 2.29(1.74-3.01) <0.001
cMmI 88/572(15.4) —e—i 3.55(2.78-4.54) <0.001
Hypertension 0.001
No MI 305/10539(2.9) (Ref.) -
Absent S 91/780(11.7) —e—i 2.91(2.16-3.90) <0.001
cMmI 85/501(17.0) —e—i 4.99(3.87-6.43) <0.001
No Ml 186/1920(9.7) (Ref.) -
Present SMI 54/317(17.0) —— 2.20(1.48-3.27) <0.001
cMmI 47/262(17.9 ——i 4.19(3.03-5.79 <0.001
Diabetes ( ) ( ) 0.088
No M 506/14356(3.5) (Ref.) -
Absent SMI 134/1266(10.6) —e—i 2.64(2.09-3.33) <0.001
cmI 126/811(15.5) —o—i 4.05(3.28-5.00) <0.001
No Ml 173/3668(4.7) (Ref.) -
Never smI 37/305(12.1) —e— 3.37(2.23-5.10) <0.001
cMmI 37/251(14.7) —e—i 5.02(3.38-7.46) <0.001
No M 235/5492(4.3) (Ref.) -
Smoking Former SMI 92/666(13.8) —e—i 2.95(2.17-4.01) <0.001 0.081
(1Y)} 83/445(18.7) —e—i 4.79(3.71-6.20) <0.001
No Ml 284/7116(4.0) (Ref.) -
Current smi 59/612(9.6) —e—t 1.66(1.18-2.33) 0.004
cMmI 53/377(14.1) —e—i 2.94(2.15-4.01) <0.001
No M 186/5555(3.4) (Ref) -
Normal sMmI 45/536(8.4) —— 2.41(1.65-3.53) <0.001
(18.5BMI<25) cMmI 54/309(17.5) —e— 4.59(3.31-6.38) <0.001
No M 277/6439(4.3) (Ref.) -
Overweight smi 89/665(13.4) —e—i 2.81(2.07-3.81) <0.001
BMI(kg/m2) (25<BMI<30) oM 77/465(16.6) ——i 4.49(3.44-5.86) <0.001 0121
No Ml 692/16276(4.3) (Ref.) -
Obesity SMI 188/1583(11.9) —— 2.35(1.62-3.42) <0.001
(BMI230) cMmI 173/1073(16.1) —e— 3.29(2.33-4.65) <0.001
| | 1 1
2 4 8 16

Figure 5. Associations between type of Ml and sudden cardiac death in subgroups.

Model adjusted for age (continuous), sex, race, education levels, smoking status, alcohol use, hypertension, diabetes mellitus,
dyslipidemia, heart rate, body mass index (continuous), ECG-determined left ventricular hypertrophy, use of blood pressure-lowering
medication, use of beta-blockers, use of aspirin, use of statins at the baseline visit, and incident heart failure (subgroup used in
stratification is not included in the model). BMI indicates body mass index; CMI, clinically manifest myocardial infarction; HR, hazard

ratio; MI, myocardial infarction; and SMI, silent myocardial infarction.

indicated that SMI might have smaller infarct size,
and manifest less regional wall-motion abnormalities
and higher ejection fraction than CMI. That is to say,
SMI does not influence the myocardium as signifi-
cantly as CMI, which could be another explanation for
the weaker risk of SCD with SMI than CMI. However,
there are other potential differences that could possi-
bly lead to a stronger association with SMI. Individuals

J Am Heart Assoc. 2021;10:e017044. DOI: 10.1161/JAHA.120.017044

with SMI might have been adversely affected by the
inherent delays in diagnosis and treatment. Our results
also indicated that subjects with SMI are less likely to
take beta-blockers or receive coronary revasculariza-
tion than those with CMI to prevent SCD. In addition,
although subjects with minor Q/QS wave experienced
a higher risk of SCD, they had lower rate of using be-
ta-blockers compared with those with major Q/QS
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Table 5. Multivariable-Adjusted Hazard Ratios of Sudden Cardiac Death and Non-Sudden Cardiac Death According to
Myocardial Infarction Status, Stratified by Race and Sex Simultaneously

White Men HRT (95% CI) White Women HRT (95% Cl) Black Men HRT (95% CI) Black Women HRT (95% CI)
(n=6748) (n=7808) (n=1707) (n=2669)

Sudden cardiac death

No M 1.00 1.00 1.00 1.00

SMI 3.33 (2.49-4.45) 217 (1.52-3.10) 2.09 (1.07-4.09) 1.60 (0.87-2.96)

CMI 4.45 (3.46-5.71) 4.25 (3.01-5.99) 5.53(3.51-8.72) 2.62 (1.41-4.86)
Non-sudden cardiac death

No M 1.00 1.00 1.00 1.00

SMI 3.40 (2.57-4.49) 2.31 (1.63-3.27) 2.25 (1.14-4.44) 4.06 (2.15-7.67)

cMI 6.95 (5.49-8.81) 6.77 (5.03-9.11) 8.54 (5.25-13.89) 12.27 (7.27-20.73)

CMl indicates clinically manifest myocardial infarction; HR, hazard ratio; MI, myocardial infarction; and SMI, silent myocardial infarction.

fCox proportional hazards model adjusted for age (continuous), sex, race, education levels, smoking status, alcohol use, hypertension, diabetes mellitus,
dyslipidemia, heart rate (continuous), body mass index, ECG-determined left ventricular hypertrophy, use of blood pressure-lowering medication, use of beta-
blockers, use of aspirin, use of statins at the baseline visit, and incident heart failure.

wave. Thus, further studies are needed to determine
the underlying pathophysiological differences between
SMI and CMI.

Although the incidence rate of SMI increases with
age, our subgroup analysis showed that younger indi-
viduals had a higher risk of SCD from SMI than older
individuals. In the ARIC cohort, which represented a
younger population, the risk of SCD associated with
SMI was even higher than the risk associated with CMI.
Because we adjusted for potential confounding risk fac-
tors, it is less likely that our observed age differences
were confounded by differences in MI-associated mor-
bidities. Among young adults, the majority of SCDs oc-
curred during physical activity or outdoors.?”?® Hence,
it is possible that younger individuals with SMI were
more often unaware of their disease and presumably

did not limit their physical exertion, thus experiencing
higher risk of malignant arrhythmias and SCD. Also,
younger individuals are generally under less intense
health surveillance and medical control and are less
likely to have secondary prevention strategies for CHD.
However, whether this is attributable to distinct patho-
physiological mechanisms or treatment effects merits
further investigation.

Our study demonstrates that the risk of SMI-
associated SCD tends to be higher in White individuals
than in Black individuals and in men than in women. The
mechanisms underlying the race and sex differences in
our study are unclear. It is possible that genetic back-
ground, emerging risk factors, physical activity, access to
health care, awareness, and adherence to medications
contribute to sex and racial differences. For example, as

Table 6. Multivariable-Adjusted Hazard Ratios of Sudden Cardiac Death and Non-Sudden Cardiac Death According to

Myocardial Infarction Status, Stratified by Age Groups

Sudden Cardiac Death Non-Sudden Cardiac Death
Incidence Rate per
Age Group (y) 1000 Person-Years (95% CI)* Cases/Participants HR (95% CI)t Cases/Participants HR (95% CI)t
SMI
45-54 2.42 (211-2.78) 30/198 6.56 (3.93-10.93) 18/198 6.10 (3.56-10.44)
55-64 4.66 (4.17-5.20) 43/312 4.61 (3.06-6.96) 49/312 6.02 (4.24-8.53)
65-74 23.59 (21.88-25.43) 77/664 2.37 (1.69-3.33) 57/664 1.74 (1.23-2.47)
75-84 36.11 (32.65-39.92) 36/366 1.21(0.71-2.08) 33/366 1.19 (0.70-2.01)
85+ 46.29 (34.54-61.77) 2/43 0.51 (0.06-4.45) 6/43 0.78 (0.16-3.71)
CMI
45-54 1.92 (1.64-2.24) 17/157 4.89 (3.01-7.95) 25/157 13.67 (8.69-21.49)
55-64 414 (3.68-4.65) 28/277 312 (1.99-4.87) 68/277 13.08 (9.80-17.48)
65-74 14.07 (12.76-15.51) 81/396 5.47 (4.07-7.34) 88/396 5.25 (3.92-7.03)
75-84 22.20 (19.50-25.25) 43/225 3.09 (2.02-4.74) 44/225 2.93 (1.91-4.50)
85+ 19.38 (12.29-31.42) 4/18 4.65 (1.11-19.54) 6/18 1.61 (0.34-7.63)

CMI indicates clinically manifest myocardial infarction; HR, hazard ratio; MI, myocardial infarction; and SMI, silent myocardial infarction.

*Incidence rate of SMI or CMI.

fCox proportional hazards model adjusted for age (continuous), sex, race, education levels, smoking status, alcohol use, hypertension, diabetes mellitus,
dyslipidemia, heart rate (continuous), body mass index, ECG-determined left ventricular hypertrophy, use of blood pressure-lowering medication, use of beta-
blockers, use of aspirin, use of statins at the baseline visit, and incident heart failure.
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indicated in previous studies, men seem to be more tol-
erant to pain than women, and thus they might be less
likely to seek medical treatment or limit their physical ex-
ertion.?? In addition, the race- and sex-based disparity
could be partly explained by the use of a single ECG
cutoff across both races and sexes. It is possible that a
certain degree of Q wave or ST-T change may indicate
larger infarct size in White individuals and in men, while
the presence of Q wave or ST-T change in a Black or a
female individual may indicate a relatively benign finding.

However, there is one point regarding SMI defined
by ECG that needs to be addressed. Some studies
reported that Q waves on ECG are not sensitive mark-
ers of Ml (=40%) and their specificity is also not ideal
(=70-80%).%° In the ICELAND MI community-based
cohort of older people (median age, 76 years), using
cardiac magnetic resonance imaging as the gold stan-
dard, ECG detected only 12% (19/157) of all SMIs and
59% of SMIs by ECG (27/46) were not M1.3" Because
some ECG patterns associated with SMI are similar
to those of other cardiac disease, particularly HCM,
some SCDs in these subjects labeled as SMI could
be attributable to an underlying nonischemic cardio-
myopathy.®?> However, the diagnosis of SMI in previous
studies was based on a single measurement of ECG,
which might be less sensitive and specific in detect-
ing SMI. In the present study, ECGs were measured
4 times during ~10 years of follow-up. In addition, we
have excluded subjects with the presence of ECG ev-
idence of MI, HCM, and other conditions with ECGs
similar to SMI at baseline, and the diagnosis of incident
SMI was based on new-onset Q wave, while in pa-
tients with HCM the abnormal ECGs were present at
an early stage of the disease and the Q wave persisted
Therefore, the analytic approach applied in our study
might increase the sensitivity in detecting SMI and re-
duce the possibility that we would enroll subjects with
HCM or other nonischemic cardiac disease.

The major strengths of our study include the rel-
atively large sample size, the long-term and virtually
complete follow-up, inclusion of non-White partici-
pants, extensive measurement of covariates, the de-
tailed risk factor and ECG information, and physician
adjudication of all SCD cases. Some limitations of our
analysis should be noted. First, this study included only
individuals between 45 and 92 years of age, and thus
we cannot comment on the influence of SMI outside
this age range. Also, our study involved only White and
Black subjects; thus, the results might not be general-
izable to other races/ethnicities. Second, because of
the strictly epidemiologic nature of our investigation,
we cannot further clarify the pathophysiologic circum-
stances underlying SMI. Third, although we controlled
for potentially confounding factors in the multivari-
able-adjusted analyses, the possibility of residual con-
founding cannot be completely ruled out. For example,
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given the limited data available, we could not adjust for
baseline ejection fraction, which is a well-established
marker of SCD. However, we have excluded partici-
pants with a history of heart failure at baseline and ad-
justed for incident heart failure, which could partially
reduce the possibility that ejection fraction might influ-
ence the outcomes. Fourth, the study has the limitation
of inflated type 1 error with no adjustments for mul-
tiple testings in the multiple outcomes and subgroup
analyses.

In conclusion, SMI in individuals detected by ECG
has a significantly higher risk of SCD than individuals
without MI. Being more prevalent than CMI, SMI con-
stitutes an underappreciated public health problem.
This finding should be confirmed in additional studies,
and if confirmed, it adds to our evolving understanding
that SMI is not a benign condition. Not only does SMI
predispose to stroke or heart failure but also directly in-
crease the risk of death from ventricular tachyarrhyth-
mias. This study suggests that early detection of SMI
by ECG may be warranted to predict future risk of SCD
and to better identify those who might benefit from
more aggressive risk screening and management.
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