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Keywords:
 According to the American Heart Association, 170,000 new silent myocardial infarctions (SMI) occur annually in
the United States. Prior studies from the general population also have shown that SMI is common, but the rates
variedwidely. Some studies reported SMI rates as low as 4%while others reported rates as high as 57% of the total
MIs. Reports on the prognostic significance of SMI compared to clinically recognized MI also have been inconsis-
tent. Although SMI could be detected using cardiac imaging, electrocardiogram (ECG) has been the most com-
mon method for detection of SMI in both clinical and research settings due to it is low-cost and wide
availability. This report highlights certain ECG methodological aspects that need to be taken into consideration
when interpreting findings from population studies addressing SMI. Examples from population studies will be
used in this report to show how deviation and differences in applications of the ECG standard definitions of
SMI, ECG processingmethods, and the frequency of ECG recording in population studies could impact the results,
whichmay explain thewide range of rates and inconsistent conclusions about the prognostic significance of SMI.
A summary of the gaps in knowledge of the SMI research is provided. By highlighting the lack of uniform ap-
proach in defining SMI despite the availability of standard definitions and pointing out the gaps in knowledge,
it is hoped that a call for standardizing the use of the current standards will emerge.

© 2019 Elsevier Inc. All rights reserved.
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Introduction

The resting 12 lead electrocardiogram (ECG) is the most commonly
used investigative tools for the diagnosis and prediction of cardiovascu-
lar disease (CVD) in population studies. Among its several uses, detec-
tion of silent myocardial infarction (SMI), defined as an objective
accidental finding of an MI in an individual who denies having a prior
MI, has been one of the main indications to utilize ECG in these studies.
Incorporating SMI as a component in the cardiovascular outcome end-
points in research studies increases the number of total MI events
which increases the statistical power without increasing the sample
size or study duration; all have favorable cost implications [1].

Despite the importance of SMI as a clinical endpoint in research set-
tings, the reported incidence and prevalence of SMI varied widely
among population studies, and the conclusions about its prognostic sig-
nificance compared to clinically recognized MI have been inconsistent.
In their literature review, Pride et al. [2] and Sheifer et al. [3] showed
that some studies reported SMI rates as low as 4%while others reported
rates as high as 57% of the totalMIs [2,3]. Furthermore,while some stud-
ies showed that individuals with SMI have worse outcomes than those
with clinically recognized MI, other studies reported different
ARE), Wake Forest School of
, United States of America.
conclusions [1–5]. Differences in the populations or using different car-
diac investigative modalities to detect SMI, especially if they are inher-
ently different such as using ECG versus imaging, may explain some of
the differences in SMI results among studies. To address these issues, in-
vestigators typically use statistical models adjusted for potential con-
founders to make their results comparable across studies, and also
explicitly mention the tools by which they defined SMI.

On the other hand, the impact of the inconsistency in the application
of the standard ECG methods or the definition of SMI could have a sig-
nificant impact on the results which risks the appropriateness of com-
paring studies using what seems to be the same standard ECG
methods or the definition of SMI. In this report, examples from popula-
tion studieswill be used to showhowdeviation and differences in appli-
cations of the ECG standard definitions of SMI, ECG processingmethods,
and the frequency of ECG recording in population studies could impact
the results, whichmay explain the wide range of rates and inconsistent
conclusions about the prognostic significance of SMI.
Purpose, terms and lexicon

Purpose

In addition to the ECG, SMI could be detected using echocardiogra-
phy, nuclear imaging, or cardiac magnetic resonance imaging (c-MRI).
However, ECG has been the most common method for detection of
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SMI in population studies due to it is low-cost andwide availability. The
purpose of this report is not to discuss differences in SMI detection by
different cardiac investigative tools since such differences are expected.
Instead, the purpose is to highlight certain ECG methodological aspects
that need to be taken into consideration when interpreting research
from population studies which examined SMI. To fulfill this purpose,
the reportwill focus on the definition of SMI by theMinnesota ECG Clas-
sification, themost commonly used ECG classification system in popula-
tion studies [6].

The Minnesota ECG Classification

The discussions in this report may require familiarity with the Min-
nesota ECG Classification [6]. Briefly, theMinnesota ECG Classification is
a hierarchical coding system aimed to classify ECG abnormalities in re-
search settingswhere a repeatable, valid, and quantitativemethod is re-
quired. The system is composed of several groups of codes which cover
different types of ECG abnormalities. The Minnesota codes that pertain
to myocardial infarction and ischemia are Q Codes (Minnesota Codes
1), ST Segment Depression Codes (Minnesota Codes 4) and T-wave
Codes (Minnesota Codes 5). Each Minnesota code is composed of 3
numbers. The first number indicates the type of ECG abnormality the
code is focused upon (e.g., Code 1 for Q codes, Code 4 for ST SegmentDe-
pression, etc.), and the other two numbers indicate severity. To avoid
misclassification of abnormalities, the Minnesota ECG Classification
has inherent safeguards to suppress reading/coding in the presence of
certain ECG conditions thatmay lead to improper classification. In addi-
tion to the individual hierarchical codes for Q (Minnesota Codes 1), T
(Minnesota Codes 4) and ST abnormalities (Minnesota Codes 5), MI is
defined byMinnesota ECG Classification asmajor Qwave abnormalities
(Minnesota Code (MC) 1-1-X or 1-2-X) or minor Q wave abnormalities
(MC 1-3-X) with major ST-segment or T-wave abnormalities (MC 4–1,
4–2, 5–1 or 5–2) where x could be any number in the list of codes.
This definition is typically used to defineMI at a single point of time [6].

In longitudinal studies where there are multiple study visits, the
Minnesota ECG Classification developed another method to detect
new MI using what is called, significant serial changes in the Q/ST/T
waves. Thismethod takes into account significant changes in the ampli-
tudes and the durations of Q, T and ST not onlyworsening of theQ, T and
ST codes, and therefore it provides a more specific definition for MI.
There is a different set of Minnesota Codes assigned for the significant
serial changes (Q wave serial changes codes Q1 to Q 8, and ST/T serial
changes STT1 to STT8). New MI using significant serial changes is de-
fined as presence of Q1 to Q7 [7].

Silent MI versus unrecognized MI

In this report, we used the term SMI. However, there is no consensus
on whether SMI or unrecognized MI (UMI) is a better term to describe
the objective accidental finding of MI without a prior history of an MI.
While the Task Force for the Third Universal Definition ofMyocardial In-
farction used the term “SilentMI” [8], the Statement for the Case Defini-
tions for Acute Coronary Heart Disease in Epidemiology and Clinical
Research Studies by the United States and European Practice Guidelines
Societies used the term “UMI” [9]. On the other hand, the 2018 Fourth
Universal Definition of Myocardial Infarction Task Force used both
terms in the document quoted as “Silent/Unrecognized MI” [10]. It is
worth noting that our current knowledge on SMI is shaped by research
used both terms without distinction [2–5,11–22]. Therefore, while it
may be reasonable to prefer or even to standardize the term, it is not ap-
propriate to totally dismiss the other.

Population studies

Another term worth noting is “population studies”. This is the type
of studies that involve studying the health of populations—both at
specific time points (cross-sectional studies) and over longer periods
(longitudinal studies)—to uncover patterns, trends, and outcomes in
the general population. In this report, the term population studies is
used interchangeably with the term epidemiologic studies, and for
this report, both terms include all designs whether observational (co-
hort studies) or experimental (clinical trials).

Methodological considerations on electrocardiographic SMI

Detection of SMI requires two pieces of information; excluding
knowledge of a previous MI and recent objective evidence of that MI.
Not uncommon, the design of the research study dictates the method
by which each one those two pieces of information is obtained. This
may result in heterogeneity in SMI definition and potentially conflicting
results among studies, even if the intention was to use the same stan-
dard ECG definition. Using examples from population studies, the fol-
lowing are a few methodological aspects that need to be taken into
consideration when interpreting findings from population studies ad-
dressing SMI.

Impact of variations in the application of the ECG standard definition

In cross-sectional studies where there is only baseline visit and no
follow-up, SMI is typically defined as an ECG-evidence of MI in the ab-
sence of a self-reported history of MI. Excluding knowledge of a prior
MI using self-reported history of a prior MI is liable to recall bias and
misclassification, but it is a convenient and sometimes the only available
method in population studies with such design. The ability to recall
prior MI depends on the cognitive ability of that population and its ac-
cess to healthcare. So the assumption that studies using self-reported
history of MI as part of the definition of MI would yield comparable re-
sults may not always hold. To overcome this bias, some studies such as
the Rotterdam Study [11] used baseline self-reported history supple-
mented by additional clinical information from the participant's physi-
cian. However, adjustment for socio-demographic factors, access to
healthcare and concomitant comorbidities could lessen some of these
differences among studies.

The situation is more complicated with ECG definition of MI even if
the intention is using the same standard. In both the REasons for geo-
graphic and racial differences in stroke (REGARDS) study [12], and the
United Kingdom Prospective Diabetes Study (UKPDS) study, SMI [13]
was defined as ECG-evidence of MI using the Minnesota ECG Classifica-
tion [6] in the absence of a self-reported history of MI. Despite citing the
same standard definition of ECG-MI (theMinnesota ECG Classification),
there were inherent differences in the application of the definition.

In the REGARDS study, ECG-MI was defined in 16,653 participants
using the typical definition of MI by the Minnesota ECG classification
at one point of time (major Q wave abnormalities (Minnesota Code
(MC) 1-1-X or 1-2-X) or minor Q wave abnormalities (MC 1-3-X)
with major ST-segment or T-wave abnormalities (MC 4–1, 4–2, 5–1 or
5–2)) [12]. On the other hand, in the UKDPS studymodified this defini-
tion and defined ECG-MI as only major Q wave abnormalities (Minne-
sota code (MC) 1-1-X or 1-2-X) omitting the rest of the definition
[13]. The authors justified omitting minor Q waves plus major ST/T
wave abnormalities claiming that these are non-specific. Whether this
is a justified argument or not, this decision resulted in marked variation
in the reported SMI rates between the REGARDS and UKPDS although
both, assumingly, used the same ECG classification. While REGARDS
study showed that SMIs contributed 32.4% of the total MIs, SMI rate
was only half of that in the UKPDS (16.6% of the total MI) [12,13].

In theUKPDS study participantswith SMIwere alsomore likely to be
women [13]. However, in the Action to Control Cardiovascular Risk in
Diabetes (ACCORD), men were found to have a higher prevalence of si-
lent MI on baseline ECGs than women [14]. Notably, the ACCORD study
used the same Minnesota codes defining ECG-MI definition as those
used in the REGARDS [12]. These differences in the prevalence rates
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and gender differences in cross-sectional studies triggered bydeviations
in the applications of the standard definition, whether justified or not,
create uncertainty and confusion.

Different approaches and modifications in using the Minnesota ECG
Classification have been utilized in longitudinal studies as well. When
multiple exam visits are available in longitudinal studies, some studies
defined SMI in a follow-up visit as presence of ECG evidence of MI by
the Minnesota ECG Classification (major Q wave abnormalities with or
minor Q wave plus major ST-segment or T-wave abnormalities) in
that visit without evidence of a clinical MI in a prior visit. This approach
was utilized in a recent publication from the Atherosclerosis Risk in the
Communities (ARIC) Study [15] where SMI was examined in 9498 par-
ticipants. The ARIC participants included in this analysis underwent bi-
ennial three follow-up visits with ECG recording in each visit after the
baseline exam which also included an ECG recording. ECG-MI was de-
fined in each visit using the standardMinnesota Codewhile hospital ad-
missions were reviewed to document clinical MIs during the same
follow-up period. The study showed that SMI contributed over 45% of
the total MIs [15]. This approach is supposed to be less specific and
hence would yield more SMI cases.

A more specific approach that also utilizes the Minnesota ECG Clas-
sification is the Q/ST/T serial changes. This approach takes into account
not only developing new ECG-MI by Minnesota Code as previously de-
fined in a follow-up visit but also requires significant changes in the am-
plitude and duration of the Q/ST/T waveforms. This approach is used
mainly in the clinical trials to improve specificity. In the Multiple Risk
Factor Intervention Trial (MRFIT), for example, SMI was defined in
12,866 participants as significant Q wave changes (Minnesota serial
changes Q1 code to Q7 code) [16]. In MRFIT, SMI contributed 25% of
the total MIs, which is notably much lower than that reported in the
ARIC study.

Because MI definition using the Minnesota ECG Classification signif-
icant serial changes Q/ST/T is specific and yields a smaller number of
MIs, Q1 to Q8 instead of Q1 to Q7 has been used occasionally define
MI. This approach was used in a prior analysis from the Women Health
Initiative [17] study and the Strategies forManagement of Antiretroviral
Therapy (SMART) trial [18].

Differences in the application the standard MI definition could ex-
plain some of the differences in the variations in the reported rates
and conflicting sex results among population studies. Without taking
into account the method by which SMI is defined, our interpretation
of the SMI research would not be complete and comparing studies
would not be appropriate. The lack of a uniform approach in applying
the standard definition of SMI could hinder our ability to improve our
understanding of SMI.

Impact of the nature and processing of the ECG tracings

TheMinnesota ECG Classification has been incorporated into several
computer algorithms to enable automated classification of ECG abnor-
malities from digital ECG signals acquired from electrocardiographs.
Ammar et al. reviewed data from fourteen major population studies,
most of them used the Minnesota ECG Classification, and concluded
that computerized ECG analysis is superior to visual reading in defining
SMI due to better reliability, speed and cost [19]. However, their conclu-
sionwas based on the predictive ability of SMI not based on comparison
with a gold standard of accurate diagnosis ofMI. Also, they assumed that
thewide range of SMI rates observed in their analysis (4% to 44%) is due
to underestimation of visual compared to computerized automated de-
tection of SMI using theMinnesota ECG Classification. However, the op-
posite could also be true; computerized Minnesota ECG Classification
might be over-estimating SMI.

In another study that highlights differences among automated and
visual reading, Kors et al. compared two computer programs incorpo-
rating theMinnesota ECGClassificationwith the visual reading standard
[23]. Those two programs were the Minnesota Code-Modular ECG
Analysis System (MC-MEANS) and theNOVACODE program. The agree-
ment between the visual and the computer MC ECG interpretation was
greater than 90% for all of theMinnesota codes except the Q code,which
was 77% for MC-MEANS and 81% for NOVACODE. The less agreement in
the assignment of Q codes between automated processing of ECG and
visual reading, which is the single most important step in the detection
of SMI, indicates inherent differences between automatic and manual
detection of MI even if both utilize the Minnesota code. Lack of exact
agreement between the two computerized systems is also worth
noting.

Although automatic interpretation has the advantage of enhancing
reproducibility,which is of critical importance in population studies, ab-
solute dependence on software is not free of the risk of overestimating
detection of a serious condition likeMI. Contemporary software, regard-
less of their capabilities, cannot detect certain artifacts or arrhythmias
which may distort the ability to measure Q waves correctly. Therefore,
a hybrid approach of automated processing of ECG supplemented
with human editing of extreme global onsets and offsets of ECG wave-
forms, and detection of artifacts and arrhythmias may have the poten-
tial to improve quality. The challenge is (and has been) is
standardizing the levels of human interference to ensure consistency.
Impact of the frequency of recording ECG in population studies

The pathological Q waves after acute MI may regress or disappear in
asmany as 25% to 63% of patients [24]. This represents a challenge in the
detection of SMI using ECG which depends on the presence of these Q
waves. Results from the Framingham Heart studies have shown that
10% of the anterior and 25% of inferior MIs lose their ECG signs within
two years [25]. This means that many of the cases of SMI, especially in-
ferior SMI, would go undetectedwith long intervals between ECG visits.

Regression of Q waves could be explained by periinfarct positive re-
modeling, varying activation of the superior and inferior walls, func-
tional recovery of stunned or hibernating myocardium in the infarcted
area and the opposite wall MI [24]. These factors may differ from one
population to another, depending on their coexisting comorbidities
and their age distribution. Different population studies used different
schedules to collect ECG data. Budgetary issues, the life expectancy of
the population and the expected number of events are some of the fac-
tors involved in deciding the frequency of recording ECG in population
studies.

In the ARIC study, which included middle-aged community-based
population, ECG tracings were recorded every two years for a total of
four visits between 1987 and 1998 until they decided to have another
visit later in 2010 [15]. On the other hand, in the Cardiovascular
Health Study (CHS) which enrolled a cohort of seniors older than
65 years, ECG recording was done annually [20]. Using the same
SMI definition including the Minnesota ECG Classification, recording
ECG every two years in ARIC yielded 317 incident SMI events de-
tected in 9498 participants during 8.9 years follow up [15]. On the
other hand, recording ECG every year in the CHS yielded more inci-
dent SMI events (459 SMI events), although the number of partici-
pants in the CHS (4355 participants) was just half of that in the
ARIC study and the follow-up was shorter (6 years follow up) [20].
Obviously, the old age of the CHS participants might have played a
role in the excess number of SMI, but the impact of the frequent
ECG recording cannot be ignored.

Although understanding the progression of coronary heart dis-
ease including SMI requires more frequent visits and ECG data col-
lection, the cost of these visits in population studies could be
prohibitive. Nevertheless, infrequent visits can lead to missing the
opportunity to detect SMI which is a major contributor to the burden
of coronary heart disease. Identifying the ideal frequency of record-
ing ECG in different populations is needed for better planning of
the studies.
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Other factors impacting standardization of the definition of SMI by ECG

Central processing of ECG data at specialized ECG core laboratories
using standard methods with pre-specified quality control protocols is
the preferred approach in research. There are several factors that
could impact standardized ECG coding include ECG coder training,
data acquisition, patient preparation, technician training, and the nature
of quality control. Although several studies used the Minnesota ECG
Classification as part of their definition of SMI, it is uncommon for
these studies to provide details about the quality measures of process-
ing and coding the ECG data. Knowledge on its own is not enough
when it comes to the Minnesota ECG Classification, but the repeatable
and consistent applicationwhich requires continuous training andqual-
ity control measures of the staff which unlikely to achieve outside cen-
tralized units.

Gaps in knowledge

Regardless of the uncertainty about the precise rates of SMI by
ECG and how its prognostic significance compares to clinically recog-
nizedMI, all studies agree that it is common, and it is associated with
poor outcomes including coronary heart disease, heart failure, and
mortality [2,3,6,10,12,14,17–20]. However, still, there are several
gaps in knowledge that need to be addressed to understand better,
diagnose, and treat SMI, and ultimately prevent SMI. Some of these
gaps are:

▪ Lack of standard approaches for defining SMI by ECG in research and
clinical settings. Despite the existence of standard definitions to de-
tect SMI using ECG, lack of uniform approaches to applying these
standards in different situations hinders the ability to appropriately
compare results from different studies.

▪ ECG and cardiac imaging provide different information, and there-
fore eachmodality could be useful to understand parts of the natural
history of SMI. Studies are needed to explore how ECG and imaging
could be integrated rather than replacing each other to advance our
understanding of SMI.

▪ There is an opportunity to develop more precise ECG-based models
for estimating SMI size and prediction of the risk of SMI using more
sophisticated ECG models. This opportunity is possible given the
availability of digital ECG data which provide hundreds of waveform
measurements, imaging data that provide actual size of infarct area
which could serve as a gold standard and the availability of fast com-
puters that could handle large volumes of information and complex
computations.

▪ Studies are needed to investigate the cost-effectiveness of screening
for SMI as part of coronary heart disease prevention, especially in
high-risk groups such as those with diabetes or old age.

▪ There is a need for better understanding of risk factors specific to
SMI that are different from clinical MI and exploring optimal
modifications of these risk factors. Investigating the potential
reasons for the reported sex and race differences in SMI would
be part of this.

Concluding remarks

Currently, the most commonmethod for detecting SMI in popula-
tion studies is ECG. Despite its wide use and the appearance of using
standard definitions, the methodology is far from being standardized
or consistent. This includes deviation from applying the standard
definitions, differences in the approaches of processing the ECG
data and lack of information on the ideal frequency of recording
ECG. Whether some of these issues are dictated and justified by
study design and logistics, most of the studies do not directly address
the rationale behind their decisions. The net result is inconsistent
and occasionally conflicting reports which hinder progress. Even
the terms referring to accidental finding of an MI without prior
knowledge of the patient have been used inconsistently; some prefer
SMI while others use UMI or both.

There is no doubt that SMI is common, even if the exact rate is un-
clear, and there is no denying that it is associated with poor prognosis,
whether this association is similar or more than clinically recognized
MI. Therefore, we need to enhance our understanding and develop op-
timal management strategies for the prevention and management of
SMI. The first step, however, is to have a uniform approach(s) for detec-
tion of SMI which builds on the available standard definitions but fits
different research scenarios.
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