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BACKGROUND Numerous definitions for peri-procedural myocardial infarction (PMI) following percutaneous coronary

intervention (PCI) and coronary bypass grafting (CABG) surgery exist.

OBJECTIVES The purpose of this study was to investigate the PMI rates according to various definitions, their clinically

relevant association with all-cause mortality at 10 years, and their impact on composite endpoints at 5 years in the

SYNTAXES (Synergy between PCI with Taxus and Cardiac Surgery Extended Survival) trial.

METHODS PMI was classified as a myocardial infarction occurring within 48 h of the procedure according to definitions

of the SYNTAX (TAXUS Drug-Eluting Stent Versus Coronary Artery Bypass Surgery for the Treatment of Narrowed

Arteries), ISCHEMIA (International Study Of Comparative Health Effectiveness With Medical And Invasive Approaches),

and EXCEL (Evaluation of XIENCE versus Coronary Artery Bypass Surgery for Effectiveness of Left Main Revasculariza-

tion) trials; the Fourth Universal Definition of MI; and the Society for Cardiovascular Angiography and Interventions

(SCAI). Of the 1,800 patients enrolled, 1,652 with creatine kinase and/or creatine kinase-myocardial band (CK-MB) post-

procedure were included. The association between PMI and mortality was analyzed by Cox regression.

RESULTS PMI rates according to the SYNTAX and Fourth Universal Definition of MI, both of which required CK-MB

elevation and electrocardiographic evidence of permanent myocardial damage, were 2.7% and 3.0%, respectively, in the

PCI arm versus 2.4% and 2.1%, respectively, in the CABG arm. PMI rates according to the SCAI or EXCEL definition were

higher in the PCI (5.7%) and CABG (16.5%) arms. PMIs according to the SYNTAX and Fourth Universal Definition of MI

were more strongly associated with mortality than EXCEL and SCAI PMIs defined by isolated enzyme elevation when

CK-MB was more than 10 times ULN. The impact of these “enzyme-driven events” on time-to-event curves and the

composite endpoints was greater in the surgical cohort. PMIs after PCI were associated with 10-year mortality regardless

of definition, whereas their impact on mortality after CABG was limited to 1 year.

CONCLUSIONS The rates of PMI are highly dependent on their definition, which affects time-to-event curves, com-

posite endpoints, and their lethal prognostic relevance. (Synergy Between PCI With TAXUS and Cardiac Surgery: SYNTAX

Extended Survival [SYNTAXES]; NCT03417050; SYNTAX Study: TAXUS Drug-Eluting Stent Versus Coronary Artery Bypass

Surgery for the Treatment of Narrowed Arteries [SYNTAX]; NCT00114972) (J Am Coll Cardiol 2020;76:1622–39)
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AB BR E V I A T I O N S

AND ACRONYM S

CABG = coronary artery bypass

grafting

LMCAD = left main coronary

artery disease

MI = myocardial infarction

PCI = percutaneous coronary

intervention

PMI = peri-procedural

ardial infarction
T he ultimate goal of novel treatments—phar-
macological, device, percutaneous, or surgi-
cal intervention—is to prolong life (added

gained years) and to ensure that patients enjoy a
satisfying quality of life. This goal needs, on one
hand, the assessment of long-term survival in a quite
large group of patients and, on the other hand,
repeated interviews and surveys of their quality of
life. This combined assessment is expressed in
quality-adjusted life years (1).

Short-, medium-, or long-term assessment of a
novel treatment in a limited number of patients
mandates the multiplication of dated endpoints
(death, stroke, spontaneous myocardial infarction
[MI], unplanned repeat procedure, hospitalization for
heart failure) to ascertain in a meaningful statistically
way the benefit of a novel treatment (2).
SEE PAGE 1640
In the field of cardiovascular revascularization,
peri-procedural myocardial infarction (PMI) as a
“dated event” has been integrated as a critical item in
composite endpoints, but its definitions encompass a
variety of combined or isolated phenomena, such as
enzyme elevation, permanent electrocardiographic
change, anatomic occlusion of vessels, and loss of
viable myocardium.

Conversely, the clinical relevance of a PMI—to be
considered as a “dated event”—should be defined as
a PMI leading, at short- or long-term, to death,
reintervention, or hospitalization for heart failure.
Therefore, isolated cardiac biomarker release, even
major, without consequential late clinical events
may be perceived as clinically irrelevant and artifi-
cial in the assessment of otherwise robust compos-
ite endpoints. Early isolated enzymatic “PMI
events” are frequently incorporated into time-to-
event composite endpoints to satisfy trial de-
signers in search of a powered sample size, but they
may artificially influence the interpretation of the
real benefit of a novel treatment. Although the
universal definition of myocardial infarction (UDMI)
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has been widely accepted as the definition
of spontaneous MI, other definitions of PMI
exist (Table 1), and their potential impact on
trial outcomes remains intensely debated
(3,4).

In the SYNTAXES (Synergy between PCI
with Taxus and Cardiac Surgery Extended
Survival) trial (NCT03417050), patients with
3-vessel disease and/or left main coronary
artery disease (LMCAD) were randomized to
undergo either percutaneous coronary inter-

vention (PCI) or coronary bypass grafting (CABG)
surgery, and vital status was evaluated up to 10 years
(5). At 10 years, no significant difference existed in
all-cause death between PCI and CABG (27% vs. 24%;
p ¼ 0.092) (5).

In the present study, the statistical association of
PMIs, according to various definitions, with all-cause
mortality at 1 and 10 years was evaluated in the
SYNTAXES trial. We also sought to assess the theo-
retical impact of these various definitions of PMI on
the 5-year composite outcome in the SYNTAX trial
(TAXUS Drug-Eluting Stent Versus Coronary Artery
Bypass Surgery for the Treatment of Narrowed
Arteries) (NCT00114972).

METHODS

STUDY DESIGN AND PARTICIPANTS. The design and
result up to 5 years of the SYNTAX trial have been
reported previously (6,7). The vital status up to 10
years has been recently reported in the SYNTAXES
study (5). Patients with de novo 3-vessel disease
and/or LMCAD, who were eligible for both PCI and
CABG based on clinical assessment and the consensus
of a heart team, were randomized in a 1:1 fashion
either to receive PCI (n ¼ 903) with TAXUS Express
paclitaxel-drug eluting stents (Boston Scientific Cor-
poration, Marlborough, Massachusetts) or CABG
(n ¼ 897). The ethics committee at each investigating
center approved the trial, and all participants pro-
vided their written informed consent prior to

myoc
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TABLE 1 Definitions of PMI

Definitions
Time After
Procedure PCI Arm CABG Arm

SYNTAX <7 days
Re-evaluated in the first

48 h

1. Peak CK-MB/peak total CK >10% AND ECG criteria: new Q waves in $2 leads
OR
2. CK-MB $5� ULN AND ECG criteria: new Q waves in $2 leads

4th UDMI <48 h 1. CK-MB >5� 99th percentile ULN* AND additional
criteria: 1) new ischemic ECG changes or new Q
waves; 2) angiographic findings consistent with a
procedural flow-limiting complication; or 3) imaging
evidence of new loss of viable myocardium or new
regional wall motion abnormality

1. CK-MB>10� 99th percentile ULN* AND additional
criteria: 1) new Q waves; 2) angiographically
documented graft or native coronary artery occlusion;
or 3) imaging evidence of new loss of viable
myocardium or new regional wall motion abnormality

ISCHEMIA <48 h 1. CK-MB >5� ULN* AND additional criteria: 1) ST-
segment elevation or depression in $2 contiguous
leads, new Q waves, or new persistent LBBB; or 2)
angiographically documented new TIMI 0/1 flow in
major vessel/side branch or NHLBI $ type C
dissection

OR
2. CK-MB>10� ULN*

1. CK-MB >10� ULN* AND additional criteria: 1) new Q
waves or new persistent LBBB; or 2) imaging evidence
of new substantial wall motion abnormality

OR
2. CK-MB>15� ULN*

SCAI <48 h 1. CK-MB $5� ULN† AND ECG criteria: new Q waves or new persistent LBBB
OR
2. CK-MB $10� ULN†

EXCEL <72 h
Evaluated in the first 48 h

in the present study

1. CK-MB>5� ULN† AND additional criteria: 1) new Q waves or new persistent LBBB; 2) angiographically documented graft
or native coronary artery occlusion or new severe stenosis with thrombosis and/or diminished epicardial flow; or 3)
imaging evidence of new loss of viable myocardium or new regional wall motion abnormality

OR
2. CK-MB >10� ULN†

*In patients with normal CK-MB values at baseline. For PCI patients with elevated but stable or falling baseline levels, the peak CK-MB was required to rise by >20% to the values above. †In patients with
normal CK-MB values at baseline. For patients with elevated baseline CK-MB at baseline, the peak CK-MB was required to rise from the baseline value by an increment equal to the values above.

CABG ¼ coronary artery bypass grafting surgery; CK ¼ creatine kinase; CK-MB ¼ creatine kinase-myocardial band; ECG ¼ electrocardiogram; EXCEL ¼ Evaluation of XIENCE versus Coronary Artery Bypass
Surgery for Effectiveness of Left Main Revascularization; ISCHEMIA ¼ International Study of Comparative Health Effectiveness With Medical and Invasive Approaches; LBBB ¼ left bundle branch block;
PCI ¼ percutaneous coronary intervention; SCAI ¼ Society for Cardiovascular Angiography and Interventions; SYNTAX¼ TAXUS Drug-Eluting Stent Versus Coronary Artery Bypass Surgery for the Treatment of
Narrowed Arteries; UDMI ¼ universal definition of myocardial infarction; ULN ¼ upper limit of normal.
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enrollment. Follow-up complied with local law, reg-
ulations of each institution, and the Declaration
of Helsinki.
ENDPOINTS AND DEFINITIONS. In the SYNTAX trial,
the primary endpoint was the composite rate of major
adverse cardiac or cerebrovascular events (MACCE) at
1 year, defined as all-cause mortality, stroke, MI, and
repeat revascularization, and the secondary end-
points included MACCE rates at 5 years.

In the protocol of the SYNTAX trial, PMI was
defined as either new Q waves in $2 leads and peak
CK-MB/peak total CK >10%, or new Q waves in $2
leads and CK-MB $5 times ULN. The definition of PMI
according to the Fourth UDMI (3), ICHEMIA (Inter-
national Study of Comparative Health Effectiveness
With Medical And Invasive Approaches) (8), Society
for Cardiovascular Angiography and Interventions
(SCAI) (4), and EXCEL (Evaluation of XIENCE versus
Coronary Artery Bypass Surgery for Effectiveness of
Left Main Revascularization) (9) are summarized in
Table 1.

Blood samples for assessment of creatine kinase
(CK) pre- and post-revascularization were analyzed on
site and by an independent central chemistry
laboratory (Covance, Geneva, Switzerland, and
Indianapolis, Indiana) (Supplemental Methods). If the
CK ratio was <2 times the upper limit of normal (ULN),
creatine kinase-myocardial band (CK-MB) assessment
was not mandated by the protocol and was not
routinely measured by the independent central
chemistry laboratory (10). If the CK ratio was $2 times
ULN, determination of CK-MB was mandated. Pa-
tients with a CK ratio $2 times ULN but without
assessment of CK-MB were excluded from the anal-
ysis. To compare PMI rates using the definition of PMI
in the SYNTAX trial with more contemporary defini-
tions, the time window for PMI documentation was
restricted to the first 48 h post-procedure, which is at
variance with the original time window of 7 days
(Table 1). The peak value of CK-MB within 48 h was
used for the assessment of PMI. Patients who did not
have a sample taken for CK or CK-MB within the first
48 h post-procedure were excluded from the current
analysis. In the Fourth UDMI, CK-MB is recommended
as “the best alternative if cardiac troponin assay is not
available” (3). Therefore, CK-MB was used instead of
cardiac troponin, which was not collected in the
SYNTAX trial.

Of 1,800 patients, the following patients were
excluded: 31 patients who did not receive PCI or

https://doi.org/10.1016/j.jacc.2020.08.009


FIGURE 1 Study Population Flow Chart

1,800 patients

1,652 patients

857 patients received assigned PCI 795 patients received assigned CABG

148 patients excluded
• 31 patients who did not receive PCI or CABG
• 27 patients who did not receive assigned treatment
• 3 patients who died before planned procedure
• 55 patients without CK or CK-MB value after
   revascularization within 48 h
• 32 patients in which CK ratio was ≥2x ULN but CK-MB
   was not available

CABG ¼ coronary artery bypass grafting surgery; CK ¼ creatine kinase; CK-MB ¼ creatine kinase-myocardial band; PCI ¼ percutaneous coronary intervention;

ULN ¼ upper limit of normal.
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CABG, 27 patients who did not receive assigned
treatment, 3 patients who died before planned PCI or
CABG, 55 patients without CK or CK-MB values within
48 h of revascularization, and 32 patients in which CK
ratio was $2 times ULN but CK-MB was not available;
of these 32 patients, 2 had new Q waves. Ultimately,
1,652 (91.8%) patients were included in this analysis,
with 857 and 795 in the PCI and CABG arm, respec-
tively (Figure 1).

Details of the method of assessment of electrocar-
diograms (ECG) by independent core laboratories
according to the Minnesota code (Cardialysis, Rot-
terdam, the Netherlands) and the MI adjudication
process by the Clinical Events Committee (CEC) are
described in the Supplemental Methods. Angio-
graphic findings of flow-limiting peri-procedural
complications such as coronary dissection or occlu-
sion were site-reported, as was imaging evidence of
the new loss of viable myocardium or new regional
wall motion abnormality.

Adverse events, such as stent thrombosis or graft/
native coronary artery occlusion, were adjudicated by
a central and independent CEC and collected up to 5
years. The causes of death (cardiovascular or non-
cardiovascular) were adjudicated by a CEC according
to the protocol definitions. Rates of PMI and MACCE
up to 5 years were re-evaluated applying the SYNTAX,
Fourth UDMI, ISCHEMIA, SCAI, and EXCEL defini-
tions. Vital status was confirmed by contact with
medical care personnel or using electronic health care
record review and national death registries. Patients
with missing vital status were included in the analysis
and censored at the time they were lost to follow-up.
Five patients in 2 investigating centers that did not
participate in the SYNTAXES study were censored at
5 years.

STATISTICAL ANALYSIS. The analysis population for
the present study was a modified intention-to-treat
cohort consisting of patients in whom revasculariza-
tion was performed according to the assigned pro-
cedure, and patients who did not receive the assigned
procedure were excluded (9). The rates of PMI were
the percentages of patients with a PMI. The cumula-
tive incidences of death and MACCE were calculated
using the Kaplan-Meier method. Kaplan-Meier sur-
vival curves were analyzed using the log-rank test.
Hazard ratios (HRs) with 95% confidence intervals
(CIs) for all-cause mortality was determined on the
basis of Cox proportional hazards regression, and
baseline variables used for adjustment are shown in
the Supplemental Methods. Continuous variables
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FIGURE 2 The Rates of PMI According to Definitions
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were expressed as mean � SD, and were compared
using Student’s t-test or Mann-Whitney U test. Cate-
gorical variables were reported as numbers and per-
centages, and were compared using chi-square or
Fisher exact test as appropriate. A 2-sided p
value <0.05 was considered statistically significant.
Analyses were performed using JMP Pro14 (SAS
Institute Inc., Cary, North Carolina) and R version
3.6.0 (R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS

STUDY POPULATION AND RATES OF PMI ACCORDING TO

THE DEFINITIONS. Baseline characteristics in the PCI
and CABG arm were similar, although patients treated
with PCI had a higher prevalence of hypertension
(Supplemental Table 1).

According to the SYNTAX trial definition, PMI
occurred within 48 h in 23 patients (2.7%) in the PCI
arm and 19 patients (2.4%) in the CABG arm
(p ¼ 0.756) (Figure 2). Patients with a PMI presented
more frequently with unstable angina, compared with
those without a PMI (Supplemental Table 2). The
numbers of patients with a PMI according to the
Fourth UDMI were similar to those identified ac-
cording to the SYNTAX definition: 26 patients (3.0%)
in the PCI arm and 17 patients (2.1%) in the CABG arm
(p ¼ 0.281) (Figure 2). Using the ISCHEMIA definition,
51 patients (6.0%) and 70 patients (8.8%) experienced
PMI in the PCI and CABG arms, respectively
(p ¼ 0.030). When applying the SCAI and EXCEL
definitions, PMI rates were the same: 49 patients
(5.7%) experienced a PMI in the PCI arm, while 131
(16.5%) experienced a PMI in the CABG arm
(p < 0.001). Most of the PMI events according to the
ISCHEMIA, SCAI, and EXCEL definitions were solely
driven by enzyme criteria (CK-MB >10 or >15 times
ULN) (Supplemental Figure 1). The presence of sup-
porting evidence of infarction in patients with CK-
MB $5 times ULN is shown in Supplemental Figure 2.

ASSOCIATION OF PMI WITH ALL-CAUSE MORTALITY

AT 1 AND 10 YEARS. The median (quartile 1, quartile 3)
durations of follow-up were 11.2 years (8.1, 12.0 years)
overall, 11.1 years (7.5, 12.0 years) in the PCI arm, and
11.2 years (8.7, 12.1 years) in the CABG arm
(Supplemental Figure 3). In the PCI and CABG arms,
PMI according to the SYNTAX definition was associ-
ated with higher all-cause mortality at 10 years,
mainly driven by a higher mortality rate within the
first 30 days and the first year (Figure 3A). The impact
of PMI on cardiovascular and noncardiovascular
deaths was similar (Supplemental Table 3,
Supplemental Figures 4 and 5). After adjustment for
baseline characteristics, according to the SYNTAX
definition, PMI after PCI remained an independent
predictor for all-cause mortality at 1 and 10 years. In
contrast, PMI after CABG was only an independent
predictor for all-cause mortality at 1 year, and not at
10 years (Figure 4A). The similar statistical results
were observed with the Fourth UDMI and ISCHEMIA
definition (Figures 3B, 3C, 4B, and 4C). When
applying the SCAI or EXCEL definition, PMI was
associated with higher all-cause mortality at 1 and 10
years in the PCI arm, whereas it did not have a sig-
nificant mortality impact in the CABG arm
(Figures 3D and 4D). Moreover, in the combined
cohort of PCI and CABG patients, PMIs according to
the SYNTAX or Fourth UDMI definition were signif-
icantly associated with all-cause mortality at 1 year
(31.0% and 30.2%) and at 10 years (53.4% and
49.6%), whereas the association failed to be signifi-
cant with the SCAI and EXCEL definitions at 10 years
(31.1%) and was low at 1 year (10.6%) (Figure 4,
Supplemental Table 4).

THRESHOLDS FOR ENZYME RELEASE, ADDITIONAL

NONENZYMATIC CRITERIA OF INFARCTION, AND

ALL-CAUSE MORTALITY. The peak values of CK-MB
categorized into 4 subsets: 1) CK <2� ULN or CK-
MB <3� ULN; 2) CK-MB $3� to <5� ULN; 3) CK-
MB $5� to <10� ULN; and 4) CK-MB $10� ULN—are
shown in Figure 5A. Overall enzyme values were
higher in the CABG arm than in the PCI arm. An iso-
lated enzyme elevation of CK-MB post-PCI had a
significant prognostic impact on mortality at 1 and 10
years, and this lethal impact was mainly observed in
the first 30 days for a rise in CK-MB of more than 10�
ULN (Figures 5B, 6A, and 6B).

After CABG, such isolated enzyme elevation in the
absence of ECG changes (new Q waves or new
persistent left bundle branch block [LBBB]) was not
associated with increased 1- or 10-year mortality;
however, in contrast elevations of CK-MB accompa-
nied by ECG changes post-surgery were associated
with early (1 year) and late (7 to 10 years) all-cause
death (Figures 5C to 5D).

In the presence of ECG changes, a PMI with a CK-
MB elevation of $5� or $10� ULN resulted in a
significantly higher 1-year mortality irrespective of
the mode of revascularization (p values for interac-
tion: 0.217 and 0.419) (Figures 6C and 6D).

At 10 years, the adjusted HRs for mortality post-PCI
in patients with a PMI combining peak CK-MB $5�
or $10� ULN and ECG changes were significant (HRs:
7.01 and 5.69, respectively), whereas the adjusted HRs
formortality post-CABGwere not significant (p¼0.292
and p ¼ 0.103, respectively) (Figures 6C and 6D).
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FIGURE 3 Kaplan-Meier Curves for All-Cause Mortality According to PMI
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FIGURE 3 Continued
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FIGURE 4 Impact of PMI on All-Cause Mortality Expressed as Hazard Ratios
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(A) The SYNTAX definition, (B) the Fourth UDMI definition, (C) the ISCHEMIA definition, and (D) the SCAI/EXCEL definition. The rates of all-cause mortality were

calculated using the Kaplan-Meier method. CI ¼ confidence interval; HR ¼ hazard ratio; other abbreviations as in Figures 1 and 2.

Hara et al. J A C C V O L . 7 6 , N O . 1 4 , 2 0 2 0

Peri-Procedural MI, 5-Year Outcome, and 10-Year Mortality O C T O B E R 6 , 2 0 2 0 : 1 6 2 2 – 3 9

1630



J A C C V O L . 7 6 , N O . 1 4 , 2 0 2 0 Hara et al.
O C T O B E R 6 , 2 0 2 0 : 1 6 2 2 – 3 9 Peri-Procedural MI, 5-Year Outcome, and 10-Year Mortality

1631
IMPACT OF PMI DEFINITION ON TIME-TO-EVENT

CURVE AND COMPOSITE ENDPOINT AT 5 YEARS.

The MACCE rates at 1 and 5 years were higher in the
PCI compared with the CABG arm, when using the
SYNTAX, Fourth UDMI, or ISCHEMIA definition of
PMI, although the rate of all-cause mortality was not
significantly different in the PCI and CABG arms
(Figure 7). In contrast, with the SCAI or EXCEL defi-
nition, MACCE rates were higher with CABG at 1 year,
and they were similar between PCI and CABG at 5
years (Figure 7).

DISCUSSION

The 5 different definitions of PMI were applied to the
SYNTAXES study. Two of them (the SYNTAX and
Fourth UDMI) combine elevation of cardiac bio-
markers (CK-MB) with other evidence of myocardial
damage (e.g., new Q waves on ECG) irrespective of
the level of enzyme release, whereas the ISCHEMIA,
SCAI, and EXCEL definitions define PMI solely on the
basis (sufficient criteria) of biomarker elevation when
CK-MB is more than 10� or 15� ULN. Furthermore,
the Fourth UDMI and ISCHEMIA definitions have
different thresholds of enzyme elevation according to
the mode of revascularization: surgical (>10� or >15�
ULN) or percutaneous (>5� or >10� ULN) (Table 1).

The main findings of the present study are as
follows:

1. The rates of PMI are highly dependent on their
definitions, which in turn influence the time-to-
event curve as well as the composite endpoint of
the SYNTAX trial (Figures 2 and 7).

2. PMIs following PCI are associated with an increase
in all-cause mortality at 1 and 10 years regardless of
the definition (Figure 4).

3. In patients undergoing CABG, definitions of PMI
that in addition to enzyme rises require ECG or
other evidence of infarction are associated with
all-cause mortality; however, this is limited to the
first year post-procedure. Definitions based mostly
on isolated (even marked) enzyme elevations have
no significant correlation with all-cause mortality
after CABG at 1 and 10 years (Figure 4).

4. In the combined cohort of PCI and CABG patients,
PMIs according to the SYNTAX or Fourth UDMI
definition are significantly associatedwith all-cause
mortality and are therefore “clinically relevant,”
whereas the association at 10 years fails to be sig-
nificant with the SCAI and EXCEL definitions when
PMI is defined solely by enzyme elevation of CK-MB
more than 10� ULN. This “enzymatic PMI event”
more selectively affects the time-to-event curve
and the composite endpoint of the surgical cohort.
THE RATES OF PMI ACCORDING TO THE DEFINITIONS.

The 2 latest randomized trials of PCI versus CABG
in patients with LMCAD, EXCEL and NOBLE
(Nordic-Baltic-British Left Main Revascularization
Study), took diametrically different methodological
approaches with respect to PMI (11,12). The EXCEL
trial used a definition similar to the SCAI definition
(4), whereas the NOBLE trial did not include PMI in
the primary endpoint (11). This difference in meth-
odological approach is an extreme case; however,
rates of PMI can still vary dramatically between trials
using differing definitions, and this can considerably
affect time-to-event curves and composite end-
points (Figure 7).

We investigated the rates of PMI according to 5
different definitions in the SYNTAX trial. The rates of
PMI with the SYNTAX definition were 2.7% and 2.4%
in the PCI and CABG arms, respectively (Figure 2,
Central Illustration), with similar rates (3.0% and 2.1%)
observed using the Fourth UDMI definition. Both
definitions require supporting evidence of infarction
regardless of peak cardiac enzyme values, and pa-
tients with PMIs according to these definitions were
largely overlapped (Figure 2B). On the other hand, the
ISCHEMIA, SCAI, and EXCEL definitions do not
mandate supporting evidence of infarction if the peak
CK-MB is more than 10� or 15� ULN, and the rates of
PMIs using these definitions were higher than those
adjudicated with the SYNTAX or Fourth UDMI defi-
nition. Of note, in the SYNTAX trial, the rate of PMI
with the SCAI or EXCEL definition was much higher in
patients treated with CABG versus PCI (16.5% vs.
5.7%; p < 0.001). In the EXCEL trial, PMI was also
observed more frequently in the CABG arm, compared
with the PCI arm (6.1% [56 patients] vs. 3.6% [34 pa-
tients]; p ¼ 0.017) (9). Although the ISCHEMIA defi-
nition requires a higher cut-off value of CK-MB in the
CABG arm compared with the PCI arm (Table 1), the
rate of PMI was higher in patients treated with CABG
(8.8% vs. 6.0%; p ¼ 0.030).

SURVIVAL AFTER PMI ACCORDING TO THE DEFINITIONS.

When PMIs are defined according to the SYNTAX and
Fourth UDMI definitions, a striking and intriguing
observation in the SYNTAX trial is the apparent
plateau for approximately 7 years in the survival
curve occurring between 2 clusters of mortality
observed in the first year and the last 3 years of
follow-up.

In the SIRTAX (Sirolimus-Eluting vs. Paclitaxel-
Eluting Stents for Coronary Revascularization) trial
(n ¼ 1,012), using the same TAXUS stent as in
the SYNTAX trial, 78 cardiac deaths (63.9%
in 122 patients) and 44 noncardiac deaths (36.1% in



FIGURE 5 Kaplan-Meier Curves for All-Cause Mortality According To Peak CK-MB Values With/Without ECG Changes
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122 patients) occurred between 5 and 10 years (13).
However, among the 78 cardiac deaths, 36 deaths
were regarded as undetermined and thus categorized
as cardiac as a worst-case scenario. The incidence of
cardiac death may therefore be overestimated be-
tween 5 to 10 years. Further evidence of this comes
from a nonrandomized study of PCI in patients with
multivessel disease treated between 2003 and 2008,
in which cardiac deaths (approximately 40%) were
less frequent than noncardiac deaths at 5 years (14).

In the SYNTAXES study, the absence of death be-
tween 1 and 7 years in patients with a PMI according
to the SYNTAX or Fourth UDMI definitions may be a
play of chance in a small sample size of patients at
risk of death. Plausible chronological and/or biolog-
ical explanations for this observation and the second
wave of deaths between 7 and 10 years may be that
secondary prevention becomes progressively more
effective over time (15), whereas the increase in
noncardiovascular deaths after 7 years may simply be
related to the ongoing aging process. Of the patients
who died between 7 and 10 years, the mean ages at
the time of procedure of the 9 patients who experi-
enced a PMI according to the SYNTAX definition and
8 patients who experienced a PMI according to the
Fourth UDMI were 70.3 and 69.1 years, respectively. It
is therefore plausible that these patients, who were
already elderly at the time of their procedure, died 7
to 10 years later of unrelated noncardiovascular
causes.

In the 10-year follow-up of the PRECOMBAT
(Premier of Randomized Comparison of Bypass Sur-
gery versus Angioplasty Using Sirolimus-Eluting
Stent in Patients with Left Main Coronary Artery
Disease) trial, cardiovascular, noncardiovascular, or
undetermined deaths were observed in 22, 11, and 9
patients in the PCI arm (n ¼ 300) and 25, 8, and 7
patients in the CABG arm (n ¼ 300) (16). Thus, car-
diovascular death was also the main cause of death at
10 years in this trial with long-term follow-up among
patients with extensive and complex coronary artery
disease. With respect to very long-term cardiovascu-
lar events, very late stent thrombosis occurred in
1.4% of patients in the SIRTAX trial between 5 and 10
years with the first-generation TAXUS DES. After
CABG, 10% to 25% of saphenous vein grafts occlude
from thrombosis within 1 year, and an additional 1%
to 2% occlude each year from 1 to 5 years. Of note, 4%
to 5% occlude each year from 6 to 10 years, due to
accelerated atherosclerosis (17). In the SYNTAX trial,
vein graft conduits were used in 645 patients (81.1%).
Thus, very late stent thrombosis or vein graft occlu-
sion might also be plausibly associated with late car-
diovascular deaths (between 7 and 10 years).
In contrast, in patients with PMI as per the
ISCHEMIA, SCAI, and EXCEL definitions, there was a
gradual and almost linear increase in mortality, sup-
posedly more compatible with a biological phenom-
enon, but definitely less statistically related to PMI at
least in the surgical patients (Figures 3 and 4).

IMPACT OF PMI ON ALL-CAUSE MORTALITY IN PATIENTS

WITH PCI OR CABG. In the present study, PMI after PCI
had a significant influence on all-cause mortality
regardless of its definition (Figure 4, Central
Illustration). This observation is mainly derived from
the fact that CK-MB elevation $5� ULN after PCI was
associated with 10-year all-cause death even after
adjustment. The impact of CK-MB elevation after
elective PCI on mortality within 5 years has been
demonstrated in a meta-analysis (18), but it is note-
worthy that the significant impact of CK-MB elevation
on mortality persisted over 10 years in the pre-
sent study.

When treated with CABG, a pooled analysis of
18,908 patients showed that CK-MB elevation within
24 h of the procedure was associated with 1-year
mortality (19). In the present study, isolated CK-MB
elevation after CABG was not associated with subse-
quent mortality even if a relatively high cut-off
threshold of CK-MB $10� ULN was applied
(Figure 6B). However, adding supporting ECG evi-
dence of infarction to enzyme release did affect sub-
sequent mortality after CABG (Figures 5 and 6).

The lethal prognostic impact of PMI after CABG
when defined by the EXCEL definition was less severe
in the SYNTAXES study than in the EXCEL trial (9). In
the SYNTAXES study, of the 131 patients with a PMI
post CABG according to the EXCEL definition, 109 had
a CK-MB more than 10� ULN, but no other additional
evidence of infarction. In other words, 109 PMIs
(83.2%) after CABG with the EXCEL definition were
purely based on enzymes and, therefore, could not be
linked to a specific injured myocardial zone sub-
tended by a specific epicardial coronary artery; these
were possibly caused by global myocardium injury,
which might be specifically associated with surgical
revascularization (cardiac arrest and cardioplegia,
transient vessel occlusion during off-pump surgery,
and so on) In the CABG arm of the EXCEL trial (n ¼ 923
patients), 56 (6.1%) PMIs were diagnosed using the
EXCEL criteria, of which 36 (64.3%) were purely
based on a CK-MB more than 10� ULN without any
other additional evidence of infarction (9).

In the CABG arm of the SYNTAXES study, ECG ev-
idence of infarction in combination with a CK-MB
>10� ULN was associated with a significantly higher
10-year all-cause mortality (40.2%) compared with



FIGURE 6 Impact of the Peak CK-MB Values With or Without ECG Changes on All-Cause Mortality
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(A) CK-MB $5� ULN, (B) CK-MB $10� ULN, (C) CK-MB $5� ULN with ECG changes, and (D) CK-MB $10� ULN with ECG changes. The rates of all-cause mortality

were calculated using the Kaplan-Meier method. Abbreviations as in Figures 1 and 4.
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FIGURE 7 MACCE Rates According to Definitions
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(A to E) Major adverse cardiac or cerebrovascular event (MACCE) rates in the present study population (n ¼ 1,652) according to the (A)

SYNTAX, (B) Fourth UDMI, (C) ISCHEMIA, and (D) SCAI or EXCEL definitions. The rates of MACCE were calculated using the Kaplan-Meier

method. (E) MACCE rates excluding PMI. (F) Rates of all-cause death. The rates of all-cause death were calculated using the Kaplan-Meier

method. Abbreviations as in Figures 1 and 2.
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CENTRAL ILLUSTRATION Rates of Peri-Procedural Myocardial Infarction According to Various
Definitions and Their Impact on 5-Year Major Adverse Cardiac or Cerebrovascular Event and 10-Year
All-Cause Mortality
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(Top left) Rates of peri-procedural myocardial infarction (MI) according to various definitions. The rates of PMI were the percentages of patients with a

PMI. (Top right) Impact of PMI on 10-year all-cause mortality. (Bottom) Rates or major adverse cardiac or cerebrovascular event (MACCE) at 5 years

according to various definitions. The rates of MACCE were calculated using the Kaplan-Meier method. CABG ¼ coronary artery bypass grafting;

EXCEL ¼ Evaluation of XIENCE versus Coronary Artery Bypass Surgery for Effectiveness of Left Main Revascularization; ISCHEMIA¼ International Study Of

Comparative Health Effectiveness With Medical And Invasive Approaches; PCI ¼ percutaneous coronary intervention; SCAI ¼ Society for Cardiovascular

Angiography and Interventions; SYNTAX ¼ TAXUS Drug-Eluting Stent Versus Coronary Artery Bypass Surgery for the Treatment of Narrowed Arteries.
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the absence of ECG changes (19.4%; log-rank
p ¼ 0.038) (Figure 5D). Therefore, the discrepancy in
the impact of PMI after CABG on mortality in the
SYNTAXES and EXCEL trials may all be due to the
different rate of PMIs defined purely by raised cardiac
biomarkers.
IMPACT OF PMI DEFINITION ON TIME-TO-EVENT

CURVE AND COMPOSITE ENDPOINT AT 5 YEARS.

The different rates of PMI greatly affected the rates of
MACCE. In the SYNTAX trial using the pre-specified
definition of PMI, the rate of MACCE was higher in
the PCI arm compared with the CABG arm at 1 and 5
years (6,7). This composite outcome was also
observed when PMI was defined using the Fourth
UDMI. In contrast, when applying the EXCEL defini-
tion, the MACCE rate in the CABG arm was higher
than in the PCI arm at 1 year before becoming similar
at 5 years. This profile of event rates is consistent
with observations from the EXCEL trial (20). The
medical community uses the “average treatment ef-
fect” of a trial as a summary of outcome—categorized
as better, worse, or similar—and that categorical trial
evaluation is frequently adopted in guidelines and
embraced by physicians in their daily decision



PERSPECTIVES

COMPETENCY IN PATIENT CARE AND

PROCEDURAL SKILLS: The rates of PMI greatly

depend on their definitions. PMIs following PCI are

associated with 1- and 10-year all-cause mortality

regardless of definitions currently used, whereas in

patients with CABG, only definitions that require ECG

or other evidence of infarction are associated with

mortality, but the association is limited to the first

year.

TRANSLATIONAL OUTLOOK: The specific defini-

tions and diagnostic criteria for peri-procedural MI

should be considered when interpreting time-to-

event and composite outcomes of myocardial

revascularization.
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making. Therefore, trialists and practitioners need to
be aware of the tremendous impact of the actual
definition of PMI on global outcome.

Large patient-level data will be required to defi-
nitely ascertain the impact of PMI on mortality, and
concomitant use of the Fourth UDMI, SCAI, and Aca-
demic Research Consortium-2 definitions may be a
solution worth promulgating.

STUDY LIMITATIONS. First, this is a post hoc anal-
ysis, and all of the presented findings must be inter-
preted as hypothesis-generating due to the inherent
limitations of post hoc analysis analyses including
multiple testing (21).

Second, the data of CK-MB ratios was incomplete
because sampling of CK-MB was not mandatory if the
CK ratio was <2� ULN. In addition, the values of
cardiac troponin were not collected because the
SYNTAX trial was initiated prior to the ARC publica-
tion of standardized definitions and clinical outcomes
(22). Therefore, CK-MB ratios were used as a substi-
tute to troponin in the application of the Fourth UDMI
in the SYNTAXES study (3).

Third, the endpoint in the SYNTAXES study was
all-cause death only, and although the specific cause
of death after 5 years was not available, the actual
impact of PMI on all-cause and cardiovascular death
at 5 years was similar (Supplemental Figures 4 and 5).
All-cause death remains the most robust and unbi-
ased clinical outcome.

Fourth, the rate of death within 30 days post-PCI in
patients with PMI was higher than recent trials (9).
These deaths were caused by cardiovascular events,
and the high mortality rate may be related to the use
of the first-generation TAXUS DES and an outdated
PCI strategy. The TAXUS stent is no longer commer-
cially available, and the SYNTAX II trial (using the
same clinical definition as in the SYNTAX I trial)
demonstrated that contemporary, “best practice” PCI,
including use of current-generation DES, physiology-
guided treatment, and IVUS optimization of stent
deployment, has definitely improved clinical out-
comes (23).

Fifth, the assessment of the new loss of viable
myocardium or new regional wall motion abnormality
within 48 h of the procedure was not mandated; it
was left to the discretion of the investigators and may
have been challenging in patients, especially those
treated with CABG, due, for example, to chest
bandaging (e.g., echocardiography). Therefore,
ascertainment bias is likely.

CONCLUSIONS

The rates of PMI are highly dependent on their
definition. PMIs following PCI are associated with 10-
year all-cause mortality, regardless of the definition.
In patients undergoing CABG, PMI with definitions
that require ECG or other evidence of infarction are
also associated with all-cause mortality; however,
this is only statistically significant in the first year
post-procedure. Finally, in the SYNTAX trial, the
definition of PMI had a major theoretical impact on
time-to-event curves and composite endpoints at
5 years.
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