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# Could be lower for isolated CABG * Angiographic or CTA/CMR-documented graft/coronary occlusion

* TTE/TEE, CMR, or PET evidence of new loss of viable myocardium
or regional wall motion abnormality

Proposed algorithm for detecting myocardial injury and myocardial infarction by using troponin levels as a key metric determinant. This algorithm requires addition-
al testing and verification before further application in clinical and research settings. From the VISION study, 90% of patients showed a troponin | elevation >35
times the upper reference limit after cardiac surgery; hence the threshold on the left of the image. The same study associated levels of troponin 500 times the upper
reference limit with an increased risk of death (not specifically related to myocardial infarction) after cardiac surgery; hence the use of this threshold in the algorithm.

Abstract

Cardiac surgery may lead to myocardial damage and release of cardiac biomarkers through various mechanisms such as cardiac manipu-
lation, systemic inflammation, myocardial hypoxia, cardioplegic arrest and ischaemia caused by coronary or graft occlusion. Defining
perioperative myocardial infarction (PMI) after cardiac surgery presents challenges, and the association between the current PMI defini-
tions and postoperative outcomes remains uncertain. To address these challenges, the European Association of Cardio-Thoracic Surgery
(EACTS) facilitated collaboration among a multidisciplinary group to evaluate the existing evidence on the mechanisms, diagnosis and
prognostic implications of PMI after cardiac surgery. The review found that the postoperative troponin value thresholds associated with
an increased risk of mortality are markedly higher than those proposed by all the current definitions of PMI. Additionally, it was found
that large postoperative increases in cardiac biomarkers are prognostically relevant even in absence of additional supportive signs of
ischaemia. A new algorithm for PMI detection after cardiac surgery was also proposed, and a consensus was reached within the group
that establishing a prognostically relevant definition of PMI is critically needed in the cardiovascular field and that PMI should be
included in the primary composite outcome of coronary intervention trials.

Keywords: Cardiac surgery « Expert Consensus Document * Perioperative myocardial infarction « Cardiac troponin « Creatine kinase-MB
+ New myocardial ischemia

INTRODUCTION congenital, coronary, valvular and structural heart disease.
Despite the complexity, the risk of major complications for
Cardiac surgery involves the performance of life-enhancing pro- elective procedures is generally below 5% and as low as 1% with

cedures in patients with severe cardiac conditions, including careful patient selection [, 2].
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Cardiac surgery is associated with inflammation and varying
levels of myocardial damage [3]. Cardiac manipulation, hypoxia
and cardioplegia can add to myocardial injury related to ischae-
mia and lead to release of cardiac biomarkers [4]. In addition,
myocardial infarction (MI) may occur due to coronary or graft
occlusion, hypoxia or metabolic injury due to inappropriate
myocardial protection or suboptimal cardioplegia administra-
tion [5]. These may be detected clinically and by biomarker ele-
vation, but electrocardiogram (ECG), imaging or angiographic
evidence is often needed to confirm the diagnosis [6]. The at-
tempt to ascertain normal or expected levels of myocardial
damage during cardiac surgery has proven challenging because
it may vary based on the type and technique of the operation,
and there is no explicit agreement on expected levels of bio-
marker release during uncomplicated operations where MI has
been ruled out.

These factors have led to varying definitions of perioperative Ml
(PMI) after cardiac surgery [7] and to confusion and debate, espe-
cially when comparing revascularization methods in randomized
clinical trials [8, 9] Analysis of datasets using different PMI defini-
tions can lead to important changes in the frequency of outcomes
and the interpretation of results [10]. Schools of thought vary be-
tween applying a single definition of PMI to all clinical scenarios
versus using variations of the definition, recognizing that the evi-
dence base for either approach is insufficient.

The challenge of defining PMI after cardiac surgical proce-
dures is understandable, given the multiple potential mecha-
nisms of cardiac damage that can occur during the operation
and that can cause varying degrees of myocardial injury or ne-
crosis. However, addressing this challenge is urgent because dif-
ficulties in classifying PMI outcomes in clinical trials may led to
confusion ambiguous in the interpretation of the available evi-
dence and even hamper the ability to improve patient care. This
consensus document brings together experts from different car-
diovascular specialities to address this challenge by reviewing
the available information to provide new insights into and prac-
tical advice on defining and detecting cardiac surgery-
related PMI.

METHODOLOGY

To provide guidance and advice for both healthcare practi-
tioners and researchers for diagnosing PMI following cardiac
surgery, a task force of internationally recognized experts in the
fields of cardiac surgery, clinical and interventional cardiology,
anaesthesiology, clinical epidemiology and biostatistics was
selected by the governing bodies of the European Association
for Cardio-Thoracic Surgery (EACTS) following the processes
detailed in the EACTS methodology manual for clinical practice
documents [11]. The EACTS strived to ensure diversity in the for-
mation of the writing group and adequate transparency in dis-
closing any relationships with industry and other entities. The
chairperson was entirely free of relevant conflicts of interests
(COls) from 1 year before the task force was assembled until the
publication of the document. Disclosure of any COls was
required from the other task force members prior to the start of
the project and in the event that a change occurred during the
writing period. After the task force members agreed upon the
project's scope and approved the final table of contents, sections
were allocated to the task force members who had no relevant
COls. A rapid systematic review of the published literature was

conducted using Population, Intervention, Comparison,
Outcome and Time (PICOT) approach for the synthesis of the
most current available data. Key evidence was then summarized
in detailed evidence tables. To ensure that clinical practice docu-
ments remain fully applicable to modern clinical practice, the
synthesis of the evidence was focused on the most current data
whenever possible. However, essential publications, irrespective
of publication age, were also included. The present document
focused on adult cardiac surgery and did not include studies in
languages other than English. After the methodological quality
was assessed, with attention to study type and quality, prioritiz-
ing randomized control trials and prospective studies over ob-
servational data, consensus statements and explicative text were
written following the process defined by the EACTS
Methodology manual for clinical guidelines [11]. The evidence
was critically appraised for quality by the members of the writing
group with the assistance of a clinical epidemiologist and bio-
statistician if needed.

All chapters were written in close collaboration among the task
force members, and the key statements were developed during the
task force meetings. According to the EACTS policies for dealing
with COls, each task force member was asked to emphasize any
change in COls immediately before meeting and voting and was
allowed to vote on expert statements only in the absence of rele-
vant COls for the particular topic. Although the consensus thresh-
old was set at 75%, the average consensus for all statements and
proposed algorithms for detecting PMI was 88%. Due to high vari-
ability in economic parameters and lack of data on cost-
effectiveness, cost analyses were not considered or delivered. The
drafted document underwent internal validation and approval by
all writing committee members and then external validation by the
anonymous reviewers selected by the journal editor.

MECHANISMS OF PERIOPERATIVE MYOCARDIAL
INFARCTION AFTER CARDIAC SURGERY

Multiple mechanisms can trigger PMI after cardiac surgery
(Table 1), with only partial overlap with non-cardiovascular surgery
and the non-perioperative settings. Some of the key mechanisms
that may be responsible for PMI are well described in the Universal
Definition of Myocardial Infarction (MI) [12]. Type 1 Mls are due to
rupture or erosion of atherosclerotic plaques with consequent
intraluminal thrombus in one or more of the epicardial coronary
arteries [12]. They generally occur in patients with severe coronary
artery disease, but on occasion they may occur in patients with
non-obstructive coronary artery disease. In type 2 Mls, myocardial
injury and necrosis are caused by an imbalance between myocar-
dial oxygen demand and supply. Conditions that may cause type 2
MI are coronary endothelial dysfunction, coronary artery spasm,
coronary embolism, tachy-brady arrhythmias, anaemia, respiratory
failure, hypotension and hypertension with or without left ventricu-
lar hypertrophy, all of which may occur during or after cardiac sur-
gery and may lead to type 2 MI.

Other mechanisms of PMI that are unique to cardiac surgery
are due to coronary artery bypass graft (CABG) failure or other
causes (Table 1) [13]. Graft failure represents the most common
cause, accounting for approximately two-thirds of PMIs [14]. In a
recent meta-analysis of 9 studies including 1104 patients with
PMI after CABG, Biancari et al. [15] found that, among patients
submitted to post-CABG angiography, 62% had acute graft fail-
ure, 6% had incomplete revascularization and 3.5% developed a
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Table 1: Mechanisms of perioperative myocardial infarction
after cardiac surgery

Thrombosis

Kinking or stretching or angulation
Competitive coronary flow

Spasm

Technical errors

Ischaemia reperfusion injury
Postoperative inflammatory reaction
Coronary embolization

latrogenic damage to coronary arteries
Errors in reimplantation of the coronary ostia
Intimal flap occluding coronary ostia
Oxygen supply/demand mismatch

New coronary plaque or stent thrombosis

Graft related

Non-graft related

new native coronary artery lesion. Other analyses have reported
similar findings [16, 17]. Causes of graft failure include throm-
bosis, kinking or overstretching, competitive coronary flow,
anastomotic technical error or graft spasm.

Non-graft-related causes of PMI include ischaemia-reperfu-
sion injury triggered by myocardial ischaemia during cardiople-
gic arrest (generally due to inefficient myocardial protection or
extended aortic cross-clamp time), postoperative systemic in-
flammatory injury, intraoperative coronary embolization of air
or particulates, iatrogenic damage to a coronary artery (e.g. the
left circumflex artery during mitral valve repair or the right cor-
onary artery during tricuspid valve repair) [18], intimal flap prop-
agating into the coronary arteries in case of ascending aortic
dissection [19] and ostial coronary stenosis following aortic root
replacement [18]. In a retrospective review of a consecutive co-
hort of 5275 patients who underwent cardiac surgery, new na-
tive coronary artery occlusion was found in 20% and coronary
artery spasm in 13% of those with PMI [20]. Non-graft-related
causes are more frequent in patients undergoing combined sur-
gical procedures [14].

Postoperative systemic inflammatory reaction deserves special
mention because it occurs with greater frequency in cardiac sur-
gery than in any other type of surgical operation due to the con-
tact of blood with the foreign surfaces of the cardiopulmonary
bypass circuit [21]. The components of the inflammatory re-
sponse include consumptive coagulopathy, cytokines, chemo-
kines, vasoactive substances, cytotoxins, reactive oxygen species
and proteases of the coagulation and fibrinolytic systems [22].

BIOMARKERS AND THE CUT-OFF FOR THE
DIAGNOSIS OF PERIOPERATIVE
MYOCARDIAL INFARCTION

The diagnosis of PMI is based primarily on the elevation of bio-
markers suggestive of cardiac injury in the postoperative period,
typically defined as the first 48 to 72 h after the operation (Tables 2
and 3). The biomarkers used in contemporary definitions of PMI
are creatine kinase-MB (CK-MB) and troponin | or T. CK-MB is less
sensitive for detecting myocardial necrosis, and it has been
replaced by troponins in most centres [12, 23]. Troponins, however,
are not specific for myocardial necrosis, and they may be released
even in the setting of non-necrotic myocardial ischaemia [24].

Numerous studies have reported an independent association
between elevated levels of CK-MB and troponin | and T after
cardiac surgery and an increased risk of death (Tables 4 and 5).
Importantly, this association holds true even in the absence of
an ECG or imaging evidence of ischaemia [25-29]. Yet, defini-
tions of PMI relying solely on the release of biomarkers release
have generated substantial controversy, and there is no general
consensus on cut-off values to be used [30]. In addition, there is
high variability in postoperative biomarker levels across the dif-
ferent assays and the types of cardiac surgery operations
[31] (Table 5).

Biomarker thresholds for diagnosing perioperative
myocardial infarction after cardiac surgery

Most contemporary definitions of PMI require CK-MB elevations
of >10x the upper reference limit (URL) or troponin elevations
of >10x or 35x the upper URL to define PMI in the presence of
ischaemia on ECG, non-invasive imaging or coronary angiog-
raphy (Tables 2 and 3). Most studies have reported an independ-
ent association between CK-MB >10x URL and postoperative
mortality [32]. However, at least some of this risk may be driven
by the most severe cases, and a substantial proportion of
patients with biomarker elevations above these thresholds may
not have significant myocardial infarction on cardiac magnetic
resonance (CMR) images and do not have increased risk of
mortality [33].

As for troponin levels, recent data suggest that the biomarker
thresholds to define PMI after cardiac surgery should be sub-
stantially higher than those proposed in the current PMI defini-
tions (Table 4). Among 13862 patients undergoing cardiac
surgery in the recent Vascular Events In Surgery Patients Cohort
Evaluation (VISION Cardiac Surgery study), the recommended
troponin thresholds in the most recent PMI definitions (>10x,
>35x and >70x URL) were exceeded within the first day after
surgery in 97.5%, 89.4% and 74.7% of patients, respectively.
Among patients who underwent isolated CABG or aortic valve
replacement, the threshold troponin value associated with
increased risk of 30-day mortality was 5670 ng/l (>210x the
upper reference limit) within 1day after surgery and 1522 ng/I
(>55x the upper reference limit) on postoperative day 2 or 3.
Corresponding levels were higher for patients who underwent
other cardiac operations (almost 500 times the upper reference
limit within 1day after surgery). The lowest troponin | threshold
associated with increased 30-day mortality risk greatly exceeded
all the recommended thresholds [34]. Similar results were
reported in another large single institution study [35].

Biomarker release kinetics and the time window
for biomarker elevations after cardiac surgery

The release kinetics after a myocardial injury differ among the
biomarkers, with important differences observed between
troponin T and troponin | and some variability across different
troponin | assays [36, 37]. Whereas all biomarkers reach peak
levels in plasma within a similar time frame after myocardial in-
jury, plasma troponin T levels decrease at a slower rate than the
other biomarkers. In VISION Cardiac Surgery, the threshold for a
prognostically significant biomarker elevation after cardiac sur-
gery was several-fold higher for troponin | values obtained
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Table 2: Definition of perioperative myocardial infarction after surgical and percutaneous coronary revascularization

Definition Year Time Peak biomarker threshold Supporting evidence post-CABG Peak biomarker threshold post-PCl Supporting evidence post-PCl
after post-CABG
procedure
Fourth 2018 Within 48 h cTn >10x 99th percentile URL (or One or more of the following: cTn values >5x the 99th percent- One or more of the following:
UDMI[12] CK-MB >10x 99th percentile ECG: New pathological Q waves or ile URL ECG: New ischaemic changes or de-
URL if cTn unavailable). new LBBB velopment of pathological
Angiographic: Angiographic findings consist- Q waves
ent with a procedural flow-limiting Angiographic: Angiographic findings
complication consistent with a procedural flow-
Imaging: New loss of viable myocardium or limiting complication
new regional wall motion abnormality Imaging: New loss of viable myocar-
dium or new regional wall motion
abnormality
ARC-2 [63] 2018 Within 48 h Troponin >35x URL One or more of the following: Troponin >35x URL One or more of the following:
ECG: New significant Q waves ECG: New significant Q waves
Angiographic: Flow-limiting angiographic Angiographic: Flow-limiting angio-
complications graphic complications
Imaging: New substantial loss of myocar- Imaging: New substantial loss of
dium on imaging myocardium on imaging
Troponin >70x URL* None
SIRS [64] 2015 Within 72 h CK-MB (mass) >6x URL None N/A
CK-MB (activity) >40 None N/A
SCAI [65] 2013 Within 48 h CK-MB >10x URL (or troponin None cTn to >5x the 99th percentile of One or more of the following:
>70x URL) the URL Clinical: Prolonged chest pain
ECG: Ischaemic ST-segment changes
or new pathological Q waves
Angiographic: Evidence of a flow-
limiting complication
Imaging: Evidence of new loss of vi-
able myocardium or new regional
wall motion abnormality
CK-MB >5x URL (or troponin New pathologic Q waves in 2 contiguous
>35x URL) leads or new persistent LBBB
Ischaemia [60] 2012 Within 48 h CK-MB >10x URL (or troponin One or more of the following: cTn >70x 99th percentile
>70x URL) ECG: New Q waves or persistent LBBB CK-MB >10x ULN
Imaging: New substantial wall motion cTn >5x 99th percentile with ECG,
abnormality angiographic or imaging findings
CK-MB >5x ULN with specific ECG,
angiographic or imaging findings
CK-MB >15x URL (or troponin None
>100x URL)
Third 2012 Within 48 h cTn >10x URL (or CK-MB >10x One or more of the following: cTn >5x 99th percentile URL One or more of the following:
UDMI [66] 99th percentile URL if cTn ECG: New pathological Q waves in at least If the baseline cTn values are ele- Clinical: Evidence of prolonged is-

unavailable).

2 contiguous leads or new persistent
non-rate-related LBBB

Angiographic: Graft or native coronary ar-
tery occlusion or new severe stenosis with
thrombosis and/or diminished epicar-
dial flow

vated and are stable or falling,
then a rise of >20% is required

chaemia (>20 min) as demon-
strated by prolonged chest pain
ECG: New ischaemic ST changes or
development of pathological
Q waves
Angiographic: Angiographic evi-
dence of a flow-limiting

Continued

GENERAL ADULT CARDIAC
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Table 2: Continued

Definition Year Time Peak biomarker threshold Supporting evidence post-CABG Peak biomarker threshold post-PCl Supporting evidence post-PCl
after post-CABG
procedure
Imaging: New loss of viable myocardium or complication, such as loss of pa-
new regional wall motion abnormality tency of a side branch, persistent
slow-flow or no-reflow,
embolization
Imaging: New loss of viable myocar-
dium or new regional wall motion
abnormality
CORONARY 2012 Within72h  CK-MB >5x URL None N/A N/A
[67] One or more of the following: N/A N/A

Angiographic: Evidence of new graft or na-
tive coronary artery occlusion

Imaging: Evidence of new loss of vi-
able myocardium

EXCEL [68] 2010 Within 72 h CK-MB >10x URL None CK-MB >10x URL None
CK-MB >5x URL One or more of the following: CK-MB >5x URL One or more of the following:

ECG: New pathological Q waves in at least 2 ECG: New pathological Q-waves in
contiguous leads or new persistent non- at least 2 contiguous leads or new
rate-related LBBB persistent non-rate-related LBBB

Angiographic: Graft or native coronary ar- Angiographic: Graft or native coron-
tery occlusion or new severe stenosis with ary artery occlusion or new severe
thrombosis and/or diminished epicar- stenosis with thrombosis and/or
dial flow diminished epicardial flow

Imaging: New loss of viable myocardium or Imaging: New loss of viable myocar-
new regional wall motion abnormality dium or new regional wall motion

abnormality
Second 2007 Within72h  cTn >5x URL (or CK-MB >5x One or more of the following: cTn >3x the 99th percentile URL N/A
UDMI [69] URL if cTn unavailable) ECG: New pathological Q waves, new per-
sistent non-rate-related LBBB

Angiographic: Graft or native coronary ar-
tery occlusion

Imaging: New loss of viable myocardium

ARC[70] 2007 Within 72 h Troponin >5x URL or CK-MB One or more of the following: Troponin >3 times URL or CK-MB
>5x URL ECG: New pathological Q waves or LBBB >3 times URL

Angiographic: Graft or native coronary ar-
tery occlusion

Imaging: New loss of viable myocardium

SYNTAX [71] 2005 Within 7days  Peak CK-MB/peak total CK >10% New Q waves in >2 leads Peak CK-MB/peak total CK >10% New Q waves in >2 leads

CK-MB >5x URL

New Q waves in >2 leads

CK-MB >5x URL

New Q waves in >2 leads

*Termed significant periprocedural injury.
ARC: academic research consortium; CABG: coronary artery bypass grafting; CK-MB: creatine kinase MB; CORONARY: CABG Off or On Pump Revascularization Study; cTn: cardiac troponin; ECG: electrocardiogram;
EXCEL: Evaluation of Xience versus Coronary Artery Bypass Surgery for Effectiveness of Left Main Revascularization; ISCHEMIA: International Study of Comparative Health Effectiveness with Medical and Invasive
Approaches; LBBB: left bundle branch block; PCI: percutaneous coronary intervention; SCAI: Society of Cardiovascular Angiography and Interventions; SIRS: Steroids In cardiac Surgery Trial; SYNTAX: Synergy between
Percutaneous Coronary Interventions with Taxus and Cardiac Surgery; UDMI: Universal Definition of Myocardial Infarction; ULN: upper limit of normal: URL: upper reference limit.
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Table 3: Definition of perioperative myocardial infarction after cardiac valve surgery

Definition Year  Time after procedure  Peak biomarker threshold

Supporting evidence

VARC3[72] 2013  Within48h

MVARC[73] 2012 Within48h CK-MB >10x URL

CK-MB >15x URL

CK-MB >10x URL (or troponin >70x URL)  None
CK-MB >5x URL (or Troponin >35x URL)

One or more of the following:

ECG: New Q-waves or new persistent LBBB

Angiographic: Flow-limiting angiographic complications in a
major epicardial vessel or >1.5 mm diameter branch

Imaging: Substantial new loss of viable myocardium on imaging
related to the procedure

ECG: New ST-segment elevation or depression of >1T mm in
>2 contiguous leads (measured 80 ms after the J-point)

ECG: New Q-waves or new persistent LBBB

CK-MB: creatine kinase MB; ECG: electrocardiogram; LBBB: left bundle branch block; MVARC: Mitral Valve Academic Research Consortium; URL: upper reference

limit; VARC-3: Valve Academic Research Consortium-3.

within 1 day after surgery than for troponin | values obtained on
postoperative day 2 or 3 [34] (Fig. 1).

Differences in biomarker release according to type
and complexity of the surgery

The extent of biomarker elevation also differs across different car-
diac surgical procedures. Studies report the highest levels after
more extensive surgery, such as combined valve and CABG surgery
and isolated mitral valve surgery, and the lowest levels after iso-
lated aortic valve replacement and isolated CABG (Table 5).

ELECTROCARDIOGRAM AND IMAGING
TECHNIQUES IN THE EVALUATION OF
PERIOPERATIVE MYOCARDIAL INFARCTION

Diagnosing PMI can be challenging due to pre-existing anoma-
lies (such as left bundle branch block), perioperative sedative
and analgesic drugs that may mask symptoms. Twelve-lead ECG
and imaging techniques can provide important information that,
in combination with biomarker levels, refines the diagnosis of
PMI. However, each currently available imaging modality has
unique strengths and limitations.

Electrocardiogram

ST-segment deviations and conduction disturbances are common
after CABG, with a reported incidence ranging between 3.4% and
55.8% based on data from 30 studies [38]. ECG changes can result
from inadequate myocardial preservation during aortic cross-
clamping, epicardial and pericardial inflammation and ischaemic
or traumatic myocardial injury. Most of the rhythm abnormalities
are transient and benign after CABG and are unreliable indicators
of myocardial ischaemia in the early postoperative setting. New
isolated Q waves after surgery are not associated with adverse car-
diac events and are not diagnostic for PMI [25, 39, 40].

Echocardiography

Echocardiography is the most commonly used imaging modality
in cardiac surgery. Transthoracic echocardiographic (TTE) exam-
ination of segmental function and global left ventricular

performance provides prognostic information and is essential
when PMI is suspected based on biomarker criteria or haemo-
dynamic deterioration. New wall motion abnormalities on TTE
are commonly used as supportive criteria for defining PMI.
However, pericardial effusion, inflammation and mechanical
ventilation could compromise the imaging quality of postopera-
tive TTE. Transoesophageal echocardiography (TEE) provides su-
perior imaging quality with minimal risk complications [41]. TEE
should be used in patients with poor-quality TTE images or
when TTE does not provide conclusive results [42]. Although per-
sistent wall motion abnormalities on TTE or TEE may appear in-
dicative of PMI in patients with elevated biomarkers [43, 44], the
ability of TTE and TEE to detect moderate ischaemic myocardial
injury (i.e. subendocardial infarcts) is limited [45].

Computed tomography

Multidetector computed tomography (CT) angiography with a
minimum of 64 slices can noninvasively assess bypass grafts with
a sensitivity similar to that of invasive coronary angiography in
identifying graft failure [46]. However, postoperative graft failure
does not necessarily lead to PMI, and CT assessment of myocar-
dial perfusion is still evolving and not yet validated as a diagnos-
tic tool in the diagnosis of PMI [47]. The transport of recently
operated on or haemodynamically unstable patients is challeng-
ing and remains a limit of this technique.

Cardiac magnetic resonance

CMR can detect new loss of viable myocardium with high sen-
sitivity and specificity (100% and 98%, respectively) [48].
Moreover, CMR can systematically detect subendocardial
infarcts missed by CT [48] and myocardial infarction in the
territory of non-obstructed coronary arteries [49]. In contrast
to echocardiography, the image quality of CMR is unaffected
by pericardial effusions, adhesions, obesity or pulmonary em-
physema, thereby allowing for a more precise examination of
cardiovascular morphology and functionality [50]. Despite
decades of accruing evidence supporting its clinical utility, the
adoption of CMR in routine practice remains limited due to
its uncertain added clinical value beyond echocardiography,
challenges in transporting recently operated patients and eco-
nomic concerns.
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Table 4: Reported associations of different biomarker cut-offs with clinical outcomes after cardiac surgery in recent studies

Year Author Study design, N Type of surgery Biomarker Timing? Key findings
2022 Devereaux [34] Prospective cohort, 13 862 Isolated CABG (46.9%), iso- Tnl 3-12, 24,48 e Tnl elevations >10x, >35x and >70x URL were observed within the first day
lated AVR (12.5%), and 72 h in 97.5%, 89.4% and 74.7% of patients
other (40.6%) e The lowest Tnl threshold (95% Cl) associated with increased 30-day mortality
risk after CABG or AVR (ng/l), according to when Tnl was obtained:
e <1day: 5670 (1045-8260); 218 x URL
o At2-3days: 1522 (1325-2433); 59x URL
e Lowest Tnl threshold (95% Cl) associated with increased 30-day mortality risk
after other cardiac operations (ng/l), according to when Tnl was obtained:
o <1day: 12981 (2673-16 591); 499x URL
e 2-3days: 2503 (1228-4033); 96x URL
2022 PolzI [58] Consecutive registry, 2829 CABG (on-pump in all Tnl 1,6,12,24,48 e Biomarker-based ARC-2 myocardial injury criteria and SCAI criteria (both >70x
patients except 1) and72h URL) were not significantly associated with 5-year mortality (adjHR 1.43, 95% CI
0.89-1.47 and 1.24, 95% C1 0.96-1.59)
o PMI definitions requiring criteria in addition to biomarkers for PMI diagnosis
had stronger association with mortality
2020 Belley-Cote [55] RCT, 4752 CABG (on-pump = 2377; CK-MB 24,48h o Adjusted 30-day and 1-year hazard ratio (95% Cl) for CK-MB-based PMI criteria:
off-pump = 2375) e Second UDMI: 5.1 (2.2-11.4); 2.8 (1.4-6.0)
o Third UDMI: 5.3 (2.0-14.2); 2.5 (1.0-6.5)
e CORONARY: 4.0 (2.6-6.2); 2.9 (2.1-4.1)
e SCAI: 6.9 (4.2-11.5); 3.9 (2.5-6.0)
o SIRS: 2.7 (1.9-4.0); 1.9 (1.4-2.5)
e Adjusted 30-day and 1-year hazard ratio (95% Cl) for Tn-based PMI criteria:
e Second UDMI: 7.2 (2.4-21.3); 3.7 (1.5-9.3)
e Third UDMI: 5.1 (1.5-17.6); 2.9 (1.1-8.1)
e SCAI: 5.6 (2.8-11.0); 3.0 (1.8-4.8)
2019 Hara [56] RCT, 795 Isolated CABG (84.4% vs CK-MB 6h,12hand e No association between CK-MB >10x URL and mortality
15.6% on- vs off-pump) at discharge
2019 Ben-Yehuda [32] RCT, 923 Isolated CABG (71% vs 29% CK-MB 12 h,24h e Nominally, but not significantly, higher risk for patients with CK-MB >10x URL
on- vs off-pump) (7.6% vs 3.5%)
2018 Gahl [74] Prospective registry, 1722 Isolated CABG TnT 6-12h e Early postoperative high-sensitivity or regular TnT (>0.8 ug/l) could reliably rule
out all-cause death, Ml or stroke
2016 Hueb [75] Prospective cohort, 136 Isolated CABG (51% on- vs CK-MB 6,12,24,36, o 94.8% and 29.4% of patients had Tnl >10x URL and CK-MB >10x URL
49% off-pump) Tnl 48,72 h e CK-MB threshold better than Tnl threshold, which was too sensitive
o Optimal cut-off for CK-MB for identifying infarct on CMR identified as 37.5 ng/
ml for on-pump and 22.5 ng/ml for off-pump
e Optimal cut-off for Tnl identified as 6.5 pg/l for on-pump and 5.0 pg/I for
off-pump
2014 Jorgensen [76] Prospective cohort, 99 On-pump isolated CABG Tnl 0,2,4,6, 12, 24, e Best cut-off for CMR-defined PMI was 7.97 pg/l (266 x URL) at 12 h and 9.95 ug/I
48and 72h (331x URL)at 24 h
e Recommend 8.0 ug/l at 12 h and 10.0 pug/l at 24 h as cut-offs to rule out PMI
2013 Farooq [77] RCT, 802 (474 with CK- Isolated CABG (84.4% vs CK 6and12h e CK >2x URL (N =491) versus <2x URL (N =311) 8.7% vs 6.8% mortality at
MB data) 15.6% on- vs off-pump) CK-MB and discharge 4 years (P=0.36)

In patients with CK >2x URL, CK-MB >3x URL was associated with increased
4-year mortality (9.5% vs 2.3%); whereas CK-MB cut-offs of >5x URL(vs <5x
URL) and >10x URL (vs <10x URL) were not significantly associated

with mortality

Continued
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Table 4: Continued

Year Author Study design, N Type of surgery Biomarker Timing? Key findings
2011 Domanski [27] META-analysis, 18 908 CABG CK-MB Varied e Model estimated relative mortality risk (95% Cl) for CK-MB elevations:
Tnl across studies 1to 5x URL 1.69 (0.89-3.19)

[ ]

e 5t010x URL 2.98 (1.53-5.80)
o 10to20x URL4.47 (2.27-8.81)
e 20to40x URL8.73 (4.37-17.43)
e >40x URL27.01 (13.15-55.45)

e Troponin | elevations:
e 5to10x URL 1.00(0.26-3.92)
e 10to 20x URL 1.89 (0.55-6.48)
e 20to40x URL 2.22 (0.64-7.65)
e 40to 100x URL 3.61 (1.08-12.04)
>100x URL 10.91 (3.35-35.53)
2011 Pegg [78] RCT, 40 CABG (conventional vs beat-  Tnl 1,6,24,48,120h e Optimal cut-offs for CMR-defined PMI (24-h samples):
ing heart on-pump CABG)  CK-MB and 6 months o Tnl:>16.7 ug/l
o CK-MB: 28.0 ng/ml

e AUC Tnl superior to AUC CK-MB for detection of CMR-defined MI (r=0.83

vs 0.62)
2009 Mohammed [79]  Prospective registry, 847 Isolated CABG (10% off- TnT 6-8and 18-24h e TnT levels were almost universally elevated 24 h after CABG, with a median peak
pump or beating heart) TnT of 1.08 pg/I (IQR 0.60-1.73 ng/l)

e TnT >1.60 ng/l was strongly associated with mortality and had sensitivity, speci-
ficity and negative predictive value of 56%, 73% and 99.3%

2009 Muehlschlaegel Prospective registry, 1013/ Isolated on-pump CABG Test cohort: Morning time e Tnl had a stronger association with mortality than CK-MB
[80] 545 (validation/ Tnl postoperative e Optimal cut-off for Tnl was 6.9 pg/I; optimal cut-off for TnT was 3.3 pg/I
test cohorts) CK-MB days1,2,3,4
Validation and 5
cohort:

nT

2009 Petdja [81] Meta-analysis Variable across studies CK-MB Varied e Based on pooled estimates from 13 studies, CK-MB cut-offs varying between

across studies >5-8x URL were associated with a risk ratio for short-term mortality of 3.69

(95% Cl 1.72-7.94), and long-term mortality of 2.33 (95% Cl 1.60-3.39)

*Time from cardiac surgery.

adjHR: adjusted hazard ratio; ARC-2: Academic Research Consortium-2; AUC: area under the curve; AVR: aortic valve replacement; CABG: coronary artery bypass graft; Cl: confidence interval; CK: creatine; CK-MB: cre-
atine kinase MB; CMR: cardiac magnetic resonance; CORONARY: CABG Off or On Pump Revascularization Study; HR: hazard ratio; IQR: interquartile range; MI: myocardial infarction; PMI: procedural myocardial in-
farction; RCT: randomized clinical trial; RTC: randomized controlled trial; SCAI: Society of Cardiovascular Angiography and Interventions; SIRS: Steroids In cardiac Surgery Trial; Tn: troponin; Tnl: troponin [; TnT:
troponin T; UDMI: Universal Definition of Myocardial Infarction; URL: upper reference limit.
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Table 5: Procedure-specific associations between cardiac injury biomarkers and outcomes

Year Author Study design, N Biomarker

Outcome

Findings

2022 Devereaux [34] Prospective registry, Tnl

Biomarker elevations after

e Varied considerably across procedures

13862 different surgical
procedures
2022 Niclauss [82] Retrospective, 400 TnT Biomarker elevations after e Both biomarkers highest in AVR + CABG and MV
CK-MB different surgical surgery (compared to isolated CABG or AVR and aor-

procedures tic surgery)

2022 Zhou [83] Registry, 10 253 TnT Biomarker elevations after e Compared to CABG, MVR on average resulted in
different surgical similar peak TnT concentrations, AV surgery in ~50%
procedures; lower antCABG/MVR+ AV surgery 50% higher TnT

Mortali LCOS concentrations
ortality or e The strength of association between TnT and the
outcome was similar after all types of procedures

2015 Mastro [84] Registry, 200 Tnl Magnitude and release e Largest magnitude after MV surgery and combined

CK-MB pattern of cardiac injury surgery, intermediate after CABG and lowest after AV
biomarkers surgery or thoracic aortic surgery

2014 Paparella [85] Registry, 965 Tnl Tnl elevations e Tnl was higher after MV than after AV surgery and

Mortality was an independent predictor of mortality

AV: aortic valve; AVR: aortic valve replacement; CABG: coronary artery bypass graft; CK-MB: creatine kinase MB; LCOS: low cardiac output syndrome; MV: mitral

valve; MVR: mitral valve regurgitation; Tnl: troponin |; TnT: troponin.

Nuclear imaging

Nuclear cardiac imaging techniques allow the assessment of
myocardial perfusion and viability [51]. However, the need to
transport postoperative patients and the associated costs limit
their usefulness in routine clinical practice. Cardiac radionuclide
imaging is usually restricted to situations where the patient’s
serum marker measurements, ECG and echocardiographic find-
ings are inconclusive.

Angiography

Coronary angiography is the gold standard for diagnosing graft
or native coronary occlusion, although in isolation those finding
are not diagnostic of PMI. Coronary angiography shares the lo-
gistic and transport issue described for CT and CMR, but offers
the key advantage of allowing expedited treatment in case a cor-
onary lesion is identified. As noted previously, in a meta-analysis
of 9 studies that included 1104 patients who had CABG and who
underwent postoperative angiography for PMI, 31.7% had a
negative finding and 62.1% had an acute graft failure [15]. Similar
results were observed in 2 subsequent reports that were not
included in this meta-analysis [52, 53]. Invasive coronary angiog-
raphy is unsuitable for routine bypass graft assessment due to its
small but non-negligible risk of complications and costs.

Figure 2, along with the Graphical Abstract, presents proposed
algorithms for detecting myocardial injury and myocardial in-
farction, using troponin levels and CK-MB as separate, crucial
indicators. However, before these algorithms can be widely
adopted, further testing and validation are necessary.

ASSOCIATION OF THE CURRENT PERIOPERATIVE
MYOCARDIAL INFARCTION DEFINITIONS
WITH PROGNOSIS

Cho et al. [54] investigated the association of the second
Universal Definition of Myocardial Infarction (UDMI), the third

UDMI and the Society of Cardiovascular Angiography and
Interventions (SCAI) definitions of PMI with the outcomes of
7679 patients with multivessel disease undergoing percutaneous
coronary intervention (PCl) or CABG. Compared with CABG, the
incidence of PMI was higher with PCI using the second UDMI
(18.7% vs 2.9%), similar when using the third UDMI (3.2% and
1.9%), and lower using the SCAI definition (18.3% vs 5.5%). The
authors reported significant correlations of PMI with 5-year
major adverse cardiovascular events in patients undergoing PCI
and CABG regardless of the definition used.

In a post hoc analysis of the CORONARY (CABG Off or On
Pump Revascularization Study) trial, different thresholds for
defining PMI were applied to over 4700 patients undergoing ei-
ther on- or off-pump CABG [55]. In 46% of patients, the troponin
levels were more than tenfold the upper limit of normal, and the
fraction of PMI ranged between 0.6% and 19% depending on
the definition used. A statistically significant association with 30-
day mortality was seen only for troponin values several times
higher than those suggested by current definitions (>130-fold).

The SYNTAX Extended Survival (SYNTAXES) study investigators
stratified the 10-year outcomes of patients undergoing PCl or
CABG using the PMI definitions used in the Synergy between
Percutaneous Coronary Interventions with Taxus and Cardiac
Surgery (SYNTAX) study, the International Study of Comparative
Health Effectiveness with Medical and Invasive Approaches
(ISCHEMIA), the Evaluation of Xience versus Coronary Artery
Bypass Surgery for Effectiveness of Left Main Revascularization
(EXCEL), the fourth UDMI or the SCAI definitions of PMI [56]. The
incidences of PMI varied largely depending on the definition.
When PMI was defined only on the basis of elevated levels of bio-
markers, its incidence was significantly higher than when additional
signs of ischaemia were also requested. Although the associations
with 10-year mortality were significant in the PCI arm regardless of
the definition adopted, the associations in the CABG arm were sig-
nificant only when definitions requiring additional signs of ischae-
mia were applied (e.g. SYNTAX, fourth UDMI).

In a similar analysis based on the EXCEL trial, the authors
stratified the outcomes using the EXCEL or the third UDMI
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CABG: 6038 5995 6142 5864 5549
AVR: 1637 1604 1686 1614 1524
Other CS: 5231 5194 5374 5203 4959
Total: 12906 12793 13202 12681 12032

Figure 1: Median high-sensitivity cardiac troponin | measurements during the first 3days following cardiac surgery. Reproduced with permission from [34]
Copyright Massachusetts Medical Society. High-sensitivity troponin | after cardiac surgery and 30-day mortality. AVR: aortic valve replacement; CABG: coronary ar-

tery bypass graft; CS: cardiac surgeries; hs-cTnl: high-sensitive cardiac troponin I; postop: postoperative.

definitions of PMI [57]. The EXCEL definition (which does not re-
quire additional signs of ischaemia if biomarker elevations are
substantial) resulted in higher proportions of PMI compared to
the third UDMI; the association between PMI after CABG and 5-
year mortality was stronger when the third UDMI was used.

Finally, in a cohort study of 2829 patients who had CABG,
clinical outcomes were analysed based on 5 different definitions
of PMI [SCAI, fourth UDMI, Academic Research Consortium
(ARC)-myocardial infarction, ARC-myocardial injury or ischae-
mic ECG changes] [58]. An association with survival was seen
only for the definitions that required additional signs of ischae-
mia (fourth UDMI or ARC-myocardial infarction).

In summary, the available data suggest that the use of different
definitions results in varying proportions of PMI and that the high-
est rates are observed when definitions that require only biomarker
release are used. In addition, PMI based on definitions that require
additional signs of ischaemia correlate more closely with mortality.

PERIOPERATIVE MYOCARDIAL INFARCTION AS
A COMPONENT OF PRIMARY COMPOSITE
OUTCOMES IN TRIALS OF CORONARY
REVASCULARIZATION

Because of the described lack of agreement on a general defin-
ition of PMI and its wide variability in incidence according to

the definition used, whether PMI should be included in the pri-
mary composite outcome of myocardial revascularization trials
is controversial. In addition, when comparing different revascu-
larization methods that may be associated with different levels
of the perioperative release of cardiac biomarkers (such as PCl
and CABG), it is unclear whether the PMI definitions should dif-
fer between the 2 treatments.

Recently, there have been numerous examples of large cor-
onary revascularization trials in which the primary outcome
results have been largely dependent on the PMI definition
used, generating confusion ambiguity in the interpretation of
the findings and controversy in the cardiovascular community
[10, 59-61].

In some trials, this uncertainty has been avoided by removing
PMI from the composite primary end-point and focusing solely
on non-procedural Mls [62]. However, excluding PMI may mask
important safety concerns; in comparative trials of non-invasive
or less invasive versus invasive management of coronary artery
disease, removing PMI introduces bias by ignoring the potential
periprocedural risk and artificially inflating the potential late
benefits of the invasive treatments.

An alternative approach would be to include PMI in the pri-
mary endpoint using a definition that is balanced between treat-
ment strategies, has prognostic significance and is universally
accepted in the cardiovascular community. However, such a def-
inition does not currently exist.
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Figure 2: Proposed algorithm for detecting myocardial injury and myocardial infarction, utilizing CK-MB as the primary measure. The Academic Research Consortium
[61] suggests a CK-MB threshold of >10 as the upper reference limit for perioperative myocardial infarction. A threshold of >20 has been included to enhance the cer-
tainty of perioperative myocardial infarction detection [27]. CK-MB: creatine kinase MB; CMR: cardiac magnetic resonance; CTA: computed tomography angiography;
ECG: electrocardiogram; PET: positron emission tomography; transoesophageal echocardiography; TTE: transthoracic echocardiography; URL: upper reference limit.

FUTURE DIRECTIONS AND GAPS
IN KNOWLEDGE

Although it is likely that the definition of PMI and its inclusion in
the primary composite outcome of coronary revascularization tri-
als will remain controversial for some time, it is crucial that more
evidence is generated on this important topic. The databases of
existing trials and registries represent a formidable source of infor-
mation, and data sharing and re-analyses by independent groups
inclusive of all the necessary content experts (e.g. methodologists,
statisticians, invasive and non-invasive cardiologists, cardiac sur-
geons, intensive care physicians, experts in imaging and bio-
markers) as well as patient representatives should be encouraged.
In addition, improvement in technology may potentially change
the current landscape with the introduction of new imaging tech-
niques or refinement of the current ones.

It is accepted by the authors of this document that the develop-
ment of a definition of PMI that is prognostically important, equally
applicable to all treatment modalities and accepted and endorsed
by the entire cardiovascular community is an urgent priority.

EXPERT STATEMENTS

o The development of a cardiac surgery-specific PMI defin-
ition that can be easily applied in clinical practice, has

strong prognostic validity and is broadly accepted by the
cardiovascular community is an urgent priority.

e PMI using such a broadly accepted definition should be
preferentially included in the primary composite outcome
of cardiac surgery trials.

 The postoperative threshold troponin value associated with
increased mortality risk is substantially higher than in current
PMI definitions. Current thresholds should be revised.

« Large biomarker elevations after cardiac surgery are prog-
nostically relevant even in the absence of additional signs
of ischaemia.
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