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Abstract

Aims Perioperative myocardial infarction/injury (PMI) following non-cardiac surgery is a frequent cardiac complication. Better un
derstanding of the underlying aetiologies and outcomes is urgently needed.

Methods 
and results

Aetiologies of PMIs detected within an active surveillance and response programme were centrally adjudicated by two in
dependent physicians based on all information obtained during clinically indicated PMI work-up including cardiac imaging 
among consecutive high-risk patients undergoing major non-cardiac surgery in a prospective multicentre study. PMI aetiolo
gies were hierarchically classified into ‘extra-cardiac’ if caused by a primarily extra-cardiac disease such as severe sepsis or 
pulmonary embolism; and ‘cardiac’, further subtyped into type 1 myocardial infarction (T1MI), tachyarrhythmia, acute heart 
failure (AHF), or likely type 2 myocardial infarction (lT2MI). Major adverse cardiac events (MACEs) including acute myocar
dial infarction, AHF (both only from day 3 to avoid inclusion bias), life-threatening arrhythmia, and cardiovascular death as 
well as all-cause death were assessed during 1-year follow-up. Among 7754 patients (age 45–98 years, 45% women), PMI 
occurred in 1016 (13.1%). At least one MACE occurred in 684/7754 patients (8.8%) and 818/7754 patients died (10.5%) 
within 1 year. Outcomes differed starkly according to aetiology: in patients with extra-cardiac PMI, T1MI, tachyarrhythmia,  
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AHF, and lT2MI 51%, 41%, 57%, 64%, and 25% had MACE, and 38%, 27%, 40%, 49%, and 17% patients died within 1 year, 
respectively, compared to 7% and 9% in patients without PMI. These associations persisted in multivariable analysis.

Conclusion At 1 year, most PMI aetiologies have unacceptably high rates of MACE and all-cause death, highlighting the urgent need for 
more intensive treatments.

Study 
registration

https://clinicaltrials.gov/ct2/show/NCT02573532.

Structured Graphical Abstract
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At 1 year, most PMI aetiologies have unacceptably high rates of major adverse cardiac event and all-cause death, highlighting the need for more 
comprehensive management strategies, taking different aetiologies, their incidence, and their associated outcomes into consideration. PMI was de
fined as an absolute increase in cTn from pre-operative to post-operative concentrations of at least the upper limit of normal of the used assay (for 
high sensitivity cTnT this corresponds to an increase of at least +14 ng/L, e.g. from 10 ng/L pre-operatively to ≥24 ng/L post-operatively). cTn, car
diac troponin; PMI, perioperative myocardial infarction/injury.

Keywords Myocardial injury • Non-cardiac surgery • Major cardiac events • Perioperative care • Risk factors • Risk prediction

Introduction
Perioperative myocardial infarction/injury (PMI) is increasingly recog
nized as a frequent perioperative cardiac complication following major 
non-cardiac surgery and an important contributor to post-operative 
mortality.1–5 Due to potent analgesia administered in the perioperative 
period, most PMIs present without typical ischaemic symptoms and are 
therefore missed in routine clinical practice in the absence of active sur
veillance.1–3,6,7 As the mortality associated with asymptomatic PMI was 
found to be comparable to that associated with symptomatic PMI,1–3

active surveillance for PMI with pre-operative and post-operative 

measurements of cardiac troponin (cTn) embedded into routine clinical 
care is increasingly advocated to allow early detection and manage
ment.8–11 Recently, the European Society of Cardiology has issued a 
class IB recommendation for such active surveillance for PMI.11

Previous studies implementing active surveillance for PMI have sug
gested that PMI is not a homogeneous disease but is a heterogeneous 
syndrome with multiple different underlying aetiologies, including type 
1 myocardial infarction (T1MI) caused by plaque rupture, type 2 myo
cardial infarction (T2MI) caused by a supply-demand mismatch, tachyar
rhythmia, acute heart failure (AHF), and primarily extra-cardiac PMI 
due to e.g. severe sepsis or pulmonary embolism (PE).1–3,12–15 Better 
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understanding of the underlying aetiology is a pre-requisite for targeted 
preventive and/or therapeutic interventions for PMI in the individual pa
tient.8,16,17 Centrally adjudicating the aetiology of PMI, we recently ob
served unexpected differences in incidence and short-term mortality at 
30 days in a pilot study, further highlighting the clinical importance of 
detailed phenotyping.15 However, little is known about long-term out
comes associated with the different PMI aetiologies.2

Therefore, we aimed to evaluate major adverse cardiac events 
(MACEs) and all-cause mortality associated with different centrally ad
judicated PMI aetiologies within 1 year in a large prospective multicen
tre study.

Methods
This study was pre-specified within the basel incidence, patient characteris
tics, outcome and possible strategies to improve outcome of perioperative 
myocardial injury after non-cardiac surgery: 1-year follow-up (BASEL-PMI) 
study programme (NCT02573532) and approved by the local ethics com
mittees. We adhered to the strengthening the reporting of observational
studies in epidemiology reporting recommendations.18

Population
We prospectively included consecutive patients undergoing major inpatient 
non-cardiac surgery (with an expected post-operative stay of ≥2 days) at 
three hospitals (University Hospital Basel, Cantonal Hospital Aarau, both 
in Switzerland, and Instituto do Coracao, InCor, Universidade de Sao 
Paulo, Brazil) who were eligible for the institutional active PMI surveillance 
and response programme for high-risk patients undergoing major inpatient 
non-cardiac surgery and provided written general consent to registration in 
a dedicated prospective database.1

Patients were screened if they were considered at increased mortality 
risk, defined as ≥65 years of age, OR ≥45 years with history of coronary 
artery disease (CAD), peripheral arterial disease, or stroke, undergoing in
patient non-cardiac surgery with a planned post-operative stay of ≥24 h. 
Plasma concentrations of cTn [high-sensitivity-cTnT (hs-cTnT) in Basel 
and Sao Paulo, sensitive cTnI (s-cTnI) in Aarau; details in Supplementary 
material online] were measured within 30 days prior to surgery and on 
post-operative days 1 and 2 as part of the active surveillance, as well as if 
clinically indicated following surgery. Twelve-lead electrocardiogram 
(ECG) was performed on the day PMI was detected and whenever indi
cated clinically.

For this analysis focusing on long-term outcome, patients were included 
only once at first enrolment. We excluded patients who did not meet active 
surveillance criteria (<45 years, < 24 h hospital stay, surgery involving a car
diac surgeon), who had their surgery cancelled, or whose PMI aetiology was 
not adjudicable (see below).

Adjudication of PMI aetiology
PMI was prospectively defined as an absolute increase of ≥14 ng/L for 
hs-cTnT/≥45 ng/L for s-cTnI (the 99th percentile of each assay) above the 
pre-operative concentration (or between two post-operative concentrations 
if the pre-operative measurement was missing) within 3 days following sur
gery (e.g. for hs-cTnT an increase of at least 14 ng/L, e.g. from 10 ng/L pre- 
operatively to ≥24 ng/L post-operatively). PMI was defined solely by the 
(hs)s-cTn criterion, independent of symptoms or ECG changes.

PMI aetiology was centrally adjudicated by two independent experts 
based on all clinical information obtained during index hospitalization, in
cluding ECG, serial laboratory measurements including cTn and haemoglo
bin, monitoring of vital signs in the peri-operative and intra-operative 
period, as well as echocardiography, cardiac stress testing, and coronary 
angiography if performed. The sequence and extent of cardiac imaging per
formed in the individual patient was defined by the clinical cardiologist in 
charge of the PMI work-up. In cases of disagreement between the two 

adjudicating reviewers, consensus was sought and found by discussion 
with a third reviewer. A total of nine reviewers did adjudication (C.P., 
D.M.G., G.L.B., R.H., K.W., B.C., F.A.C., K.A., C.M.), and four reviewers 
did third reviews (C.P., D.M.G., B.C., C.M.). PMI were hierarchically classified 
according to the dominant trigger for myocardial injury or infarction, to re
flect clinical management pathways8,15: 

(1) extra-cardiac if caused by a primarily extra-cardiac disease such as 
severe sepsis, stroke, PE, or blunt or surgical cardiac trauma;

(2) cardiac, further subtyped into T1MI, tachyarrhythmia, or AHF;
(3) cardiac, likely T2MI (lT2MI) if there was absence of the causes men

tioned above (1, 2) with documented or suspected type 2 trigger 
(e.g. severe hypotension, anaemia, hypoxia, sinus tachycardia).

Extra-cardiac PMI was adjudicated if there was post-operative evidence 
of: (i) septic shock, severe sepsis, or an uncontrolled infection with criteria 
of severe immune response syndrome without requirement of bacteria or 
fungi growth in blood cultures; if infection was already present pre- 
operatively and on adequate antimicrobial therapy, infection was seen as 
controlled and not adjudicated as a cause of PMI. Evidence of infection alone 
(e.g. pneumonia, prosthetic joint infection, or urinary tract infection) was 
not sufficient for extra-cardiac adjudication; (ii) PE with right heart strain; 
(iii) or cardiac trauma by injury or during surgery (defined as requiring open
ing of pericardium).

T1MI was adjudicated when there was (i) evidence of coronary plaque 
rupture on coronary angiography or a coronary stenosis was severe and 
led to coronary revascularization; (ii) contraindications or patient refusal 
to undergo coronary angiography despite high suspicion of T1MI 
(ST-segment elevation, pronounced ST-segment depression, typical angina 
pectoris, substantially elevated cTn with new regional wall motion abnor
malities, initiation of dual antiplatelet therapy by the clinical team), T1MI 
could also be adjudicated without coronary angiographic evidence; and 
(iii) evidence of acute myocardial infarction with thrombosis on autopsy.15

Tachyarrhythmia was adjudicated if there was evidence of a tachyar
rhythmia (not sinus tachycardia) with ≥120 bpm prior to the first elevated 
cTn measurement, either on 12-lead ECG irrespective of documented dur
ation or on a continuous three-lead ECG with clinical documentation and 
considered relevant by the attending team.

AHF was adjudicated in cases with signs of congestion (dyspnoea, periph
eral oedema, pleural effusion, rales), use of i.v. diuretics improving symp
toms, or substantially elevated natriuretic peptides,19,20 without evidence 
of T1MI or tachyarrhythmia >120 bpm.

The term lT2MI was used for cases without evidence for any extra- 
cardiac or other cardiac aetiology to indicate that although T2MI was clearly 
the most likely aetiology, T1MI may also have been present in a small minor
ity given the absence of intracoronary imaging including e.g. near-infrared 
spectroscopy and optical coherence tomography (OCT).11,15,21

Patients were excluded from this analysis if adjudication of PMI aetiology 
was not possible, due to (i) only one cTn measurement available; (ii) missing 
pre-operative cTn concentration and post-operative cTn concentrations 
elevated above the 99th percentile without a dynamic change; (iii) pre- 
operatively elevated cTn values which were falling peri-operatively, e.g. fol
lowing pre-operative T1MI or recent cardiac surgery (defined as drop 
of > −50 ng/L hs-cTnT or > −200 ng/L s-cTnI), as all three situations create 
the inability to distinguish between acute elevations and chronic injury.

Endpoints
The primary endpoints were the occurrence of MACE and all-cause death 
following different PMI aetiologies within 1 year. Deaths were classified as 
cardiovascular or non-cardiovascular according to recent guidelines.22

MACE was defined as a composite endpoint of acute myocardial infarction, 
AHF, life-threatening arrhythmia, and cardiovascular death. Follow-up be
gan after surgery on the day of surgery (patients who died intra-operatively 
were not included). To avoid definitional bias, in patients with PMI classified 
as T1MI or AHF, the index PMI was not counted as an endpoint event, 
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instead follow-up period for follow-up acute myocardial infarction or AHF 
began after post-operative day 3. A composite of MACE and all-cause death 
was a secondary endpoint.

To optimize event-to-noise ratio for time-to-event and prognostic ana
lyses, 120-day occurrence of MACE and all-cause death were chosen as sec
ondary endpoint and used for prognostic and time-to-event analyse as a 
prior study suggested a vulnerable period of 120 days following non-cardiac 
surgery.23 Definitions of further variables assessed are shown in the 
Supplementary material online.

During follow-up, patients were contacted after 1 year by mail or tele
phone, and local death registries and electronic health records at participat
ing institutions were checked. In case of suspicion of an outcome event 
either during telephone, mailing or review of the clinical charts, study per
sonnel requested reports from the general practitioners, treating facilities, 
and/or death registries. Patients lost to follow-up were censored at the last 
contact with the study team, a hospital, or their general practitioner, and for 
this analysis excluded.

In two centres, multiple events were assessed and death and up to a max
imum number of five distinct MACE events (irrespective of the type of 
event) could be entered into the database, allowing for up to six MACE 
events possible per patient.

Statistical analysis
We described baseline and perioperative factors for all PMI aetiologies in 
comparison to patients without PMI. The analysis of association of PMI aeti
ologies with first MACE within 1 year was done univariable using Kaplan– 
Meier estimates with 95% confidence interval (CI), with non-PMI patients 
as comparator. To further test the association, we performed multivariable 
Cox proportional hazards analysis for first MACE and all-cause mortality in 
patients with PMI adjusted for: age, sex, European Society of Cardiology 
(ESC)/ European Society of Anaesthesiology (ESA) surgery risk (low, me
dium, high risk of cardiac events),24 revised cardiac risk index (RCRI) class,25

urgency of surgery, post-operative complications (sepsis, stroke, bleeding), 
centre, and surgical speciality. Finally, we calculated the total amount of 
MACE occurring in each patient stratified according to PMI aetiology. The 
uni- and multivariable analyses were repeated for all-cause death at 1 year.

As a previous pilot study suggested that lT2MI seems to be the most 
common PMI aetiology and overall has only a modest increase in short-term 
mortality,15 and as its optimal management is particularly ill defined, we de
rived a risk model for MACE and all-cause death at 120 days using logistic 
regression analysis to help risk stratify these patients.

To identify risk factors and allow risk stratification in lT2MI, we pre- 
specified that only perioperative variables should be included into the mod
el, to (i) create a model with added value in the perioperative setting beyond 
risk stratification according to baseline variables and (ii) avoid biased infer
ence on the impact of baseline characteristics, as the population of this 
study was enriched in comorbidities due to the inclusion criteria, especially 
in patients 45–64 years of age. Prognostic modelling was done for MACE 
plus all-cause mortality at 120 days.23 Based on the number of events and 
the consensus of requiring 10 events per independent variable compared 
in regression models, we could include all pre-specified perioperative vari
ables.26 We constructed a logistic binary regression model including vari
ables available at time of clinical evaluation: additional symptoms or ECG 
criteria required according to the Universal Definition of Myocardial 
Infarction8 (details in Supplementary material online), absolute increase in 
cTn (categorized according to level of absolute increase 1 to ≤2 times 
the 99th percentile, ≥ 2 to <4 times, and ≥4 times), urgency of procedure, 
perioperative bleeding (drop in haemoglobin >30 g/L or deemed relevant 
for PMI by adjudicator), and ESC/ESA surgery risk (low, medium, high risk 
of cardiac events).24 No model simplification was done. We constructed 
a calibration plot and calculated the area under the receiver-operating char
acteristic curve (AUC) and Brier score. For internal validation, we calculated 
the predicted probabilities and classified patients into low-risk (predicted 
event rate <10%), intermediate risk (10%–20%), and high-risk (>20%) 
and compared the predicted with the observed event rate. Finally, we 

compared the results to the RCRI, American Society of Anaesthesiology 
(ASA) class, and age via AUC and explored whether combining the prog
nostic model with RCRI or ASA class added prognostic value using binary 
logistic regression, followed by AUC analysis.

Sensitivity analysis for different MACE 
definition
We did a sensitivity analysis using a more conservative definition of MACE, 
incorporating only cardiovascular mortality and acute myocardial infarction 
(Supplementary material online).

Statistical analysis was done in SPSS v26 and R v4.2.0 (‘Survival’, ‘survmi
ner’, ‘rms’, ‘pROC’).

Results
A total of 10 772 patients were enrolled between May 2014 and June 
2018, of which 7754 patients were eligible for this analysis (Figure 1). 
Baseline characteristics and outcome of those patients excluded due 
to unadjudicable PMI aetiology (n = 500) are shown in Supplementary 
material online, Table S1.

Characteristics of PMI aetiologies
PMI occurred in 1016/7754 patients (13.1%), of which 109/1016 
(10.7%) were centrally adjudicated as primarily extra-cardiac 
(Table 1). PMI were adjudicated as due to T1MI in 71/1016 patients 
(7.0%), tachyarrhythmia in 47/1016 patients (4.6%), and AHF in 39/ 
1016 (3.8%). Among patients adjudicated to have T1MI, coronary angi
ography within 7 days was performed in 42/71 patients, within 30 days 
in 47/71 patients, and adjudication without coronary angiography oc
curred in 24 patients (Supplementary material online, Table S2). The re
maining 750/1016 (73.8%) were adjudicated as lT2MI. Distribution 
across surgical specialities can be seen in Figure 2.

Baseline characteristics differed among the pre-specified PMI aetiolo
gies, with e.g. known CAD being more common in T1MI and AHF vs. all 

All surgeries included in BASEL-PMI
n = 10772

Exclusion from study, n = 330
• No Consent (n=163)
• Surgery cancelled (n=71)
• Screening failure (n=96)

Cardiac surgery/involvment (n=36)
Younger than 45 years (n=28)
Less than 24h hospitalised (n=32)Exclusion from this analysis, n = 2688

• Outcome:
• Mul!ple inclusion within one year

(n=2082)
• Incomplete follow-up for MACE 

(n=106)

• PMI non-adjudicable (n=500)
• Only 1 cTn total (n=307)
• Non-dynamic elevated post-op

measurements (n=115)
• CTn-levels falling, e.g. recent

myocardial infarc!on or cardiac
surgery (n=78)

Total for «MACE and all-cause death
at 1 year»
n = 7754

Figure 1 Patient flow. AMI, acute myocardial infarction; cTn, cardiac 
troponin; MACE, major adverse cardiac event; lT2MI, likely type 2 
myocardial infarction; PMI, perioperative myocardial infarction/injury.
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Figure 2 Distribution of adjudicated aetiology of perioperative myocardial infarction/injury in different surgical specialities. The size of the circle in
dicates the overall percentage of perioperative myocardial infarction/injury, and the different colours indicate the adjudicated aetiologies of periopera
tive myocardial infarction/injury following surgery in the respective specialities.
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Table 2 Outcome following perioperative myocardial infarction/injury

n No PMI Type 1 MI Tachy- 
arrhythmia

Acute heart 
failure

Likely type 2 
MI

Extra-cardiac  
PMI, sepsis

Extra-cardiac PMI, 
other

6738 71 47 39 750 60 49

MACE at 1 year 456 (7%) 
[6%–8%]

26 (37%) 
[24%–47%]

23 (49%) 
[34%–75%]

22 (56%) 
[38%–70%]

124 (17%) 
[14%–20%]

18 (30%) 
[20%–47%]

15 (31%) 
[17%–45%]

Acute myocardial 
infarction

88 (1%) 5 (7%) 2 (4%) 3 (8%) 21 (3%) 1 (2%) 0 (0%)

Acute heart failure 235 (4%) 16 (23%) 11 (23%) 17 (44%) 61 (8%) 10 (17%) 3 (6%)

Life-threatening 
arrhythmia

52 (1%) 3 (4%) 4 (9%) 2 (5%) 18 (2%) 5 (8%) 2 (4%)

Cardiovascular death 169 (3%) 16 (23%) 12 (26%) 11 (28%) 52 (7%) 4 (7%) 11 (23%)

All-cause death within 
1 year

591 (9%) 
[8%–9%]

20 (28%) 
[17%–38%]

19 (40%) 
[25%–53%]

19 (49%) 
[30%–62%]

127 (17%) 
[14%–20%]

21 (35%) 
[22%–46%]

21 (43%) 
[27%–55%]

Non-cardiovascular 
death

422 (6%) 4 (6%) 7 (15%) 8 (21%) 75 (10%) 17 (29%) 10 (21%)

MACE or all-cause death at 
1 year

834 (12%) 
[12%–13%]

30 (42%) 
[29%–53%]

27 (57%) 
[41%–69%]

25 (64%) 
[45%–76%]

188 (25%) 
[22%–28%]

32 (53%) 
[39%–64%]

24 (49%) 
[23%–63%]

Number and percentage of MACEs, all-cause death or ‘MACE and all-cause death’ occurring 1 year in patients with different aetiologies of PMI, shown with [95% confidence interval] 
derived from survival analysis for primary and secondary endpoint. MACE is a composite endpoint; therefore, total number of individual components is greater than that of the composite 
endpoint. 
MACE, major adverse cardiac events; MI, myocardial infarction; PMI, perioperative myocardial infarction/injury.
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other PMI aetiologies (Table 1). Surgical characteristics can be found in 
Supplementary material online, Table S3.

In 260/1016 (25%) of patients with PMI, additional criteria required 
for the diagnosis of spontaneous AMI were present, e.g. ischaemic 
symptoms or dyspnoea in 143/1016 (14%), again with major differences 
among the PMI aetiologies (Supplementary material online, Table S2).

In 34/1016 patients (3%), PMI was adjudicated without a pre- 
operative cTn value using change between post-operative values.

Follow-up
Follow-up was complete in 7754/7833 patients (99%) with a median 
length of 388 days. At least one MACE occurred in 684/7754 patients 
at 1 year (8.8%). A total of 818/7754 patients died within 1 year 
(10.5%), with death occurring during the index hospitalization in 
154/817 patients. The composite of MACE or all-cause death occurred 
in 1160/7754 patients (15.0%).

MACE after PMI according to aetiology
All PMI aetiologies showed substantially increased 1-year MACE rates 
vs. patients without PMI (7%, 95% CI 6%–8%), and there was a stark 
difference within PMI aetiologies (Table 2, Figure 3A): extra-cardiac 
PMI, T1MI, tachyarrhythmia, and AHF were associated with very high 
rates of MACE [30% (95% CI 20–47), 37% (95% CI 24–47), 49% 
(95% CI 34–75), and 56% (95% CI 38–70), respectively], and lT2MI 
was associated with high rates of MACE (17%, 95% CI 22%–28%). 
The associations were confirmed in multivariable analysis with adjusted 
hazard ratios (aHRs) of 3.0 (2.0–4.5), 3.2 (95% CI 2.1–4.8), 5.4 (3.5– 
8.4), and 5.5 (3.5–8.7) for extra-cardiac PMI, T1MI, tachyarrhythmia, 
and AHF and 1.8 (1.5–2.2) for lT2MI (Table 3).

Similar association was shown for MACE at 120 days 
(Supplementary material online, Table S4 and Figure S1), with numeric
ally higher aHR in multivariable analysis (Supplementary material online, 
Table S5) compared to 1-year associations, but lower power due to less 

events. The time from surgery to MACE within 120 days differed sub
stantially among the PMI aetiologies (Supplementary material online, 
Table S4), from a median of 3 days following AHF to 13 days following 
lT2MI, and 26 days in patients without PMI. When exploring the total 
amount of MACE stratified according to PMI aetiology, multiple events 
occurred in 3%–23% of patients (Supplementary material online, 
Table S4) compared to 1% in patients without PMI. The association 
of PMI aetiologies with MACE was stronger within the first 120 days 
compared to 1 year (Supplementary material online, Figure S1, Tables 
S5 and S6).

All-cause mortality after PMI
All PMI aetiologies showed increased 1-year all-cause death rates vs. pa
tients without PMI (9%, 95% CI 8%–9%), and there was a stark differ
ence within PMI aetiologies (Table 2, Figure 3B): extra-cardiac PMI, 
T1MI, tachyarrhythmia, and AHF were associated with high rates of 
death [38% (95% CI 29–47), 28% (95% CI 17–38), 40% (95% CI 25– 
53), and 49% (95% CI 30–62), respectively], and lT2MI was associated 
with high rates of death (17%, 95% CI 14–20). The association was con
firmed in multivariable analysis (Table 3).

Prognostic model for lT2MI
MACE or all-cause death within 120 days occurred in 117/750 patients 
with lT2MI (Supplementary material online, Table S4). The initial and final 
logistic prognostic model for 120-day MACE or death is shown in Table 4. 
Presence of chest pain or dyspnoea, an absolute increase in cTn of >2 × 
99th percentile compared to baseline, high-risk surgery according to the 
ESC/ESA surgical risk score, and non-elective surgery were associated 
with increased MACE, while bleeding was associated with a lower risk 
of MACE. Internal validation found a good fit of predicted and observed 
event rate following bootstrapping of 1000 iterations (Supplementary 
material onilne, Figure S2) and a Brier score of 0.16.

Figure 3 Major adverse cardiac events (part A) and all-cause death (part B) within 1-year stratified according to adjudicated aetiology of perioperative 
myocardial infarction/injury after non-cardiac surgery, including adjusted hazard ratios from multivariable Cox proportional hazards analysis [adjusted 
for age, sex, ESC/ESA surgery risk (low, medium, high risk of cardiac events),24 revised cardiac risk index class,25 centre, surgical speciality, urgency of 
surgery, and post-operative complications (sepsis, stroke, bleeding)]. Grey dashed line denotes 120 day. MI, myocardial infarction.
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The prognostic model showed a moderate AUC of 0.71 (95% CI 
0.66–0.76, Table 5). In comparison to the maximum RCRI (available 
in 747/750 cases), ASA class (available in 718/750 cases), and absolute 
hs-cTnT-delta (available in 564/750 cases), the prognostic model 
showed the numerically highest AUC (Table 5), statistically different 
to ASA class and hs-cTnT-delta (P = 0.003), and comparable to the 

RCRI (P = 0.195). Combination of the prognostic model with the 
ASA class or the RCRI further increased the AUC significantly com
pared to the RCRI or ASA class alone (model+ASA 0.75, 95% CI 
0.71–0.80, P < 0.001; model+RCRI 0.75, 95% CI 0.70–0.80, P < 
0.001). After categorization by the prognostic model, ‘very high-risk’ 
lT2MI-PMI showed a rate of MACE or death of 31% (comparable to 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Adjusted outcome following perioperative myocardial infarction/injury

Variable Adjusted hazard ratio, 
1 year MACE

P-value Adjusted hazard ratio, 
1 year all-cause death

P-value

PMI aetiology—no PMI Reference Reference Reference Reference

Type 1 myocardial infarction 3.2 (2.1–4.8) <0.001 1.9 (1.2–3.0) 0.008

Tachyarrhythmia 5.4 (3.5–8.4) <0.001 3.1 (2.0–5.0) <0.001

Acute heart failure 5.5 (3.5–8.7) <0.001 3.5 (2.2–5.6) <0.001

Likely type 2 myocardial infarction 1.8 (1.5–2.2) <0.001 1.5 (1.3–1.9) <0.001

Extra-cardiac PMI 3.0 (2.0–4.5) <0.001 3.0 (2.1–4.3) <0.001

Age, per year 1.1 (1.0–1.1) <0.001 1.1 (1.1–1.1) <0.001

Sex, male 1.0 (0.9–1.1) 0.681 1.0 (1.0–1.1) 0.343

ESC/ESA surgical risk <1% Reference Reference Reference Reference

ESC/ESA surgical risk 1%–5% 0.8 (0.6–1.0) 0.04 0.9 (0.7–1.0) 0.11

ESC/ESA surgical risk >5% 1.4 (1.1–1.9) 0.019 1.5 (1.2–2.0) <0.001

Urgency: elective Reference Reference Reference Reference

Urgency: < 24 h 1.3 (1.0–1.6) 0.047 2.0 (1.6–2.5) <0.001

Urgency: 2–7 days 1.6 (1.3–2.0) <0.001 2.1 (1.8–2.6) <0.001

Revised cardiac risk index class I Reference Reference Reference Reference

Revised cardiac risk index class II 2.0 (1.6–2.5) <0.001 1.4 (1.1–1.6) 0.002

Revised cardiac risk index class III 3.2 (2.5–4.1) <0.001 2.0 (1.6–2.5) <0.001

Revised cardiac risk index class IV 5.4 (4.1–7.1) <0.001 2.9 (2.3–3.7) <0.001

Surgery due to malignancy 0.9 (0.6–1.1) 0.298 4.6 (3.7–5.7) <0.001

Post-operative stroke 1.7 (1.0–3.1) 0.071 1.6 (0.9–2.8) 0.095

Post-operative sepsis 2.9 (2.1–4.0) <0.001 3.4 (2.6–4.4) <0.001

Post-operative bleeding 0.9 (0.8–1.2) 0.615 0.8 (0.6–1.0) 0.014

Centre, Basel Reference Reference Reference Reference

Cantonal hospital Aarau 1.1 (0.9–1.3) 0.425 1.0 (0.9–1.3) 0.642

University Hospital Sao Paulo 1.4 (0.9–2.1) 0.105 1.1 (0.7–1.7) 0.595

Surgical speciality, orthopaedic/trauma Reference Reference Reference Reference

Visceral 0.7 (0.5–0.9) 0.009 0.7 (0.5–0.9) 0.002

Vascular 0.9 (0.7–1.2) 0.467 1.1 (0.8–1.4) 0.699

Thoracic 1.0 (0.7–1.5) 0.909 1.0 (0.7–1.4) 0.958

Spinal 0.9 (0.6–1.2) 0.401 0.8 (0.6–1.1) 0.154

Urology 0.9 (0.7–1.3) 0.623 0.6 (0.5–0.9) 0.003

Other 1.6 (1.0–2.5) 0.058 1.3 (0.9–2.0) 0.155

Multivariable Cox proportional hazards model for occurrence of MACEs and all-cause death after different aetiologies of PMI at 1 year, showing adjusted hazard ratios with (95% 
confidence interval). 
ESC/ESA, European Society of Cardiology/European Society of Anaesthesiology; MACEs, major adverse cardiac events; PMI, perioperative myocardial infarction/injury.
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PMI of T1MI), while the ‘low-risk’ group showed rates of 7% (compar
able to patients without PMI) (Supplementary material online, 
Figure S3).

Discussion
This large prospective international multicentre study centrally adjudi
cated the aetiology of PMI detected during active surveillance in high-risk 
patients undergoing major non-cardiac surgery, and meticulously ob
served MACE during long-term follow-up. We report six major findings:

First, all PMI aetiologies were associated with an increased risk of 
MACE and death within 1 year compared to patients without PMI. In 
fact, for most PMI aetiologies morbidity and mortality was unacceptably 
high within the first year following non-cardiac surgery. Second, the 
MACE and death rate differed substantially among PMI aetiologies: 5 
of 10 patients with PMI due to AHF or tachyarrhythmia developed at 
least one MACE within 1 year, vs. 4 of 10 with T1MI, and 1.5 in 10 in 
lT2MI. Similarly, 5 of 10 patients with PMI due to AHF and 4 of 10 
with PMI due to tachyarrhythmia died within 1 year vs. 3 of 10 with 
T1MI and 1 in 6 in lT2MI (Structured Graphical Abstract). Third, these as
sociations persisted after multivariable adjustments. Fourth, median 
time from PMI to subsequent MACE differed between aetiologies. 
This resulted in very short windows of opportunity for treatment in 
AHF and T1MI vs. tachyarrhythmia and lT2MI. Fifth, following PMI pa
tients were at elevated risk also for recurrent MACE, further highlight
ing the association of PMI with increased morbidity. Sixth, for patients 
with the most common PMI aetiology, lT2MI, a simple prognostic mod
el was derived and optimized to predict MACE occurring within the 
first 4 months, the vulnerable post-operative period,15 using periopera
tive factors to aid in their risk stratification and management.

These findings extend and corroborate observations made in previous 
work aiming to better characterize the incidence and outcomes of the 

different aetiologies underlying PMI.1–3,12–15 In a pilot study including 
4475 high-risk patients undergoing major non-cardiac surgery, short-term 
mortality at 30 days was 12% (aHR 3.3) for T1MI, 18% (aHR 4.6) for ta
chyarrhythmia, 28% (aHR 9.7) for AHF, 28% (aHR 6.4) for extra-cardiac, 
and 4.7% (aHR 1.9) for lT2MI.15 During long-term follow-up, we could ob
serve an attenuation of the association of PMI aetiologies with MACE 
from 0–120 days compared to 121–365 days. While the outcomes di
verged early and strongly during the first 120 days, the association wea
kened with increased follow-up duration, indicating that PMI is an acute 
event and not merely a marker of increased cardiovascular risk. 
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Table 4 Risk prediction model

Variables (initial model) Adjusted odds ratio 
120 day MACE or death

Beta-coefficient P-value

Chest pain or dyspnoea 2.2 (1.2–4.1) 0.799 0.01

New or presumably new ECG changes 1.3 (0.7–2.5) 0.279 0.375

Troponin delta +1 to <2x 99th percentile Reference Reference

Troponin delta +2–4x 99th percentile 2.2 (1.3–3.5) 0.77 0.002

Troponin delta +>4x 99th percentile 1.7 (1.0–2.9) 0.529 0.051

ESC/ESA surgical risk <1% Reference Reference

ESC/ESA surgical risk 1%–5% 1.1 (0.6–2.0) 0.071 0.816

ESC/ESA surgical risk >5% 2.8 (1.4–5.6) 1.024 0.005

Urgency: elective Reference Reference

Urgency: < 24 h 2.6 (1.5–4.4) 0.938 <0.001

Urgency: 2–7 days 2.4 (1.4–4.0) 0.863 <0.001

Post-operative bleeding 0.5 (0.3–0.8) −2.565 0.005

Derivation of risk prediction model for MACEs and all-cause death within 120 days following perioperative myocardial infarction/injury likely due to type 2 myocardial infarction using 
logistic binary regression model, incorporating perioperative variables available at time of detection of likely due to type 2 myocardial infarction-perioperative myocardial infarction/injury. 
ECG, electrocardiogram; ESA, European Society of Anaesthesiology; ESC, European Society of Cardiology; MACE, major adverse cardiac event.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 5 Model performance

AUC (with 95% CI) P-value

lT2MI-PMI prognostic model 0.71 (0.66–0.76)

Perioperative hs-cTnT deltaa 0.60 (0.53–0.66) 0.003b

RCRI 0.66 (0.61–0.72) 0.195b

ASA class 0.63 (0.58–0.68) 0.008b

RCRI + prognostic model 0.75 (0.70–0.80) <0.001c

ASA class + prognostic model 0.75 (0.71–0.80) <0.001c

AUCs for the derived risk model for lT2MI-PMI aetiology compared to perioperative 
hs-cTnT delta, RCRI, and ASA class, as well as combination of RCRI and ASA with 
the risk model; AUC calculated in 718 cases. 
ASA, American Society of Anaesthesiology; AUC, areas under the receiver operating 
characteristics curve; hs-cTnT, high-sensitivity cardiac troponin; lT2MI-PMI, 
perioperative myocardial infarction/injury of likely type 2 myocardial infarction; RCRI, 
revised cardiac risk index. 
ahs-cTnT delta only available in 564 cases. 
bP-value compared to AUC of lT2MI prognostic model. 
cP-value compared to AUC of RCRI or ASA class.
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However, PMI also occurs more frequently in patients with greater car
diovascular disease burden,27 hence the curves diverge more slowly but 
steadily also after 120 days (Supplementary material online, Figure S1).

Identifying the underlying aetiology seems of paramount importance 
given the availability of evidence-based therapies for AHF, tachyarrhyth
mia, and T1MI.19,28 These data also corroborate insights from previous 
pilot studies indicating that T1MI is likely not the main driver of peri
operative cardiovascular complications.12,13,16,29–31 T1MI due to cor
onary plaque rupture or plaque erosion represented only 7% of all 
PMIs detected during PMI screening. Accordingly, the dominant aetiolo
gies and pathophysiologies of PMI differ markedly from those of spon
taneous MI.8 In the era of active surveillance for PMI low rates T1MI 
should be expected, as also highlighted by a recent study using active 
surveillance showing evidence of thrombosis in only 13.3% (4/30) of pa
tients with perioperative myocardial infarction.14 The main aetiology of 
PMI seems to be lT2MI. However, our data highlight that when T1MI is 
encountered, the time frame for intervention seems significantly short
er than in many other PMI cases.

These findings also highlight that the prior concept of myocardial in
jury following non-cardiac surgery (MINS),1–3 that focussed on T1MI, 
T2MI, and CAD but excluded AHF and tachyarrhythmia, the two post- 
operative cardiac complications with the highest rate of MACE and 
1-year mortality must be seen in the broader context if screening 
and response systems shall improve perioperative outcomes.

First evidence suggests that patients with MINS, which corresponds 
to T1MI and the subgroup of lT2MI by the definition from the vascular 
events In noncardiac surgery patients cohort evaluation study (VISION) 
study as ‘myocardial injury of ischaemic origin’,3,32 might profit from 
medical optimization, e.g. aspirin and statins,6 or anticoagulation with 
dabigatran 110 mg.32 In the perioperative period bleeding risk needs 
to be considered thoroughly.

Different patterns of morbidity and mortality were found in different 
PMI, with the cardiovascular complications of MACE being predominant 
in cardiac PMI, while non-cardiovascular death was the main event in pa
tients with extra-cardiac PMI and patients without PMI, further highlight
ing the importance of distinguishing the aetiologies when considering the 
risk-benefit ratio of additional treatment options. Importantly, while rela
tive more non-cardiac mortality occurred in extra-cardiac PMI, the still 
carried a relevant burden of cardiovascular complications.

Use of our derived prognostic model could allow stratification of 
lT2MI into very high-risk patients with unacceptably high MACE rates 
vs. low-risk patients with associated MACE rates similar to patients 
without PMI. Following successful external validation, the tool could 
aid in the identification of patients that would benefit from cardiac 
imaging, fast treatment escalation, and more intense follow up. 
Importantly, the score should be used on top of baseline characteristics 
of the patient (as summarized in the pre-operatively done RCRI or ASA 
risk score). Interestingly, in patients with PMI of lT2MI evidence of peri
operative bleeding was associated with lower occurrence of MACE and 
death within 120 days. This is potentially due to bleeding and the result
ing anaemia being usually a rapidly reversible cause of supply-demand 
mismatch. Also, lower delta cTn values were associated with lower 
risk of MACE and death, highlighting an increased risk with higher 
cTn deltas.

Finally, our analysis again confirmed that the vast majority of patients 
with PMI did not experience typical ischaemic symptoms, further high
lighting the need for active surveillance in order to reliably detect these 
events.1,2,6

The pre-operative cTn concentration is not only the reference point 
to assess perioperative changes, but was also shown in previous pilot 

studies to have predictive value for prediction of fatal or non-fatal car
diac complication of non-cardiac surgery.33,34

Limitations
First, there is no universally accepted definition of PMI. The absolute 
cTn change criteria used to define PMI in this study was to a certain ex
tent arbitrary. While the cTn cut-off criteria for spontaneous MI (99th 
percentile of healthy individuals) also is arbitrary, it is widely accepted. 
Our definition for PMI not requiring any other additional criterion re
quired in spontaneous myocardial infarction is supported by recent 
data from VISION,8 a recent american heart association/american col
lege of cardiology statement,35 and the recent ESC guidelines,11 but still 
requires approval by other expert groups. Second, this study included 
patients at increased cardiovascular risk undergoing major non-cardiac 
surgery. The rate of MACE and mortality associated with PMI occurring 
in lower risk patients and patients undergoing minor outpatient surgery 
remains unknown.8,9,11 Third, central adjudication of PMI aetiology by 
two independent cardiologists was based on all available clinical, 
ECG, laboratory, and cardiac imaging data as obtained by the clinical 
team during the PMI work-up as part of routine clinical care within 
the active surveillance and clinical response programme. Thereby, the 
timing and extent of cardiac imaging was determined by the cardiologist 
in charge of the individual patient and not by a uniform study protocol. 
While this resulted in appropriate granularity for most classifications, it 
did not include near-infrared-spectroscopy and/or OCT intracoronary 
imaging,11,14,15,21 the current invasive gold-standard methodology for 
the differentiation of T1MI due to plaque rupture or plaque erosion 
from T2MI due to supply demand mismatch or rather uncommon cor
onary pathologies including spontaneous coronary dissection. This 
could have led to the misclassification of smaller number of patients 
with PMI due to T1MI as lT2MI, and thereby blurring of the differences 
in outcomes among the different PMI aetiologies.14 As the enormous 
differences in outcomes observed supports the argument that misclas
sifications were uncommon. Still, future studies implementing more ex
tensive and systematic cardiac imaging for PMI work-up including e.g. 
intracoronary OCT are warranted to provide data with even higher 
granularity for the central adjudication of the PMI aetiology. Fourth, pa
tients might present with different pathologies simultaneously, e.g. sep
sis and atrial fibrillation. To tackle this, the adjudication was done 
hierarchically. Fifth, also during follow-up the extent of cardiac imaging 
for work-up of suspicious symptoms including acute chest pain was de
termined by the local cardiologist, and not the study protocol. Thereby, 
future studies with standardized and systematic cardiac imaging during 
follow-up have the potential to provide even higher granularity of 
follow-up data. Sixth, the derived prognostic model for lT2MI requires 
external validation before it should be considered for clinical use.

Conclusion
At 1 year, most PMI aetiologies have unacceptably high rates of MACE 
and all-cause death, highlighting the urgent need for more intensive 
treatments.
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