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Abstract

Background: Patients with perioperative myocardial injury are at risk of death and major adverse cardiovascular and

cerebrovascular events (MACCE). The primary aim of this study was to determine optimal thresholds of preoperative and

perioperative changes in high-sensitivity cardiac troponin T (hs-cTnT) to predict MACCE and mortality.

Methods: Prospective, observational, cohort study in patients �50 yr of age undergoing elective major noncardiac surgery

at seven hospitals in Sweden. The exposures were hs-cTnT measured before and days 0e3 after surgery. Two previously

published thresholds for myocardial injury and two thresholds identified using receiver operating characteristic analyses

were evaluated using multivariable logistic regression models and externally validated. The weighted comparison net

benefit method was applied to determine the additional value of hs-cTnT thresholds when compared with the Revised

Cardiac Risk Index (RCRI). The primary outcome was a composite of 30-day all-cause mortality and MACCE.

Results: We included 1291 patients between April 2017 and December 2020. The primary outcome occurred in 124 pa-

tients (9.6%). Perioperative increase in hs-cTnT �14 ng L�1 above preoperative values provided statistically optimal model

performance and was associated with the highest risk for the primary outcome (adjusted odds ratio 2.9, 95% confidence

interval 1.8e4.7). Validation in an independent, external cohort confirmed these findings. A net benefit over RCRI was

demonstrated across a range of clinical thresholds.

Conclusions: Perioperative increases in hsTnT �14 ng L�1 above baseline values identifies acute perioperative myocardial

injury and provides a net prognostic benefit when added to RCRI for the identification of patients at high risk of death and

MACCE.
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Editor’s key points

� Cut-off values for high-sensitivity cardiac troponin T

(hs-cTnT) to define myocardial injury, especially as it

relates to its prognostic value in identifying those at

risk of major cardiac events or death, is unclear.

� The revised cardiac risk index is an established

prognostic indicator of major cardiac events after

surgery, but it has only moderate predictive utility.

� This study found that a perioperative elevation of hs-

cTnT of �14 ng L�1 added clinically useful predictive

value to the Revised Cardiac Risk Index.
Cardiac troponins (cTns), as quantitative markers of car-

diomyocyte injury, are commonly elevated after noncardiac

surgery.1e6 The vast majority of patients do not fulfil the uni-

versal definition of myocardial infarction or experience

ischaemic symptoms.1e3,7 Yet, increased perioperative levels

of cTns independently increase the risk of 30-day and long-

term mortalities, and postoperative elevations are important

indicators of poor outcome in otherwise asymptomatic

patients.1e8 Current guidelines recommend screening patients

at high risk of cardiovascular complications by measurement

of cTns.9e11 However, screening is hampered by the lack of

guidance regarding appropriate cut-off levels, the timing of

measurements, and available interventions.

Limited data exist for the value of cTns when added on to

the Revised Cardiac Risk Index (RCRI) for preoperative risk

stratification. The independent prognostic value of increased

cTns in the presence of other determinants of perioperative

outcomes are also poorly understood.12e14 Although there is a

general consensus favouring the high-sensitivity troponin

assays, various definitions and cut-off values have been

applied in previous studies. Elevations in preoperative cTns

also occur commonly1e5,8,12 and may portend significant

morbidity and mortality postoperatively.3,8,12e17 This raises

concerns for preoperative risk stratification and a potential

dilemma for themanagement of these patients before surgery.

Measurement of preoperative and postoperative cTns is

advocated for perioperative screening to differentiate acute

perioperative myocardial injury from pre-existing chronic

myocardial injury. The association of acute perioperative

myocardial injury with mortality, major adverse cardiovas-

cular and cerebrovascular events (MACCE), or both has been

demonstrated in several studies.1e4,6,8,13 Puelacher and col-

leagues3 found that the combination of increased preoperative

high-sensitivity cardiac troponin T (hs-cTnT) and a perioper-

ative change of �14 ng L�1 were associated with the highest

risks for short- and long-term mortalities.3 Other studies

emphasise the role of postoperative cTn surveillance.1,2,6

Notably, all studies have applied different criteria to define
perioperative myocardial injury and none have derived or

externally validated diagnostic thresholds for the prediction of

MACCE and mortality.

Thus, ambiguity still exists regarding timing and optimal

thresholdvaluesof cTns forpredictionofadversecardiovascular

outcomes. There are no comparative studies of perioperative

cTn thresholds for the diagnosis ofmyocardial injury, and none

of the established thresholds have been externally validated.

The primary aim of this study was to determine optimal

thresholds of preoperative hs-cTnT and perioperative changes

in hs-cTnT for the prediction of MACCE andmortality within 30

days after surgery. A secondary aim was to provide an external

validation for the identified thresholds. Finally, we aimed to

provide a decision analysis that may help clinicians compare

the net benefit of using hs-cTnT when added to the RCRI.

Methods

We adhered to the STROBE and STARD reporting guidelines

(Supplementary Table S1). The study was approved by the

Regional Ethical Review Committee (Link€oping, Sweden; March

29, 2017) and registered at clinicaltrials.gov (NCT03436238). All

participants gave written informed consent.

We conducted a multicentre, prospective cohort study of

patients aged �50 yr undergoing elective, major abdominal

surgery and requiring at least one overnight hospital stay.

Consecutive patients from seven hospitals in Sweden (three

university and four regional hospitals) were included between

April 2017 and December 2020. Major abdominal surgery was

defined as major or complex major, according to the Surgical

Outcome Risk Tool.18 Baseline characteristics, and intra-

operative and postoperative variables were recorded and RCRI

calculated for all patients (Table 1). Preoperative anaemia was

defined as haemoglobin <130 g L�1 for men and <120 g L�1 for

women, preoperative increased creatinine was defined as

plasma levels of creatinine �100 mmol L�1 for men and �90

mmol L�1 for women, intraoperative transfusion was defined

as intraoperative transfusion of any blood product, and

intraoperative hypotension was defined as MAP<55 mm Hg at

any time intraoperatively (regardless of duration). The pres-

ence of ischaemic symptoms and 12-lead ECG were recorded

up to 24 h before surgery, after surgery at the PACU, and on

days 1,2, and 3 after surgery or until discharge from hospital

(for definition, see Supplementary Table S2). Blood was

collected at these sampling points and plasma aliquoted and

stored at �80�C until batch analysis. The hs-cTnT was

measured by an electrochemiluminescence-immunoassay on

a Cobas e602/Cobas e601/Cobas e411 analyser (Roche Di-

agnostics, Mannheim, Germany). The lower limit of detection

for hs-cTnT was 3 ng L�1 with a 10% coefficient of variation at

13 ng L�1. The 99th percentile for a normal health population

for this assay is 14 ng L�1.

Collection of ECGs, plasma samples, and clinical symptom

assessment were conducted by trained research staff outside

http://clinicaltrials.gov


Table 1 Characteristics of the study population.

Characteristics Number with
data (%)

Whole
population

With primary
outcome n¼124

Without primary
outcome n¼1167

Age (yr, IQR) 1291 (100) 70 (63e76) 73.5 (68e78) 70 (63e76)
Sex, female, n (%) 1291 (100) 592 (45.9) 40 (32.3) 552 (47.3)
Comorbidities, n (%) Coronary artery

disease
1291 (100) 168 (13.0) 34 (27.4) 134 (11.5)

Heart failure 1291 (100) 69 (5.3) 18 (14.5) 51 (4.4)
Atrial fibrillation 1291 (100) 123 (9.5) 20 (16.1) 103 (8.8)
Hypertension 1289 (99.8) 636 (49.3) 64 (51.6) 572 (49.1)
Stroke or TIA 1291 (100) 107 (8.3) 13 (10.5) 94 (8.1)
IDDM 1290 (99.9) 101 (7.8) 12 (9.7) 89 (7.6)
Hyperlipidaemia 1290 (99.9) 217 (16.8) 16 (12.9) 201 (17.2)
COPD 1291 (100) 169 (13.1) 19 (15.3) 150 (12.9)
Liver cirrhosis 1291 (100) 7 (0.5) 1 (0.8) 6 (0.5)
Chronic kidney
disease

1291 (100) 15 (1.2) 3 (2.4) 12 (1.0)

Metastatic cancer 1290 (99.9) 163 (12.6) 15 (12.1) 148 (12.7)
RCRI (no. of risk factors) n (%) 1 1291 (100) 929 (72.0) 68 (54.8) 861 (73.8)

2 278 (21.5) 36 (29.0) 242 (20.7)
�3 84 (6.5) 20 (16.1) 64 (5.5)

ASA physical status, n (%) 1 1291 (100) 157 (12.2) 10 (8.1) 147 (12.6)
2 726 (56.2) 52 (41.9) 674 (57.8)
3 399 (30.9) 58 (46.8) 341 (29.2)
4 9 (0.7) 4 (3.2) 5 (0.4)

MET, n (%) <1 1290 (99.9) 45 (3.5) 7 (5.7) 38 (3.3)
1e4 618 (47.9) 66 (53.2) 552 (47.3)
�4 627 (48.6) 51 (41.1) 576 (49.4)

Preoperative medications, n (%) Platelet inhibitors 1289 (99.8) 191 (14.8) 27 (21.8) 164 (14.1)
Statins 1290 (99.9) 345 (26.7) 38 (30.6) 307 (26.3)
В-blockers 1289 (99.8) 366 (28.4) 51 (41.1) 315 (27.0)
Ca-channel inhibitors 1288 (99.8) 222 (17.2) 21 (16.9) 201 (17.3)
ACEi or ARBs 1289 (99.8) 446 (34.6) 42 (33.9) 404 (34.7)

Surgical category, n (%) Upper gastrointestinal 1289 (99.8) 109 (8.5) 17 (13.7) 92 (7.9)
Hepatobiliary 242 (18.8) 18 (14.5) 224 (19.2)
Pancreas 193 (15.0) 27 (21.8) 166 (14.2)
Colorectal 466 (36.2) 36 (29.0) 430 (36.9)
Urology (not renal) 68 (5.3) 4 (3.2) 64 (5.5)
Renal 118 (9.2) 9 (7.3) 109 (9.4)
Gynaecology 72 (5.6) 9 (7.3) 63 (5.4)
Other 21 (1.63) 4 (3.23) 17 (1.46)

Preoperative anaemia, n (%) Male <130 g L�1,
Female <120 g L�1

1286 (99.6) 522 (40.6) 73 (59.3) 449 (38.6)

Preoperative increased
creatinine, n (%)

Male �100 mmol L�1,
Female �90 mmol L�1

1272 (98.5) 216 (17.0) 30 (24.8) 186 (16.2)

Duration of surgery, n (%) Mean (SD), h 1289 (99.8) 4.11 (2.54) 4.69 (2.83) 4.05 (2.50)
Intraoperative blood loss, n (%) Median (IQR) (ml) 1288 (99.8) 150 (50e400) 300 (100e500) 150 (50e400)
Intraoperative transfusion, n (%) 1289 (99.8) 145 (11.2) 23 (18.5) 122 (10.5)
Intraoperative hypotension, n (%) MAP �55 mm Hg

at any time
1286 (99.6) 675 (52.5) 656 (52.4) 610 (52.5)

Discharge destination, n (%) PACU 1290 (99.9) 1259 (97.6) 113 (91.1) 1146 (98.3)
ICU (planned) 13 (1.0) 5 (4.0) 8 (0.7)
ICU (unplanned) 18 (1.40) 6 (4.8) 12 (1.0)

Ischaemic symptoms*, n (%) PACU-30 d 1289 (99.8) 148 (11.5) 46 (37.1) 102 (8.8)
Ischaemic ECG, n (%) PACU-30 d 1280 (99.1) 269 (21.0) 42 (34.7) 227 (19.6)
Ischaemic symptom or ECG, n (%) PACU-30 d 1281 (99.2) 385 (30.1) 65 (52.8) 320 (27.6)
30-Day MACCE, n (%) 1291 (100) 120 (9.3) 120 (96.8) 0 (0)
30-Day mortality, n (%) 1291 (100) 14 (1.1) 14 (11.3) 0 (0)
30-Day MACCE, mortality, or
both, n (%)

1291 (100) 124 (9.6) 124 (100) 0 (0)

ACEi, angiotensin converting enzyme inhibitor; ARBs, angiotensin receptor blockers; ASA, American Society of Anesthesiologists; COPD, chronic
obstructive pulmonary disease; IDDM, insulin-dependent diabetes mellitus; IQR, inter-quartile range; MACCE, major adverse cardiovascular and ce-
rebrovascular events; MET, metabolic equivalents; MINS, myocardial injury in noncardiac surgery; RCRI¼Revised Cardiac Risk Index; SD, standard de-
viation; TIA, transient ischaemic attack.

* Postoperatively, suggestive of ischaemia.
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of routine care. In order to mitigate the risk of detection and

reporting bias, these were collected, analysed, and interpreted

blindly. Plasma samples were analysed in batch by a central

laboratory without knowledge of clinical status and ECG

findings, and clinical data were collected without knowledge

of ECG and hs-cTnT findings. Treating teams were not given

access to these non-routine investigations. However, routine

care may have included the measurement of hs-cTnT and

ECGs, and these results were not available to study assessors.

Data entry into a centralised General Data Protection

Regulation-compliant secure electronic database was con-

ducted by investigators at each site and validated by the study

coordinators.

The primary outcome was the composite of all-cause mor-

tality and MACCE at 30 days after surgery. MACCE was defined

as non-fatal cardiac arrest, acute myocardial infarction,

congestive heart failure, new cardiac arrhythmia, angina,

stroke, or any combination of these (Supplementary Table S3).19
Statistical analysis

Sample size was calculated assuming a prevalence of elevated

hs-cTnT of 10% with an estimated incidence of the primary

outcome of 6.8% in the non-elevated hs-cTnT group.2,19 The

calculation was powered to detect a relative difference of 10%

between elevated and non-elevated hs-cTnT groups, for both

primary and secondary (1 yr mortality) outcomes. Secondary

outcomes are not presented in this study. The largest calcu-

lated sample size was 1142. Sample size was increased to 1600

patients to account for a missing data rate of 33%. On June 18,

2019, interim data were submitted (716 patients) to an inde-

pendent Data Safety and Monitoring Board (DSMB). Since the

frequencies of the outcomes were in line with original ex-

pectations and the missing data rate was low, the DSMB

allowed a sample size revision to 1269 patients. This sample

size also allowed for adjustment of 10 independent factors in a

multivariable analysis, assuming an event rate of 8% in the

whole population. Patients withmissing preoperative hs-cTnT

or without at least one postoperative hs-cTnT measurement

and those withmissing follow-up at 30 days were not included

in the analysis.

Summary statistics are presented as mean (standard de-

viation), median [inter-quartile range (IQR)], or number (%).

The magnitude of the exposure effect estimate was reported

as an adjusted odds ratio (OR) with 95% confidence intervals

(CI). P-values were two-sided with a significance level of 5%.

We used the c2 test to compare patients with or without the

primary outcome. Analyses were conducted using Stata Sta-

tistical Software, StataCorp, College Station, Texas, Release 14.

Receiver operating characteristic (ROC) analysis was con-

ducted to identify the optimal cut-off concentrations for pre-

operative levels and perioperative increases (peak

postoperative minus preoperative value) in hs-cTnT, defined

according to Youdens J-index for best discrimination of the

primary outcome. For each hs-cTnT threshold we summarised

sensitivity, specificity, and positive and negative predictive

values (Supplementary Table S4).

We investigated four thresholds for perioperative myocar-

dial injury: 1) preoperative hs-cTnT defined by ROC analysis, 2)

perioperative increase defined by the Basel-PMI study,3 (i.e. an

increase in perioperative hs-cTnT of �14 ng L�1 above preop-

erative values), 3) perioperative change defined by the VISION
study,2 (i.e. a postoperative concentration 20 to <65 ng L�1 with

an absolute change of �5 ng L�1 or a postoperative concen-

tration of �65 ng L�1), and 4) perioperative increase defined by

ROC analysis. Peak postoperative values regardless of the day

of sampling were used in these calculations.

Univariable analyses were conducted to identify possible

associations between a priori defined predictor variables and

the primary outcome andmultivariable logistic regressionwas

applied to test their independent associations. Predictor vari-

ables were chosen based on clinical plausibility and previous

evidence and entered into the final model using backward

stepwise elimination. Collinearity was assessed using the

variance inflation factor (VIF), and only variables with VIFs�10

were entered into the models.

Model performance was assessed using ROC analyses with

the probability of the outcome calculated from the logistic

regression analysis. Discrimination of the model was reported

as the c-index. Overall calibration and goodness of fit was

assessed with the HosmereLemeshow test, plots of predicted

vs observed probabilities of the outcome, and the Akaike In-

formation Criterion (AIC, lower scores indicate better fit). The

Brier score was used to indicate accuracy of prediction. Net

reclassification indices (NCIs) for each of the four hs-cTnT

thresholds were calculated (Supplementary Table S5).

To explore the value of adding perioperative hs-cTnT to the

RCRI, the weighted comparison (WC) net benefitmethod20 was

used, which takes into account the prevalence of outcome.

‘Extended RCRI’was calculated by addingþ1 to the RCRI score,

when the hs-cTnT test was ‘positive’ as defined by the various

thresholds. Because all patients in this study had an RCRI

score of �1 (major surgery), an extended RCRI score �2 was

considered ‘test positive’. WC for the extended RCRI compared

with RCRI alone were calculated as:

DSensitivityþ[(1-prevalence/prevalence)�clinical
threshold�DSpecificity]

where

DSensitivity¼Sensitivity’extended RCRI’�SensitivityRCRI alone
and

DSpecificity¼Specificity’extended RCRI’�SpecificityRCRI alone

The clinical threshold is the ratio of true positives to false

positives (TP:FP). Thus, the WC method weights differences in

sensitivity and specificity by a trade-off of acceptable clinical

TP:FP ratios, and takes into account disease prevalence. Posi-

tive WC values indicate a net benefit and negative values

indicate a net loss. We extended the WC method by con-

structing WC curves to aid clinicians in making informed

choices regarding the net benefit of measuring hs-cTnT in this

population across a range of clinical thresholds.

Two sensitivity analyses were conducted. The first was

restricted to patients with preoperative creatinine within the

normal range reported for Swedish laboratories (male �100

mmol L�1, female�90 mmol L�1); in the second analysis, patients

with increased perioperative troponins attributable to non-

ischaemic causes (e.g. pulmonaryemboli, sepsis)wereexcluded.

The four hs-cTnT thresholds obtained in our population

were externally validated in an independent population con-

sisting of 271 patients undergoing major abdominal surgery at

the University Hospital Basel, Switzerland. Although the

same inclusion and outcome criteria were applied in both
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populations, the Basel cohort was retrospective and consisted

entirely of patients with or at risk of cardiovascular disease.

Also, hs-cTnT was measured within 30 days before surgery

and on postoperative days 1 and 2, according to perioperative

routine in Basel. We calculated sensitivities, specificities,

positive predictive value (PPV), negative predictive value

(NPV), and the c-statistics for the different hs-cTnT thresholds

in this population. Finally, we applied logistic regression

analysis to calculate the ORs for 30-day mortality and MACCE

in this external cohort.
Results

A total of 1368 patients were recruited to the study, 1291of

whom were included in the final analysis (Fig. 1). Population

characteristics are shown in Table 1. The primary outcome

occurred in 9.6% (124 patients) of patients, with a mortality

rate of 1.1% (14 patients) andMACCE of 9.3% (120 patients). The

missing data ratewas very low (~1%, Table 1). Preoperative and

at least one postoperative hsTnT measurement was available

for all patients. Peak hs-cTnT levels occurred on Day 2 (median

12.1 ng L�1, IQR 8.2e19.9).

We performed ROC analyses to identify the best thresholds

in hs-cTnT when measured preoperatively or as perioperative

change (peak postoperative-preoperative value). The ROC

analysis identified that a preoperative hs-cTnT of �14 ng L�1

(area under the ROC curve [AUC] 0.64, CI 0.58e0.69) and a

perioperative increase in hs-cTnT of �5 ng L�1 (AUC 0.67, CI

0.62e0.72) provided best discriminatory values for the primary

outcome. The incidence of MACCE and all-cause mortality at

30 days after surgery stratified by the two hs-cTnT thresholds

and two previously published thresholds formyocardial injury

(Basel-PMI study and VISION study) are shown in Table 2.

Sensitivities, specificities, and positive and negative predic-

tive values for all four hs-cTnT thresholds are provided in
Patients≥5
undergoing majo

surgery (n

Patients inc
analysis (n

Did not fulfill inclusion
criteria (n=1)

Surgery rescheduled
(n=16)

No available study nurse
(n=13)

Deceased before surgery
(n=1)

Fig 1. Study flowchart. hs-cTnT, high-sensitivity cardiac troponin T.
Supplementary Table S4, and their NCIs are reported in

Supplementary Table S5.

Univariable analyses were applied to investigate the asso-

ciation of the four thresholds and a priori defined predictor

variables with the primary outcome (Supplementary Table S6).

Patient age, sex, ASA physical status, cardiovascular medica-

tions, comorbidities, preoperative anaemia, preoperative

increased creatinine, surgical category, intraoperative trans-

fusion, length of surgery, RCRI, and hs-cTnT were associated

with 30-day MACCE and all-cause mortality.

We tested the independent association of the pre- and

perioperative increases in hs-cTnT with the primary outcome

using multivariable regression (Table 3). Performance statis-

tics are given in Table 4 and calibration plots are provided in

Supplementary Figure S1. The Basel-PMI definition (perioper-

ative increase �14 ng L�1 above preoperative value) had the

highest prediction accuracy (Brier 0.080), provided the best fit

among the four tested models (AIC 746) and was associated

with the highest adjusted OR for the primary outcome, thus

we considered this to be statistically optimal among the four

thresholds tested.

The majority of myocardial injuries were detected by Day 2

postoperatively (Table 5), and 1281 (99.2%) of all patients did

not have ischaemic symptoms. For hs-cTnT, there were 1250

PACUmeasurements and 1244 Day 1measurements, 1102 Day

2 measurements, and 816 Day 3 measurements; and a total of

752 patients had measurement for all five sampling points.

Themajority of unavailable hs-cTnT data for days 2 and 3were

as a result of discharge. Although all 1291 patients fulfilled our

prespecified criteria of a preoperative and at least one post-

operative hsTnT measurement for inclusion in the study, we

cannot exclude that the true incidence of myocardial injury

may have been underestimated. Preoperative increased hsTnT

was detected in 349 (27%) and perioperative increases in

11.2e34.2% depending on the threshold used.
0 yr old
r abdominal

=1368)

luded in
=1291)

Surgery cancelled
(n=13)

Consent withdrawn
(n=12)

Changed surgical
category (n=1)

Missing preoperative
hsTnT (n=20)
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Sensitivity analyses

In order to evaluate the effect of preoperative renal dysfunc-

tion, we restricted themultivariable model to patients without

preoperative creatinine increases (Supplementary Table S7).

We further evaluated the independent association between

hs-cTnT and the primary outcome excluding patients with

non-ischemic causes of troponin elevation (e.g. sepsis and

pulmonary embolus) (Supplementary Table S8). Both analyses

confirmed the results of the primary model.

Net benefit of hs-cTnT beyond RCRI

WCs were calculated and plotted across a range of clinical

thresholds (Fig. 2). Extrapolation of all WC curves shows that

measurement of perioperative hs-cTnT changes was associ-

ated with a net benefit compared with RCRI alone for clinical

thresholds <0.29, corresponding to >3.4 false positives for each

true positive. At clinical thresholds �0.18 (�5.6 false positives

for each true positive), the Basel-PMI definition provided the

best net benefit. At clinical thresholds between 0.18 and 0.03

(5.6e33.3 false positives for each true positive) the VISION

definition provided the best net benefit. At clinical thresholds

�0.03 (�33.3 false positives for each true positive) the defini-

tion determined by ROC analysis in this population provided

the best net benefit.

External validation

We externally validated the hs-cTnT thresholds in an inde-

pendent population (n¼271). Population characteristics for this

independent cohort are shown in Supplementary Table S9. OR

and performance characteristics of the different hs-cTnT

thresholds are shown in Supplementary Table S10. The OR

for the primary outcome was highest when applying a

threshold of perioperative increase in hs-cTnT of �14 ng L�1,

even after adjustment for RCRI and other factors (adjusted OR

11.2, 95% CI 4.9e25.5).
Discussion

An increase in hs-cTnT �14 ng L�1 above preoperative

values identified acute perioperative myocardial injury with

the highest risk estimates for the primary outcome and

provided a net benefit across a wide range of clinical

thresholds.

All four thresholds for acute perioperative myocardial

injury were independently associated with 30-day MACCE and

all-cause mortality. When model performance was assessed

using c-statistics, Brier scores, and the AIC, the model incor-

porating the Basel-PMI threshold provided best performance

characteristics, although the differences were modest. In a

multivariable model, patients with elevated hs-cTnT before

surgery were at increased risk of the primary outcome, and

this risk was amplified if hs-cTnT was elevated further.

Further, the model with the Basel-PMI threshold provided

highest adjusted OR for mortality and MACCE, a finding

confirmed in the external validation cohort and sensitivity

analyses. The WCs analysis demonstrated that all tested

thresholds for perioperative myocardial injury provided a net

benefit over RCRI alone. However, the model using a dynamic

change in hs-cTnT, with increases �14 ng L�1 above preoper-

ative values performed best.

Our findings add to previous studies that often do not take

into account RCRI, ASA physical status, preoperative anaemia,



Table 3 Multivariable analysis with and without the four different hs-cTnT thresholds.

Variable Without hs-cTnT
but including RCRI

Preoperative
(ROC analysis)

Perioperative
increase
(Basel-PMI)

Perioperative
change
(VISION)

Perioperative
increase
(ROC analysis)

OR (CI) P
-value

OR (CI) P
-value

OR (CI) P
-value

OR (CI) P
-value

OR (CI) P
-value

Patient age 1.0
(1.0e1.1)

0.038 1.0
(0.99e1.1)

0.156 1.0
(1.0e1.1)

0.040 1.0
(0.99e1.0)

0.211 1.0
(1.0e1.1)

0.108

Sex 1.5
(1.0e2.3)

0.049 1.4
(0.92e2.2)

0.114 1.4
(0.92e2.2)

0.116 1.3
(0.87e2.1)

0.184 1.4
(0.93e2.2)

0.103

ASA physical
status

1.7
(1.0e2.7)

0.034 1.6
(0.97e2.5)

0.069 1.6
(1.0e2.6)

0.048 1.5
(0.92e2.4)

0.111 1.6
(0.98e2.5)

0.062

MET 0.93
(0.6e1.4)

0.728 0.93
(0.61e1.4)

0.753 0.9
(0.61e1.4)

0.762 0.96
(0.63e1.5)

0.867 0.92
(0.60e1.4)

0.684

No. of chronic
comorbidities

0.158 0.212 0.179 0.234

1 1.0
(0.6e1.8)

0.976 1.0
(0.57e1.8)

0.995 0.99
(0.56e1.7)

0.958 0.98
(0.56e1.7)

0.948 0.97
(0.56e1.7)

0.924

2 0.80
(0.41e1.6)

0.505 0.80
(0.41e1.6)

0.505 0.73
(0.37e1.5)

0.366 0.76
(0.38e1.5)

0.420 0.72
(0.36e1.4)

0.348

�3 0.44
(0.18e1.1)

0.064 0.42
(0.17e1.0)

0.049 0.43
(0.18e1.0)

0.058 0.42
(0.17e1.0)

0.050 0.43
(0.18e1.0)

0.062

Preoperative
anaemia*

1.6
(1.1e2.5)

0.020 1.5
(1.0e2.3)

0.052 1.6
(1.0e2.4)

0.040 1.5
(0.95e2.2)

0.085 1.6
(1.0e2.4)

0.032

Preoperative
increased
P-creatininey

1.2
(0.77e2.0)

0.380 1.1
(0.70e1.9)

0.588 1.2
(0.75e2.0)

0.414 1.0
(0.62e1.7)

0.936 1.1
(0.66e1.8)

0.768

Intraoperative
transfusionz

1.2
(0.68e2.0)

0.553 1.1
(0.66e2.0)

0.633 1.1
(0.64e2.0)

0.684 1.1
(0.64e1.9)

0.722 1.1
(0.63e1.9)

0.738

Intraoperative
hypotensionx

0.98
(0.66e1.5)

0.911 0.99
(0.67e1.5)

0.958 0.91
(0.61e1.4)

0.630 0.99 (0.66e1.5) 0.942 0.93
(0.62e1.4)

0.715

Length of
surgery (min)

1.1
(1.0e1.2)

0.007 1.1
(1.0e1.2)

0.007 1.1 (1.0e1.2) 0.020 1.1
(1.0e1.2)

0.016 1.1
(1.0e1.2)

0.029

RCRI 0.013 0.017 0.014 0.013
2 Risk factors 1.8

(0.97e3.2)
0.063 1.8

(0.98e3.2)
0.058 1.8

(0.95e3.2)
0.070 1.8

(0.97e3.2)
0.063 1.8

(0.97e3.2)
0.064

�3 Risk factors 3.9
(1.6e9.4)

0.002 3.8
(1.6e9.1)

0.003 3.7
(1.5e9.0)

0.004 3.7
(1.5e9.1)

0.004 3.8
(1.6e9.2)

0.003

Change in
hs-cTnT

d d 1.7
(1.0e2.6)

0.035 2.9
(1.8e4.7)

<0.001 2.4
(1.5e3.7)

<0.001 2.2
(1.4e3.3)

<0.001

ASA, American Society of Anesthesiologists; CI, confidence interval; hs-cTnT, high-sensitivity troponin T; MET, metabolic equivalents; OR, odds ratio;
RCRI, Revised Cardiac Risk Index; ROC, receiver operating characteristic.

* Defined as haemoglobin <130 g L�1 for men and <120 g L�1 for women.
y Defined as plasma levels of creatinine �100 mmol L�1 for men and �90 mmol L�1 for women.
z Defined as intraoperative transfusion of any blood product.
x Defined as MAP �55 mm Hg at any time intraoperatively.
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intraoperative transfusion, intraoperative hypotension, and

length of surgery, which are known risk factors for poor

perioperative outcomes.10,11,21e28 The independent associa-

tion between hs-cTnT and the primary outcome was

confirmed by sensitivity analyses excluding patients with pre-

existing renal dysfunction and noncardiac causes of hs-cTnT

increases (e.g. sepsis and pulmonary emboli). Preoperative

anaemia, the presence of three or more comorbidities, length

of surgery, RCRI, and hs-cTnT were the most important risk

factors for 30-day mortality and MACCE.

Our study highlights the presence of modifiable risk factors

such as preoperative anaemia and length of surgery, where

targeted management may improve outcomes. We provide

support for the value of enhanced preoperative risk stratifi-

cation with the addition of hsTnT to the RCRI to identify a

group of very high-risk patients.12,13 While no evidence-based

guidance exists to support any preoperative strategy to

improve outcomes in such a risk group, identification of
increased risk may provide incentives for meticulous periop-

erative management, such as patient blood management,

increased haemodynamic monitoring, increased post-

operative monitoring, and optimisation of cardiovascular

medications.

The strength of association with the primary outcome was

most marked when perioperative changes in hs-cTnT are

considered, and preoperative measurements alone do not

provide information on acute perioperative events. Thus, our

results support the measurement of perioperative hs-cTnT

increases, rather than preoperative hs-cTnT alone. These

findings are congruent with an earlier study that demon-

strated a stepwise increase in risk of adverse cardiovascular

events when perioperative changes occur in addition to

increased preoperative hsTnT levels.3

Ambiguity regarding appropriate cut-off values for defining

acute perioperative myocardial injury has led to considerable

difficulty in evaluating the utility of hs-cTnT in perioperative



Table 4 Performance statistics for the four models including different thresholds of hs-cTnT and for a model excluding hs-cTnT.

hsTnT threshold Definition AUC (95% CI) Brier
score

Hosmere
Lemeshow

AIC

c-statistic P-value c2 Prob≥c2

Preoperative
(ROC analysis)

According to ROC analysis;
�14 ng L�1

0.72 (0.68e0.77) <0.0001 0.082 10.9 0.21 759

Perioperative increase
(Basel-PMI)

Perioperative increase �14 ng
L�1 above preoperative value

0.73 (0.68e0.78) <0.0001 0.080 8.9 0.35 746

Perioperative change
(VISION)

20 to <65 ng L�1 AND a
change of �5 ng L�1 or any
postoperative value �65 ng L�1

0.73 (0.69e0.78) <0.0001 0.081 5.7 0.68 750

Perioperative increase
(ROC analysis)

Perioperative increase (�5 ng
L�1 above preoperative value)

0.73 (0.68e0.78) <0.0001 0.081 7.4 0.50 751

No hs-cTnT measurement d 0.71 (0.66e0.76) <0.0001 0.082 6.5 0.59 762

Model performance was assessed by a combination of the C-statistic, Brier score (lower values¼higher predictive accuracy) and the AIC (lower score-
¼better model fit).
AIC, Akaike Information Criterion; AUC, area under the receiver operating characteristic curve; CI, confidence interval; hs-cTnT, high-sensitivity cardiac
troponin T; ROC, receiver operating characteristic.
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care. We derived and externally validated two hs-cTnT

thresholds based on ROC analysis in the current population,

and provide an external validation for two previously pub-

lished definitions.2,3 We also make head to head comparisons

of fourmultivariablemodels that included each of the hs-cTnT

thresholds, and a model without hs-cTnT. Although summary

statistics such as sensitivity, specificity, NPVs and PPVs, and c-

indices are informative, they provide limited value for imple-

mentation in clinical practice. Difficulties in determining

optimal sensitivity and specificity trade-offs, and lack of a

nuanced consideration between clinical benefit vs risk are

limitations with these performance statistics. We also note

that ROC curves provided onlymodest values of the c-index, in

line with previous studies.4,12 However, ROC curves do not

provide an adequate summary statistic since they combine

accuracies across a wide range of thresholds and may not

highlight thresholds that are most clinically relevant. Calcu-

lation of the NRI may be misleading, since it does not account

for disease prevalence. The net absolute reclassification index

(NARI) is an adjustment of NRI to include disease prevalence,

however true positive classifications are still weighted equally

as true negative classifications, which may be unreasonable

within the perioperative context where correct classification

of true positives may be more meaningful. We assume that

most clinicians (and patients) would value missing a life-

threatening disease higher than diagnosing a healthy patient

as positive.

We used the WC net benefit method20 to provide an aid to

clinical decision-making, since this method takes into account

both disease prevalence and TP:FP ratios (clinical threshold).

Rather than choosing an arbitrary TP:FP ratio, we plotted the
Table 5 Timing of myocardial injury diagnosis, according to the diff

PACU (n¼12

Perioperative increase (Basel-PMI), n¼144. n(%) 31 (21.5)
Perioperative change (VISION), n¼357. n(%) 158 (44.6)
Perioperative increase (ROC analysis), n¼442. n(%) 104 (23.5)

ROC, receiver operating characteristic.
net benefit over a range of clinical thresholds (Fig. 2). All four

thresholds, including preoperatively elevated hs-cTnT,

demonstrated net benefits compared with RCRI alone when

the clinical threshold was <0.29. Perioperative hs-cTnT mea-

surement, when using the Basel-PMI definition, provided a net

benefit compared with RCRI alone at clinical thresholds be-

tween 0.18 and 0.29. The other definitions also provided a net

benefit compared with RCRI alone, but incurred a higher cost

in terms of decreased TP:FP ratios. Thus, increased detection

of disease should be weighed against increased probability of

false positives, and the distress and unnecessary in-

vestigations that this may entail. For risk averse clinicians,

where many more false positives than true positives are

accepted, the net benefit was highest for increased hs-cTnT�5

ng L�1, that provided a net benefit at clinical thresholds �0.03.

For clinical thresholds >0.29, accepting less than 3.4 false

positives to each true positive, there was no net benefit of

adding hs-cTnT measurement to the RCRI.

The present results fill a gap in knowledge regarding the

utility of cTns in perioperative care. We obtained pre- and

postoperative troponin measurements, ECGs, and clinical in-

formation regarding ischaemic symptoms in all patients,

regardless of clinical indication. Thus, we provide an unbiased

indication of the true incidence of acutemyocardial infarction,

that has been a limitation in previous studies.2,29,30 The most

appropriate thresholds to apply for perioperative hs-cTnT

surveillance have not been previously investigated and our

study provides an analysis of two previous definitions for

perioperative hs-cTnT changes and two data-derived thresh-

olds. The optimal threshold was comprehensively tested by

multiple methods and their predictive value identified after
erent high-sensitivity cardiac troponin T (hs-cTnT) thresholds.

50) Day 1 (n¼1244) Day 2 (n¼1102) Day 3 (n¼816)

51 (35.4) 47 (32.6) 15 (10.4)
134 (37.9) 52 (14.7) 11 (3.1)
189 (42.8) 122 (27.6) 27 (6.1)
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able in a clinical setting. Extended RCRI¼RCRI score þ1 when

the hs-cTnT test was ‘positive’ according to the four thresholds:

preoperative �14 ng L�1 (ROC analysis), VISION definition, Basel-

PMI definition and perioperative increase �5 ng L�1 (ROC anal-

ysis). Positive WC values indicate a net benefit for extended

RCRI compared with RCRI alone. hs-cTnT, high-sensitivity car-

diac troponin T; RCRI, Revised Cardiac Risk Index; ROC, receiver

operating characteristic.
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careful adjustment for pre- and perioperative risk factors.

Further, our findings were externally validated. We present

evidence for the use of acute perioperative hs-cTnT changes,

rather than pre- or postoperative measurements alone, in line

with the recently published recommendations of the StEP

COMPAC: cardiovascular outcomes initiative.30 A decision

analysis is provided to help clinicians consider the risk and

benefits of hsTnT measurements across a wide range of clin-

ical thresholds. We suggest that hsTnTmeasurements may be

used as a two-step risk management process: a first step with

preoperative hsTnT measurement for the identification of

high-risk patients beyond the RCRI, that may be subject to

enhanced perioperativemanagement strategies; a second step

with perioperative hsTnT changes for the early detection of

myocardial injury.

The implementation of hs-cTnT surveillance is costly and

many clinicians argue that this may be futile in the absence of

evidence-based guidelines for management. However, we

argue that clinically accepted risk stratification tools, such as

the RCRI, are also not coupled to specific perioperative man-

agement strategies. Recent studies suggest that myocardial

injury in noncardiac surgery (MINS) is amenable to

treatment.31e33 In order to minimise the cost and inconve-

nience of blood sampling, our data suggest that a minimum of

three measurements, taken preoperatively and on days 1 and

2 postoperatively (earlier if the patient is discharged), would

detect the majority of myocardial injuries. Measurement of

both pre- and postoperative hs-cTnT will also differentiate

between acute and chronic myocardial injury, consistent

with the recommendation of the consensus statement

issued by the Joint European Society of Cardiology/American

College of Cardiology/American Heart Association/World
Heart Federation Task Force for the Universal Definition of

Myocardial Infarction.34

Several limitations of this study should be mentioned.

Firstly, the findings of this study only apply to hs-cTnT and not

troponin I. Although we have included the most important

independent variables in the multivariable analysis, the pos-

sibility of unadjusted factors remains. None of our patients

underwent further cardiac assessments within the context of

our study, thus it is not possible to attribute a cause for

increased hs-cTnT. Whilst our study provides evidence for hs-

cTnT surveillance, we stress that net benefit is highly depen-

dent on clinically acceptable levels of TP:FP ratios. Although

hs-cTnT screening will detect perioperativemyocardial injury,

only one in 4.4 patients will develop MACCE or die within 30

days of surgery when using the best-performing of the eval-

uated hs-cTnT thresholds in addition to the RCRI.

This is especially important when considering future

management of patients with increased perioperative hs-

cTnT. In MANAGE, the only trial investigating treatment of

patients with MINS, dabigatran reduced the risk of major

vascular complications without increasing the risk of major

bleeding.31 However, the hs-cTnT criterion for defining MINS

was an absolute change of at least 5 ng L�1 between any two

(mostly postoperative) measurements. Whether the applica-

tion of the thresholds defined in the present study may more

adequately select patients at increased risk, and whether this

translates to better post-interventional outcomes, would be

relevant questions for future research. Finally, there is still no

consensus on management of patients with perioperative

myocardial injury.
Conclusions

An increase in hs-cTnT �14 ng L�1 above preoperative values

identified acute perioperative myocardial injury and was

independently associated with 30-day all-cause mortality and

MACCE. Perioperative hs-cTnT surveillance provided a net

benefit over RCRI for the identification of patients at high risk

of death and MACCE.
Authors’ contributions

Had full access to all data in the study and take responsibility

for the integrity of the data and the accuracy of the data

analysis: MSC, HA.

Concept and design: MSC, HA, MF, RP, CP.

Acquisition: MSC, CP, FH, SL, MK, MJ, UA, JS, PJ, LE, JZ, ML, LDG,

WGR, GG, HD, HA, CP, CM.

Analysis and data interpretation: HA, AP, MF, CP, MSC, CM.

Drafting of the manuscript: MSC, HA, RP, CP.

Critical revision of manuscript for important intellectual

content: all authors.

Obtained funding: MSC, HA.
Acknowledgements

We wish to acknowledge all staff at the Department of

Anaesthesiology and Intensive Care and Department of Sur-

gery at participating hospitals for their care of patients and

their contribution to our study. We also thank Martin Golster,

Anna Oscarsson Tibblin, Anneli Reinholdsson, Carina

Blomqvist, and Jonas Andersson for excellent study support.



Troponin surveillance in major noncardiac surgery - 35
Declarations of interest

MSC has received speaker’s fees and honoraria from B Braun

AB and Edwards Lifesciences outside the submitted work and

holds editorial roles with the European Journal of Anaesthesiol-

ogy. CM has received research support from the Swiss National

Science Foundation, the Swiss Heart Foundation, the Univer-

sity Hospital Basel, the University of Basel, Abbott, AstraZe-

neca, Beckman Coulter, Idorsia, Novartis, Ortho Clinical

Diagnostics, Quidel, Roche, Siemens, and speaker honoraria/

consulting honoraria from Amgen, AstraZeneca, Bayer,

Boehringer Ingelheim, Bristol Myers Squibb, Daiichi Sankyo,

Idorsia, Novartis, Osler, Roche, and Sanofi, outside the sub-

mitted work. CP reports research funding from Roche Di-

agnostics, the University of Basel, the University Hospital

Basel, for the submitted work, and chaired an advisory board

on perioperative myocardial injury for Roche Diagnostics. RP

reports grants from the National Institute for Health Research,

grants and personal fees from Edwards Lifesciences, outside

the submitted work; and has given lectures, performed con-

sultancy work, or both for Nestle Health Sciences, BBraun,

Intersurgical, GlaxoSmithKline, and Edwards Lifesciences, and

holds editorial roles with the British Journal of Anaesthesia, and

the British Journal of Surgery.
Funding

The Swedish Research Council (2019-02833), South Eastern

Sweden Research Council (746981, 712291), and Link€oping

University-Region €Osterg€otland ALF (687681, 792291). The

BASEL-PMI study was supported by research grants from the

Swiss National Science Foundation (320030-179362), Swiss

Heart Foundation, University of Basel, University Hospital of

Basel, AstraZeneca, and Roche Diagnostics.
Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.bja.2021.10.006.
References

1. Botto F, Alonso-Coello P, Chan MT, et al. Myocardial injury

after noncardiac surgery: a large, international, prospec-

tive cohort study establishing diagnostic criteria, charac-

teristics, predictors, and 30-day outcomes. Anesthesiology

2014; 120: 564e78

2. Writing Committee for the VSI, Devereaux PJ, Biccard BM,

et al. Association of postoperative high-sensitivity

troponin levels with myocardial injury and 30-day mor-

tality among patients undergoing noncardiac surgery.

JAMA 2017; 317: 1642e51

3. Puelacher C, Lurati Buse G, Seeberger D, et al. Periopera-

tive myocardial injury after noncardiac surgery: inci-

dence, mortality, and characterization. Circulation 2018;

137: 1221e32

4. Gillmann HJ, Meinders A, Grohennig A, et al. Perioperative

levels and changes of high-sensitivity troponin T are

associated with cardiovascular events in vascular surgery

patients. Crit Care Med 2014; 42: 1498e506

5. Kavsak PA, Walsh M, Srinathan S, et al. High sensitivity

troponin T concentrations in patients undergoing

noncardiac surgery: a prospective cohort study. Clin Bio-

chem 2011; 44: 1021e4
6. van Waes JA, Grobben RB, Nathoe HM, et al. One-year

mortality, causes of death, and cardiac interventions in

patients with postoperative myocardial injury. Anesth

Analg 2016; 123: 29e37

7. Sessler DI, Devereaux PJ. Perioperative troponin

screening. Anesth Analg 2016; 123: 359e60

8. Nagele P, Brown F, Gage BF, et al. High-sensitivity cardiac

troponin T in prediction and diagnosis of myocardial

infarction and long-term mortality after noncardiac sur-

gery. Am Heart J 2013; 166: 325e332 e1

9. Duceppe E, Parlow J, MacDonald P, et al. Canadian Car-

diovascular Society Guidelines on perioperative cardiac

risk assessment and management for patients who un-

dergo noncardiac surgery. Can J Cardiol 2017; 33: 17e32

10. Kristensen SD, Knuuti J, Saraste A, et al. 2014 ESC/ESA

Guidelines on non-cardiac surgery: cardiovascular

assessment and management: the Joint Task Force on

non-cardiac surgery: cardiovascular assessment and

management of the European Society of Cardiology (ESC)

and the European Society of Anaesthesiology (ESA). Eur J

Anaesthesiol 2014; 31: 517e73

11. De Hert S, Staender S, Fritsch G, et al. Pre-operative

evaluation of adults undergoing elective noncardiac sur-

gery: updated guideline from the European Society of

Anaesthesiology. Eur J Anaesthesiol 2018; 35: 407e65

12. Weber M, Luchner A, Seeberger M, et al. Incremental value

of high-sensitive troponin T in addition to the revised

cardiac index for peri-operative risk stratification in non-

cardiac surgery. Eur Heart J 2013; 34: 853e62

13. Humble CAS, Huang S, Jammer I, Bjork J, Chew MS.

Prognostic performance of preoperative cardiac troponin

and perioperative changes in cardiac troponin for the

prediction of major adverse cardiac events and mortality

in noncardiac surgery: a systematic review and meta-

analysis. PLoS One 2019; 14, e0215094

14. Gobulovic M, Peric V, Stanojevic D, et al. Potential new

approaches in predicting adverse cardiac events one

month after major vascular surgery. Med Princ Pract 2019;

28: 63e9

15. Zhao BC, Liu WF, Deng QW, et al. Meta-analysis of pre-

operative high-sensitivity cardiac troponin measurement

in non-cardiac surgical patients at risk of cardiovascular

complications. Br J Surg 2020; 107: e81e90

16. Kopec M, Duma A, Helwani MA, et al. Improving predic-

tion of postoperative myocardial infarction with high-

sensitivity cardiac troponin T and NT-proBNP. Anesth

Analg 2017; 124: 398e405

17. Hietala P, Strandberg M, Kiviniemi T, Strandberg N,

Airaksinen KE. Usefulness of troponin T to predict short-

term and long-term mortality in patients after hip frac-

ture. Am J Cardiol 2014; 114: 193e7

18. Protopapa KL, Simpson JC, Smith NC, Moonesinghe SR.

Development and validation of the surgical outcome risk

tool (SORT). Br J Surg 2014; 101: 1774e83

19. Sabate S, Mases A, Guilera N, et al. Incidence and pre-

dictors of major perioperative adverse cardiac and cere-

brovascular events in non-cardiac surgery. Br J Anaesth

2011; 107: 879e90

20. Mallett S, Halligan S, Thompson M, Collins GS, Altman DG.

Interpreting diagnostic accuracy studies for patient care.

BMJ 2012; 345: e3999

21. Abbott TEF, Pearse RM, Archbold RA, et al. A prospective

international multicentre cohort study of intraoperative

heart rate and systolic blood pressure and myocardial

https://doi.org/10.1016/j.bja.2021.10.006
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref1
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref1
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref1
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref1
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref1
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref1
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref2
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref2
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref2
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref2
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref2
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref2
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref3
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref3
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref3
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref3
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref3
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref4
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref4
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref4
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref4
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref4
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref5
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref5
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref5
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref5
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref5
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref6
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref6
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref6
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref6
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref6
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref7
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref7
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref7
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref8
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref8
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref8
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref8
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref8
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref9
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref9
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref9
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref9
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref9
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref10
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref10
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref10
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref10
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref10
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref10
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref10
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref10
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref11
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref11
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref11
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref11
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref11
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref12
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref12
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref12
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref12
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref12
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref13
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref13
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref13
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref13
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref13
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref13
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref14
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref14
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref14
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref14
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref14
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref15
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref15
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref15
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref15
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref15
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref16
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref16
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref16
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref16
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref16
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref17
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref17
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref17
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref17
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref17
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref18
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref18
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref18
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref18
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref19
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref19
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref19
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref19
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref19
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref20
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref20
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref20
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref21
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref21
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref21


36 - Chew et al.
injury after noncardiac surgery: results of the VISION

study. Anesth Analg 2018; 126: 1936e45

22. Bulte CSE, Boer C, Hemmes SNT, et al. The effects of pre-

operative moderate to severe anaemia on length of hos-

pital stay: a propensity score-matched analysis in non-

cardiac surgery patients. Eur J Anaesth 2021; 38: 571e81

23. Moonesinghe SR, Mythen MG, Das P, Rowan KM,

Grocott MP. Risk stratification tools for predicting

morbidity and mortality in adult patients undergoing

major surgery: qualitative systematic review. Anesthesi-

ology 2013; 119: 959e81

24. Richards T, Baikady RR, Clevenger B, et al. Preoperative

intravenous iron to treat anaemia before major abdominal

surgery (PREVENTT): a randomised, double-blind,

controlled trial. Lancet 2020; 396: 1353e61

25. Salmasi V, Maheshwari K, Yang D, et al. Relationship be-

tween intraoperative hypotension, defined by either

reduction from baseline or absolute thresholds, and acute

kidney and myocardial injury after noncardiac surgery: a

retrospective cohort analysis. Anesthesiology 2017; 126:

47e65

26. Sessler DI, Khanna AK. Perioperative myocardial injury

and the contribution of hypotension. Intensive Care Med

2018; 44: 811e22

27. Sessler DI, Meyhoff CS, Zimmerman NM, et al. Period-

dependent associations between hypotension during and

for four days after noncardiac surgery and a composite of

myocardial infarction and death: a substudy of the POISE-

2 trial. Anesthesiology 2018; 128: 317e27

28. Walsh M, Devereaux PJ, Garg AX, et al. Relationship be-

tween intraoperative mean arterial pressure and clinical
outcomes after noncardiac surgery: toward an empirical

definition of hypotension. Anesthesiology 2013; 119: 507e15

29. Puelacher C, Gualandro DM, Lurati Buse G, et al. Etiology

of peri-operative myocardial infarction/injury after

noncardiac surgery and associated outcome. J Am Coll

Cardiol 2020; 76: 1910e2

30. Beattie WS, Lalu M, Bocock M, on behalf of the StEP

COMPAC Group. Systematic review and consensus defi-

nitions for the Standardized Endpoints in Perioperative

Medicine (StEP) initiative: cardiovascular outcomes. Br J

Anaesth 2021; 126: 56e66

31. Devereaux PJ, Duceppe E, Guyatt G, et al. On behalf of the

MANAGE investigators. Dabigatran in patients with

myocardial injury after non-cardiac surgery (MANAGE):

an international, randomised, placebo-controlled trial.

Lancet 2019; 10137: 2325e34

32. Foucrier A, Rodseth R, Aissaoui M, et al. The long-term

impact of early cardiovascular therapy intensification for

postoperative troponin elevation after major vascular

surgery. Anesth Analg 2014; 119: 1053e63

33. Devereaux PJ, Xavier D, Pogue J, et al. Characteristics and

short-term prognosis of perioperative myocardial infarc-

tion in patients undergoing noncardiac surgery: a cohort

study. Ann Intern Med 2011; 154: 523e8

34. Thygessen K, Alpert AS, Jaffe AS, on behalf of the Joint

European Society of Cardiology (ESC)/American College of

Cardiology (ACC)/American Heart Association (AHA)/

World Heart Federation (WHF). Task Force for the uni-

versal definition of myocardial infarction. Fourth univer-

sal definition of myocardial infarction (2018). Expert

Consensus Document. Eur Heart J 2019; 40: 237e69
Handling editor: Paul Myles

http://refhub.elsevier.com/S0007-0912(21)00649-8/sref21
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref21
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref21
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref22
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref22
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref22
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref22
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref22
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref23
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref23
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref23
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref23
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref23
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref23
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref24
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref24
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref24
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref24
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref24
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref25
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref25
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref25
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref25
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref25
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref25
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref25
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref26
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref26
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref26
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref26
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref27
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref27
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref27
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref27
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref27
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref27
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref28
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref28
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref28
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref28
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref28
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref29
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref29
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref29
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref29
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref29
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref30
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref30
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref30
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref30
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref30
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref30
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref31
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref31
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref31
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref31
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref31
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref31
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref32
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref32
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref32
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref32
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref32
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref33
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref33
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref33
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref33
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref33
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref34
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref34
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref34
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref34
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref34
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref34
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref34
http://refhub.elsevier.com/S0007-0912(21)00649-8/sref34

	Identification of myocardial injury using perioperative troponin surveillance in major noncardiac surgery and net benefit o ...
	Editor's key points
	Introduction
	Methods
	Statistical analysis

	Results
	Sensitivity analyses
	Net benefit of hs-cTnT beyond RCRI
	External validation

	Discussion
	Conclusions
	Authors' contributions
	Acknowledgements
	Declarations of interest
	Funding
	Appendix A. Supplementary data
	References



