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CLINICAL RESEARCH
Coronary heart disease
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Aims Cardiac biomarkers are routinely elevated after uncomplicated cardiac surgery to levels considered diagnostic of
myocardial infarction in ambulatory populations. We investigated the diagnostic power of electrocardiogram
(ECG) and cardiac biomarker criteria to predict clinically relevant myocardial injury using benchmarks of mortality
and increased hospital length of stay (HLOS) in patients undergoing coronary artery bypass graft (CABG) surgery.

Methods
and results

Perioperative ECGs, creatinine kinase MB fraction, and cardiac troponin I (cTnI) were assessed in 545 primary CABG
patients. None of the ECG criteria for myocardial injury predicted mortality or HLOS. However, post-operative day
(POD) 1 cTnI levels independently predicted 5-year mortality (hazard ratio ¼ 1.42; 95% CI 1.14–1.76 for each
10 mg/L increase; P ¼ 0.009), while adjusting for baseline demographic characteristics and perioperative risk
factors. Moreover, cTnI was the only biomarker that significantly improved the prediction of 5-year mortality
estimated by the logistic Euroscore (P ¼ 0.02). Furthermore, the predictive value of cTnI for 5-year mortality was
replicated in a separately collected cohort of 1031 CABG patients using cardiac troponin T.

Conclusion Electrocardiogram diagnosis of post-operative myocardial injury after CABG does not independently predict an
increased risk of 5-year mortality or HLOS. Conversely, cTnI is independently associated with an increased risk of
mortality and prolonged HLOS.
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Introduction
Perioperative myocardial infarction (PMI) occurs in 7–15% of
patients after cardiac surgery and is associated with increased

hospital length of stay (HLOS), costs, and reduced short- and long-
term survival.1–4 In non-surgical populations, myocardial infarction
(MI) is diagnosed with a combination of clinical symptoms, elevation
of cardiac-specific biomarkers, and electrocardiographic (ECG)
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pattern. However, the determination of PMI after cardiac surgery is
problematic because of the absence of a diagnostic ‘gold standard’.
Even after uncomplicated cardiac surgery, the high frequency of
indeterminate diagnostic ECG criteria and routine elevation of
cardiac-specific biomarkers to levels considered diagnostic of MI in
ambulatory populations makes the diagnosis of PMI challenging.1

In 2007, the Joint Task Force of the European Society of Cardi-
ology/American College of Cardiology for the ‘Redefinition of
Myocardial Infarction’ defined PMI using a combination of bio-
marker elevation and ECG, imaging, or angiography.5 Despite a
lack of supportive evidence, the Task Force chose a cut-off for bio-
marker diagnosis of PMI at five times the upper limit of laboratory
normal (ULN) within the first 72 h after surgery, when associated
with the appearance of new pathological Q-waves or new LBBB.
However, the recommendations of the consensus committee
have not been consistently validated,1,6,7 are unproven in cardiac
surgical populations,8 and have been the controversial subject of
numerous editorials.9– 11 Therefore, utilizing a primary test
cohort and a validation cohort of patients undergoing primary cor-
onary artery bypass grafting (CABG), we assessed the predictive
value of cardiac troponins I and T (cTnI and cTnT), the MB fraction
of creatinine kinase (CKMB), and ECG criteria to predict the risk of
5-year mortality and increased HLOS.

Methods

Primary test cohort
The primary test cohort was obtained from a prospective longitudinal
parent study of 1447 patients undergoing primary CABG surgery
with cardiopulmonary bypass (CPB) between August 2001 and May
2006 at Brigham and Women’s Hospital, Boston, MA, USA (Table 1)
(CABG Genomics Program; website: http://clinicaltrials.gov/show/
NCT00281164). With Institutional Review Board approval (IRB),
written informed consent was obtained from each patient. Patients
were excluded from the parent study if they were less than 20 years
old; underwent repeat, off-pump CABG, concomitant valve or other
cardiac surgery; had a pre-operative haematocrit , 25%, or if they
had received leucocyte rich blood products within 30 days prior to
surgery. Patients were further excluded from analysis if they had a pre-
operative MI within 2 weeks of surgery or had missing perioperative
ECG or biomarker data (CONSORT Diagram Figure 1). Patients
underwent CPB with extracorporeal circulation using a single aortic
cross-clamp technique and cold-blood cardioplegia.

Demographic data, past medical and surgical history, and medications
were recorded by trained research staff using defined protocols in a
purpose-built case report form. Patients were followed for up to 5
years from the date of surgery (mean follow-up+ SD; 3.3+1.4 years).

Biomarker assays
Blood samples were drawn prior to the induction of general anaesthe-
sia, after administration of post-CPB protamine, and on the mornings
of POD1–5. Patient caregivers were not aware of the results. Serum
and plasma were stored in vapor-phase liquid nitrogen until analysis
for cTnI and CKMB with a sandwich immunoassay on a Triagew

platform using monoclonal and polyclonal antibodies (Biosite Inc.,
San Diego, CA) at a single core facility.

ECG data
Machine-generated ECG interpretations (Marquette 12SL, Mac 5500;
GE Healthcare, Waukesha, MI, USA) were over-read by a board cer-
tified cardiologist taking into consideration prior ECGs when encoun-
tering new findings (bundle branch blocks, Q-waves) during the
patient’s hospital admission. Cardiologist over-reading has been
shown to have high sensitivity and specificity.12,13 ECG interpretations
were assigned to five differing grades of injury/infarction. Machine-
generated ECG interpretation of ‘Definite myocardial infarction’ was
coded as Grade 4 injury/infarction, ‘Injury’ or ‘Probable myocardial
infarction’ was coded as Grade 3, ‘Possible’, ‘Consider’ or ‘Cannot
rule out’ infarction was coded as Grade 2, ‘Myocardial ischaemia’
was coded as Grade 1, and no change was coded as Grade 0. Patients
were included in the ECG analysis if they had a pre-operative ECG
with Grade 0–2 injury/infarction criteria and had ECGs performed
on two or more PODs. When two or more ECGs were recorded
on a single day, the ECG with the lowest grade was used. ECG
grades were subsequently assigned to eight categories of PMI by the
authors using the following criteria: Grade 3 or 4 or Grade 4 injury/
infarction criteria on the last recorded ECG of the hospitalization;
Grade 3 or 4 or Grade 4 injury/infarction criteria of the lowest post-
operative grade observed during hospitalization; Grade 3 or 4 or
Grade 4 injury/infarction criteria for the median postoperative grade
observed during hospitalization; and Grade 3 or 4 or Grade 4 injury/
infarction criteria for the highest postoperative grade observed during
hospitalization.

Clinical endpoints for the test cohort
The primary clinical endpoint was all-cause mortality occurring up to 5
years after surgery. Mortality data was obtained from the social secur-
ity death index. The secondary endpoint was HLOS measured in days,
and included the date of surgery and date of discharge as complete
days of stay. In order to establish the value of adding biomarkers to
an established risk prediction model, an individual risk score was calcu-
lated for each patient using the Euroscore logistic model.14 Each bio-
marker, as well as each ECG criterion, was then added individually
to assess improvement of model performance.

Validation cohort
To validate both the primary and secondary endpoints in the primary
cohort using a different population not included in the CABG Geno-
mics Program, the Research Patient Data Registry (RPDR) of the Mas-
sachusetts General Hospital (MGH), Boston, MA was accessed
retrospectively after IRB approval, to identify all patients who under-
went primary CABG from July 2001 to August 2007. A total of
1801 patients with Current Procedural Terminology codes for
CABG using either vein or artery were identified. Of those, 1013
patients met eligibility criteria (CONSORT Diagram Figure 1) which
included primary CABG only surgery (i.e. no concomitant pro-
cedures), and available POD1 cTnT values, the standard and only tro-
ponin measured at MGH, analyzed by electrochemiluminescence
immunoassay using Elecsys 2010 (Roche Diagnostics, Indianapolis,
IN, USA).

Statistical methods
Statistical analyses were performed using SAS, version 9.1.3
and JMP 7.0 (SAS Institute Inc., Cary, NC, USA). Data are
presented as median with inter-quartile range (25–75%)
unless otherwise stated. Continuous variables were compared
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using analysis of variance (ANOVA) and Wilcoxon–Mann–
Whitney rank-sum test. Categorical variables were
compared with the x2 test or Fisher’s exact test when
appropriate.

For multivariate analysis of 5-year mortality and HLOS, cov-
ariates with a two-tailed nominal P , 0.1 in univariate analyses
and additional, clinically relevant demographic variables were
entered into a combined stepwise Cox proportional hazards
model. Age, gender, and race were forced into the model.
Pre-operative biomarker values were initially included in the
model, however they were neither significant nor confounded

any other variables and were consequently excluded from
further analysis. Nagelkerke generalized r2 and likelihood ratio
test were used to determine the additional predictive value of
biomarkers and ECG criteria for HLOS and mortality developed
in this study.15 cTnI and cTnT levels were examined as continu-
ous and as dichotomous variables. The optimal dichotomization
point was determined in a Cox proportional hazard model for
mortality by examining the troponin level which resulted in
maximal improvement in model performance shown by the
negative two log-likelihood ratio. Additionally, area under the
curve (AUC) was examined in receiver operating characteristic
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Table 1 Demographics, operative characteristics, and clinical outcomes of patients in the test and validation cohorts

Demographics Test cohort (n 5 545) Validation cohort (n 5 1013)

Gender (male) 80% 79%

Age (years) 66 (58–74) 70 (62–77)*

BMI (kg/m2) 28 (26–32)

Caucasian race (%) 91 90

Past medical history

LVEF preoperative (%) 55 (50–60)

Diabetes (insulin or non-insulin dependent; %) 29

Pulmonary disease (COPD, Asthma; %) 4.0

Creatinine (mg/dL) 1.0 (0.9–1.2)

Haematocrit (%) 39.8 (36.9–43.0)

Hypertension (treated or by history; %) 74

Hypercholesterolemia (treated or by history; %) 79

Previous myocardial infarction (%) 25

Medications—pre-operative (%)

ACE-inhibitor 46

b-Blocker 81

Ca2þ antagonist 13

Aspirin 80

HMG CoA reductase inhibitor 82

Biomarkers—pre-operative

CKMB (mg/L) 0.5 (0.2–1.1)

cTnI (mg/L) 0 (0–0.02)

cTnT (mg/L) (n ¼ 494) 0.04 (0.01–0.62)

Surgery (no. grafts; %)

1 2

2 13

3 47

�4 38

CPB duration (min) 102 (76–125)

Aortic cross-clamp duration (min) 77 (59–96)

Post-operative data

HLOS (days) 7 (6–9) 7 (6–9)

Mortality % (n) up to 5 years 6.1% (33) 8.2% (83)

Data are shown as percentage for dichotomous variables and median [25th, 75th percentiles for inter-quartile range (IQR)] for continuous variables. BMI, body mass index; LVEF,
left ventricular ejection fraction; ACE, angiotensin converting enzyme; HMG, 3-hydroxy-3-methyl-glutaryl-CoA reductase; CKMB, creatinine kinase MB fraction; cTnI or cTnT,
cardiac troponin I or T; CPB, cardiopulmonary bypass; HLOS, hospital length of stay. P-values are Kruskal–Wallis one-way analysis of variance by ranks for continuous data and x2

distribution or Fisher’s exact for nominal and ordinal data.
*P , 0.0001.
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(ROC) curves in a multivariable model for mortality to
confirm the optimal cut-point selection. F-tests were used to
compare generalized r2. A two-sided P , 0.05 was considered
significant.

The validation cohort was separately acquired after the original
prospective trial and utilized only the clinical information routinely
recorded by caregivers. Therefore, we performed a Cox pro-
portional hazard model for mortality and HLOS using a minimized
clinical model of age, gender, and race.

Results
Demographics and post-operative clinical outcomes were similar
for the primary test and validation cohorts, except for a signifi-
cantly younger population in the primary test population
(Table 1). After applying exclusion criteria, 545 patients were ana-
lyzed in the test cohort and 1013 in the validation cohort.

Test cohort
The highest mean concentrations of CKMB and cTnI (Figure 2)
were measured on POD1 for 94% and 92% of patients, respect-
ively, as has been previously shown.16 The percentages of ECGs
in each of the grades for PMI varied widely and are listed in Sup-
plementary material online, Table S1. Levels of CKMB and cTnI
were different between patients diagnosed with PMI by ECG for
the majority of the eight ECG criteria (Supplementary material
online, Table S2).

Mortality
Pre-operative CKMB and cTnI did not independently predict mor-
tality (Table 2). None of the eight ECG criteria independently

Figure 1 CONSORT diagram. ECG indicates electrocardiogram; MI, myocardial infarction; OPCAB, off-pump coronary artery bypass graft-
ing; PFO, patent foramen ovale; cTnT, cardiac troponin T.

Figure 2 Distribution of troponin levels across all seven perio-
perative time points. Whisker plot showing box with median cTnI
levels with edge of boxes at 25–75% and whiskers extending to
the 10–90th percentile. cTnI indicates cardiac troponin I; Pre,
pre-operative; Post, immediately post-protamine.
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Table 2 Predictors of hospital length of stay and mortality in the test cohort

All-cause mortality Hospital length of stay

Univariate Cox Multivariate Cox Univariate Cox Multivariate Cox

Demographics and past medical history HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Age (decade) 1.87 (1.31–2.68) ,0.001 1.83 (1.25–2.68) 0.002 1.19 (1.11–1.28) ,0.001 1.17 (1.08–1.27) ,0.001

Gender (female) 0.55 (0.19–1.57) 0.267 0.39 (0.13–1.17) 0.095 1.04 (0.84–1.29) 0.683 0.95 (0.76–1.19) 0.674

Race (Caucasian) N/A 0.989 N/A 0.988 1.08 (0.81–1.45) 0.565 1.20 (0.88–1.64) 0.226

Diabetes (treated) 0.82 (0.37–1.83) 0.632 0.96 (0.80–1.16) 0.749

Pulmonary disease 3.76 (1.32–10.7) 0.013 1.21 (0.78–1.85) 0.382

Hypercholesterolemia 0.37 (0.18–0.75) 0.005 0.74 (0.60–0.92) 0.007

Previous MI 1.17 (0.56–2.47) 0.674 1.20 (0.99–1.46) 0.061

Hypertension 0.42 (0.21–0.84) 0.014 0.33 (0.16–0.67) 0.002 1.28 (1.05–1.55) 0.013 1.27 (1.04–1.56) 0.019

LV ejection fraction (5% increment) 0.85 (0.75–0.96) 0.015 0.86 (0.75–0.98) 0.024 0.94 (0.91–0.97) 0.002 0.96 (0.93–0.99) 0.034

Pre-operative laboratory results

Creatinine (mg/dL) 2.70 (0.11–65.6) 0.542 3.38 (1.49–7.63) 0.003

Haematocrit (%) 0.94 (0.87–1.02) 0.112 0.91 (0.84–0.99) 0.045 0.97 (0.95–0.99) 0.015

Pre-operative drugs

ACE-inhibitor 0.68 (0.34–1.39) 0.291 1.11 (0.94–1.32) 0.196

Antiarrhythmic 1.77 (0.42–7.42) 0.433 2.06 (1.23–3.46) 0.006 1.75 (1.01–3.05) 0.046

Digoxin 7.30 (2.82–18.9) ,0.001 2.35 (1.35–4.09) 0.002 2.15 (1.20–3.87) 0.01

b-Blocker 0.57 (0.27–1.20) 0.14 0.93 (0.75–1.16) 0.578

Ca2þ Channel inhibitor 0.83 (0.29–2.37) 0.729 1.30 (1.02–1.67) 0.034 1.37 (1.06–1.79) 0.016

Platelet-inhibitor (non-ASA) 0.30 (0.07–1.27) 0.102 1.42 (1.14–1.78) 0.002 1.58 (1.25–2.01) ,0.001

Diuretic 1.45 (0.67–3.12) 0.345 1.31 (1.07–1.62) 0.009

HMG Co-A reductase inhibitor 0.37 (0.18–0.74) 0.005 0.68 (0.54–0.85) ,0.001 0.59 (0.47–0.75) ,0.001

Intraoperative characteristics

Aortic cross-clamp duration (30 min increment) 0.74 (0.50–1.10) 0.15 1.12 (1.02–1.22) 0.009

CPB duration (30 min increment) 0.88 (0.65–1.19) 0.461 1.19 (1.11–1.28) ,0.001 1.19 (1.10–1.29) ,0.001

Euroscore (logistic, 10% increment) 1.76 (1.06–2.91) 0.027 1.75 (1.37–2.23) ,0.001

Post-operative ECG

Last ECG-MI3, 4 0.61 (0.25–1.5) 0.288 0.84 (0.69–1.03) 0.1

Last ECG-MI4 0.48 (0.16–1.36) 0.17 0.87 (0.71–1.08) 0.223

Highest ECG-MI3, 4 1.13 (0.57–2.24) 0.724 1.08 (0.91–1.29) 0.335

Highest ECG-MI4 1.21 (0.60–2.43) 0.587 1.12 (0.94–1.35) 0.189

Lowest ECG-MI3, 4 0.31 (0.04–2.29) 0.254 0.86 (0.63–1.18) 0.374

Lowest ECG-MI4 N/A 0.984 0.90 (0.64–1.28) 0.589
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predicted mortality (Table 2). The additional predictive value of
POD1 biomarkers, over a clinical model that included demo-
graphics, pre-operative, and intraoperative variables were com-
pared with the clinical model alone (Table 3). cTnI had the
strongest association with 5-year mortality (P ¼ 0.039 compared
with CKMB) and was significantly more robust than POD1
CKMB (Figure 3 and Table 3). Similarly, when we accounted for
the patients’ clinical condition using the well-validated logistic
Euroscore, cTnI improved prediction of 5-year mortality (P ¼
0.023 compared with CKMB) (Table 3). Inclusion of POD2 or
POD3 biomarker data did not improve the prediction of mortality.
Addition of POD1 CKMB to the Cox multivariable models for
mortality, while independently significant, did not improve predic-
tion over the model with POD1 cTnI alone. Furthermore, none of
the eight ECG criteria for myocardial injury predicted mortality or
improved prediction of 5-year mortality when added to cohort-
derived model or the logistic Euroscore (only last ECG is shown
in Table 3) alone, or in combination with any biomarker.

Hospital length of stay
In the primary test cohort, pre-operative CKMB and cTnI did not
independently predict HLOS (Table 2). In contrast, POD1 cTnI and
CKMB independently predicted an increased HLOS (Figure 3), even
after adjusting for demographics, patient risk factors, and perio-
perative variables (Figure 3 and Table 3). Addition of POD1
CKMB or cTnI to the logistic Euroscore significantly improved pre-
diction of HLOS (Table 3). Inclusion of POD2 or POD3 biomarker
data did not improve prediction of HLOS, when added to the logis-
tic Euroscore. None of the eight ECG criteria predicted HLOS or
improved prediction of HLOS by either model (Figure 3).

Validation cohort
To confirm the positive association between cardiac troponin and
both 5-year mortality or HLOS in the primary test cohort, we
examined the value of cardiac cTnT in an independently collected
cardiac surgical population. In the validation cohort, POD1 cTnT
was independently associated with 5-year mortality, even after
adjusting for a minimized clinical model consisting of age, gender,
and race (Supplementary material online, Table S3). Similarly,
POD1 cTnT independently predicted HLOS (Supplementary
material online, Table S3).

To confirm the utility of the minimized clinical model used in the
validation cohort, the effect of biomarkers and ECG criteria were
examined in the primary test cohort while adjusting for the mini-
mized model. POD1 cTnI was significantly associated with an
increase in mortality. Furthermore, inclusion of cTnI significantly
improved overall model performance when predicting mortality
(P , 0.001).

Dichotomization
A criterion of five times the ULN for biomarker assays, as pro-
posed by the Joint Task Force as a measure of MI,5 would have
identified PMI in 96% of patients using cTnI, and 52% using
CKMB in our primary test cohort. Similarly, 86% would have
achieved a diagnosis of PMI using cTnT in the validation cohort.

The dichotomization at the optimal ROC corresponds to a cTnI
of 6.9 mg/L (61 patients) in the test cohort and a cTnT of 3.3 mg/L
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Table 3 The value of adding cardiac-specific biomarkers or electrocardiogram myocardial infarction criteria to a clinical
model or the logistic Euroscore

Mortality Hospital length of stay

Selection Nagelkerke Selection Nagelkerke

Model n Dx2 (df) Marker P* r2 P-value† n Dx2 (df) Marker P* r2 P-value†

Clinical model only 524 39.6 — 0.121 — 526 78.2 — 0.072 —

Clinical model þ POD1 cTnI 516 45.9 0.009 0.140 0.001 518 84.6 0.011 0.079 0.052

Clinical model þ POD1 CKMB 516 43.5 0.034 0.133 0.007 518 84.7 0.010 0.079 0.050

Clinical model þ last ECG3, 4 524 39.6 0.952 0.121 0.936 526 81.4 0.076 0.075 0.210

Clinical model þ last ECG4 524 39.8 0.644 0.121 0.538 526 80.1 0.170 0.074 0.332

Euroscore only 545 3.6 — 0.011 — 545 19.8 — 0.018 —

Euroscore þ POD1 cTnI 537 9.5 0.017 0.028 0.002 537 30.2 0.002 0.028 0.021

Euroscore þ POD1 CKMB 537 6.3 0.112 0.019 0.037 537 34.0 0.000 0.031 0.007

Euroscore þ last ECG3, 4 545 4.6 0.308 0.014 0.193 545 21.3 0.229 0.019 0.396

Euroscore þ last ECG4 545 5.6 0.155 0.017 0.069 545 20.6 0.383 0.019 0.538

The clinical model contains only clinical predictors which vary for mortality (age, gender, race, hypertension, left ventricular ejection fraction, pre-operative haematocrit) and for
HLOS (age, gender, race, pre-operative therapy with antiarrhythmics, digoxin, calcium channel blockers, platelet inhibitors, HMG Co-A reductase inhibitors, CPB duration). Dx2 is
comparable between models of the same patient number. The biomarker P-value denotes significance of the added variable, whereas the Nagelkerke r2denotes model
performance. The last ECG during hospitalization graded either as definite perioperative myocardial infarction (Grade 4) or probable myocardial infarction along with definite
infarction (Grade 3 or 4). ECG, electrocardiogram; MI, myocardial infarction; HR, hazard ratio; CI, confidence interval; MI, myocardial infarction; CKMB creatinine kinase MB
fraction; cTnI, cardiac troponin I; Dx2, delta chi-squared.
*P-value is the significance of the individual variable in the multivariable model compared with the baseline clinical model.
†P-value compares the value of adding cTnI compared with CKMB when added to either the clinical model or the Euroscore.

Figure 3 Forest plot demonstrating predictive value of biomarkers and ECG for all-cause mortality and hospital length of stay. Cox multi-
variable proportional hazards model, adjusted for demographic and clinical covariates, is shown for each individual variable. HRs and 95% CIs
are shown. All biomarkers were entered as continuous variables. Significances for mortality: POD1 cTnI (HR 1.42 for each 10 mg/L increase;
95% CI 1.14–1.76; P ¼ 0.009), POD1 CKMB (HR 1.23 for each 25 mg/L increase; 95% CI 1.02–1.48; P ¼ 0.034) Significances for HLOS: POD1
cTnI (HR 1.13 for each 10 mg/L increase, 95% CI 1.02–1.26; P ¼ 0.011), POD1 CKMB (HR 1.06 for each 25 mg/L increase, 95% CI 1.01–1.12;
P ¼ 0.01) HR indicates hazard ratio; CI, confidence interval; CKMB creatinine kinase MB fraction; cTnI, cardiac troponin I; POD, post-operative
day; ECG, electrocardiogram.
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(69 patients) in the validation cohort. The unadjusted Kaplan–
Meier significantly differentiates survival between those patients
with a cTnI and cTnT below and above the cut-off in the test
cohort [Hazard ratio (HR) 2.8, 95% confidence interval (CI)
1.01–7.9; P , 0.05] as well as the validation cohort (HR 7.2,
95% CI 3.0–17.3; P , 0.001) (Figure 4).

When the dichotomized cTnI and cTnT are added to the multi-
variable clinical model unadjusted for length of survival, the AUC
of the ROC improves from 0.807 to 0.815 in the test cohort
and from 0.705 to 0.734 in the validation cohort. For patients
above the cut-off, the mortality risk within 5 years of the operation
is 1.7 (HR, 95% CI 1.1–2.5; P ¼ 0.03) in the test cohort and 1.9
(HR, 95% CI 1.4–2.5; P , 0.001) in the validation cohort, adjusted
for length of survival.

Discussion
The definition of PMI after cardiac surgery remains controversial.
We now demonstrate that: (i) the ECG diagnosis of perioperative

myocardial injury or PMI after cardiac surgery does not predict
post-operative mortality or HLOS; (ii) use of cTnI is a more
robust predictor of mortality than CKMB; (iii) cTnI improves pre-
diction of mortality and HLOS even when added to the well-
validated and commonly used logistic Euroscore; and (iv) there is
no incremental benefit when predicting 5-year mortality or
HLOS by measuring cTnI after POD1. Together, these findings
identify POD1 troponin as an important independent predictor
of the clinical consequences of perioperative myocardial injury in
patients undergoing CABG surgery. Moreover, these data suggest
that the definition of PMI after cardiac surgery should be
re-evaluated.

Q-waves and myocardial infarction
Electrocardiographic criteria considered to be diagnostic for MI,
including non-specific non-Q-wave changes, are insensitive and
not specific for PMI after CABG surgery. Aetiologies of
ST-segment and T-wave changes can be due to electrolyte and
conduction abnormalities, external cardiac pacing, and post-
surgical pericarditis.17–19 New Q-waves were once considered
the best measure of PMI after CABG surgery.20,21 However,
recent studies have shown poor correlation between post-cardiac
surgery Q-wave development and adverse cardiac out-
comes.1,6,22,23 Notably, in a study of 785 primary CABG patients,
Q-wave PMI was not an independent predictor of 30-day mortality,
severe LV dysfunction, or both outcomes combined (P ¼ 0.17).1

Others have also demonstrated that only 32% of patients in the
upper quartile of cTnI actually have post-operative ischaemic
ECG changes, and only 6% have new onset Q-waves.2

Biomarker elevation during cardiac
surgery
After uncomplicated cardiac surgery, cardiac-specific biomarkers
are routinely elevated to levels considered diagnostic of MI in
ambulatory populations.1 Perioperative elevation of cardiac-
specific biomarkers may be due to PMI, but may also be associated
with routine cardiac surgical procedures including transient myo-
cardial ischaemia due to aortic occlusion or cardiotomy required
for valve surgery.

Our findings challenge the recommendations of the 2007 Joint
Task Force of the ESC/ACCF/AHA/WHF for the Redefinition of
Myocardial Infarction. These recommendations included a
requirement for an elevation of cardiac enzymes, dichotomized
at five times the ULN within the first 72 h after surgery, when
associated with the appearance of new pathological Q-waves or
new LBBB.5 A criterion of five times the ULN for biomarker
assays as a measure of significant myocardial injury would have
identified PMI in 96% of patients using cTnI, and 52% using
CKMB in our primary test cohort. Similarly, 86% would have
achieved a diagnosis of PMI using cTnT in the validation cohort.
With ever increasing sensitivity of the biomarker assays, the
ULN cut-offs would by definition include more patients and
require constant readjustment.

We therefore determined the optimal cut-off for cTnI and cTnT
using a Cox proportional hazard model for mortality as well as
ROC curves. In our cohorts, a cTnI of 6.9 mg/L and a cTnT of

Figure 4 Kaplan–Meier survival for troponin dichotomized at
optimal ROC. Shown are unadjusted all-cause survival curves
for troponin at respective cut-offs. The optimal dichotomization
point was determined in a Cox proportional hazard model for
mortality by examining the troponin level which resulted in
maximal improvement in model performance shown by the nega-
tive two log-likelihood ratio. Additionally, area under the curve
(AUC) was examined in receiver operating characteristic
(ROC) curves in a multivariable model for mortality to confirm
the optimal cut-point selection. cTnT and cTnI indicate cardiac
troponin T and I.
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3.3 mg/L are optimal for differentiating between patients who
survive and those at increased risk of dying within 5 years. These
values are significantly higher than the recommendations by the
Task Force,5 similar to values that have been quoted in some
studies,2 and much less than those in other similar studies.8,24,25

This illustrates the dilemma of determining a single biomarker
cut-off. Peak post-operative troponin will vary depending on the
population at risk, patient comorbidities, invasiveness of the pro-
cedure, underlying genetic factors, and the laboratory assay used.
Restricting the definition of PMI to dichotomized biomarker data,
ignores the advantage of a quantitative assessment using a continu-
ous measurement that examines the wide range of perioperative
myocardial injury from transient and reversible, to clinically signifi-
cant. Consequently, we propose that increasing levels of circulating
cTnI reflect a spectrum of increasing myocardial injury, with short
and long-term consequences importantly described by HLOS and
mortality. Finally, although the Joint Task Force recommends the
measurement of biomarker levels for 72 h post-operatively, few
patients in our study (8%) had a peak cTnI occurring after
POD1. There was no observed incremental value for the predic-
tion of mortality or HLOS by measuring cTnI beyond POD1.
Thus, establishing a diagnosis of PMI using only POD1 cTnI may
permit more efficient use of therapeutic interventions, and
thereby reduce associated morbidity and mortality. Finally, we
observed no predictive value of any ECG criterion alone, or in
combination with biomarker level, in contradistinction to the
Task Force’s recommendations.

Limitations
This study has several limitations. First, the test and validation
cohorts used different components of the troponin protein
complex. Despite extensive work evaluating the performance of
both troponin assays in assessing the severity of myocardial
injury, consensus is lacking as to the ‘superior’ marker.26 Secondly,
generation cTnT assays have overcome a lack of specificity with
skeletal muscle cross-reactivity and higher concentrations in
renal failure.27,28 However, the failure to calibrate platforms
with standard assays for cTnI remains a significant limitation for
inter-laboratory studies and clinical recommendations which rely
on a dichotomous cut-off for defining significant perioperative
myocardial injury.29,30 Thirdly, we used the well-known logistic
Euroscore as an externally valid assessment of individual risk of
5-year mortality. However, the Euroscore was originally con-
structed to predict 1-year mortality. Fourthly, our analysis of
ECG criteria was limited to the association of conventional
ECG signs of PMI with mortality and HLOS, whereas the
impact of arrhythmias and their relationship to the primary and
secondary endpoints was not evaluated. ST-elevation was con-
trolled for by the Marquette ECG interpretation and by the over-
reading cardiologists. Although acute ST-elevation may indicate
PMI for an individual patient, no ECG criteria of PMI were signifi-
cant on a population basis. Fifthly, our validation cohort was not
constructed prospectively and thus was limited to a smaller
number of perioperative covariates which therefore could not
be controlled for, and may have affected our final analysis of
this population. Finally, our primary endpoint of all-cause mor-
tality does not account for cardiac-specific causes of death.

However, prior studies have demonstrated that use of all-cause
mortality is equally robust to cardiac mortality, and further
removes interpretation of limited death certificate
information.31,32

Conclusion
POD1 cTnI independently predicts clinically significant periopera-
tive myocardial injury after CABG surgery, while accounting for
clinical risk. ECG criteria of PMI do not independently predict
mortality or HLOS, and therefore should not be included in the
diagnosis of PMI after CABG surgery.
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