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Abstract Myonecrosis after coronary artery bypass
graft (CABG) surgery is associated with excess mortality.
Tranexamic acid (TA), an anti-fibrinolytic agent, has been
shown to reduce peri-operative blood loss without increas-
ing the risk of myocardial infarction (MI); however, no
large study has examined the association between TA treat-
ment and post-CABG myonecrosis. In the MC-1 to Elimi-
nate Necrosis and Damage in Coronary Artery Bypass
Graft Surgery II trial, inverse probability weighting of the
propensity to receive TA was used to test for differences
among the 656 patients receiving and 770 patients not
receiving TA. The primary outcome was creatine kinase
MB (CK-MB) area under the curve (AUC) through 24 h.
The secondary outcome was 30-day cardiovascular death or
MI. Patients who received TA were more frequently female,
had a previous MI, heart failure, low molecular weight
heparin therapy, on-pump CABG, valvular surgery, and
saphenous vein or radial grafts. The median 24-h CK-MB
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AUC was higher in TA-treated patients [301.9 (IQR 196.7-
495.6) vs 253.5 (153.4-432.5) ngh/mL, p<0.001]. No dif-
ferences in the 30-day incidence of cardiovascular death or
MI were observed (8.7 vs 8.3%, adjusted OR 0.99; 95% CI
0.67-1.45, p=0.948). In patients undergoing CABG, TA
use was associated with a higher risk of myonecrosis; how-
ever, no differences were observed in death or MI. Future
larger studies should be directed at examining the patho-
physiology of TA myonecrosis, and its association with
subsequent clinical outcomes.

Keywords Myonecrosis - Tranexamic acid - CABG -
CK-MB
Introduction

Red blood cell transfusions after coronary artery bypass
graft (CABG) surgery are associated with increased mor-
bidity and mortality [1, 2]. Tranexamic acid (TA) is a lysine
analogue that mediates its anti-fibrinolytic effect by inhibit-
ing plasminogen binding to fibrin [3]. It is currently rec-
ommended by joint practice guidelines (level of evidence
1A) to reduce peri-operative blood loss and the number of
blood transfusions in patients undergoing cardiac surgery
[4]. Randomized trials and meta-analyses have reported
that TA reduces blood loss, number of transfusions, re-
operation, and length of stay [5-12].

Post-CABG myonecrosis, quantified using creatine
kinase-MB (CK-MB) levels, is a risk factor for both inter-
mediate- and long-term mortality [13-16]. Although TA
does not increase the risk of postoperative myocardial
infarction (MI), its use has a theoretical risk of vascular
thrombosis, and no large study has examined the asso-
ciation between TA treatment and post-CABG markers of
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myonecrosis [9, 12]. Improving our understanding of the
interaction between TA use and postoperative CK-MB lev-
els may help improve peri-operative risk stratification. In
the MC-1 to Eliminate Necrosis and Damage in Coronary
Artery Bypass Graft Surgery II (MEND-CABG 1I) trial,
we evaluated the burden of myonecrosis, MI, and clinical
outcomes among patients who did and did not receive peri-
operative TA.

Methods
Study data

The design and results of the MEND-CABG II trial
(NCT00402506) have been previously reported [17, 18].
Briefly, MEND-CABG II was a multicenter, double-blind,
randomized controlled trial that compared pyridoxal
5'-phosphate (MC-1) to placebo in 3023 patients who
underwent CABG. Patients >18years of age were eligible
for enrollment if they were scheduled for an isolated CABG
on cardiopulmonary bypass and had >2 high-risk features:
age >65years, diabetes, recent or current smoker status,
recent MI (>48h to <6weeks), left ventricular ejection
fraction <45%, congestive heart failure, stroke, transient
ischemic attack, carotid endarterectomy, asymptomatic
carotid stenosis (>50%), peripheral arterial revasculariza-
tion, or moderate renal dysfunction (creatinine clearance
>30-60 mL/min). Key exclusion criteria included planned
valve or other surgery, cardiogenic shock, papillary or
interventricular muscle rupture, uncontrolled diabetes,
or creatinine clearance <30mL/min. Ethics approval was
obtained at all study centers, and all participants provided
written consent.

Study population

The study population included all participants who under-
went CABG and compared outcomes between patients who
did, and did not, receive intraoperative TA. Patients who
received aprotinin (n=488) or epsilon aminocaproic acid
(n=1059) were excluded from the study to minimize con-
founding from other anti-fibrinolytic agents available dur-
ing the study period.

Outcomes

The primary outcome was CK-MB area under the curve
(AUC) through 24h. The secondary outcome of inter-
est was a composite of 30-day postoperative cardiovas-
cular mortality or nonfatal MI. Patients were diagnosed
with a postoperative MI using the MEND-CABG II study
definition as follows: peak CK-MB > 100ng/mL through
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postoperative day 4; a peak CK-MB >70 ng/mL through
postoperative day 4 with new 30-ms Q waves in contigu-
ous leads; peak CK-MB >25 ng/mL after postoperative
day 4; or new 30-ms Q waves in 2 contiguous leads that
were not present at postoperative day 4 [18].

Other outcomes of interest were postoperative peak
CK-MB, CK-MB AUC through 96h, all-cause mortal-
ity, non-fatal stroke through 30 days, postoperative in-
hospital percutaneous coronary intervention, postop-
erative dialysis, and bleeding endpoints (any intra- or
postoperative transfusion, red blood cell, platelet, and
plasma transfusion requirements, chest tube drainage in
the first 24 h, chest tube number of days, and re-opera-
tion for bleeding). All MEND-CABG II outcomes were
adjudicated by an independent clinical events committee
blinded to the study treatment assignment.

Statistical methods

A statistical analysis plan was developed prior to access-
ing the data. Continuous variables were summarized as
medians (interquartile ranges), and differences were com-
pared using the Wilcoxon rank sum test. Categorical vari-
ables were presented as counts (percentages) and differ-
ences compared using the Pearson Chi square test when
the cell frequencies were sufficient; otherwise, the Fisher
exact test was used. Logistic regression models were used
to test the relationship between TA use and the outcomes
of interest. To account for baseline differences in the like-
lihood of receiving intra-operative TA, inverse probabil-
ity weighting (IPW) was used in these models. To cal-
culate the IPW weights, a logistic regression model was
fitted to the data to estimate the probability of receiving
TA adjusting for multiple covariates. Covariates included
in the logistic regression model included age, gender,
diabetes, MI < 6 weeks before surgery, prior CABG, New
York Heart Association class III/IV heart failure, Cana-
dian Cardiovascular Society (CCS) class III/IV angina,
peripheral vascular disease, chronic obstructive lung
disease, cerebrovascular disease, cardiac valvular dis-
ease, aspirin use within 7 days of surgery, clopidogrel
within 7 days of surgery, left ventricular ejection frac-
tion, estimated glomerular filtrate rate, and aortic cross
clamp time. Missing values for the covariates were singly
imputed using fully conditional specification methods.
CK-MB values exhibited a highly skewed distribution;
thus, the t-test was used to compare the IPW of the log
transformed variables. Statistical significance was set as
p<0.05. All analyses were performed at the Duke Clini-
cal Research Institute (Durham, NC) using SAS version
9.4 (SAS Institute, Cary, NC).
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Results

The final study population of 1426 patients included 656
(46.0%) who received TA and 770 (54.0%) who did not. A
total of 1597 patients from the MEND-CABG II trial were
excluded (Fig. 1). The baseline characteristics of patients
who did and did not receive intra-operative TA are pre-
sented in Table 1.

Patients who received TA were more frequently female
and more likely to have a previous history of MI, CCS class
III/IV angina, heart failure, lower systolic blood pressure,
and a higher incidence of preoperative beta-blocker, angio-
tensin-converting enzyme inhibitor or angiotensin receptor
blocker, statin, or low molecular weight heparin therapy.
No differences in study treatment (MC-1 vs placebo) were
observed. Baseline surgical characteristics are presented in
Table 2. Use of TA was more frequent among patient who
underwent on-pump cardiopulmonary bypass, incidental
valvular surgery, and saphenous vein or radial grafts. Addi-
tionally, the mean number of coronary anastomoses was
higher in the TA cohort.

Outcomes

The median CK-MB AUC through the first 24 h post-
operatively was significantly higher among patients
who received TA [301.9 (IQR 196.7-495.6) vs 253.5
(153.4-432.5) ngeh /mL, p<0.001; Fig. 2]. Peak CK-MB
through 96 h was also significantly higher in TA-treated
patients [26.2 (16.5-43.2) vs 20.8 (13.3-35.5), p<0.001],
while CK-MB AUC through 96 h was numerically higher
[624.0 (414.1-1019.3) vs 578.6 (381.7-955.2), p=0.104].
No differences in the composite outcome of 30-day car-
diovascular death or MI were observed between patients
with and without TA use [8.7 vs 8.3%, adjusted odds ratio
(aOR), 0.99; 95% confidence interval (CI), 0.67-1.45,
p=0.948]. Similarly, no differences in cardiovascular

MEND-CABG Il analysis population
n=3,023

Excluded Patients:

Did not have surgery (50)
Received aprotinin (488)
Received epsilon aminocaproic
(1,059)

Study Population
n=1,426

Received Tranexamic Acid Did not receive Tranexamic Acid
n =656 n=770

Fig. 1 Flow diagram

mortality (1.8 vs 1.2%, aOR, 1.64; 0.67-4.01, p=0.281),
all-cause mortality (2.3 vs 1.3%, aOR, 1.97; 0.85-4.54,
p=0.113), nonfatal MI (7.5 vs 7.6%, aOR, 0.93; 0.62—1.40,
p=0.741), and nonfatal stroke (1.4 vs 1.7%, aOR, 0.81;
0.34-1.94, p=0.635) were found through 30 days. The
rate of in-hospital postoperative PCI was similar (0.2 vs
0.4%, aOR, 0.29; 0.03-2.87, p=0.291); however, dialy-
sis rates were higher (1.9 vs 0.4%, aOR, 4.67; 1.30-16.77,
p=0.018).

The transfusion and bleeding outcomes according to TA
use are provided in Table 3. TA treatment was associated
with a lower risk of platelet transfusion, whole blood trans-
fusion, and chest tube days. The unadjusted median number
of units of red blood cells, platelets, and plasma was lower
in the TA treatment cohort. Chest tube drainage and risk of
re-operation for bleeding were numerically lower in the TA
treatment cohort. However, the adjusted risk of any transfu-
sion and any red blood cell transfusion was higher among
TA-treated patients.

In a post-hoc analysis we compared outcomes in
patients who received epsilon aminocaproic acid and no
anti-fibrinolytic therapies. The median CK-MB AUC
through the first 24 h [263.1 (IQR 172.3-449.1) vs 271.5
(IQR 171.5-459.5) ngeh /mL, p=0.209], 96 h [572.8
(IQR 383.2-957.5) vs 600.9 (IQR 395.8-984.5) ngeh /
mL, p=0.102], and peak CK-MB through 96 h [22.2 (IQR
14.7-36.3) vs 23.1 (IQR 14.7-38.8), p=0.072] were not
significantly difference between patients who did, and did
not, receive epsilon aminocaproic acid, respectively. No
differences were observed in the secondary outcomes of
30-day cardiovascular death or MI, cardiovascular mor-
tality, all-cause mortality, nonfatal MI, or non-fatal stroke
(Supplemental Table 1). Transfusions of red blood cells
and platelets were numerically higher in epsilon aminocap-
roic acid treated patients (Supplemental Table 2).

Discussion

In a large multinational CABG study with systematically
collected markers of myonecrosis and adjudicated clinical
endpoints, several important and novel findings emerge.
First, the intra-operative use of TA was independently asso-
ciated with higher postoperative markers of myonecrosis;
however no differences in post-CABG MI or cardiovas-
cular mortality were observed. Second, TA use was inde-
pendently associated with an increased risk of postopera-
tive dialysis. Third, the study reaffirms the efficacy of TA
in reducing chest tube days, peri-operative blood loss, and
the number of blood product transfusions reported in previ-
ous controlled trials; however, TA use was associated with
a higher risk of any transfusion.
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Table 1 Baseline
characteristics by intraoperative
tranexamic acid treatment

Characteristic TA treatment (n=656) No TA treatment (n=770) p
Demographics
Age (years) 67.3 (58.9,73.1) 67.0 (59.1,73.6) 0.950
Female 123/656 (18.8%) 190/770 (24.7%) 0.007
Race 0.001
White 605/656 (92.2%) 720/770 (93.5%)
Black or African American 16/656 (2.4%) 33/770 (4.3%)
Other 35/656 (5.3%) 17/770 (2.2%)
Medical history
Hypertension 527/654 (80.6%) 625/770 (81.2%) 0.779
Diabetes 288/656 (43.9%) 354/768 (46.1%) 0.407
Hypercholesterolemia 528/642 (82.2%) 608/760 (80.0%) 0.286
Previous myocardial infarction 370/651 (56.8%) 379/765 (49.5%) 0.006
<6 weeks before surgery 215/370 (58.1%) 200/378 (52.9%) 0.153
CCS angina class <0.001
No angina 84/583 (14.4%) 165/677 (24.4%)
Class I/IT 165/583 (28.3%) 253/677 (37.4%)
Class III/IV 334/583 (57.3%) 259/677 (38.3%)
NYHA class <0.001
No heart failure 408/627 (65.1%) 564/737 (76.5%)
Class I/11 121/627 (19.3%) 98/737 (13.3%)
Class II/IV 98/627 (15.6%) 75/737 (10.2%)
Previous PCI 174/655 (26.6%) 219/765 (28.6%) 0.386
Previous coronary artery bypass 13/656 (2.0%) 33/769 (4.3%) 0.014
Coronary artery disease >70% 633/646 (98.0%) 753/763 (98.7%) 0.300
Left main 112/633 (17.7%) 145/753 (19.3%) 0.456
Left anterior descending 533/633 (84.2%) 636/753 (84.5%) 0.894
Left circumflex 452/633 (71.4%) 505/753 (67.1%) 0.082
Right coronary artery 487/633 (76.9%) 5771753 (76.6%) 0.892
Left ventricular ejection fraction (%) 0.455
Normal (>50%) 409/612 (66.8%) 493/753 (65.5%)
Mild (40%-49%) 108/612 (17.6%) 155/753 (20.6%)
Moderate (25%-39%) 86/612 (14.1%) 92/753 (12.2%)
Severe (<25%) 9/612 (1.5%) 13/753 (1.7%)
Atrial fibrillation 35/656 (5.3%) 54/770 (7.0%) 0.192
Cerebrovascular disease 86/651 (13.2%) 126/759 (16.6%) 0.076
COPD 76/649 (11.7%) 110/760 (14.5%) 0.127
Smoking status 0.710
Past 273/656 (41.6%) 334/770 (43.4%)
Present 176/656 (26.8%) 193/770 (25.1%)

Never smoked
Vitals

207/656 (31.6%)

243/770 (31.6%)

Systolic blood pressure 124.0 (112.0, 140.0) 128.0 (116.0, 140.0) 0.002
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Heart rate 67.0 (60.0, 76.0) 68.0 (60.0, 76.0) 0.202
Labs

Hemoglobin 13.8 (12.7, 14.8) 13.6 (12.4, 14.7) 0.043

Creatinine 1.0 (0.9, 1.2) 1.0 (0.8, 1.1) 0.069
Medications (<7 days of surgery)

Beta blocker 535/656 (81.6%) 598/770 (77.7%) 0.070

ACE/ARB 503/656 (76.7%) 512/770 (66.5%) <0.001

Statin 558/656 (85.1%) 5791770 (75.2%) <0.001

Aspirin 536/656 (81.7%) 652/770 (84.7%) 0.134
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Table 1 (continued) Characteristic

TA treatment (n=656) No TA treatment (n=770) p

Clopidogrel
Warfarin
Low molecular weight heparin
Heparin
Randomization to MC-1

179/656 (27.3%) 225/770 (29.2%) 0.419
11/656 (1.7%) 16/770 (2.1%) 0.580
183/656 (27.9%) 147/770 (19.1%) <0.001
168/656 (25.6%) 246/770 (31.9%) 0.009
333/656 (50.8%) 396/770 (51.4%) 0.802

Results are presented as n/N (%) or median (IQR)

ACE angiotensin-converting enzyme inhibitor, ARB angiotensin receptor blocker, CCS Canadian Cardio-
vascular Society, COPD chronic obstructive pulmonary disease, MC-1 pyridoxal 5'-phosphate, NYHA New
York Heart Association, PCI percutaneous coronary intervention, 7A tranexamic acid

Table 2 Surgical variables by

; ; . . Variable
intraoperative tranexamic acid

TA treatment (n=656) No TA treatment (n="770) p

treatment Cardiopulmonary bypass

Aortic cross clamp time, min
Minimally invasive CABG
Valve repair/replacement
Graft type
Left internal mammary
Right internal mammary
Saphenous vein
Composite (vein and artery)
Other artery (e.g., radial)
Number of proximal anastomoses
0
1
2

vV @

4
Number of distal anastomoses
0

VTS S

5
Cell saver use

648/656 (98.8%) 735/770 (95.5%) <0.001
57 (42,76) 55(42,75) 0.575
53/656 (8.1%) 451770 (5.8%) 0.096
9/656 (1.4%) 3/770 (0.4%) 0.043
592/656 (90.2%) 672/770 (87.3%) 0.078
38/656 (5.8%) 441770 (5.7%) 0.949
617/656 (94.1%) 697/770 (90.5%) 0.013
1/656 (0.2%) 9/770 (1.2%) 0.016
89/656 (13.6%) 58/770 (7.5%) <0.001
<0.001

12/656 (1.8%)

24/769 (3.1%)

128/656 (19.5%) 193/769 (25.1%)
264/656 (40.2%) 3471769 (45.1%)
208/656 (31.7%) 162/769 (21.1%)
44/656 (6.7%) 43/769 (5.6%)
<0.001
2/656 (0.3%) 4/770 (0.5%)
16/656 (2.4%) 28/770 (3.6%)
91/656 (13.9%) 173/770 (22.5%)
256/656 (39.0%) 294/770 (38.2%)
2171656 (33.1%) 198/770 (25.7%)
741656 (11.3%) 731770 (9.5%)
209/656 (31.9%) 375/768 (48.8%) <0.001

Results are presented as n/N (%) or median (IQR)

CABG coronary artery bypass grafting, TA tranexamic acid

Elevated myocardial enzymes after CABG have a well-
reported association with postoperative mortality [15, 16].
In the large Aspirin and Tranexamic Acid for Coronary
Artery Surgery (ATACAS) trial and other small stud-
ies, TA was shown to reduce postoperative blood product
transfusions and reoperation [8, 12, 19-21]. No large study,
however, has examined the association between myonecro-
sis and TA use in CABG population. We observed that TA
was significantly associated with CK-MB AUC through
24 h and peak CK-MB. Given the potential pro-thrombotic

risk, widespread clinical use of TA, and post-CABG MI
risk previously reported with aprotinin, the results of this
analysis suggest a potential subclinical pro-thrombotic
risk and raise important questions about the cardiovascu-
lar effects of TA [22]. We acknowledge that TA did not
increase the risk of MI in the recently published ATACAS
trial results (adjudicated based on the third universal MI
definition); however, the study did not evaluate measures of
myonecrosis [12, 23]. We hypothesize that the comparative
lack of incremental myonecrosis associated with epsilon
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Fig. 2 Average creatine kinase MB (CK-MB) levels in patients
treated with and without tranexamic acid over time. The CK-MB
area under the curve through the first 24 h after coronary artery
bypass surgery was significantly higher among patients who received
tranexamic acid

aminocaproic acid treatment may be due to the different
in pharmacodynamics and pharmacokinetic properties of
TA and epsilon aminocaproic acid. Despite similar mecha-
nisms of action, TA has a 610 fold greater affinity for plas-
minogen and a more sustained tissue level anti-fibrinolytic
effect [3, 24]. Importantly, randomized controlled trials and
meta-analysis have not reported differences in myocardial
infarction rates between TA and epsilon aminocaproic acid
treated patients and observational nature of this analysis
precludes causal inferences [8, 11]. These findings provide
future opportunities to explore the pathophysiology and
epidemiologic associations between TA and myonecrosis,
and TA’s association with subsequent clinical outcomes.

Intravenous TA is eliminated by the kidneys 95%
unchanged [3]. Case reports have documented TA-induced
acute kidney injury with underlying intra-glomerular cap-
illary and arterial fibrin thrombosis and acute renal corti-
cal necrosis [25, 26]. In patients undergoing cardiac sur-
gery, a meta-analysis by Brown and colleagues evaluated
renal dysfunction (defined as >0.5 mg/dL rise in serum
creatinine) in 4 non-randomized studies with 684 total
patients and reported a non-significant increase in the risk
of postoperative renal dysfunction (relative risk, 2.02;
95% CI 0.73-5.60) among TA-treated patients [8]. Simi-
larly, an observational analysis by Mangano et al. [22] of
822 patients receiving TA reported a higher point estimate
for renal dysfunction or dialysis in patients who under-
went complex cardiac surgery (odds ratio 1.47; 95% CI
0.68-3.19). In the ATACAS trial, renal failure (defined as
doubling of the serum creatinine or by a rise >2.4 mg/dL)
was similar in TA and placebo groups, but the incidence
of dialysis was not reported [12, 27]. We acknowledge the
potential for residual confounding variables in our obser-
vational post-hoc analysis and the lack of postoperative
creatine levels to directly compare our results to those of
the ATACAS trial; however, the increased risk of dialysis
in our study is an important safety signal that merits further
evaluation.

We observed that TA was associated with a lower
median number of red blood cell, platelet, and plasma
transfusions and fewer median chest tube days, results
consistent with those reported in previous randomized tri-
als [28]. However, after adjustment, TA use was associ-
ated with an increase in any single blood product or red
cell transfusions. Given that all other efficacy measures
reported in this analysis were consistent with previously
published results, we hypothesize that these latter findings

Table 3 Transfusion and bleeding outcomes according to tranexamic acid treatment

Outcome TA treatment (n=656)
Any transfusion 375/646 (58.0%)
Transfusion of red blood cells 353/375 (94.1%)
Number of units 2.0 (1.0,4.0)
Transfusion of platelets 70/375 (18.7%)
Number of units 1.0 (1.0, 3.0)
Transfusion of plasma 104/375 (27.7%)
Number of units 2.0 (2.0,4.0)
Transfusion of whole blood 6/375 (1.6%)
Number of units 2.0 (1.0, 3.0)
Chest tube drainage <24 h (ml) 610.0 (430.0, 890.0)
Chest tube duration (days) 1.0 (1.0, 2.0)
Re-operation for bleeding 16/35 (45.7%)

No TA treatment (n=770) Adjusted OR (95% CI) P
385/761 (50.6%) 1.49 (1.20-1.85) <0.001
335/385 (87.0%) 2.31 (1.35-3.95) 0.002

2.0 (2.0,4.0) 0.015
96/385 (24.9%) 0.66 (0.46-0.94) 0.022
2.0 (1.0, 6.0) 0.004
84/385 (21.8%) 1.28 (0.91-1.80) 0.161
3.5(2.0,4.0) 0.094
33/385 (8.6%) 0.20 (0.08-0.50) <0.001
2.0 (2.0,4.0) 0.546
650.0 (440.0, 920.0) 0.218
2.0 (1.0, 3.0) <0.001
29/51 (56.9%) 0.54 (0.22-1.32) 0.175

Results are presented as n/N (%) or median (IQR)
PCI percutaneous coronary intervention, 7A tranexamic acid
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may reflect that our outcomes were not adjusted for mul-
tiplicity or potential residual confounding associated with
TA use that was not accounted for by the IPW analysis.

Limitations

Our findings should be interpreted in the context of the
study’s limitations. First, the study was not randomized,
and the indication for TA was not recorded. Although this
analysis sought to account for the likelihood of receiv-
ing TA using IPW, the results should only be considered
hypothesis generating. Second, the case report form did
not capture TA dosing information; thus, the association
between dosing and outcomes could not be examined.
Third, postoperative creatinine levels and indications for
dialysis were not recorded in this dataset.

Conclusions

In a secondary analysis of a large trial of patients under-
going CABG, the use of TA was associated with a higher
risk of myonecrosis, but no differences were observed in
death or MI. Our findings suggest future opportunities to
elucidate the cardiovascular effects of TA and explore the
pathophysiologic and epidemiologic interactions between
TA dosing and myonecrosis, and the association with sub-
sequent clinical outcomes.
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