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BACKGROUND

The majority of patients undergoing surgical treatment for ST-elevation myocardial 
infarction receive antifibrinolytic therapy to limit blood loss. This approach ap-
pears counterintuitive to the accepted medical treatment of the same condition — 
namely, fibrinolysis to limit thrombosis. Despite this concern, no independent, 
large-scale safety assessment has been undertaken.

METHODS

In this observational study involving 4374 patients undergoing revascularization, 
we prospectively assessed three agents (aprotinin [1295 patients], aminocaproic 
acid [883], and tranexamic acid [822]) as compared with no agent (1374 patients) 
with regard to serious outcomes by propensity and multivariable methods. (Al-
though aprotinin is a serine protease inhibitor, here we use the term antifibrino
lytic therapy to include all three agents.)

RESULTS

In propensity-adjusted, multivariable logistic regression (C-index, 0.72), use of 
aprotinin was associated with a doubling in the risk of renal failure requiring di-
alysis among patients undergoing complex coronary-artery surgery (odds ratio, 
2.59; 95 percent confidence interval, 1.36 to 4.95) or primary surgery (odds ratio, 
2.34; 95 percent confidence interval, 1.27 to 4.31). Similarly, use of aprotinin in the 
latter group was associated with a 55 percent increase in the risk of myocardial 
infarction or heart failure (P<0.001) and a 181 percent increase in the risk of stroke 
or encephalopathy (P = 0.001). Neither aminocaproic acid nor tranexamic acid was 
associated with an increased risk of renal, cardiac, or cerebral events. Adjustment 
according to propensity score for the use of any one of the three agents as compared 
with no agent yielded nearly identical findings. All the agents reduced blood loss.

CONCLUSIONS

The association between aprotinin and serious end-organ damage indicates that 
continued use is not prudent. In contrast, the less expensive generic medications 
aminocaproic acid and tranexamic acid are safe alternatives.
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T he mainstay of medical therapy for 
patients with an acute coronary syndrome 
— when accompanied by myocardial in-

farction with ST-segment elevation — includes 
fibrinolytic and antiplatelet agents to mitigate 
thrombosis-related events.1 However, if surgical 
therapy (coronary-artery surgery) is elected, fi-
brinolytic agents are not used before, during, or 
after surgery because of concerns regarding ex-
cessive bleeding. In fact, these bleeding-related 
concerns have given rise to the testing, regulatory 
approval, and widespread use of two classes of 
agents, both proven to mitigate bleeding: the ly-
sine analogues (aminocaproic acid and tranexam-
ic acid) and the serine protease inhibitors (apro-
tinin). Consequently, the majority of patients 
now routinely receive one or more of these agents 
during and after invasive cardiovascular proce-
dures, including coronary-artery surgery.2‑4 Thus, 
at least for patients with ST-elevation myocardial 
infarction, the surgical approach (with the use of 
antifibrinolytic agents) is in stark contrast, and 
may seem counterintuitive, to the medical ap-
proach (with fibrinolytic therapy as a mainstay) 
for thrombosis-related events. (Although apro-
tinin is a serine protease inhibitor, here we use the 
term antifibrinolytic therapy to include all three 
agents.)

The question of the safety of serine protease 
inhibitors or lysine analogues for thrombosis-
related events — though noted in a handful of 
early case reports and small, single-center expe-
riences involving graft thrombosis5‑7 and creati-
nine elevation5,8,9 — has largely been contested 
by a number of published secondary analyses that 
have nearly always concluded that antifibrino
lytic therapy, as defined here, is safe.10 Unfortu-
nately, however, this “safety evidence” has three 
important limitations: no prior investigation was 
adequately powered to assess relatively infrequent, 
but clinically serious, safety events10; the com-
parative safety of the three agents has not been 
assessed within one study — an important con-
sideration, given the large cost differential among 
agents (aprotinin being far more costly than either 
aminocaproic acid or tranexamic acid); and near-
ly all investigations were sponsor-supported10 and 
therefore carried unavoidable bias.

Addressing these considerations, however, is 
not straightforward. After a decade of use, anti-
fibrinolytic practice now is embedded and dic-
tated by guidelines,2,4,11 such that safety assess-

ment in independent, placebo-controlled clinical 
trials with unselected recruitment becomes dif-
ficult, if not impossible. In addition, regulatory 
approval for use of these agents differs among 
countries, making a large-scale, multicountry, 
comparative study challenging. Therefore, to ad-
dress the safety of antifibrinolytic therapy for 
thrombosis-related cardiac, cerebral, and renal 
events, we conducted a non–sponsor-supported, 
prospective, international, multi-institutional study 
sufficiently powerful (with >800 patients per group) 
and comprehensive (with hundreds of covariate 
measurements per patient) to allow comparative 
safety assessment among the three agents by ex-
acting propensity and multivariable analyses. We 
hypothesized that the use of either serine protease 
inhibitors or lysine analogues in patients with acute 
coronary syndromes presenting for coronary-artery 
surgery is unsafe.

ME THODS

After institutional approval and written informed 
consent had been obtained, patients scheduled 
for coronary-artery bypass surgery with cardio-
pulmonary bypass were prospectively enrolled 
according to a systematic sampling scheme at 69 
institutions in North and South America, Europe, 
the Middle East, and Asia. To be eligible for entry 
into the study, patients had to be at least 18 years 
of age, could not be enrolled in another study or 
trial, and had to be able to engage in a preopera-
tive interview. At each institution, every Rth pa-
tient meeting these entry criteria was enrolled, 
where R = N ÷ 50 (to the closest integer) and where 
N is the number of patients expected to undergo 
myocardial revascularization surgery over a one-
year period.12 Data were collected throughout hos-
pitalization, with approximately 7500 data fields 
per patient collected by independent investigators.

Measurement of Outcomes

Each outcome event was prespecified, defined by 
the protocol, and classified as cardiovascular (myo-
cardial infarction or heart failure), cerebrovascu-
lar (stroke, encephalopathy, or coma), or renal 
(dysfunction or failure). Myocardial infarction re-
quired either new Q waves (Minnesota code 1-1-1 
or 1‑2‑7) or new, persistent ST-segment or T-wave 
changes (Minnesota code 4-1, 4-2, 5-1, 5-2, or 9‑2). 
Heart failure required a cardiac output of less 
than 2.0 liters per minute associated with a pulmo-
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nary-artery occlusion pressure above 18 mm Hg, 
a central venous pressure above 12 mm Hg, an S

3
 

gallop, or rales. Cerebrovascular events included 
clinically diagnosed stroke, encephalopathy, and 
coma. Renal dysfunction required a postoperative 
serum creatinine level of at least 177 μmol per 
liter with an increase over preoperative baseline 
levels of at least 62 μmol per liter; renal failure 
was defined as dysfunction requiring dialysis or 

in-hospital death with evidence at autopsy of acute 
renal failure. Blood loss was assessed as chest-tube 
output during the first 24 hours after surgery.

Clinical Care and Use of Antifibrinolytic 
Agents

Clinical decisions were not controlled by the study 
protocol, and all patients qualifying for enroll-
ment within the prespecified enrollment period 

33p9

5065 Patients could 
be evaluated

4374 Patients in study

5436 Patients were enrolled

32 Withdrew from study before surgery
2 Died before surgery

97 Did not undergo surgery or surgery was rescheduled
132 Did not undergo cardiopulmonary bypass
11 Were enrolled in another clinical trial
97 Had incomplete data

226 Received multiple antifibrinolytic agents
17 Had no validation of drug type or dose

448 Received inadequate dose of antifibrinolytic agent

1374 Patients in control
group

796 Had
primary
surgery

499 Had
complex
surgery

1022 Had
primary
surgery

352 Had
complex
surgery

597 Had
primary
surgery

286 Had
complex
surgery

598 Had
primary
surgery

224 Had
complex
surgery

1295 Patients in
aprotinin group

822 Patients in tran-
examic acid group

883 Patients in amino-
caproic acid group

3000 Patients in
antifibrinolytic group
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Figure 1. Consolidated Standards of Reporting Trials (CONSORT) Diagram of Patient Enrollment.

The diagram shows the numbers of patients who met the criteria for inclusion in, or exclusion from, the study  
and their distribution among the four study groups and two surgery types. Inclusion in the aprotinin group required 
administration of a total of more than 2 million kallikrein-inhibitor units intravenously before the end of surgery; 
inclusion in the aminocaproic acid group, administration of more than 10 g; and inclusion in the tranexamic acid 
group, administration of more than 1 g.
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were entered into the study (Fig. 1). Patients were 
classified as undergoing primary surgery if the 
index surgery was elective and involved only cor-
onary-artery revascularization (with no history of 
cardiac or vascular surgery) or angioplasty. Other-
wise, patients were classified as undergoing com-
plex surgery.

Statistical Analysis

Baseline medical characteristics were compared 
statistically (Table 1). The effect of the drugs on 
outcome was assessed with the use of multivari-
able logistic regression and propensity-score ad-
justment. Initially, 97 perioperative risk factors 
were evaluated for univariate association with 
outcome (two-tailed P≤0.20) and then entered 
stepwise (backward and forward) into multivari-
able logistic models, with assessment of the asso-
ciation between treatment (aprotinin, aminoca-
proic acid, or tranexamic acid vs. no treatment) 
and outcome in the presence of the significant 
covariates. Comparison between drugs was as-
sessed with the use of contrast functions.

Selection bias not controlled by multivari-
able methods was assessed with a propensity-
adjustment method. Using nonparsimonious logis-
tic-regression modeling, we developed propensity 
scores for the use of any antifibrinolytic treat-
ment (vs. no treatment), including 45 treatment-
selection covariates, and propensity scores for 
specific treatments. Covariate interactions proved 
unnecessary for the balance of baseline charac-
teristics. The discriminate power of the propensity 
scores was quantified by measurement of the 
receiver-operating-characteristic area (the C-index). 
Covariate adjustment was performed with the de-
rived propensity scores and drug-indicator vari-
ables. The interaction of the differential drug ef-
fect and surgery status (with the propensity score 
as the adjustment variable13,14) was not signifi-
cant. Propensity-score analyses according to spe-
cific treatment confirmed our findings according 
to drug class. Finally, the dose response (weight-
adjusted) was assessed among 596 patients in 
the aprotinin group who were receiving either 
a low-dose regimen (loading dose, 1 million kal-
likrein-inhibitor units [KIU]; total dose, >2 mil-
lion KIU) or a high-dose regimen (loading dose, 
2 million KIU; total dose, >4 million KIU).

SAS statistical software (version 8.2) was used; 
a P value of less than 0.05 (two-tailed) was con-
sidered to indicate statistical significance. Mul-
tiple comparison adjustments were assessed.H
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R ESULT S

As expected, patients had evidence of acute and 
chronic vascular disease. Several imbalances were 
noted between the treatment groups and the 
control group before propensity adjustment, but 
not thereafter (Table 1).

Adverse Safety Outcomes

Overall, the use of aprotinin was associated with 
an increased risk of renal and nonrenal events 
when compared with aminocaproic acid, tran
examic acid, or no antifibrinolytic therapy (Fig. 
2) — a finding confirmed by multivariable lo-
gistic regression (Table 2). Interaction by drug 
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Figure 2. Renal and Nonrenal Outcome Events among the 4374 Study Patients.

Panel A shows the incidence of renal events according to study group. All pairwise comparisons between the apro-
tinin group and any other group were significant (P<0.001 by Bonferroni-adjusted analysis). Comparison of either 
aminocaproic acid or tranexamic acid with control, or comparison between them, was not significant. Panel B 
shows the incidence of nonrenal events. In both panels, the numbers above the bars are rounded incidence values, 
and P values shown are for the comparison between the aprotinin group and any other group (the control group, 
the aminocaproic acid group, or the tranexamic acid group).
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group and complexity of surgery was not sig-
nificant.

Among the 3013 patients undergoing primary 
surgery, aprotinin, but not aminocaproic acid or 
tranexamic acid, was associated with an increased 
risk of death (2.8 percent vs. 1.3 percent, P = 0.02), 
cardiovascular events (20.4 percent vs. 13.2 per-
cent, P<0.001), cerebrovascular events (4.5 percent 
vs. 1.6 percent, P<0.001), and renal events (5.5 
percent vs. 1.8 percent, P<0.001). Specifically, 
with regard to cardiovascular events, aprotinin 
was associated with a 48 percent increase in the 
risk of myocardial infarction (P<0.001) and a 

109 percent increase in the risk of heart failure 
(P<0.001). After propensity adjustment (C-index, 
0.71), multivariable analysis continued to dem-
onstrate a significant association between the 
use of aprotinin and an increased risk of adverse 
events (Table 3) as well as an absence of asso-
ciation between either aminocaproic acid or 
tranexamic acid and such events. Propensity ad-
justment by drug (C-index for aprotinin, 0.72; for 
aminocaproic acid, 0.80; and for tranexamic acid, 
0.68) yielded similar findings. For example, as 
compared with control, aprotinin nearly doubled 
the odds of a renal event (odds ratio, 1.89; 95 per-

Table 2. Results of Multivariable Logistic Regression for the Renal Composite Outcome in 4374 Patients.*

Risk Factor

Analysis in Presence of Covariates 
without Propensity Adjustment†

Analysis in Presence of Covariates 
with Propensity Adjustment‡

Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value

Aprotinin vs. control 2.52 (1.66–3.82) <0.01 2.41 (1.49–3.90) <0.001

Aminocaproic acid vs. control 1.03 (0.61–1.76) 0.91 0.84 (0.44–1.58) 0.58

Tranexamic acid vs. control 1.25 (0.74–2.13) 0.40 1.23 (0.68–2.21) 0.49

Propensity score — — 1.03 (0.97–1.11) 0.33

Complex vs. primary surgery 1.55 (1.12–2.16) 0.009 1.47 (1.02–2.13) 0.04

History of renal disease 2.50 (1.76–3.57) <0.001 2.53 (1.70–3.75) <0.001

Creatinine >1.3 mg/dl on admission§ 2.71 (1.91–3.87) <0.001 3.12 (2.11–4.60) <0.001

Heart failure on admission 2.33 (1.68–3.24) <0.001 2.64 (1.84–3.80) <0.001

History of angina 0.57 (0.36–0.89) 0.01 0.58 (0.35–0.96) 0.03

History of liver disease 0.35 (0.18–0.68) 0.002 0.28 (0.13–0.61) 0.001

History of intravenous drug use 3.29 (1.08–10.04) 0.04 2.98 (0.82–10.84) 0.10

Preoperative nitrate administration 1.95 (1.29–2.93) 0.001 2.15 (1.36–3.40) 0.001

Preoperative inotrope administration 2.31 (1.45–3.67) <0.001 2.36 (1.42–3.92) <0.001

Preoperative administration of ACE  
inhibitor

1.38 (1.00–1.91) 0.05 1.57 (1.10–2.24) 0.01

Intraoperative transfusion of fresh frozen 
plasma 

2.51 (1.72–3.65) <0.001 2.40 (1.58–3.66) <0.001

Intraoperative transfusion of red cells 1.64 (1.15–2.34) 0.007 1.71 (1.16–2.52) 0.007

*	CI denotes confidence interval, and ACE angiotensin-converting enzyme.
†	Excluded were 43 patients with missing values for at least one of the risk factors in the model, including the covariates. 

The Hosmer–Lemeshow goodness-of-fit chi-square test statistic was 10.3 (P = 0.24). The C-index for the model was 0.84. 
Direct comparisons of treatment groups by contrast functions on model parameters demonstrated increased risk with 
aprotinin as compared with aminocaproic acid (odds ratio, 2.44; 95 percent confidence interval, 1.54 to 3.86; P<0.001) 
and as compared with tranexamic acid (odds ratio, 2.01; 95 percent confidence interval, 1.27 to 3.18; P = 0.003). There 
was no difference in risk associated with the use of aminocaproic acid as compared with tranexamic acid.

‡	Excluded were 410 patients with missing values for at least one of the covariates or the propensity score. The Hosmer–
Lemeshow goodness-of-fit chi-square test statistic was 7.17 (P = 0.52). The C-index for the model was 0.86. Direct com-
parisons of treatment groups by contrast functions on model parameters demonstrated increased risk with aprotinin as 
compared with aminocaproic acid (odds ratio, 2.88; 95 percent confidence interval, 1.69 to 4.90; P<0.001) and as com-
pared with tranexamic acid (odds ratio, 1.96; 95 percent confidence interval, 1.19 to 3.23; P = 0.009). There was no dif-
ference in risk associated with the use of aminocaproic acid as compared with tranexamic acid.

§	To convert the value for creatinine to micromoles per liter, multiply by 88.4.
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cent confidence interval, 1.01 to 3.55; P = 0.04), 
whereas neither aminocaproic acid (odds ratio, 
0.85; 95 percent confidence interval, 0.37 to 1.95; 
P = 0.69) nor tranexamic acid (odds ratio, 1.43; 95 
percent confidence interval, 0.62 to 3.27; P = 0.40) 
was associated with increased renal risk.

Among the 1361 patients undergoing com-
plex surgery, aprotinin was associated with in-
creased renal dysfunction and renal failure re-

quiring dialysis, whereas aminocaproic acid and 
tranexamic acid were not. Propensity adjustment 
(C-index, 0.73) confirmed these findings (Table 
3), and adjustment by specific drug (C-index for 
aprotinin, 0.78; for aminocaproic acid, 0.78; and 
for tranexamic acid, 0.76) yielded similar results, 
as illustrated for renal events: odds ratio with 
aprotinin, 2.79 (95 percent confidence interval, 
1.44 to 5.44; P = 0.002); with aminocaproic acid, 

Table 3. Propensity-Adjusted Effect of Treatment on Ischemic Outcome Events.*

Outcome Event
Predictors in Multivariable 
Logistic-Regression Model

Patients Undergoing  
Primary Surgery

(N = 3013)†

Patients Undergoing 
Complex Surgery

(N = 1361)‡ 

P Value
Odds Ratio  
(95% CI) P Value

Odds Ratio  
(95% CI)

Death Aprotinin vs. control 0.22 1.59 (0.76–3.34) 0.66 0.86 (0.44–1.70)

Aminocaproic acid vs. control 0.65 0.81 (0.33–2.02) 0.01 0.25 (0.09–0.72)

Tranexamic acid vs. control 0.94 1.03 (0.44–2.45) 0.13 0.49 (0.19–1.23)

Propensity score <0.001 1.22 (1.09–1.36) 0.004 1.18 (1.06–1.32)

Renal event§ Aprotinin vs. control 0.006 2.34 (1.27–4.31) 0.004 2.59 (1.36–4.95)

Aminocaproic acid vs. control 0.86 0.93 (0.43–2.02) 0.23 0.56 (0.22–1.44)

Tranexamic acid vs. control 0.75 0.88 (0.40–1.94) 0.33 1.47 (0.68–3.19)

Propensity score <0.001 1.19 (1.08–1.30) 0.58 1.02 (0.94–1.11)

Cardiovascular 
event¶

Aprotinin vs. control 0.01 1.42 (1.09–1.86) 0.67 1.08 (0.75–1.57)

Aminocaproic acid  vs. control 0.13 0.78 (0.56–1.08) 0.18 0.74 (0.48–1.15)

Tranexamic acid vs. control 0.73 0.95 (0.70–1.29) 0.93 1.02 (0.66–1.57)

Propensity score <0.001 1.08 (1.03–1.12) 0.16 1.04 (0.99–1.09)

Cerebrovascular 
event‖║

Aprotinin vs. control 0.02 2.15 (1.14–4.06) 0.41 1.29 (0.71–2.35)

Aminocaproic acid vs. control 0.84 0.92 (0.42–2.05) 0.07 0.45 (0.19–1.06)

Tranexamic acid vs. control 0.21 1.57 (0.77–3.19) 0.38 0.70 (0.32–1.55)

Propensity score <0.001 1.19 (1.08–1.30) 0.87 0.99 (0.91–1.08)

Composite outcome 
event**

Aprotinin vs. control 0.002 1.49 (1.15–1.91) 0.13 1.30 (0.93–1.83)

Aminocaproic acid vs. control 0.28 0.85 (0.63–1.15) 0.09 0.71 (0.47–1.06)

Tranexamic acid vs. control 0.69 0.94 (0.71–1.26) 0.44 1.17 (0.79–1.73)

Propensity score <0.001 1.09 (1.05–1.14) 0.65 1.01 (0.97–1.06)

*	 CI denotes confidence interval.
†	 The control group included 1022 patients, and the antifibrinolytic group 1991 patients. Values for the propensity score 

were missing for 87 patients in the control group and 157 in the antifibrinolytic group.
‡	 The control group included 352 patients, and the antifibrinolytic group 1009 patients. Values for the propensity score 

were missing for 49 patients in the control group and 114 in the antifibrinolytic group.
§	 A renal event was defined as either renal dysfunction or renal failure requiring dialysis.
¶	 A cardiovascular event was defined as either myocardial infarction or heart failure.
║‖	 A cerebrovascular event was defined as stroke, encephalopathy, or coma.
**	The composite outcome event category included all the other outcome event categories (death, renal event, cardiovas-

cular event, and cerebrovascular event).
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0.48 (95 percent confidence interval, 0.17 to 1.34; 
P = 0.16); and with tranexamic acid, 1.01 (95 per-
cent confidence interval, 0.44 to 2.33; P = 0.98). 
A dose–response relationship was found for apro-
tinin with respect to renal, cardiovascular, and 
composite outcomes (Fig. 3).

Efficacy

The three medications reduced blood loss to sim-
ilar extents. As compared with the control group, 
in which mean (±SD) estimated blood loss was 
827±573 ml, blood loss was 753±660 ml in the 
aprotinin group (P<0.001), 719±578 ml in the ami-
nocaproic acid group (P<0.001), and 676±741 ml 
in the tranexamic acid group (P<0.001).

DISCUSSION

Our findings raise serious concerns regarding 
the safety of an approved drug intended to limit 
blood loss in at-risk patients undergoing surgery. 
Specifically, the use of aprotinin was associated 
with a dose-dependent doubling to tripling in the 
risk of renal failure requiring dialysis among pa-
tients undergoing primary or complex coronary-
artery surgery. Furthermore, for the majority of 
patients undergoing primary surgery, we found 
evidence of multiorgan damage involving the 
heart (myocardial infarction or heart failure) and 
the brain (encephalopathy) in addition to the kid-
neys, suggesting a generalized pattern of ische
mic injury. Unlike the serine protease inhibitors, 
analysis of the less costly lysine analogues ami-
nocaproic acid and tranexamic acid demonstrat-
ed no such safety concerns, although these two 
agents were equally effective in reducing blood 
loss. Thus, our findings indicate that reconsid-
eration of the safety of aprotinin among patients 
undergoing cardiac surgery is warranted and in-
dicate replacement of aprotinin with either ami-
nocaproic acid or tranexamic acid.

Blood loss and its replacement merit careful 
redress — particularly in cardiac surgery, for 
which large amounts of blood loss occur not only 
because of direct vascular interruption, but also 
because of exposure and autotransplantation of 
blood elements after contact with the foreign sur-
faces of the bypass circuitry.2,12 Consequently, 
prostacyclins, desmopressin, lysine analogues, 
and serine protease inhibitors were developed. 
The latter two classes are now used in the major-
ity of the 1 million cardiac surgical operations 

performed annually worldwide2-4,10,12,15  — a prac-
tice consistent with consensus guidelines.2,4,11

Unlike lysine analogues, aprotinin has high 
affinity for the kidneys16-19 — a property that 
may explain our renal findings. After free glo-
merular passage, aprotinin binds selectively to 
the brush border of the proximal tubule mem-
brane, and then, by pinocytosis, it enters into 
and accumulates within the cytoplasm, inhibiting 
tubule protease secretion (kallikrein and, second-
arily, kinin), prostaglandin and renin synthesis, 
prostasin secretion, and bradykinin release.18-22 
Under normothermic ischemia, hypothermia, and 
other states of high kallikrein activity, these un-
toward tubular effects are magnified and are com-
plicated by dose-dependent renal afferent vaso-
constriction; deep cortical and medullary perfusion 
and its autoregulation are thereby impaired, and 
focal tubular necrosis ensues.20-26 Furthermore, 
because of its interference with the synthesis and 
release of endothelial nitric acid, aprotinin also 
may instigate macrovascular or microvascular 
thrombosis.27,28
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Figure 3. Aprotinin Dose Response.

P values shown are for the comparison between a high dose of aprotinin 
and either a low dose of aprotinin or no antifibrinolytic therapy (control). 
Pairwise comparison between a high dose of aprotinin and control was sig-
nificant with respect to renal events, cardiovascular events, and composite 
outcome events (P<0.001 for all three comparisons by Bonferroni-adjusted 
analyses) but not for death (P = 0.12). Pairwise comparison between a low 
dose of aprotinin and no antifibrinolytic therapy was significant (in Bonfer-
roni-adjusted analyses) with respect to renal events (P<0.001) and compos-
ite outcome events (P = 0.003) but not cardiovascular events (P = 0.08) or 
death (P = 0.14). Pairwise comparison between a high dose of aprotinin and 
a low dose of aprotinin was significant (in Bonferroni-adjusted analyses) 
with respect to renal events (P<0.001) but not cardiovascular events 
(P = 0.04), composite outcome events (P = 0.03), or death (P = 0.38).
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Despite this in vitro and in vivo evidence, 
only a minority of the reports of 45 trials of apro-
tinin in surgical patients even comment on renal 
function, and of those trials, none were powered 
to discern renal failure, leaving earlier concerns 
unchecked.10 However, review of this evidence 
suggests the presence of several renal “safety 
signals,” including aprotinin-associated alpha

1
-

microglobulin production,8 tubule-cell deposition 
of protein bands and proteinuria,8 dose-dependent 
increases in creatinine,5,9 renal dysfunction,9 and 
platelet-fibrin thrombotic occlusions of the renal 
arterioles after death.7 Of note, even in a small 
study (involving 57 patients) that concluded that 
aprotinin was safe (albeit with concern regarding 
a possible type 1 statistical error), 90 percent sup-
pression of urinary kallikrein excretion occurred, 
with arithmetic increases in sodium excretion 
and osmolar clearance.29

Our data from approximately 1300 aprotinin-
treated patients as compared with about 1300 
control patients, then, clearly give credence to 
early concerns stemming from findings in ani-
mal models20-24,26 and preliminary findings in 
patients5,7-9 — namely, that aprotinin is associ-
ated with severe renal adverse events and that 
this association is dose-dependent. The lysine 
analogues, in contrast, are excreted nearly intact 
within 24 hours after intravenous administration, 
with their renal clearance approximating creati-
nine clearance. Moreover, few reports document 
an association between these agents and renal 
dysfunction3 — a renal-safety profile validated 
by our results.

Our findings raise concerns regarding the 
proclivity of aprotinin, but not the lysine ana-
logues, to instigate cardiovascular and cerebrovas-
cular thrombosis. Although questions regarding 
each of the agents have been raised, as indicated 
by early case reports showing a propensity for 
thrombosis, most compelling is the evidence re-
lating to aprotinin, which distinguishes itself by 
at least five properties: inhibition of soluble pro-
teases (e.g., kallikreins, plasmin, and trypsin); 
inhibition of activated protein C; preservation of 
platelet adhesive and aggregatory properties; im-
pairment of vascular endothelial-cell function 
(in the coronary and cerebral arteries and aor-
ta)20,21,23,27,28,30,31; and selective impairment of 
endothelium-derived relaxation by dose-depen-
dent inhibition of nitric oxide synthesis and re-
lease.27,32

A possible link between aprotinin and intra-
vascular thrombosis has been observed in several 
in vivo animal models27,28 as well as in humans 
— in association with biogenic materials (cathe-
ters, cannulas, and oxygenators); within coronary 
grafts; within the native coronary microcircula-
tion; in the aorta; and disseminated throughout 
the microvasculature of the heart, lung, brain, 
and kidneys.5-7,33-36 Randomized clinical trials 
yielded mixed findings.5,7,37-39 Noteworthy, how-
ever, are the findings of a larger, more recent, 
sponsor-supported trial,33 which demonstrated 
that aprotinin-treated patients (vs. those given 
placebo) had a significantly greater risk of sa-
phenous-vein occlusion, but even then the results 
were interpreted as inconclusive. For both ami-
nocaproic acid and tranexamic acid — although 
reports of related intravascular thrombosis ex-
ist — no study has reported a significant asso-
ciation.3

Our findings in patients undergoing primary 
surgery — namely, that aprotinin-treated patients 
are at greater risk for ischemic damage to the 
heart than are either control patients or those 
receiving aminocaproic acid or tranexamic acid 
— are thus in agreement with data from the prior 
in vivo and in vitro studies27,28,30,34 and the ma-
jority of the coronary-graft investigations.5,7,33,37 
Similarly, with regard to encephalopathy, our 
findings are consistent with those of earlier 
studies of microvascular thrombosis28,34 and 
specifically with those described by Sundt et al.,7 
who reported platelet-fibrin thrombi among mul-
tiple vessels, including the cerebral arteries, on 
postmortem examination of patients who had 
received aprotinin. In contrast, among patients 
undergoing complex procedures, aside from renal 
outcomes, we found no other drug associations, 
probably because the proven blood-sparing salu-
tary effects of antifibrinolytic therapy in patients 
undergoing complex surgery10 may offset any 
thrombotic effects. This hypothesis is supported 
by our secondary finding that among patients 
with hemorrhage, aprotinin was associated with 
an increase in the risk of cardiovascular events 
(34 percent, vs. 19 percent in the control group; 
P = 0.04), whereas no such difference existed 
among patients without hemorrhage (23 percent 
and 24 percent, respectively; P = 0.79).

Given our findings, especially with regard to 
serious renal events among patients undergoing 
either primary or complex surgery, and given the 
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cost of aprotinin therapy, which is at least 10 
times that of aminocaproic or tranexamic acid, 
we estimate that considerable global health care 
savings would accrue if aprotinin were replaced 
by either aminocaproic acid or tranexamic acid. 
Specifically, extrapolating international-use pat-
terns, we estimate that for renal complications 
alone, the replacement of aprotinin with amino-
caproic acid would prevent renal failure requiring 
dialysis in 11,050 patients per year, yielding an 
indirect savings (from the saved cost of dialysis) 
of more than $1 billion per year, in addition to 
direct savings (from reduced drug costs) of near
ly $250 million per year. Replacement of apro-
tinin with tranexamic acid would prevent 9790 
complications necessitating dialysis each year, 
yielding similar direct and indirect savings.

Regarding potential study limitations, we 
should note that large-scale, randomized, con-
trolled trials — though ideal for assessing post-
marketing drug safety — are difficult (if not 
impossible) to conduct in the setting of embed-
ded practice, for several reasons: there is inher-
ent bias in the selection of patients to be sub-
jected to “nonroutine” treatments; it is necessary 
to withhold salutary blood-sparing therapies from 
those assigned to placebo; there may be reluc-
tance to include the sickest patients, who are 
those most likely to have adverse events; the re-
quired sample size and cost (to detect less fre-
quent safety events) are substantial; and there 
may be reluctance (a disincentive) on the part of 
sponsors to discern carefully the risk of a mar-
keted drug. Given that, assessment of safety in 
observational studies, when sufficiently compre-
hensive and large, may offer critical insights, 
even in light of recognized limitations.

Therefore, we assessed safety in a compre-
hensive, large-scale, observational study based 
on randomized patient selection, inclusion of more 
than 800 high-risk patients per group, and mea-
surement of more than 200 covariates (by drug 
and by outcome) per patient — an approach that 
permitted nonparsimonious propensity analyses 
as well as multivariable corrections for the mul-
tiple covariates of organ-specific outcomes.40 As 
such, we believe that our findings, particularly 
with respect to renal failure, are substantive with 
respect to effect size, consistency between the pri-
mary-surgery and complex-surgery groups, and 
dose response and that they are notable for their 
consistency with early in vivo and in vitro animal 
studies and several suggestive case reports. In ad-
dition, our specific analyses of aprotinin as com-
pared with aminocaproic acid and tranexamic 
acid allowed us to compare patients to whom an 
antifibrinolytic agent had been administered, 
thereby mitigating selection bias. 

In conclusion, the observed association be-
tween aprotinin and serious end-organ damage 
indicates that continued use is not prudent, where-
as the less expensive generic medications ami-
nocaproic acid and tranexamic acid are safe al-
ternatives.
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kidneys from expanded-criteria donors who have 
acceptable characteristics (age, serologic results, 
creatinine levels, biopsy results, and pulsatile 
flow).13 Such a system can reduce the cold-ische-
mia time (the time between procurement and 
transplantation of the organ) and can thereby 
facilitate the identification of a suitable recipient 
for a kidney from an expanded-criteria donor.

We are confident that the transplantation com-
munity can change the current situation — in 
which 40 percent of kidneys from expanded-cri-
teria donors are discarded. Innovative strategies 
can be developed to account for the quality of 
the potential donor’s kidney and the potential 
benefit to the recipient, and an efficient system 
of allocation can be put into place that will en-
hance the opportunities for successful transplan-
tation.
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The Value of Phase 4 Clinical Testing
Gus J. Vlahakes, M.D.

Since its inception in 1988, the Multicenter Study 
of Perioperative Ischemia Research Group has 
examined a number of critical issues concerning 
the outcomes of cardiac surgery and anesthesia. 
The group’s database is a powerful research tool. 
Its power derives from the high quality of the 
participating institutions, the capability of these 
institutions to recruit a large number of patients, 
and an absence of potential conflict of interest, 
in part due to the large number of participating 
institutions and investigators.

In this issue of the Journal, Mangano et al.1 
report the findings from a large clinical data-
base built on the data-collection efforts of this 
group in the United States, Canada, and else-

where. On the surface, this study might appear 
to be of interest only to those in the specialty 
fields of cardiac surgery and cardiac anesthesia. 
However, the importance of this study goes be-
yond the specific findings of the use of apro-
tinin to limit blood loss in patients undergoing 
cardiac surgery. Surgeons and anesthesiologists 
have long questioned whether the use of apro-
tinin increases the risk of renal dysfunction and 
thrombosis.2 As a consequence, their use of this 
drug has ranged from use in all patients to min-
imize postoperative bleeding to use only in pa-
tients who have a high risk of substantial post-
operative bleeding. 

There are two primary reasons why aprotinin 
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is not used in all patients undergoing cardiac 
surgery: cost and potential risks. Some surgeons 
and anesthesiologists who use the drug have 
been concerned about its potential risks since it 
was first approved for clinical use; yet until the 
report by Mangano et al., sufficient data have 
not been available for an analysis of the risks and 
benefits of aprotinin. Furthermore, data-driven 
marketing efforts are under way to expand the 
indications for this drug. There is evidence that 
aprotinin modulates the systemic inflammatory 
response associated with cardiac surgery.3 This 
new application of aprotinin may require doses 
higher than those used for its primary indica-
tion — the reduction of bleeding and, hence, of 
required blood transfusion.4,5 The possibility of 
the use of higher doses has raised concern about 
increased toxicity. Accordingly, until the safety 
of higher doses is fully explored in a prospective 
study, the expansion of indications for aprotinin 
may be premature.

These concerns about the use of aprotinin 
can be addressed only by the analysis of data 
obtained from clinical practice and from well-
designed clinical trials. Mangano et al. show the 
value of entities, such as the Multicenter Study 
of Perioperative Ischemia Research Group, that 
explore adverse outcomes in post-approval, or 
phase 4, studies. As pointed out by the authors, 
although this observational study was not a ran-
domized trial, the incorporation of a large num-
ber of patients gives it credibility. In addition, the 
authors’ conduct of an observational study im-
plies an interesting point. When a clinical study 
is conducted long after a new drug has been ap-
proved and introduced into practice, established 
clinical practice (whether data-driven or not) 
makes stepping back to perform even an impor-
tant clinical trial difficult — and makes obser-
vational studies a necessary alternative. It would 
be ideal, therefore, for phase 4 studies to be con-
ducted as soon as possible after a drug has been 
introduced into clinical practice.

Clinical trials conducted by drug companies 
are designed to meet Food and Drug Adminis-
tration (FDA) requirements for safety and effi-
cacy. Under the current regulations, it is under-
standable that the indications tested in clinical 
trials are selected to achieve approval expeditious-
ly and to balance patient care, the regulatory 
process, and business considerations. Although 
some exclusion criteria in clinical trials are used 
to ensure patient safety, such criteria decrease 

the number of adverse events that might inter-
fere with regulatory approval. Regulatory require-
ments and the desire to ensure approval often 
dominate the design of clinical trials. As a result, 
current phase 3 trials sometimes do not reliably 
gather information that is clinically useful for 
the safe expansion of indications, particularly 
for high-risk patients.

The study of aprotinin by Mangano et al. 
stands as an example of the importance of 
phase 4 clinical trials. Although the FDA can 
mandate the post-approval gathering of data, 
vendors are given the task of designing the sub-
sequent clinical trials. Thus, the design of clini-
cal trials may still be subject to business con-
siderations. This conflict of interest creates a 
disincentive to fully explore the safety of a drug 
in various patient populations. Clinical-investiga-
tion groups such as the Multicenter Study of Peri-
operative Ischemia Research Group, which is able 
to recruit a large number of patients from excel-
lent clinical centers, may offer the pharmaceuti-
cal industry a faster and more economical means 
of gathering phase 4 data. From the standpoint 
of patient safety, such research entities can ex-
plore new indications and dosing regimens in 
various patient populations and in a setting rel-
atively free of conflicts of interest. In addition, 
input from academic medical centers may increase 
the likelihood of broader applications not origi-
nally considered by drug companies in the design 
of clinical trials.

Phase 4 clinical trials should be required be-
fore the indications for pharmaceutical agents 
are expanded, particularly when increased doses 
are required or administration in high-risk pa-
tients is proposed. Phase 3 studies may suggest 
that in certain settings, adverse events may occur 
in some patients, although the incidence in these 
trials may have been too low to allow full char-
acterization of the events or exclusion criteria 
may have masked other important issues. Inde-
pendent clinical research may be ideal for inform-
ing decisions to expand indications for pharma-
ceutical agents, for appropriate patient populations, 
or for dosing regimens to include previously un-
approved doses.

The role of independent clinical research in 
phase 4 testing should be encouraged and sup-
ported by the FDA. The application of FDA data-
quality practices in such studies would preclude 
criticisms of the data analysis, such as the lack 
of source documentation and the lack of on-site 
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review of the accuracy of data entry in the study 
by Mangano et al. Too many pharmacologic agents 
have entered into clinical practice for which con-
siderable and potentially life-threatening outcomes 
were recognized only after a large number of pa-
tients had been treated. The recent example of 
cyclooxygenase-2 inhibitors is a high-profile case 
in point. Recognition of drug-induced toxic effects 
in certain patient populations or with increased 
dosing regimens must be reflected in clinical 
practice as early as possible in order to optimize 
patient safety.

No potential conflict of interest relevant to this article was re-
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From Harvard Medical School and Massachusetts General 
Hospital — both in Boston.

Mangano DT, Tudor IC, Dietzel C. The risk associated with 
aprotinin in cardiac surgery. N Engl J Med 2006;354:353- 
65.

Cosgrove DM III, Heric B, Lytle BW, et al. Aprotinin therapy 
for reoperative myocardial revascularization: a placebo-con-
trolled study. Ann Thorac Surg 1992;54:1031-8.

Wachtfogel YT, Kucich U, Hack CE, et al. Aprotinin inhibits 
the contact, neutrophil, and platelet activation systems during 
simulated extracorporeal perfusion. J Thorac Cardiovasc Surg 
1993;106:1-10.

Seghaye M-C, Duchateau J, Grabitz RG, et al. Influence of 
low-dose aprotinin on the inf lammatory reaction due to car-
diopulmonary bypass in children. Ann Thorac Surg 1996;61: 
1205-11.

Schmartz D, Tabardel Y, Preiser JC, et al. Does aprotinin 
inf luence the inf lammatory response to cardiopulmonary 
bypass in patients? J Thorac Cardiovasc Surg 2003;125:184-
90.
Copyright © 2006 Massachusetts Medical Society.

1.

2.

3.

4.

5.




