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ABSTRACT

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-
Iytic 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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HE MAINSTAY OF MEDICALTHERAPY 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.! 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.>* 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 thrombosis®” and creati-
nine elevation>%° — 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.'® Unfortu-
nately, however, this “safety evidence” has three
important limitations: no prior investigation was
adequately powered to assess relatively infrequent,
but clinically serious, safety events'®; 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-supported® 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,>** 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.

METHODS

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.'? 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,
gallop, or rales. Cerebrovascular events included
clinically diagnosed stroke, encephalopathy, and
coma. Renal dysfunction required a postoperative
serum creatinine level of at least 177 umol per
liter with an increase over preoperative baseline
levels of at least 62 umol 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

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

5065 Patients could
be evaluated

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

4374 Patients in study

1374 Patients in control

3000 Patients in

group antifibrinolytic group
1295 Patients in 883 Patients in amino- 822 Patients in tran-
aprotinin group caproic acid group examic acid group
1022 Had 352 Had 796 Had 499 Had 597 Had 286 Had 598 Had 224 Had
primary complex primary complex primary complex primary complex
surgery surgery surgery surgery surgery surgery surgery surgery

administration of a total of more than 2 million kallikrein

group, administration of more than 1 g.

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
-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
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0.05
<0.001

4(0.5)
146 (17.8)

0.14
<0.001

3(0.3)
173 (19.7)

<0.001

19 (L.5)
223 (17.3)

0.50
0.54

NA

0.93

0.002
<0.001

26 (0.9)
542 (18.1)

1(0.1)
138 (10.1)

History of valve surgery

<0.001

History of percutaneous translumi-

nal coronary angioplasty

0.99

9 (1.1)
54 (6.6)

0.74
<0.001

11 (1.3)
78 (8.8)

0.67
<0.001

12 (0.9)
95 (7.3)

0.62
0.17
0.68
0.60

NA
0.87
0.94

0.94
<0.001

32 (L.1)
227 (7.6)

15 (1.1)

History of aortic vascular surgery

0.006
0.29

0.65

54 (3.9)
5 (0.4)
20 (L.5)

History of intracoronary stent

1(0.1)
14 (1.7)

0.17

7(0.8)
11 (1.3)

0.10

11 (0.9)
40 (3.3)

0.26
0.08

19 (0.6)
63 (2.3)

History of coronary atherectomy

0.68

0.002

NA

History of noncoronary angioplasty

or stent

0.23
0.93

<0.001 69 (3.4)
40 (4.9)

108 (12.2)
41 (4.6)

201 (155)  <0.001

0.18

NA
NA

<0.001

378 (12.6)

96 (7.0)

Current CABG and valve surgery

0.74

0.48

72 (5.6)

0.99

0.83

153 (5.1)

63 (5.0)

Current CABG and other surgery
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* NA denotes not applicable (because there were no patients with the characteristic in the subpopulation), and CABG coronary-artery bypass grafting.

T P values are for the comparison between patients treated with an antifibrinolytic agent and control patients.

I P values are those calculated after adjustment according to the propensity score (for the use of an antifibrinolytic agent) in 3013 patients undergoing primary surgery.

§ P values are those calculated after adjustment according to the propensity score (for the use of an antifibrinolytic agent) in 1361 patients undergoing complex surgery. Complex surgery

was defined as surgery under any of the following conditions: a history of coronary-artery bypass grafting, valve surgery, noncoronary angioplasty or stenting, or other cardiac or vascular

noncardiac surgery; combined current heart surgery; and current surgery in emergency status or urgent status with evidence of congestive heart failure preoperatively.

9 Race or ethnic group was determined by the clinical investigator.

| To convert the value for creatinine to micromoles per liter, multiply by 88.4.

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 variable!*'#) 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]J; 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.

N ENGL ) MED 354;4 WWW.NEJM.ORG JANUARY 26, 2006
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RESULTS

As expected, patients had evidence of acute and
chronic vascular disease. Several imbalances were
noted between the treatment groups and the

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.

control group before propensity adjustment, but

2) — a finding confirmed by multivariable lo-
not thereafter (Table 1).

gistic regression (Table 2). Interaction by drug

A
[ Control [ Aminocaproic acid [l Tranexamic acid [ Aprotinin
104 P<0.001
P<0.001 P<0.001
8
3
:\:: 6 5
] 3
<
Q
B
EREy ; 5 4
3
2 3
0
Renal Dialysis Renal Dysfunction Renal Composite
Outcome Event
B
[ Control [l Aminocaproic acid [l Tranexamic acid  [E Aprotinin
304 29
P<0.001 P<0.001
23 P<0.001
21
— 20 1920
g
Q
v
=
Q
=
v
&
10 P<0.001
P=0.004 P<0.001
4
222
0- & & &
X ¢ & S @ 3
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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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Table 2. Results of Multivariable Logistic Regression for the Renal Composite Outcome in 4374 Patients.*

Analysis in Presence of Covariates Analysis in Presence of Covariates

without Propensity Adjustmenty with Propensity Adjustment:;
Risk Factor Odds Ratio (95% Cl) P Value Odds Ratio (95% Cl) 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/d| 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 1.38 (1.00-1.91) 0.05 1.57 (1.10-2.24) 0.01

inhibitor
Intraoperative transfusion of fresh frozen 2.51 (1.72-3.65) <0.001 2.40 (1.58-3.66) <0.001
plasma

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

* Cl denotes confidence interval, and ACE angiotensin-converting enzyme.

T 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.

I 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.

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

Predictors in Multivariable

Outcome Event Logistic-Regression Model

Death Aprotinin vs. control
Aminocaproic acid vs. control
Tranexamic acid vs. control
Propensity score

Renal eventf Aprotinin vs. control

Aminocaproic acid vs. control

Tranexamic acid vs. control

Propensity score

Cardiovascular
eventq

Aprotinin vs. control

Aminocaproic acid vs. control
Tranexamic acid vs. control
Propensity score

Cerebrovascular
event|

Aprotinin vs. control

Aminocaproic acid vs. control
Tranexamic acid vs. control
Propensity score

Composite outcome  Aprotinin vs. control
event**

Aminocaproic acid vs. control
Tranexamic acid vs. control

Propensity score

Patients Undergoing Patients Undergoing

Primary Surgery Complex Surgery
(N=3013)} (N=1361):
Odds Ratio Odds Ratio
P Value (95% Cl) P Value (95% Cl)

0.22 1.59 (0.76-3.34 0.66 0.86 (0.44-1.70

)
0.65 0.81 (0.33-2.02) 0.01 0.25 (0.09-0.72

0.94 1.03 (0.44-2.45)
<0.001  1.22 (1.09-1.36) 0.004 118

)

)

)

( ( )
( ( )
( 013 0.9 (0.19-1.23)
( ( )
0.006 234 (1.27-4.31 0.004  2.59 (1.36-4.95)
( ( )
( ( )
( ( )
( ( )

1.06-1.32

0.86 0.93 (0.43-2.02 0.23 0.56 (0.22-1.44
0.75 0.88 (0.40-1.94 0.33 1.47 (0.68-3.19
<0.001 1.19 (1.08-1.30) 0.58 1.02 (0.94-1.11

0.01 1.42 (1.09-1.86) 0.67 1.08 (0.75-1.57

013  078(0.56-1.08) 0.8  0.74 (0.48-1.15)
073  095(0.70-1.29) 093  1.02 (0.66-1.57)
<0001  1.08 (1.03-1.12) 016  1.04 (0.99-1.09)

( ( )

0.02 2.15 (1.14-4.06) 0.41 1.29 (0.71-2.35

0.84 0.92 (0.42-2.05) 0.07 0.45 (0.19-1.06)
0.21 1.57 (0.77-3.19) 0.38 0.70 (0.32-1.55)
<0.001 1.19 (1.08-1.30) 0.87 0.99 (0.91-1.08)

( ( )

0.002 1.49 (1.15-1.91) 0.13 1.30 (0.93-1.83

028  0.85(0.63-1.15) 0.09
0.69  0.94 (0.71-1.26) 0.44

0.71 (0.47-1.06)
1.17 (0.79-1.73)

<0.001  1.09 (1.05-1.14) 0.65 1.01 (0.97-1.06)

Cl denotes confidence interval.

T 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.

I 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

A cardiovascular event was defined as either myocardial

A renal event was defined as either renal dysfunction or renal failure requiring dialysis.

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).

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,
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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*? 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

[ Control [ Aprotinin, low dose [ Aprotinin, high dose
50
P<0.001
42
o P<0.001
33
& 30 29
= il
v
S P<0.001 22
T 2 18 L)
S |
i 16
10 P=0.12
6 7
0
Death Renal Event Cardiovascular Composite

Event Outcome Event

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).

performed annually worldwide?#10:1215 — 3 prac-
tice consistent with consensus guidelines.?*1*

Unlike lysine analogues, aprotinin has high
affinity for the kidneys'®1®— 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.'822
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.2°2° Furthermore,
because of its interference with the synthesis and
release of endothelial nitric acid, aprotinin also
may instigate macrovascular or microvascular
thrombosis.?”28
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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.® However, review of this evidence
suggests the presence of several renal “safety
signals,” including aprotinin-associated alpha,-
microglobulin production,® tubule-cell deposition
of protein bands and proteinuria,® dose-dependent
increases in creatinine,>® renal dysfunction,® and
platelet-fibrin thrombotic occlusions of the renal
arterioles after death.” 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.?®

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 models2°242° and preliminary findings in
patients>”° — 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
dysfunction® — 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; gnd selective impairment of
endothelium-derived relaxation by dose-depen-
dent inhibition of nitric oxide synthesis and re-
lease.?”32

A possible link between aprotinin and intra-
vascular thrombosis has been observed in several
in vivo animal models?”2® 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.57:333¢ Randomized clinical trials
yielded mixed findings.>”37-3° Noteworthy, how-
ever, are the findings of a larger, more recent,
sponsor-supported trial,>® 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.?

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 studies?”28:3%34and the ma-
jority of the coronary-graft investigations.>?3337
Similarly, with regard to encephalopathy, our
findings are consistent with those of earlier
studies of microvascular thrombosis?®3* and
specifically with those described by Sundt et al.,”
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 surgery'® 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.*° 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.

The Ischemia Research and Education Foundation (IREF) is an
independent, nonprofit foundation, formed in 1987, that mentors
clinical investigators through observational studies and clinical
trials addressing ischemic injury of the heart, brain, kidney, and
gastrointestinal tract. The Multicenter Study of Perioperative
Ischemia (McSPI) Research Group, formed in 1988, is an associa-
tion of 160 international medical centers located in 23 countries,
organized through, and supported by grants from, IREF.
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