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Abstract Antifibrinolytic agents have been prophylacti-
cally administered to patients undergoing cardiopulmonary
bypass (CPB) to reduce postoperative bleeding due to
plasmin-mediated coagulation disturbances. After the
recent market withdrawal of aprotinin, a potent bovine-
derived plasmin inhibitor, two lysine analogs, ¢-aminoca-
proic acid and tranexamic acid are currently available for
clinical use. Although the use of aprotinin recently raised
major concerns about postoperative thrombosis and organ
dysfunctions, there is a paucity of information on the
potential complications related to lysine analogs. Using the
available preclinical and clinical data, we present current
perspectives on the hemostatic mechanism and potential
harms of antifbirnolytic therapy related to cardiac surgery.
Fibrin formation is the critical step for hemostasis at the
site of vascular injury, and localized fibrinolytic activity
counterbalances excess fibrin formation which might result
in vascular occlusion. Inhibition of the endogenous
fibrinolytic system may be associated with thrombotic
complications in susceptible organs. It is thus important to
understand CPB-related changes in endogenous fibrino-
lytic proteins (e.g., tissue plasminogen activator (tPA),
plasminogen) and antifibrinolytic proteins (e.g., o,-anti-
plasmin).
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Introduction

Perioperative bleeding is a serious complication that
adversely affects the morbidity and mortality of cardiac
surgery [1-3]. Coagulation abnormalities after cardiopul-
monary bypass (CPB) consist of multiple alterations
including a consumptive or dilutional loss of coagulation
factors and platelets, activation of fibrinolysis, and various
metabolic derangements, for example hypothermia and
acidosis [4]. Antifibrinolytic agents are prophylactically
administered during CPB to improve the stability of fibrin
clots against plasmin-mediated degradation (Fig. 1) [5].
Two antifibrinolytic agents, ¢-aminocaproic acid and tran-
examic acid, were originally developed by Okamoto et al.
[6] based on the structure of lysine (hence lysine analogs).
Aprotinin, a bovine-derived natural protease inhibitor, has
been used as a plasmin inhibitor, but has recently been
withdrawn from the market after higher 30-day morbidity
and mortality with aprotinin compared with lysine analogs
were reported in a prospective Canadian antifibrinolytic
trial (blood conservation using anti-fibrinolytics in a ran-
domized trial (BART)) [7]. Aprotinin has long been
regarded as a more potent antifibrinolytic and anti-inflam-
matory than lysine analogs, because aprotinin directly
inhibits multiple serine proteases that are activated in the
CPB circuit (Table 1) [8]. Lysine analogs reduce activation
of plasminogen to plasmin by occupying the lysine binding
site of plasminogen, but they do not directly antagonize
enzymatic actions of plasmin [5, 6]. Could it be possible
that pharmacological differences between aprotinin and
lysine analogs lead to different clinical effects and
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Fig. 1 Local and systemic regulation of coagulation and fibrinolysis.
Hemostasis is established at the vascular injury site after fibrin is
polymerized by thrombin (/la) and activated factor XIII (XIlla).
Factor XIlla and thrombin-activatable fibrinolysis inhibitor (TAFI)
are both activated by thrombin, and they play important roles in
stabilizing fibrin against plasmin. Aprotinin and lysine analogs inhibit
fibrinolysis by different mechanisms. When thrombin is released (i.e.,
free thrombin) into systemic circulation during hemostatic activation,
antithrombin (A7) and thrombomodulin of intact endothelium bind to

Table 1 Inhibitory effects of aprotinin, epsilon-aminocaproic acid,
and tranexamic acid

Aprotinin  EACA Tranexamic acid

Molecular weight 6,512 131 157
Plasma level [mg/dL]* 4.2 60 3.3

[Mol.] 64 x 107° 4.6 x 107> 2.1 x 107*
K; values [Mol.]

Plasmin 7x 107" 32 x 107" 1.6 x 1072

Kallikrein 3.6 x 107 NS NS

Thrombin 6.1 x 107> NS NS

FXIa 1.1 x 10 NS NS

APC 1.1 x 107® NS NS

The lower the K; value, the more avidly target enzyme activity is
inhibited by the respective antifibrinolytic agent [8]

Mol. mol/L, EACA ¢-aminocaproic acid, FXIa activate factor XI, APC
activated protein C, NS no significant inhibition

# Peak levels after a bolus intravenous dose of the respective antifi-
brinolytic agent (data from Refs. [9-11])

outcomes in hemostasis and major organ function in car-
diac surgery [7, 12, 13]?

In this review, both preclinical and clinical data on
coagulation related to the fibrinolytic system will be dis-
cussed to provide insights into the clinical usefulness and
potential harms of antifibrinolytic therapy.

Endogenous regulation of fibrinolysis
The fibrinolytic response is normally a localized reaction

that depends on the presence of fibrin (Fig. 1) [14]. Two
serine proteases, tissue plasminogen activator (tPA) and

thrombin, and reduce its procoagulant activity. Thrombomodulin-
bound thrombin activates protein C (APC), which inactivates
coagulation factors Va and VIIla. Thrombin also causes the release
of tissue plasminogen activator (tPA) from endothelium, which
promotes plasminogen (Plgn) conversion to plasmin on the fibrin
surface. Broken lines indicated inhibitory action of respective
protease inhibitors. 0,-AT, o,-antiplasmin; PAR, protease-activated
receptor (thrombin receptor on endothelium)

plasmin, are rapidly inhibited in the plasma phase by the
serine protease inhibitors plasminogen activator inhibitor-1
(PAI-1) and o,-antiplasmin, respectively (Table 2) [15].
However, tPA and plasminogen preferentially bind to
positively charged lysine residues expressed on fibrin, and
this co-localization of tPA and plasminogen increases the
efficiency of plasmin activation and subsequent fibrin
degradation. Although fibrinolysis is a normal physiologic
response, to dissolve excess fibrin formed within blood
vessels, premature breakdown of fibrin may increase re-
bleeding. There are several mechanisms which stabilize the
fibrin (clot) against fibrinolytic enzymes at the site of
vascular injury. Platelets contain PAI-1 in the «-granule
[16], and locally released PAI-1 upon platelet activation
renders platelet-rich thrombin resistant to fibrinolysis [17].
The zymogen factor (f)XIII is activated by thrombin to
transglutaminase fXIIla, which cross-links ao,-antiplasmin
to fibrin « chains [18]. This reaction proceeds more rapidly
than fXIIla-mediated fibrin cross-linking, and therefore
fibrin polymers become resistant to fibrinolysis in the early
phase of blood coagulation. Congenital o,-antiplasmin
deficiency is a rare disorder, but affected patients develop
severe bleeding tendency because of increased suscepti-
bility to fibrinolysis [19]. Thrombin is also involved in
activation of a pro-carboxypeptidase, thrombin activatable
fibrinolysis inhibitor (TAFI). Later in the course of coag-
ulation a high local concentration of thrombin (>150 nM)
is achieved to form activated TAFI (TAFIa) inside the clot.
TAFIa cleaves carboxyterminal lysine residues from the
fibrin, thereby preventing the binding of plasminogen [20,
21]. The antifibrinolytic effect of TAFIa is localized to the
site of injury, because of the need for the high thrombin
concentration and the short half-life of TAFIa (8—15 min)
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Table 2 Endogenous factors

. . . Molecular Concentration Function
involved in the regulation of weight (Da) (mg/dL)
fibrinolysis & 5
Fibrinolysis promotor
tPA 68,000 0.0005 Activate plasminogen to plasmin
uPA 54,000 0.0002 Activate plasminogen to plasmin
Plasminogen 92,000 20 Zymogen of plasmin
Prekallikrein 88,000 4 Activate scuPA to uPA as kallikrein
Factor XII 80,000 3 Activate prekallikrein to kallikrein
as factor XIla
Fibrinolysis inhibitor
pA s PAI-1 52,000 0.001 Inhibitor of tPA and uPA
tPA tissue plasminogen . . o .
activator, uPA urokinase-type or-Antiplasmin 70,000 7 Inhibitor of plasmin
plasminogen activator, scuPA Pro-TAFI 60,000 0.5 Reduce plasminogen binding to fibrin as TAFI
single chain uPA, TAFI Factor XIII 320,000 3 Cross-link a,-antiplasmin to fibrin
thrombin activatable fibrinolysis C,-inhibitor 105,000 18 Inhibitor of kallikrein, factors XIa and XIla

inhibitor

[22]. Taken together, endogenous antifibrinolytics, PAI-1,
ar-antiplasmin, and TAFIa, are highly concentrated at the
focal point of blood coagulation according to the gradient
of activated platelets, fXIIla, and thrombin [18, 20]. Thus,
fibrin near the vessel wall is highly resistant to fibrinolysis
whereas intraluminal fibrin is more accessible by fibrino-
lytic enzymes for re-canalization of the injured blood
vessel [23].

Cardiopulmonary bypass and fibrinolysis

The rationale for administering antifibrinolytic agents
during CPB is to reduce plasmin activation and plasmin-
mediated hemostatic perturbations (Fig. 1). Several mech-
anisms are attributed to the up-regulation of fibrinolytic
activity during CPB. The release of tPA from Weibel—
Palade bodies (WPB) of endothelium is stimulated by
thrombin [24], epinephrine [25], vasopressin, desmopressin
[26], bradykinin and other substances [27]. Several inves-
tigators demonstrated that the peak tPA level occurs early
(30-60 min) during CPB without antifibrinolytic therapy
[28-30]. Interestingly, factor VIII and von Willebrand
factor (VWF) are also released from WPB. Factor VIII and
vWF level are minimally affected by the initiation of CPB
whereas other factors (prothrombin, factors V, VII, IX, and
X) are reduced to 28-60% of baseline [31, 32]. Taken
together, the initiation of CPB seems to dynamically
stimulate WPB granule release from endothelium by
humoral or rheological mechanisms [33]. Does systemic
fibrinolysis result from a rapid surge of tPA at the begin-
ning of CPB? The answer is “highly unlikely” for two
reasons. First, PAI-1 rapidly binds to tPA, and plasma PAI-
1 level is at its lowest level after 30 min of CPB [29, 30].
Second, fibrin that catalyzes the interaction of tPA and
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plasminogen is minimal in the start of CPB. Over the
course of CPB, plasmin generation measured as plasmin-
ar-antiplasmin (PAP) complex is progressively increased
(without antifibrinolytics) in response to fibrin formation,
due to incomplete suppression of thrombin by heparin-AT
complex during CPB (Fig. 2) [28, 30]. Postoperatively,
there is a gradual increase of PAI-1 secretion (its peak at
2-4 h after CPB) that suppresses fibrinolytic responses [29,
30]. These CPB-related dynamic changes in endogenous
elements/regulators of fibrinolytic system are summarized
in Fig. 3.

In addition to cleaving fibrin into fibrin degradation
products, plasmin is known to degrade coagulation factors
such as fV and fVIII [34, 35]. Plasmin may also affect
platelet function by modulating the surface glycoprotein
(GP) Ib or GPIIb/IIIa receptors [36], and protease-activated
receptor-4 (PAR-4) [37]. The prophylactic use of antifi-
brinolytic agents has been widely implemented after sev-
eral pivotal trials in cardiac surgery demonstrated its blood-
sparing effects [38, 39]. Either aprotinin or tranexamic acid
reduces plasma markers of fibrin degradation (D-dimer),
although aprotinin seems to preserve endogenous o,-anti-
plasmin by directly inhibiting plasmin [30, 40]. A number
of meta-analyses demonstrated that aprotinin and lysine
analogs reduce post-operative erythrocyte transfusion, and
the risk of re-exploration, compared with the placebo [41,
42]. Also, in a prospective randomized study of patients
who recently received clopidogrel (within 5 days of
surgery), aprotinin was shown to reduce postoperative
bleeding compared with placebo (760 £ 350 vs. 1,200 £
570 mL, p < 0.001), and the transfusion of erythrocytes
and platelets after coronary bypass graft surgery (mostly
performed under CPB) [43].

As mentioned previously, persistent platelet activation,
and fibrinogen conversion to fibrin monomers, occur when
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Fig. 2 Plasma markers of Prothrombin fragment 1.2 (F1.2)

coagulation and fibrinolysis. —
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prothrombin to thrombin.
Thrombin—antithrombin
complex (TAT) is increased in
the procoagulant state.
Thrombin mediates the
conversion of fibrinogen to
soluble fibrin (monomer), which
is polymerized by activated
factor XIII to fibrin at the site of
vascular injury (Fig. 1).
Fibrinolytic response is
triggered on fibrin which
adsorbs tissue plasminogen
activator (#PA) and plasminogen
to form plasmin. D-dimer is
released after plasmin-mediated
degradation of fibrin. Plasmin is
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thrombin inhibition is insufficient because of heparin or
antithrombin (AT) deficiency [44, 45]. Heparin is a mixture
of high and low-molecular-weight glycosaminoglycans
(3,000-30,000 Da), and it catalyzes AT-mediated inhibi-
tion of thrombin and activated factor X (fXa) [46]. Low AT
activity (50-60% of normal) is observed in 10-20% of
patients receiving preoperative heparin therapy, because
heparin mediates rapid AT turnover [47, 48]. Preexisting
procoagulant stimuli (e.g., sepsis, acute heparin-induced
thrombocytopenia [49]) can exacerbate deficiency of AT
and other endogenous anticoagulants (e.g., proteins C and
S). Plasmin formation triggered by intravascular fibrin
(secondary fibrinolysis) plays an important role in pre-
venting fibrin deposition, and maintaining blood flow in
vital organs [27]. Thus antifibrinolytic regimens are
potentially harmful in patients with ongoing intravascular
coagulation and fibrinolysis. Preexisting intravascular
coagulation and secondary fibrinolysis can be estimated by
measuring fibrin monomer (soluble fibrin) [50], D-dimer
[51], and PAP complex [52] (Figs. 2, 3). However, these
tests are not routinely used in the preoperative evaluation
because standardized cut-off values do not exist, and sen-
sitivity and specificity vary widely among different assay
techniques [53].

Is antifibrinolytic therapy associated with organ
dysfunction?

Patients with cardiovascular disease often present with
elevated acute inflammatory markers, for example
C-reactive protein (CRP), fibrinogen, and PAI-1 [54].
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Thrombolytic therapy using tPA or urokinase-type plas-
minogen activator may be used in the treatment of acute
coronary artery thrombosis or intracerebral thrombosis.
The safety of intraoperative antifibrinolytic therapy has
thus been a matter of debate for some time [55]. Although
the analysis of the graft patency in prospective randomized
trials of aprotinin (aprotinin, n = 436 vs. placebo,
n = 434) revealed no increased venous graft occlusion
[56], Mangano et al. [57] expressed strong concerns about
organ dysfunction after analyzing a large database of cor-
onary bypass patients (n = 5,022) who received aprotinin
or lysine analogs on CPB. In this retrospective study, they
observed reduced mortality (1.3 vs. 4.0%, p < 0.001) and
nearly 50% reduction in the rate of myocardial infarction
and stroke among those who received aspirin (up to
650 mg) within 48 h of surgery. They also noticed higher
mortality with antifibrinolytic therapy among patients who
received aspirin in the early postoperative period (Fig. 3B
of Mangano et al. [57]). On further analysis of the same
database using a multivariate logistic regression and pro-
pensity-score adjustments, Mangano et al. [12] demon-
strated that renal dysfunction and dialysis were 8% in the
aprotinin group (n = 1,295) compared with 3% in the
control (no antifibrinolytics, n = 1,374). Also observed
were increased tendencies for renal dysfunction, acute
myocardial infarction, heart failure, peripheral vascular
occlusion, cerebral thromboembolism with aprotinin, but
neither e-aminocaproic acid (n = 883) nor tranexamic acid
(n = 822) was found to be associated with such events. In
the follow-up study of these patients groups, 5-year mor-
tality was found to be higher with aprotinin (20.8%) than
with controls (12.7%), ¢-aminocaproic acid (15.8%), and
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Fig. 3 Changes in coagulation markers and fibrinolytic activity
during CPB. Top panel Plasma levels of soluble fibrin and thrombin-
antithrombin complex (TAT) are progressively increased, reflecting
persistent thrombin generation during CPB. Middle panel The peak
plasma level of tPA is observed early during CPB, whereas plasmin
generation (plasmin—o,-antiplasmin complex; PAP) and fibrinolysis
(D-dimer) markers are increased toward the end of CPB similar to
soluble fibrin and TAT levels. Lower panel The lowest level of
plasminogen activator-1 (PAI-1) coincides with the peak level of tPA.
Plasma a,-antiplasmin is more gradually decreased during CPB

tranexamic acid (14.7%) [13]. However, is this sufficient
evidence to conclude aprotinin is more harmful than lysine
analogs? In a retrospective study, statistical adjustment is
generally incomplete in eliminating unmeasured or
unidentified factors (i.e., confounding variable) which may
spuriously affect a causal relationship. For example,
aprotinin is more likely to be used in high-risk patients if
the use of antifibrinolytic therapy is not randomized. In
fact, 42.8% of patients in the aprotinin group had preop-
erative heart failure (vs. 27-33% in lysine analog groups)
[12, 13]. It is speculated that 5-year post-operative morality
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Table 3 Comparison of the Mangano and BART studies

Mangano et al. BART

Type of study
Retrospective Prospective randomized
Study sites

69 sites worldwide 19 sites in Canada

Periods

Nov 1996-Jun 2000 Aug 2002—Oct 2007
Sample size

5,022 2,311
Type of surgery

CABG CABG + valve

MVP/MVR
Asc Ao/Arch Repl.

CABG + valve

Findings related to aprotinin
TRenal dysfunction
TMortality

TMyocardial infarction
TRight heart failure
THemorrhagic death

Data summarized from Refs. [7, 12, 13]

CABG coronary bypass grafting surgery with CPB, valve valve-
replacement surgery with CPB, MVP mitral valvuloplasty, MVR
mitral valve replacement, Asc Ao Repl. ascending aortic replacement,
Arch Repl. aortic arch replacement

rate would be higher in severe patients in whom aprotinin
was frequently indicated. A prospective randomized trial
was necessary to resolve this issue, and the BART study
was initiated to compare aprotinin, ¢-aminocaproic acid,
and tranexamic acid in high-risk cardiac surgery. This
study was prematurely stopped when 2,311 patients were
enrolled because the 30-day post-operative mortality rate
was higher in the aprotinin group than in the others (this
study was planned to enroll 2,970 patients) [7]. Conse-
quently, aprotinin was voluntarily taken off the market in
November 2007. However, there are a number of limita-
tions to conclusively support of Mangano’s data by the
BART results (Table 3). In Mangano’s study, patients
underwent primary coronary artery bypass surgery,
whereas in the BART study, patients had more complex
surgery (CABG with valve replacement, multiple valve
replacements, replacement of ascending aorta or aortic
arch). Furthermore, the results could be influenced by
differences among institutional practices, surgical skills,
and patients’ characteristics, because these studies were
conducted as a multicenter study in a different time period
(Table 3). In contrast with Mangano’s studies, there were
no overall differences in the rates of renal dysfunction/
hemodialysis, stroke, cardiac events, or cardiogenic shock
in the BART study [7, 12]. In addition, a trend of lower
incidence of massive hemorrhage was observed with
aprotinin (9.5 vs. 12.5% in groups receiving lysine ana-
logs). Nevertheless, for 108 patients who died within
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30 days of surgery, the incidence of myocardial infarction,
cardiogenic shock, right heart failure, and the risk of
massive blood loss were higher with aprotinin than with
lysine analogs. Some information that may directly or
indirectly affect outcomes cannot be obtained from these
studies. For example, the duration of CPB and the amount
of heparin are not summarized, although Mangano et al.
had previously demonstrated various predictors for post-
operative renal dysfunction including catecholamine uses,
intra-arterial balloon pump, and prolonged CPB lasting
over 2 h (antifibrinolytic therapy was not regarded as a risk
factor) [58]. The series of studies on aprotinin and lysine
analogs in cardiac surgery obviously demonstrate that
blood-sparing effects of antifibrinolytic therapy is not risk-
free, and it may even worsen prognosis in certain high-risk
cardiac surgical patients.

Does blockade of the endogenous fibrinolytic system
increase thrombosis?

There is a paucity of clinical data on hypercoagulability
and secondary fibrinolysis in cardiac surgery. Therefore, a
review of preclinical studies may aid understanding of
procoagulant aspects of antifibrinolytic therapy. A number
of animal studies have previously demonstrated that fibri-
nolysis plays important but variable roles in maintaining
the function of different organs. The fibrinolytic system
functions in an organ-specific manner, and the effect of
antifibrinolytic therapy is different in various organs [59,
60]. For example, uPA is highly expressed in the murine
kidney, and glomerular fibrin deposition was increased
after exposure to gram-negative bacterial endotoxin,
because the latter down-regulates uPA expression [59].
Fibrin deposition in the lung, heart, and hepatic sinusoids
was much less than in kidneys after exposure to the
endotoxin, but they were markedly increased when
e-aminocaproic acid was co-administered with the endo-
toxin. In double-knockout mice of uPA and tPA, the inci-
dence of growth retardation, poor wound healing, and
death were higher than for single knockout of uPA or tPA
[61]. The degree of fibrin deposition in the lung, liver,
intestine, and reproductive system were significantly
increased relative to the single knockouts. Although tPA-
deficient mice have severely reduced ability to break down
preformed fibrin clots, they were less susceptible to spon-
taneous venous fibrin deposition than uPA-deficient or
uPA/tPA-deficient mice.

The interaction of coagulation and fibrinolysis was
elegantly demonstrated in a study of rabbits with elevated
plasma PAI-1 after exposure to endotoxin or recombinant
PAI-1 [62]. When plasma tPA and uPA were inhibited by
excess PAI-1, fibrin deposition was increased in the lung,

liver, kidney, and spleen after injection of ancrod (the
snake venom extract which forms intravascular fibrin
without thrombin). Interestingly, there were no increases in
fibrin deposition except for small glomerular fibrin deposits
when thrombin was infused in rabbits with elevated plasma
PAI-1. This striking difference between ancrod and
thrombin can be explained by the presence of endogenous
inhibitors for thrombin activity. Intravenously injected
thrombin is rapidly suppressed by AT and endothelium-
bound thrombomodulin [63], whereas ancrod is not neu-
tralized by protease inhibitors in plasma. In another study,
preformed fibrin monomer was infused in rabbits under-
going heparin anticoagulation [64]. In animals pretreated
with e-aminocaproic acid, fibrin deposits were significantly
increased in glomeruli, but not in the lung or liver. Taken
together, these data support the concept that various organs
are differentially regulated in terms of coagulation and
fibrinolysis (e.g., expression of tissue factor, thrombo-
modulin, uPA and tPA) under normal and disease states,
and thus some organs are more susceptible to fibrin
depositions than others [59, 60, 65, 66].

The systemic impact of thrombin generation has been
evaluated in several non-human primate models [67—69].
Giles and Taylor elegantly demonstrated endothelium-
mediated anticoagulation and fibrinolytic functions which
neutralize excessive intravascular formation of thrombin
and fibrin after intravenous infusion of fXa and phospho-
lipids in baboons [67, 68]. Intravascular thrombin forma-
tion elicits activation of two serine proteases, activated
protein C (APC) and plasmin. After binding of thrombin
(via exosite I) to endothelial thrombomodulin, the catalytic
activity of thrombin is optimized toward protein C and
TAFI [70]. APC inhibits fVa, fVIIla, and PAI-1, thus
preventing continuous thrombin generation, and promotes
fibrinolysis [70-72]. Thrombin stimulates a rapid and
transient release of tPA from WPB of endothelium, pro-
moting plasmin activation [24, 27]. Increased systemic
levels of APC and D-dimers after fXa/phospholipid or
thrombin infusion reflect potent anticoagulant mechanisms
to prevent systemic thrombosis [67-69]. What would
happen if antithrombotic protease activities were inhibited?
When APC was neutralized by use of a specific mono-
clonal antibody in baboons, tPA and D-dimer levels were
significantly increased whereas plasma levels of fV, fVIII,
o-antiplasmin, and fibrinogen were reduced [68]. Thus
APC and plasmin have complementary roles in the sup-
pression of thrombin activity and dissolution of intravas-
cular fibrin (Fig. 1).

These preclinical data may not seem to have any
implication in cardiac surgery when heparin anticoagula-
tion is routinely used to suppress thrombin activity. How-
ever, heparin anticoagulation may inadvertently fail in
some cases because of inadequate heparin dosing or low
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AT activity [44, 73]. The inflammatory state during CPB
results in activation of neutrophils and monocytes, further
reducing endogenous anticoagulant activity by releasing
elastase [74], expressing tissue factor [75], or modulation
of endothelial cells (e.g., reduced thrombomodulin
expression) [76, 77]. In patients who develop severe
postoperative hemorrhage after CPB, not only procoagu-
lant elements but also anticoagulant elements are deficient
[73, 78]. Without adequate control of thrombin activity, the
risk of intravascular coagulation and the hazard of anti-
fibrinolytics would be enhanced (Fig. 1). Bleeding patients
are more likely to receive procoagulant interventions to
assist hemostasis in addition to antifibrinolytic therapy.
Rapid, uncontrolled systemic thrombus formation has been
reported in a number of cases [73]. Although antifibrino-
lytic therapies are often implicated as a cause of such
thromboses, it is prudent to pay attention to the regulation
of thrombin, because fibrin (clot) formation always pre-
cedes protein C activation and plasmin activation [79, 80].
It is thus important to recognize the risk of systemic
thrombin activation after other hemostatic interventions,
for example platelet concentrates [81], recombinant fVIIa
[82], or prothrombin complex concentrates [83], when
endogenous anticoagulant mechanisms are dysfunctional
[84, 85].

Are lysine analogs safer than aprotinin?

Epsilon-aminocaproic acid and tranexamic acid have much
smaller molecular weights (131 and 157 Da, respectively)
than aprotinin (6,512 Da). Lysine analogs are far less
antigenic than aprotinin which is associated with allergic/
anaphylactic reactions upon repeat exposure [86]. Lysine
analogs are available in oral and intravenous formulations,
because they are indicated in hemophiliac patients (e.g.,
dental extraction). Although thrombotic complications are
rare in hemophilia, several cases of glomerular capillary
thrombosis after e-aminocaproic acid had been reported
[87, 88]. Tranexamic acid has been associated with seizure
episodes in several case reports and a retrospective cardiac
surgery study [89, 90]. Because lysine analogs cross the
blood-brain barrier to enter central nervous system,
potential hyperexcitability of neurons should be cautioned
[91] when tranexamic acid is being used at a higher dose
(>40 mg/kg iv per day). Martin et al. [90] recently pre-
sented follow-up data from 1,188 consecutive patients who
received aprotinin in the first 5 months (n = 596), and
tranexamic acid in the following 5 months at three centers
(September 2005-June 2006). Aprotinin was administered
as a 2 x 10° KIU bolus intravenously and in the CPB
prime, followed by continuous infusion of 0.5 x 10 KIU/
h until chest closure. Tranexamic acid was administered as
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a 2 g bolus intravenously and in the CPB prime, followed
by continuous infusion of 0.5 g/h until chest closure. They
analyzed the 1-year outcome in relation to the antifibri-
nolytic therapy, and included post-hoc analysis according
to the type of surgery—primary coronary bypass graft
surgery (CABG), primary valve surgery, and high-risk
surgery (combined CABG/valve, redo, and aortic surgery).
There was a significant reduction in chest tube drainage up
to 24 h with aprotinin compared with tranexamic acid,
although only a small difference was observed in the post-
operative use of red blood cells and fresh frozen plasma.
Notably, the incidence of seizure was much higher with
tranexamic acid than with aprotinin (4.6 vs. 1.2% in all
patients, P < 0.001). In valve surgery patients, persistent
atrial fibrillation and renal failure were also more prevalent
with tranexamic acid than with aprotinin. Relative to
tranexamic acid, aprotinin was associated with a higher
incidence of acute myocardial infarction (5.8 vs. 2.0%,
P <0.027) and renal dysfunction (serum creatinine
>1.3 mg/dL, an increase >0.5 mg/dL over the baseline)
(22.5 vs. 15.2%, P < 0.036). One-year mortality was also
higher after aprotinin than tranexamic acid in the high-risk
surgery group (17.7 vs. 9.8%, P < 0.034). Their findings
partially support the concerns about aprotinin-associated
organ dysfunction which were raised by Mangano et al. and
the BART investigators.

According to the approved labels, aprotinin is indicated
for CABG with CPB, and tranexamic acid is indicated for
patients with hemophilia undergoing dental extraction. It is
not uncommon to prescribe a medication “off-label” to a
population of patients that is excluded or untested in the
clinical trials that led to the original approval. For example,
23% of patients currently treated with vitamin K antagonist
(e.g., warfarin) for prevention of thromboembolism do not
meet the eligibility criteria of major clinical trials that
demonstrated vitamin K antagonist therapy as safe and
efficacious [92]. Forty percent of those who were admitted
with vitamin K antagonist-induced bleeding had one or
more exclusion criteria. As the number of exclusion criteria
was increased, the risk of bleeding was multiplied threefold
for one criterion and up to 15-fold for more than 2 criteria.
Analogously, series of antifibrinolytic trials related to
aprotinin in a variety of cardiac surgery patients demon-
strated that antifibrinolytic therapy caused unforeseeable
adverse events which were not evident in the original phase
III trials. As suggested by Martin et al., the overall inci-
dence of complications seems to depend on the target
population [90]. Potent blockade of fibrinolytic pathways
with aprotinin may adversely increase the incidence of
acute myocardial infarction in CABG patients, whereas use
of tranexamic acid in valve surgery is associated with
postoperative seizures. The benefit of antifibrinolytic ther-
apy in patients undergoing noncomplex cardiac surgery
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Table 4 List of factor concentrates

Concentrate Indication Product Manufacturer Viral inactivation
Fibrinogen Fibrinogen def Clottagen LFB TNBP/polysorbate 80
Riastap CSL Behring Pasteurization, 60°C 20-h
FXi1ll FXIII def Fibrogammin CSL Behring Pasteurization, 60°C 10-h
rEXTIT ZymoGenetics Not indicated
rFVIla Hemophilia, FVII def Novoseven NovoNordisk Not indicated
aPCC Hemophilia FEIBA Baxter Vapor heated, 60°C 10-h then 80°C 1-h
pPCC VKA reversal Octaplex Octapharma TNBP/polysorbate 80, nanofilteration
Beriplex CSL Behring Pasteurization, 60°C 10-h, nanofilteration

FXIII factor XIII, rFXIII recombinant factor XIII, TNBP tri-[n-butyl]-phosphate, an organic solvent which removes lipids (c.f., [100]), rFVila
recombinant activated factor VII, aPCC activated prothrombin complex concentrate, PCC prothrombin complex concentrate, VKA vitamin K
antagonist (full PCC products which include factors II, VII, IX, X, protein C and S are listed, c.f. Ref. [101])

(e.g., off-pump coronary bypass) is relatively small because
the extent of hemodilution is not significant enough to
depress endogenous antifibrinolytic proteins (e.g., o,-anti-
plasmin) and enhance fibrinolytic pathways [93, 94]. The
indication of antifibrinolytic therapy may be individually
evaluated using a point-of-care coagulation monitor, for
example thromboelastometry and Sonoclot [94, 95].

Future perspectives and conclusion

In the course of blood coagulation, activation of fibrinolytic
enzymes is the late event which balances hemostasis and
vascular patency [96, 97]. Fibrin formation is a triggering
mechanism for fibrinolytic activation, because adsorption
of tPA and plasminogen by fibrin enables efficient plasmin
activation [97]. Antifibrinolytic agents prevent premature
breakdown of the fibrin clot at the vascular injury site. The
maintenance of plasma fibrinogen concentration is thus
important for antifibrinolytic therapy to be efficacious [94].
Indeed, a low fibrinogen level is an important predictor of
post-CPB bleeding [98, 99]. Purified fibrinogen concen-
trates from human plasma have been used in the manage-
ment of congenital afibrinogenemia and acquired bleeding
tendency in Europe and other countries (Table 4). It is
extremely difficult to raise plasma fibrinogen and other
factors using fresh frozen plasma alone (e.g., 20 U FFP
would be necessary to increase fibrinogen by 100 mg/
dL) [102]. Therefore, purified fibrinogen and other coag-
ulation factor concentrates with virus inactivation
(Table 4) are favorable alternatives to cryoprecipitate and
fresh frozen plasma to reduce transfusion-related compli-
cations [103].

The “off-label” use of recombinant activated factor VII
(rFVIIa; Novoseven, Bagsbaerd, Denmark) was originally
described as a rescue intervention in post-CPB bleeding
cases, but there have been several randomized cardiac

surgical studies [104, 105]. Although intravascular throm-
bosis after rFVIla is rare even at high doses (200-300
pg/kg) in hemophilia patients with inhibitors, the incidence
of thrombosis was found to be higher in non-hemophiliac
patients, particularly after surgery [106]. Because AT and
other endogenous anticoagulant levels are reduced in cases
requiring prolonged CPB [73], it is prudent to administer a
smaller dose (20-45 pg/kg) than the standard dose
(90-120 pg/kg for hemophilia) [105].

As a potential alternative to aprotinin, Dietrich et al.
reported a novel, synthetic, small protease inhibitor called
CU-2010 (molecular weight, 700 Da) [107]. Its high
affinity for plasmin (Kj, 2 nM) is comparable with that of
aprotinin (K; for plasmin, 4 nM), and it is approximately
tenfold more potent than tranexamic acid. CU-2010 is
presumably less antigenic than aprotinin, because of its
small size, but an additional clinical study is necessary to
establish its indication, efficacy, and safety.

In conclusion, antifibrinolytic therapy has become the
mainstay hemostatic strategy for most cardiac surgery
procedures using CPB. However, we have learnt from the
aprotinin sage that the routine use of antifibrinolytics in a
diverse cardiac surgical population may be associated with
various adverse events which had not been evident from
previous proof-of-efficacy trials. Understanding in-vivo
regulatory mechanisms and pharmacologic modulation of
fibrinolysis is important, and additional laboratory and
clinical studies are necessary to determine the optimum
indication and safe antifibrinolytic regimens. With regard
to antifibrinolytic therapy, we can still learn from the
cautionary words of Dr Oscar Ratnoff [87], in 1969, on
current practice; “Epsilon-aminocaproic acid is a useful
weapon. As with all potentially lethal weapons, the key to
use is circumspection.”
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