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Summary

Bivalirudin is a direct thrombin inhibitor (DTI) frequently used
for anticoagulation in the setting of invasive cardiology, particu-
larly percutaneous coronary intervention (PCI). Bivalirudin has
a unique pharmacologic profile: unlike other marketed DTls, it
undergoes predominant non-organ elimination (proteolysis),
and has the shortest half-life (~25 min). Its affinity for thrombin
is intermediate between that of lepirudin (highest) and argatro-
ban (lowest) — this helps explain why it interferes with func-
tional clotting assays to an extent intermediate between that
achieved by these two other DTIs.This effect is best known for
the PT (INR) — higher affinity for thrombin corresponds to
lower molar DTI requirements to prolong the APTT; in turn,
lower concentrations required for APTT prolongation (and, pre-
sumably, in-vivo effect) result in reduced PT (INR) prolongation.
Bivalirudin is primarily used for its first FDA-approved indi-
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cation,namely anticoagulation during percutaneous transluminal
coronary angioplasty ("balloon angioplasty"), the most frequent
type of PCI. Bivalirudin is also indicated for PCI with provision-
al use of glycoprotein lIb/llla antagonist therapy,and for patients
with, or at risk of, heparin-induced thrombocytopenia (HIT), or
HIT with thrombosis syndrome (HITTS), undergoing PCl. The
bivalirudin development program has used a "quadruple” end-
point comprising a "triple" efficacy endpoint plus major bleeding
— this approach anticipated the subsequent emphasis on strat-
egies to improve clinical outcomes through bleeding reduction.
Besides summarizing the key trials evaluating bivalirudin use for
acute coronary syndrome (especially employing PCI), we review
also the studies of bivalirudin as anticoagulant for "on-" and "off-
pump" cardiac surgery, including both HIT and non-HIT situ-
ations.
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Bivalirudin

Bivalirudin is a direct thrombin inhibitor (DTT) that is frequently
used for anticoagulation in the mainstream setting of invasive
cardiology. This contrasts with the other three marketed DTTIs,
with their "niche" indication of heparin-induced thrombocytope-
nia (HIT) — lepirudin, argatroban — or with a minor role in a phar-
maceutically competitive arena — desirudin for post-orthopedic
surgery thromboprophylaxis.

Pharmacology

Bivalirudin (Angiomax, The Medicines Company, Parsippany,
NJ, USA) is an oligopeptide analogue of hirudin, i.e. a “hirulog”.
However, it is only about one-third the size of hirudin (20 vs. 65
amino acids): it combines a carboxy-terminal segment of 12

amino acids (dodecapeptide) derived from native hirudin (resi-
dues 5364, the fibrin[ogen] binding site, also known as exosite
1), to an active site-binding tetrapeptide sequence (d-Phe-Pro-
Arg-Pro) at its amino-terminus; four glycine residues bridge
these two segments together (Fig. 1) (1-3). Thus, like hirudin, bi-
valirudin is a bivalent DTI that binds specifically to thrombin at
two sites, without the need for a cofactor. Its affinity for human
thrombin (Ki = 2 nM) is intermediate between hirudin (Ki =
0.0001 nM) and the synthetic DTI, argatroban (40 nM) (4, 5).
Whereas hirudin binding to thrombin is irreversible, the binding
of bivalirudin to the active site of thrombin is transient. The mo-
lecular mass of bivalirudin is 2,180 Da.

Bivalirudin has important pharmacologic differences versus
heparin. It inhibits thrombin irrespective of whether the throm-
bin is free in solution or bound to fibrin; in contrast, heparin
binds fibrin-bound thrombin poorly. Bivalirudin also has low —
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Proteolytic cleavage

Identical to residues 53-64 of lepirudin
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Figure 1: The structure of bivalirudin. Top: Bivalirudin is comprised
of 20 amino acids, with an N- (amino-) terminal d-Phe-Pro-Arg-Pro
(F-P-R-P) region that binds with high affinity to the active site region
—(exosite 3) of thrombin; a (gly), (G4) “spacer” region; and a C- (car-
boxy-) terminal Asn-Gly-Asp-Phe-Glu-Glu-lle-Pro-Glu-Glu-Tyr-Leu
dodecapeptide (N-G-D-F-E-E-I-P-E-E-Y-L) that binds to the fibrin(ogen)-
binding region (exosite 1) of thrombin. The eleven C-terminal amino
acids (shaded circles) correspond exactly to the 53—64 amino acid se-
quence of lepirudin. Highly-specific, non-competitive binding between
bivalirudin and thrombin results. (Not shown is the heparin-binding
region [exosite 2] of thrombin.) However, proteases such as thrombin
cleave the Arg;-Pro, of bivalirudin, leading to loss of antithrombin

perhaps negligible — immunogenic potential; in contrast, im-
mune HIT is a major drawback of heparin therapy. Bivalirudin
also differs from the DTIs, hirudin and argatroban, with respect
to route of elimination; whereas lepirudin is renally-excreted,
and argatroban is excreted via hepatobiliary mechanisms, bival-
irudin is predominantly excreted by a non-organ mechanism
(proteolysis), with only a minor (20%) component of renal clear-
ance. In addition, the half-life of bivalirudin (approximately
25 minutes [min]) is shorter than the other marketed DTIs (ar-
gatroban, 45 min; lepirudin, 80 min or greater).

The prothrombin time (PT)/international normalized ratio
(INR), activated clotting time (ACT), activated partial thrombo-
plastin time (APTT), and thrombin time (TT) all rise in a linear
fashion with increasing doses of bivalirudin (6). Upon stopping
bivalirudin infusion, its anticoagulant effects reverse rapidly,
with coagulation times approaching baseline within 1 to 2 hours
(h) after stopping the infusion. The ACT is generally used to con-
firm that bivalirudin has been received during interventional car-
diology, as well as for monitoring during cardiac surgery. In
contrast, the APTT has been used for monitoring in patients
treated for HIT. In this situation, the target APTT generally is a
1.5—t02.5-fold increase in the patient’s baseline APTT (3). How-
ever, APTT monitoring may not be reliable if the patient has ad-
ditional factors that can contribute to APTT prolongation (e.g.
hepatic dysfunction, warfarin administration, severe HIT-associ-

activity. Bottom: Initially, there is bivalent binding of bivalirudin to throm-
bin, as shown. Following cleavage at Arg;-Pro,, the N-terminal sequence
of bivalirudin no longer binds to thrombin, leaving the residual C-ter-
minal dodecapeptide with greatly-reduced binding affinity for exosite |
of thrombin. Thus, the bivalirudin remnant transforms to a competitive
inhibitor of thrombin. Other substrates, e.g. fibrinogen, can compete
with, and displace, bivalirudin, thus allowing thrombin to resume its pro-
haemostatic functions. Arg (R), arginine; Asn (N), asparagine;

Asp (D), aspartic acid; Glu (E), glutamic acid; Gly (G), glycine; lle (I),
isoleucine; Leu (L), leucine; Phe (F), phenylalanine; Pro (P), proline;

Tyr (Y), tyrosine. Reprinted with permission (3).

ated disseminated intravascular coagulation [DIC]), non-spe-
cific inhibitor, and so forth).

Among the commercially-available DTI's, the prolongation
of the INR by bivalirudin is intermediate between that seen with
lepirudin (lowest) and that of argatroban (highest) (4, 5) (Fig. 2).
Notably, the affinity of bivalirudin for thrombin is intermediate
between that of lepirudin (highest) and argatroban (lowest) — this
helps explain why bivalirudin interferes with functional clotting
assays to an extent intermediate between that achieved by these
two other DTIs. This effect is best known for the PT (INR) —
higher affinity for thrombin corresponds to lower (molar) DTI
requirements to prolong the APTT; in turn, lower (molar) con-
centrations required for APTT prolongation (and, presumably,
for in-vivo effect) result in reduced INR prolongation) (4). These
effects are particularly evident in critically ill patients, as DTI
levels tend to be higher (due to reduced drug elimination), and
concomitant reductions in coagulation factor levels (e.g. due to
liver dysfunction or consumptive coagulopathies) are common.

Bivalirudin is administered by intravenous (i.v.) route, and
produces a rapid anticoagulant effect. It has an average volume
of distribution of 0.24 1/kg, i.e. the majority of bivalirudin dis-
tributes extracellularly. Its rapid plasma clearance rate (~4 ml/
min/kg) greatly exceeds average glomerular filtration rate
(~1.0-1.7 ml/min/kg), reflecting its dual clearance by proteoly-
sis (~80%) and kidneys (~20%) (6, 7). The half-life of bivaliru-
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din in severe renal dysfunction is prolonged to about 1 h, and in
the setting of dialysis-dependent renal failure, the half-life ap-
proaches 4 h; thus, patients with renal insufficiency require
lower initial bivalirudin dosing and more frequent anticoagulant
monitoring. This approximate eight-fold increase in the half-life
of bivalirudin (and corresponding approximate eight-fold de-
crease in its initial infusion rate) in the setting of dialysis-de-
pendent renal failure contrasts with the 100-fold increase in half-
life (and 100-fold decrease in the initial infusion rate) seen with
hirudin.

Reversal

There is no specific antidote for bivalirudin. Mechanical devices
including haemodialysis, haemofiltration, and plasmapheresis
can remove significant amounts of bivalirudin (especially, when
compared with lepirudin) (8), and may be helpful in some situ-
ations of overdosing.

Clinical use of bivalirudin

Bivalirudin is primarily used for its first FDA-approved indi-
cation, namely anticoagulation during percutaneous translumi-
nal coronary angioplasty (PTCA, or “balloon angioplasty”), the
most frequent type of percutaneous coronary intervention (PCI),
and a procedure that has been performed since 1977 (9). Bival-
irudin is also indicated for PCI with provisional use of glycopro-
tein (GP) IIb/Il1a antagonist therapy, and for patients with, or at
risk of HIT (or HIT with thrombosis syndrome [HITTS]) under-
going PCI. (In Canada, bivalirudin is also indicated for patients
with, or at risk of HIT/HITTS, undergoing cardiac surgery.)
Bivalirudin has also been evaluated for non-interventional
treatment of acute coronary syndrome (ACS) and myocardial in-
farction (MI), as well as for anticoagulation during cardiac sur-
gery, both for "routine" use as well as in situations where heparin
therapy is contraindicated. Treatment and prevention of throm-
bosis complicating HIT is another evolving clinical application.
This section will discuss primarily the efficacy of bivalirudin in
PTCA and other PCI procedures (e.g. stenting), as well as certain

“off-label” situations, including interventional management of
ACS/MI and cardiac surgery (both “off-* and “on-pump”). We
will also discuss use of bivalirudin for treatment of acute HIT, in-
cluding specialized situations such as cardiac surgery and PCI.
We will not discuss use of bivalirudin in other clinical situations,
such as non-interventional treatment of ACS/MI, peripheral per-
cutaneous interventions (PPI), and the prevention and treatment
of venous thromboembolism.

Percutaneous coronary intervention (PCI)

The first report describing use of bivalirudin during cardiac
catheterization employing angioplasty appeared in 1993, and
represented a multicenter, open-label, dose-finding trial of 279
patients undergoing this procedure (10). Efficacy appeared grea-
test at the highest doses employed, and subsequently, an even
higher dose regimen (bolus, 1.0 mg/kg; infusion, 2.5 mg/kg/h)
was selected for subsequent study (11).

Bivalirudin was compared with unfractionated heparin
(UFH) for patients requiring urgent angioplasty because of un-
stable angina, and who had not received thrombolytic therapy
within the last 24 h. In this Hirulog Angioplasty Study (HAS),
which reported on 4,098 patients who underwent angioplasty, bi-
valirudin (n=2,059) was given as an i.v. bolus (1.0 mg/kg), fol-
lowed by a 4 h infusion at a rate of 2.5 mg/kg/h; thereafter, an ad-
ditional infusion (at a rate of 0.2 mg/kg/h) for 14 to 20 h was
given. The comparator, UFH (n=2,039), was given as an i.v.
bolus of 175 U/kg, followed by an 18 to 24 h infusion at a rate of
15 U/kg/h. The primary endpoint was any of the following com-
plications during hospitalization: death, MI, or abrupt vessel clo-
sure within 24 h of PCI, or rapid clinical deterioration of cardiac
origin requiring bypass surgery, intra-aortic balloon pump use,
or repeated PCI. In the original publication (12), the authors re-
ported that — as compared with high-dose UFH — bivalirudin did
not reduce significantly the incidence of the primary efficacy
endpoint (11.4% vs. 12.2%; p=0.44) but lowered the incidence
of major bleeding (3.8% vs. 9.8%; p<0.001). In a prospectively
stratified cohort of 704 patients with post-infarction angina (a
subset of HAS), bivalirudin resulted in a lower rate of the pri-
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] 35 - o activated partial thromboplastin time
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mary efficacy endpoint (9.1% vs. 14.2%; p=0.04) and bleeding
(3.0% vs. 11.1%; p<0.001) (12). These results, among other con-
siderations, led the sponsor (Biogen) to cease further drug devel-
opment.

Subsequently, the compound was transferred to The Medi-
cines Company. A reanalysis of the trial data (13) was perform-
ed that included an additional 214 enrolled patients who had not
undergone angioplasty, and who therefore had been excluded in
the original per-protocol analysis, but who were now included
(per intention-to-treat principle) in the subsequent report now
comprising 4,312 subjects (4,098 +214). The reanalysis was also
based on contemporary definitions of adjudicated endpoints,
and actuarial analysis with greater follow-up compliance. In this
(renamed) Bivalirudin Angioplasty Trial (BAT), the frequencies
of several important secondary endpoints were found to be sig-
nificantly reduced with bivalirudin. For example, among all
study patients, the composite endpoint (at day 7) of death, M1, or
revascularization (“triple” efficacy endpoint) occurred in 6.2%
of bivalirudin-treated patients, and 7.9% of UFH-treated patients
(p=0.039). These differences were greater in the post-infarction
angina cohort (4.9% vs. 9.9%; p=0.009). Further, major bleeding
occurred in 3.5% of bivalirudin-treated patients, but 9.3% of he-
parin-treated patients (p<0.001). Thus, bivalirudin appeared to
be at least as effective as heparin in preventing ischemic compli-
cations in patients who underwent angioplasty for unstable angi-
na, but was associated with fewer episodes of major haem-
orrhage (14).

Based on this study, bivalirudin was approved by the FDA in
the following dose regimen: an i.v. bolus dose of 1.0 mg/kg fol-
lowed by a 4 hi.v. infusion at a rate of 2.5 mg/kg/h; after comple-
tion of the initial 4 h dose, an additional infusion could be initi-
ated (rate, 0.2 mg/kg/h) for up to 20 h, if needed. In 2005, based
upon subsequent studies, the approved dose was reduced to a
smaller bolus (0.75 mg/kg) and a smaller infusion rate (1.75 mg/
kg/h) given for the duration of the procedure, rather than for a
4 h period.

PCIl in the glycoprotein llb/llla antagonist era

Bivalirudin underwent subsequent evaluations to bring it into the
contemporary era of stents, clopidogrel, and GPIIb/IIla antagon-
ist therapy. The pilot study, CACHET (Comparison of Abcixi-
mab Complications with Hirulog for Ischemic Events Trial), also
evaluated different bivalirudin regimens (15): phase A (bolus,
1.0 mg/kg; infusion, 2.5 mg/kg/h for 4 h), phase B (bolus, 0.50
mg/kg; infusion 1.75 mg/kg/h for duration of procedure), and
phase C (bolus, 0.75 mg/kg; infusion, 1.75 mg/kg/h for duration
of procedure). CACHET helped to identify the dosing regimen
(phase C) that eventually became "standard". In addition, later
phases of CACHET evaluated provisional (“rescue’) abciximab
use for indications such as coronary dissection, new or suspected
thrombus formation, impaired or slow coronary flow, and distal
embolization. Approximately 25% of bivalirudin-treated pa-
tients received abciximab on such a provisional basis. The effi-
cacy endpoint was a composite (“triple” endpoint) of death, MI,
or surgical/interventional revascularization by hospital dis-
charge or within seven days of randomization (whichever came
first). Whereas this endpoint was observed in none of 59 patients
receiving the standard bivalirudin dosing regimen, it occurred in

6.4% of controls. When the three bivalirudin dosing regimens
studied in phases A through C were pooled in a post-hoc analy-
sis, bivalirudin was found to be significantly more effective than
the heparin-treated controls when the “triple” efficacy endpoint
was combined with major bleeding to produce a “quadruple”
endpoint (3.4% vs. 10.6%; p=0.018). These pilot data prompted
the subsequent evaluation of bivalirudin for PCI in much larger
phase I1I trials.

In the Randomized Evaluation in PCI Linking Angiomax to
Reduced Clinical Events (REPLACE)-1 trial, heparin was com-
pared to bivalirudin (0.75 mg/kg bolus, 1.75 mg/kg/h infusion)
in patients undergoing elective or urgent PCI with any one of the
GPIIb/I1a inhibitors (72% use in both groups at the discretion of
the physician) in 1,056 patients (16). Bivalirudin use was
required only for the duration of the PCI procedure itself (al-
though it could be given for up to 4 h post-procedure at the dis-
cretion of the investigator). The composite “triple” efficacy end-
point showed a non-significant reduction in bivalirudin-treated
patients at 48 h (5.6% vs. 6.9%; p=0.40). A similar non-signifi-
cant reduction in the “quadruple” endpoint (that included major
bleeding) also favored bivalirudin (7.1% vs. 8.8%; p=0.32).
These results set the stage for the subsequent large-scale study,
REPLACE-2.

The REPLACE-2 trial was a double-blind RCT of 6,010 pa-
tients that compared bivalirudin (n=2,999) with provisional use
of GPIIb/IIIa inhibition (administered to 7.2% of patients) or he-
parin with planned GPIIb/II1a inhibition (abciximab or eptifiba-
tide; n=3,011) given for anticoagulation during PCI (17). All pa-
tients received aspirin, and most also an ADP receptor antagon-
ist (usually clopidogrel). The dosing of bivalirudin was the same
as per REPLACE-1, and thus its administration was usually li-
mited to the duration of the PCI procedure itself (median du-
ration of bivalirudin infusion in REPLACE-2, 0.73 h).

The “quadruple” composite endpoint (death, MI, urgent re-
peat revascularization, or in-hospital major bleeding by 30 days)
occurred in 9.2% of bivalirudin-treated patients and 10.0% of
controls (odds ratio [OR] 0.92; 95% confidence interval [CI]
0.77-1.09; p=0.32). The secondary “triple” composite endpoint
occurred in 7.6% of bivalirudin-treated patients, and 7.1% of
controls (OR, 1.09; 95% CI, 0.90-1.32; p=0.40). Prespecified
statistical criteria for non-inferiority to heparin plus GPIIb/Illa
blockade were met for each endpoint. In addition, significantly
less major bleeding was observed in bivalirudin-treated patients,
compared with controls (2.4% vs. 4.1%; p<0.001). As well, sig-
nificantly fewer bivalirudin-treated patients developed a platelet
count fall to below 100 x 10%1 (0.7 vs. 1.7%; p<0.001). Clopido-
grel therapy did not influence the relative efficacy of bivalirudin
versus UFH plus GPIIb/IIIa blockade, though it did reduce the
primary (quadruple) endpoint in patients receiving bivalirudin
(8.7% pretreatment vs. 12.9% no pretreatment; p=0.0007) (18).
Thus, whereas clopidogrel pretreatment appeared to improve
clinical outcomes without compromising safety, its use was not
required for bivalirudin to achieve efficacy similar to UFH plus
GPIIb/IIa blockade.

The benefits of bivalirudin appear to be durable, as the
6-month and 1-year follow-up results of REPLACE-2 (19) found
the incidences of death, MI, and repeat vascularization to be
similar between the patient groups. Thus, long-term clinical out-
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comes with bivalirudin and provisional GPIIb/Illa blockade
were comparable to that of heparin plus planned GPIIb/IIla in-
hibition, with non-significant trends toward lower one-year mor-
tality with bivalirudin present in all patient subgroups analyzed
that were of greatest magnitude among high-risk patients.
Further, a meta-analysis of the BAT, CACHET, REPLACE-1,
and REPLACE-2 studies by Dr. John A. Bittl, reported in (2),
showed that the use of bivalirudin significantly reduced the
“triple” efficacy endpoint (OR, 0.87 [95% CI, 0.77-0.99]) and
bleeding (OR, 0.42 [95% CI, 0.35-0.51]).

Acute coronary syndrome (ACS)—ACUITY Trial
Medical management of ACS typically includes a combination
of ADP receptor antagonism (clopidogrel), GPIIb/Illa receptor
antagonism, and heparin (UFH or low-molecular-weight heparin
[LMWH]). To determine whether bivalirudin — in conjunction
with acute catheterization and urgent intervention — might pro-
vide further improvement over these strategies, the Acute Cathe-
terization and Urgent Intervention Triage strategY (ACUITY)
trial was performed (20). Unlike the REPLACE-2 patient popu-
lation, which comprised mainly low-risk ACS patients, the
ACUITY trial enrolled moderate- and high-risk ACS patients.

The ACUITY trial randomized 13,819 patients with ACS in
whom early invasive strategy was planned (i.e. angiography with-
in 72 h) to one of three therapies: (4) UFH or LMWH (enoxapa-
rin) plus a GPIIb/Illa inhibitor versus (B) bivalirudin plus a
GPIIb/I1a inhibitor versus (C) bivalirudin alone (with provision-
al GPIIb/IIa inhibition). Bivalirudin was administered as a 0.1
mg/kg bolus, then 0.25 mg/kg/h infusion continued through angi-
ography; if PCI was performed, then an additional bolus of 0.5
mg/kg was given, and the infusion increased to 1.75 mg/kg/h until
end of procedure (with the option to continue bivalirudin at 0.25
mg/kg/h for up to 12 h at the discretion of the investigator). The
primary study efficacy endpoint was a "composite ischemia end-
point" (death, MI, unplanned revascularization at 30 days) and
the primary safety endpoint was major bleeding. These endpoints
were also combined, yielding a "net clinical outcome endpoint".

The ACUITY trial found that bivalirudin plus a GPIIb/I1Ia in-
hibitor, as compared with heparin plus a GPIIb/IIIa inhibitor,
was associated with a non-inferior rate of the composite
ischemic endpoint (7.7% and 7.3%, respectively), major bleed-
ing (5.3% and 5.7%, respectively), and the net clinical outcome
endpoint (11.8% and 11.7%, respectively). Thus, the nominal
decrease in bleeding events seen with bivalirudin plus a GPIIb/
IITa inhibitor offset the nominal increase in ischemic events,
which resulted in a similar net clinical outcome endpoint (21).
The main study conclusion, however, focused on the following
result: bivalirudin alone, as compared with heparin plus a GPIIb/
IITa inhibitor, was also associated with a non-inferior rate of the
composite ischemic endpoint (7.8% and 7.3%, respectively), but
with a significantly reduced rate of major bleeding (3.0% vs.
5.7%; relative risk [RR] 0.53, 95% CI 0.43 to 0.65; p<0.001),
and a net clinical outcome endpoint (10.1% vs. 11.7%; P=0.02;
RR 0.86, 95% CI, 0.77 to 0.97; p=0.02).

One caveat of the ACUITY study (21) was that the patients
who received bivalirudin monotherapy, but not clopidogrel, had
atrend to increased ischemic events compared with those treated
with a GPIIb/Illa antagonist. This was a prespecified subgroup

analysis, and the result suggests that patients treated with bival-
irudin alone could benefit from pretreatment with clopidogrel
prior to PCI (21).

In order to determine the optimum strategy for use of GPIIb/
[IIa inhibitors, patients in the ACUITY trial also underwent a
second randomization procedure, as follows (22). Patients as-
signed to receive GPIIb/Illa inhibitors (groups A and B) were
subrandomized (in a 2x2 factorial design) to upfront initiation of
the GPIIb/I11a antagonist (immediately after randomization), as
compared with deferring GPIIb/Illa inhibitor initiation for selec-
tive use in the catheterization laboratory starting immediately
prior to PCI. The GPIIb/IIIa inhibitors allowed for upfront use
were eptifibatide or tirofiban, whereas abciximab or eptifibatide
could be used at PCI (all at the investigator's choice).

In total, 7,789 of the 13,918 patients in ACUITY underwent
a PCI after angiography. Little effect was seen whether the
GPIIb/Ia inhibitor was given upstream versus whether its use
was deferred. As in the main ACUITY trial, the rates of compos-
ite ischemia, major bleeding, and the net clinical outcome among
the patients who underwent PCI did not differ significantly be-
tween those who received bivalirudin plus GPIIb/Illa inhibitors
versus those who received heparin plus a GPIIb/Illa inhibitor.
However, although rates of the composite ischemia endpoint
were much the same in those who received bivalirudin alone ver-
sus those who received heparin plus GPIIb/Il1a inhibitors, there
were significantly fewer patients who experienced major bleed-
ing among those who received bivalirudin alone than among
those who received heparin plus GPIIb/I11a inhibitors (3.5% vs.
6.8%; RR 0.52, 95% CI 0.40-0.66; p<0.0001). This was associ-
ated with a trend towards better 30-day net clinical outcomes
(11.6 vs. 13.3; RR 0.87, 95% CI 0.75-1.00; p=0.057). Although
these findings mirrored those of ACUITY and REPLACE-2,
they occurred here in a more complex patient population (23).

Impact of bleeding in mortality in ACS

In the bivalirudin development program, major bleeding was de-
fined as intracranial or retroperitoneal haemorrhage, or clini-
cally-overt bleeding resulting in a decrease in haemoglobin level
by more than 3 g/dl, or clinically-overt bleeding leading to trans-
fusion of two or more units of blood (15-17, 20); other criteria
also defining major bleeding in specific trials included any de-
crease in haemoglobin level by more than 4 g/dl without an overt
bleeding site (REPLACE-1 and -2, ACUITY), haemorrhage at
the access site requiring intervention (ACUITY), hematoma
with a diameter of at least 5 cm (ACUITY), reoperation for
bleeding (ACUITY), or any transfusion of a blood product
(ACUITY) (17, 20). Moreover, in the REPLACE-2 and
ACUITY trials, major bleeding was assessed up until 25 to 35
days post-randomization (earlier studies had used shorter assess-
ment periods), and also were prospectively assessed using TIMI
criteria (17, 20).

The clinical relevance of reduced bleeding in patients receiv-
ing bivalirudin alone versus the control group (heparin plus
GPIIb/I1a inhibitor) should not be underestimated. An analysis
from the ACUITY trial (24) showed that patients with major
bleeding had a higher 30-day mortality rate compared with pa-
tients who did not have major bleeding (7.3% vs. 1.2%;
p<0.0001), and was an independent predictor of 30-day mortal-
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ity (OR 7.55,95% CI,4.68 to 12.18; p<0.0001). Similar findings
were observed in a recent analysis (25) of data from RE-
PLACE-2: patients with major bleeding had a higher 30-day
mortality rate, compared with patients without major haem-
orrhage (5.1% vs. 0.2%; p<0.001). This difference in mortality
remained significant at 1 year (8.7% vs. 1.9%; p<0.001). Fur-
thermore, major haemorrhage was an independent predictor of
1-year mortality (OR 2.66, 95%CI, 1.44 to 4.92; p=0.002).

In this context, it is worth noting that the issue of major bleed-
ing and increased mortality was also evident in an randomized
controlled trial (RCT) comparing (low-dose) fondaparinux with
(therapeutic-dose) enoxaparin for the treatment of ACS. In that
study, the Fifth Organization to Assess Strategies in Acute
Ischemic Syndromes (OASIS-5) (26), a higher major bleeding
rate with enoxaparin appeared to explain the higher mortality
rate among patients receiving enoxaparin. Nevertheless, it re-
mains an open question to what extent the advantages of avoid-
ing bleeding with bivalirudin monotherapy are offset by poten-
tial compromise in therapeutic efficacy, particularly in certain
high-risk patients. Indeed, it is important to point out that the
lower mortality rate seen with fondaparinux (vs. enoxaparin) in
the treatment of ACS was not mirrored in any of the bivalirudin
trials to date, despite the consistent reduction in major bleeding
seen with bivalirudin monotherapy.

Cardiac surgery (non-HIT settings)

Bivalirudin has been studied for intraoperative anticoagulation
during cardiac surgery, both for surgery utilizing cardiopulmon-
ary bypass (CPB), as well as "off-pump" coronary artery bypass
graft (OPCAB) surgery. The rationale for using bivalirudin for
anticoagulation during cardiac surgery (2) includes: its relatively
short half-life (~25 min); its largely organ-independent clear-
ance, its direct inhibition of thrombin without need for a cofactor
(thus, avoiding potential for heparin "resistance" due to congeni-
tal or acquired antithrombin deficiency); its rapid, dose-depend-
ent effect; its lack of structural similarity to heparin (thus, avoid-
ance of HIT); no need for protamine (thus avoiding its adverse
effects); and no need for dose reduction in settings of mild or
moderate renal dysfunction.

In the first RCT involving OPCAB surgery, bivalirudin re-
vealed comparable results with regard to safety (especially peri-
operative blood loss and transfusion requirements) and efficacy,
with less graft occlusion versus UFH (with protamine reversal)
(27), suggesting the possibility of superior graft patency due to
more effective thrombus prevention within nascent sutured
grafts (28). Subsequently, four prospective evaluations were per-
formed evaluating bivalirudin for anticoagulation during cardiac
surgery (29-32). Two studies (EVOLUTION-ON and -OFF) in-
volved CPB and OPCAB surgery, respectively, in patients who
did not have contraindications to use of UFH, whereas the other
two studies (CHOOSE-ON and -OFF) included patients in
whom heparin was considered contraindicated because of acute
or previous HIT, or because of the presence of anti-PF4/heparin
antibodies. The acronym, "EVOLUTION", denotes EValuation
of Patients during coronary artery bypass graft Operations:
Linking UTilization of bivalirudin to Improved Qutcomes and
New anticoagulant strategies; in contrast, "CHOOSE" refers to
CABG HIT/TS On- and Off-Pump Safety and Efficacy (33).

The four clinical situations evaluated in the two EVOL-
UTION and two CHOOSE studies differ considerably. For
example, during CPB surgery, anticoagulation must be sufficient
not only for the surgical procedure itself but also for inhibiting
contact activation triggered by the large non-endothelial surfaces
ofthe CPB apparatus as well as by the reinfusion of tissue factor-
enriched blood aspirated from the operative field. Also, the hy-
percoagulability state of patients with acute HIT, and the comor-
bidities often encountered in this special patient population, may
adversely affect outcomes compared with non-HIT patients (al-
though relatively few patients in the CHOOSE studies actually
had acute HIT).

Off-pump coronary artery bypass surgery
As already noted, Merry et al. (27) compared bivalirudin to UFH
for OPCAB surgery in a semi-open label (surgeon-blinded)
prospective study of 100 patients (half receiving bivalirudin).
Dosing was identical to that currently used in PCI (0.75 mg/kg
bolus with intraoperative infusion at 1.75 mg/kg/h). The target
ACT was a minimum of 300 seconds (s). This regimen was em-
ployed because it results in bivalirudin concentrations during
OPCAB between 7-10 pg/ml (3.2-4.6 uM); a minimum level of
6.5 ug/ml is believed to be the threshold for preventing thrombo-
sis during PCI (34). The primary endpoint was 12 h blood loss,
and secondary endpoints were ischemic complications and cor-
onary artery patency at 12 weeks. No deaths were reported. Al-
though the ACT took longer to return to normal after stopping bi-
valirudin, compared to UFH (with protamine reversal), total
blood loss was similar in both groups, however. An intriguing
finding was that graft patency (by angiography reviewer-blinded
assessment) was improved in the patients receiving bivalirudin.
The EVOLUTION-OFF study was an open-label, multi-
center, phase III study of OPCAB involving non-HIT patients
(29). Of the 157 study patients, 105 received bivalirudin, and 52
received heparin with protamine reversal (2:1 randomization).
Bivalirudin dosing was 0.75 mg/kg bolus and 1.75 mg/kg/h for
the duration of the procedure, with the option to increase/de-
crease the infusion (by 0.25 mg/kg/h), or to administer additional
boluses (from 0.1 to 0.5 mg/kg) if the ACT fell below 300 s. The
primary efficacy endpoint — acute procedural success (defined as
absence of death, Q-wave MI, repeat coronary revascularization,
and stroke at day 7 or discharge, whichever came first) — occurred
in 93% of patients in both study groups. No other significant dif-
ferences occurred, although the frequency of stroke was some-
what greater (5.5% vs. 0%) in the heparin group. Total blood loss
and reoperations for bleeding were not significantly different.

On-pump cardiac surgery

Koster and colleagues performed a pilot study of 20 patients (6
with moderate renal dysfunction) who underwent bivalirudin
anticoagulation for normothermic CPB (35). A commercial de-
vice to measure the ecarin clotting time (ECT) intraoperatively
was used to target bivalirudin to a concentration of 10-15 pg/ml,
which corresponded to an ECT range 0of400-500 s (36). Bivaliru-
din was administered as an i.v. bolus dose (1.5 mg/kg) and initial
1.v. infusion of 2.5 mg/kg/h, plus 50 mg into the pump prime. Ad-
ditional intraoperative bivalirudin boluses (0.25 mg/kg) and/or
adjustments of 0.25 mg/kg/h in the infusion were permitted to
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maintain the target ECT. The primary endpoint (death, Q-wave
MI, need for revascularization, or stroke during hospitalization)
occurred in two of 20 patients (10%), both non-fatal Mls. Medi-
an total (12 h) blood loss was 700 ml; 60% of patients received
blood products. No patient required reoperation for persistent
bleeding. The ECT remained above 400 s, and mean bivalirudin
concentrations during CPB were approximately 16 pg/ml. Use of
zero-balanced ultrafiltration lowered the elimination half-life of
bivalirudin from about 35 min to 24 min. This pilot study demon-
strated clinical feasibility of bivalirudin anticoagulation for CPB.

In view of the high bivalirudin concentrations achieved in
this pilot study, and the predictable and stable concentrations ob-
served throughout CPB, a second pilot study was performed to
evaluate an even simpler regimen (37). In this 10-patient study,
the initial pre-CPB bolus was reduced (to 1.0 mg/kg); the dose of
bivalirudin (50 mg) added to the pump prime was unchanged. A
constant fixed-dose i.v. infusion of bivalirudin was commenced
as before (2.5 mg/kg/h), except that no intraoperative adjust-
ments were made (however, rebolusing at 0.1-0.5 mg/kg was
allowed to maintain the ECT value above 400 s). As before, the
bivalirudin infusion was discontinued 15 min before expected
separation from CPB. In all 10 patients, the target bivalirudin
concentration was maintained, despite the use of a simpler, con-
stant infusion rate. Moreover, the study showed that the bivaliru-
din, when used with a closed CPB system and without cardio-
tomy suction, effectively attenuated haemostatic activation dur-
ing CPB, based on measurements of fibrin d-dimer, prothrombin
fragment 1+2, and thrombin-antithrombin complexes, thus de-
monstrating the effectiveness of the current dosing protocol for
anticoagulation during CPB surgery.

Technical considerations
Unlike heparin, bivalirudin undergoes progressive enzymic me-
tabolism, leading to reactivation of thrombin. Thus, bivalirudin-
anticoagulated blood that lies stagnant (i.e. without ongoing
source of bivalirudin) will eventually clot (38). Thus, clotting of
stagnant blood (e.g. in pericardial spaces) does not indicate lack
of adequate systemic anticoagulation, but rather ongoing metab-
olism of bivalirudin in pooled blood. The cardiac surgical/anes-
thesiology/perfusionist team that is planning to utilize bivaliru-
din for cardiac surgery is urged to consult literature regarding the
technical issues relating to the safe use of this anticoagulant dur-
ing cardiac surgery, particularly when utilizing CPB (2, 32, 33).
Based on the two aforementioned pilot studies, the EVOL-
UTION-ON study for CPB was designed using the protocol
shown in Table 1 (30, 38). Twenty-one institutions enrolled 101
patients randomized to bivalirudin and 49 to heparin with prota-
mine reversal (2:1 randomization). In this small RCT, no signifi-
cant difference in the primary endpoint of acute procedural suc-
cess (absence of death, Q-wave M1, stroke, repeat coronary rev-
ascularlization) was seen: 94.9% (bivalirudin) versus 96.2% (he-
parin/protamine) at 7-day follow-up. There was greater early
postoperative blood loss with bivalirudin (median at 2 h, 238 vs.
160 ml; p=0.0009) and a numerically higher rate of reoperation
for bleeding (5.1% vs. 1.9%; p=0.67), but an offsetting tendency
to less perioperative non-Q-wave MI (5.1% vs. 9.6%; p=0.32).
These data at least suggest the possibility that bivalirudin is a
plausible candidate eventually to displace heparin from its half-
century dominance in the cardiac operating suite (39).

Initial bivalirudin dosing (pre-CPB)

Table |: Protocol for bivalirudin anti-
coagulation during CPB (EVOLUTION-

ON trial). Reprinted, with modifications, with

permission (38).

Initial i.v. bivalirudin bolus: 1.0 mg/kg
and begin continuous i.v. infusion: 2.5 mglkg/h (42 pglkg/min)
Bivalirudin added to pump circuit: 50 mg

Target anticoagulant monitoring*:

(International Technidyne), or ECT

At least 2.5-times baseline ACT, using either the
ACT-Kaolin (Hemochron®), ACT-Plus®, ACT-T

If subtherapeutic ACT (or ECT): give additional bolus (0.1-0.5 mg/kg)

Bivalirudin dosing and monitoring while on CPB

Continue fixed-rate i.v. infusion:

2.5 mg/kg/h until 15 min prior to expected separation from CPB
(if CPB not terminated in 20 min, then an additional 0.5 mg/kg
bolus is given, and infusion at 2.5 mg/kg/h is restarted

Frequency of anticoagulant monitoring: | every 15-30 min

If subtherapeutic ACT (or ECT): give additional bolus (0.1-0.5 mg/kg)

Special steps at end of CPB

Stop bivalirudin infusion |5 min prior to expected separation from CPB, then:

Promptly (within 10 min) empty pump volume into cell saver** (replacing with crystalloid, e.g., sodium
citrate), thus avoiding need for post-separation bivalirudin boluses to circuit; process blood for reinfusion
with cell saver to remove bivalirudin; Or,Alternative approach used by author [AK]:After separation from CPB,
promptly reconnect arterial and venous lines, clamp out arterial filter, give residual blood to the patient,
refill the CPB with saline, recirculate, add 50 mg bivalirudin, and thereafter start a continuous infusion at
50 mg/h into the circuit. Later, this volume may be processed by cell saver (for reinfusion) or discarded.

*The minimum target bivalirudin concentration (~10 pg/ml) corresponds approximately to the minimum threshold levels (>2.5-times
baseline) for the 4 different monitoring assays listed above. ** The Evolution-ON study protocol required the use of a cell saver.
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Heparin-induced thrombocytopenia (HIT)

Oft-label use of bivalirudin to treat HIT began with the report of
Chamberlin et al. (40) describing this treatment in three patients
with acute HIT. A subsequent report (41, 42) described 39 pa-
tients with HIT treated with bivalirudin, 17 of whom had acute
HIT, the remainder with previous HIT. Four patients died due to
complications of HIT, suggesting these deaths occurred among
the subgroup with acute, rather than previous, HIT. Dosing de-
pended upon the clinical situation, which most often was PCI
(n=17) and thrombosis (including DVT or PE; n=10); one (non-
PCI) regimen consisted of an optional initial i.v. bolus (1.0 mg/
kg) with i.v. infusion starting at 0.25 mg/kg/h.

Francis et al. (43) presented their experience using bivaliru-
din to treat 52 patients with suspected HIT (82.6% of patients
with positive enzyme immunoassay [EIA]). Initial bivalirudin
infusion rates (without starting bolus) usually ranged from 0.15
to 0.20 mg/kg/h; the overall mean infusion rate was about 0.165
mg/kg/h, with the target APTT a 1.5—to 2.5-fold prolongation of
the baseline value. Bivalirudin was given for a mean of 8.0 days,
with transition to warfarin (mean overlap, 5 days) performed in
44 of 52 patients. The authors noted minimal increase in the INR
on bivalirudin alone (mean increase, 0.33). Minor bleeding was
seen in only a few patients. Antithrombotic efficacy was believ-
ed by the authors to be acceptable, but detailed results were not
presented.

The issue of INR prolongation during DTI therapy is of clini-
cal relevance because during overlapping DTI-coumarin (warfa-
rin) therapy, there is the potential for provoking warfarin-associ-
ated microthrombosis (e.g. venous limb gangrene syndrome)
during treatment of HIT-associated deep vein thrombosis (DVT),
if warfarin is prematurely initiated and/or the DT is prematurely
discontinued (44).

Two recent retrospective studies evaluated use of bivalirudin
for management of clinically-suspected HIT. Both studies fo-
cused on intensive care unit (ICU) patients, as this patient popu-
lation may be ideally suited for bivalirudin, given its clearance
largely independent of specific organ function. One study per-
formed at the University of Colorado Health Sciences Center
(Denver, CO, USA) reported 18 patients with clinically-diag-
nosed HIT in the ICU setting (45). All patients had either hepatic
dysfunction (n=4) or renal compromise (n=2) or both (n=12).
Only six of 15 patients tested positive in the EIA (none under-
went testing by serotonin release assay [SRA]), and just four had
thrombosis preceding bivalirudin therapy, indicating that most
patients likely did not have HIT. The median dose of bivalirudin
required to obtain a therapeutic aPTT was 0.05 mg/kg/h, al-
though the dose requirement was somewhat greater (~0.15 mg/
kg/h) among the four patients with isolated hepatic dysfunction.
The mean (= SD) INR value increased from 1.4 +0.3t02.2+0.8
during bivalirudin treatment. No patients had clinically signifi-
cant bleeding, and only one patient had thrombosis progression
while receiving bivalirudin.

A report by Dang et al. (46) from the Medical University of
South Carolina (Charleston, SC, USA) evaluated 42 patients
with clinically diagnosed HIT or a history of HIT requiring anti-
coagulation, of whom 24 patients were treated with bivalirudin
(half with combined hepatic and renal dysfunction); the remain-
ing patients were treated with argatroban (n=13) and lepirudin

(n=5). Only eight of the 24 bivalirudin-treated patients had a
positive EIA for PF4-dependent antibodies. The median time to
reaching a therapeutic aPTT in the bivalirudin-treated patients
was 8.5 h. Fourteen (58%) of the bivalirudin patients were re-
ported as having "major bleeding". Seven thrombosis-associated
events (DVT, MI, stroke, amputation) occurred, but whether
these occurred in seven or fewer patients (due to multiple events)
was not clear, as well as the timing of thrombosis in relation to
heparin and subsequent bivalirudin therapy. Information on bi-
valirudin dosing was not provided.

In summary, although bivalirudin is a promising therapy for
treatment of acute HIT, no studies have employed a comparator
group of non-bivalirudin-treated patients. Further, its prefer-
ential use in the critically-ill (a setting where thrombocytopenia
is usually explained by non-HIT factors) and the failure to docu-
ment HIT (through use of high-quality laboratory assays for HIT
antibodies) means that its efficacy and safety in HIT remains
conjectural.

PCl and HIT

The Anticoagulant Therapy with Bivalirudin to Assist in the Per-
formance of PCI in patients with Heparin-induced Thrombocy-
topenia (ATBAT) trial evaluated by prospective, open-label
methodology the safety and efficacy of bivalirudin in patients
with a "new diagnosis of HIT" (n=19), or a past history of HIT
(n=33), undergoing PCI (47). The initial dosing regimen (bolus,
1.0 mg/kg; infusion, 2.5 mg/kg/h for 4 h) was later changed to re-
flect dosing in non-HIT patients (bolus, 0.75 mg/kg; infusion,
1.75 mg/kg/h for 4 h). The primary efficacy endpoint was de-
fined as procedural success (<50% stenosis) and clinical success
without death, emergency bypass surgery, or Q-wave MI. The
primary safety endpoint was major bleeding within 48 h after
completion of bivalirudin. Only one of 52 patients required a
blood transfusion (1 U) and procedural and clinical success were
achieved in 98% and 96% of the patients, respectively. There
were no abrupt closures, nor was thrombus formation reported
during or after PCI. One patient died of cardiac arrest about 46 h
after successful PCL

HIT and cardiac surgery
Bivalirudin has been used off-label for cardiac surgery in a
number of patients with acute or previous HIT. Both on- and off-
pump use has been reported.

Off-pump coronary artery bypass surgery

Although some anecdotal experience using bivalirudin for
OPCAB surgery in patients with putative HIT has been reported
(48), the main published experience is in the CHOOSE-OFF
study (31), an open-label, multicenter trials that enrolled 51 pa-
tients. However, only five patients had a diagnosis of "HIT and
thrombosis", with most patients in the trial included because of
positive antibody status. Bivalirudin dosing was as per EVOL-
UTION-OFF. The primary study endpoint was in-hospital pro-
cedural success (absence of death, MI, stroke, or repeat revascu-
larization by postoperative day 7 or hospital discharge, which-
ever occurred first). Procedural success was seen in 47 of 51
(92%) patients (3 patients had MI, 1 had stroke). Blood trans-
fusion (to day 7/discharge) was administered to 53% of study pa-
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tients, and two patients required reexploration for persistent
haemorrhage.

On-pump cardiac surgery

Several patients have been reported anecdotally as having receiv-
ed bivalirudin for CPB in the context of previous HIT (36,
49-55) or heparin allergy (56). None of the patients appeared to
have had acute HIT when cardiac surgery was performed, al-
though at least four patients had subacute HIT (i.e. platelet count
recovery but residual positive test for anti-PF4/heparin anti-
bodies) at the time of surgery (52-55). Except for one early study
(36) reporting use of the ECT, all used an ACT for monitoring of
bivalirudin. In some cases, excess bleeding and/or need for blood
transfusions were observed. No deaths were reported.

CHOOSE-ON, an open-label, multicenter trial, enrolled 50
patients with confirmed or suspected HIT and/or presence of
anti-PF4/heparin antibodies for bivalirudin anticoagulation dur-
ing CPB. As in CHOOSE-OFF, the primary study endpoint was
in-hospital procedural success (absence of death, Q-wave MI,
stroke, or repeat revascularization by postoperative day 7 or hos-
pital discharge, whichever occurred first). Procedural success
was achieved in 46 (94%) of 49 patients who received bivalirudin
for CPB. Most (83.7%) of patients required one or more blood
products by day 7. A limitation of the study is that the number of
patients with acute HIT or those in whom functionally-active
antibodies were still present at the time of surgery was not re-
ported.

To date, no anticoagulant other than UFH is approved for use
during cardiac surgery. In the special situation of acute HIT —
where UFH use is contraindicated — a number of different non-
heparin anticoagulants (e.g. lepirudin, argatroban, danaparoid)
or modified heparin-containing protocols (UFH plus the short-
acting platelet GPIIb/Illa antagonist, tirofiban; or UFH plus a
prostacyclin analogue, iloprost or epoprostenol) have been em-
ployed, sometimes with severe complications, particularly
bleeding. The CHOOSE (and parallel EVOLUTION studies)
were the first clinical investigations assessing an alternative anti-
coagulant for HIT patients requiring cardiac surgery. Although
comparative data are lacking, bivalirudin appears to be the main
alternative strategy with a reasonable safety profile in this
special situation (57). For patients with a previous history of HIT
in whom antibodies subsequently become undetectable or lack
biological activity, use of heparin at CPB is another important
option (57).

Safety and tolerability

Bleeding is the major adverse effect of bivalirudin, and occurs
more commonly in patients with renal impairment. In the Hirulog
Angioplasty Study (HAS), the most frequent adverse effects in-
cluded back pain, nausea, hypotension, pain, and headache. Ap-
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Antibivalirudin antibodies and allergic reactions
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Conclusion

Bivalirudin is an oligopeptide DTI with unique and favorable
pharmacologic features. It is widely used in the setting of invas-
ive cardiology (particularly PCI), where it offers similar anti-
thrombotic efficacy but lower bleeding rates compared with
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