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New Anticoagulant Drugs

The Seventh ACCP Conference on
Antithrombotic and Thrombolytic
Therapy

Jeffrey I. Weitz, MD, FCCP; Jack Hirsh, MD, FCCP; and
Meyer M. Samama, MD

This article about new anticoagulant drugs is part of
the seventh American College of Chest Physicians
Conference on Antithrombotic and Thrombolytic
Therapy: Evidence-Based Guidelines. The limita-
tions of existing oral and parenteral anticoagulant
agents have prompted a search for novel agents.
Focusing on new anticoagulant drugs for the pre-
vention and treatment of arterial and venous throm-
bosis, this article (1) reviews arterial and venous
thrombogenesis, (2) discusses the regulation of coag-
ulation, (3) describes the pathways for testing new
anticoagulant agents, (4) describes new anticoagu-
lant strategies focusing primarily on agents in phase
II or III clinical testing, and (5) provides clinical
perspective as to which of these new strategies is
most likely to succeed.

(CHEST 2004; 126:265S–286S)

Key words: anticoagulants; antithrombotic drugs; profibrinolytic
agents

Abbreviations: APTT � activated partial thromboplastin time;
CI � confidence interval; DVT � deep-vein thrombosis; EPCR �
endothelial protein C receptor; factor IXa � activated factor IX;
factor VIIa � activated factor VII; factor VIIai � active site-blocked
factor VIIa; factor Xa � activated factor X; factor XIIIa � activated
factor XIII; FSAP � factor VII-activating protease; GP � glycopro-
tein; GUSTO � Global Use of Strategies to Open Occluded Coro-
nary Arteries; HIT � Hirudin for Improvement of Thrombolysis;
INR � international normalized ratio; MI � myocardial infarction;
NAPc2 � nematode anticoagulant peptide c2; OASIS � Organiza-
tion to Assess Strategies for Ischemic Syndromes; OR � odds ratio;
PAI-1 � type 1 plasminogen activator inhibitor; PE � pulmonary
embolism; PF4 � platelet factor 4; SPORTIF � Stroke Prevention
Using Oral Thrombin Inhibition in Atrial Fibrillation; TAFI �
thrombin activatable fibrinolysis inhibitor; TAFIa � activated
thrombin activatable fibrinolysis inhibitor; TFPI � tissue factory
pathway inhibitor; THRIVE � thrombin inhibitor in venous throm-
boembolism; TIMI � Thrombolysis in Myocardial Infarction;
tPA � tissue-type plasminogen activator; uPA � urokinase-type
plasminogen activator

A rterial and venous thrombosis are major causes of
morbidity and mortality. Whereas arterial thrombosis

is the most common cause of myocardial infarction (MI),
stroke, and limb gangrene, venous thrombosis leads to
pulmonary embolism (PE), which can be fatal, and to
postphlebitic syndrome. Because arterial thrombi consist

of platelet aggregates that are held together by small
amounts of fibrin, strategies to inhibit arterial thrombo-
genesis focus mainly on drugs that block platelet function
but often include anticoagulant agents to prevent fibrin
deposition. In contrast, because venous thrombi are com-
posed mainly of fibrin, anticoagulants are the drugs of
choice for their prevention and treatment. Anticoagulants
also are used for the prevention of cardioembolic events in
patients with atrial fibrillation or mechanical heart valves.

The limitations of existing oral and parenteral antico-
agulants have prompted a search for novel agents. Focus-
ing on new anticoagulant drugs for the prevention and
treatment of arterial and venous thrombosis, this article
(1) reviews arterial and venous thrombogenesis, (2) dis-
cusses the regulation of coagulation, (3) describes the
pathways for testing new anticoagulants, (4) describes new
anticoagulant strategies focusing primarily on agents that
are in phase II or III clinical testing, and (5) provides a
clinical perspective as to which of these new strategies is
most likely to succeed.

1.0 Thrombogenesis

Arterial thrombosis usually is initiated by the spontane-
ous or mechanical rupture of atherosclerotic plaque, a
process that exposes thrombogenic material in the lipid-
rich core of the plaque to the blood.1 Typically, thrombi
that form at sites of plaque disruption extend both into the
plaque and into the vessel lumen (Fig 1). If the intralu-
minal thrombus is nonocclusive, and if blood flow remains
rapid, the thrombus may embolize downstream, or it may
organize and become incorporated into the vessel wall.
With more extensive intraluminal thrombosis, however,
blood flow diminishes and shear increases. Higher shear
promotes further platelet and fibrin deposition, which may
result in the formation of an occlusive thrombus that
obstructs blood flow to organs, such as the heart or brain,
or to the extremities. Alternatively, vascular obstruction
may reflect explosive thrombosis at sites of severe plaque
disruption.

Whereas arterial thrombi are predominantly composed
of platelet aggregates, venous thrombi consist mainly of
fibrin and RBCs.2 Venous thrombosis occurs when proco-
agulant stimuli overwhelm natural protective mechanisms.
Procoagulant stimuli include the excessive activation of
coagulation, particularly when protective pathways are
compromised by thrombophilic abnormalities, vessel wall
damage, or stasis. Patients with a congenital deficiency of
antithrombin, protein C, or protein S are prone to throm-
bosis because naturally occurring anticoagulant pathways
are compromised. The factor V Leiden mutation also
predisposes patients to thrombosis because, once acti-
vated, factor V Leiden is resistant to degradation by
activated protein C. Consequently, individuals with this
mutation have increased thrombin generation. Increased
thrombin generation also may underline the propensity to
thrombosis in patients with the prothrombin gene muta-
tion, a defect that results in increased levels of prothrom-
bin, or in patients with elevations of other clotting factors,
including factors VIII, IX, or X.

Venous thrombi develop under low-flow conditions and
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usually originate in the muscular veins of the calf or in the
valve cusp pockets of the deep calf veins.3,4 Because the
venous valve cusps are avascular, they depend on the
circulating blood for their oxygen and nutrient supply.
With venous stasis, there is local hypoxemia, which can
induce tissue factor expression in the valve cusps. Coagu-
lation in the veins also can be initiated by vascular trauma.
Damage to the vessel wall is a particularly important
predisposing factor to venous thrombosis after major hip
or knee surgery.5 Indwelling central venous catheters also
can injure the vein wall, causing deep-vein thrombosis
(DVT) in the upper extremities.

Inflammatory cytokines generated after trauma, sur-
gery, or medical illness can contribute to the procoagulant
state that occurs with these conditions. Endothelial cells
are activated by inflammatory cytokines and express ad-
hesion molecules that tether leukocytes onto their surface.
Bound monocytes elaborate tissue factor and express
receptors for factor X and fibrinogen, that promote coag-
ulation on their surfaces.6,7 Tethered neutrophils damage
the endothelium by generating oxygen free radicals and
releasing hydrolytic enzymes, thereby enhancing local clot
formation.8,9 Finally, tissue factor-containing leukocyte
and platelet-derived microparticles also accumulate at
sites of vascular damage where they augment coagula-
tion.10 It is through these mechanisms that inflammation is
intimately linked with coagulation.

The initiation of coagulation in arteries or veins is
triggered by tissue factor (Fig 2), a cellular receptor for

activated factor VII (factor VIIa).11 Although a small
fraction of circulating factor VII is activated, factor VIIa
has little or no enzymatic activity until it is bound to tissue
factor. Most nonvascular cells express tissue factor in a
constitutive fashion, whereas de novo tissue factor syn-
thesis can be induced in monocytes.12,13 Injury to the
arterial or venous wall exposes nonvascular, tissue factor-
expressing cells to blood.11 Lipid-laden macrophages in
the core of atherosclerotic plaques are particularly rich in
tissue factor,1 thereby explaining the propensity for throm-
bus formation at sites of plaque disruption.

Once bound to tissue factor, factor VIIa activates factor
IX and factor X, leading to the generation of activated
factor IX (factor IXa) and activated factor X (factor Xa),
respectively. Factor X activation is more efficient than
factor IX activation. Factor Xa converts small amounts of
prothrombin to thrombin.14 This low concentration of
thrombin is sufficient to activate platelets, and to activate
factors V and VIII, which are key cofactors in coagulation.
These thrombin-mediated steps are essential for the prop-
agation of coagulation.

The propagation of coagulation is effected by factors
IXa and Xa. In the presence of calcium, factor IXa binds to
factor VIIIa on the surface of activated platelets to form
intrinsic tenase, the complex that activates factor X. Factor
Xa then binds to factor Va on the activated platelet
surface, a process that also is calcium-dependent, to form
the prothrombinase complex. This complex activates pro-
thrombin, and the resultant thrombin then dissociates

Figure 1. Arterial thrombogenesis. Spontaneous or mechanical plaque rupture exposes thrombogenic
material in the lipid-rich plaque core. Platelets adhere to the exposed collagen and von Willebrand
factor, where they become activated and aggregate. The platelet thrombus is stabilized by fibrin once
coagulation is triggered by exposed tissue factor. Platelet-rich thrombus extends into the vessel wall and
into the lumen. The plaque may heal, burying the thrombus into the vessel wall and causing the plaque
to grow, or the thrombus may embolize distally. Alternatively, the thrombus may extend to occlude the
lumen.
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from the platelet surface and converts fibrinogen to fibrin
monomer.11,14 Fibrin monomers polymerize to form the
fibrin mesh that is stabilized and crosslinked by activated
factor XIII (factor XIIIa), a thrombin-activated transglu-
taminase. Thrombin amplifies its own generation by the
feedback activation of factor V and factor VIII, as de-
scribed above, and by activating platelet-bound factor XI,
thereby leading to further factor Xa generation.15

2.0 Regulation of Coagulation

Coagulation is regulated at several levels. Key inhibitors
include tissue factor pathway inhibitor (TFPI), antithrom-
bin, and the protein C pathway. In addition, the fibrino-
lytic system serves to degrade fibrin once it has served its
role in hemostasis and wound healing. Because many new
anticoagulant strategies are aimed at enhancing endoge-
nous anticoagulant or fibrinolytic mechanisms, it is rele-
vant to briefly review these pathways.

TFPI

The inhibition of the factor VIIa/tissue factor complex is
effected by TFPI.16 A bivalent, Kunitz-type inhibitor, TFPI
acts in a two-step manner (Fig 3). In the first step, TFPI
complexes and inactivates factor Xa to form a TFPI/factor

Xa complex. The TFPI within this complex then inacti-
vates tissue factor-bound factor VIIa as the second step.
Because the formation of the TFPI/factor Xa complex is a
prerequisite for the efficient inactivation of factor VIIa,
the system ensures that some factor Xa generation occurs
before factor VIIa-mediated initiation of the coagulation
system is shut down.

The propagation of coagulation occurs because TFPI
concentrations are low. In addition, factor XI, which is
efficiently activated by thrombin when bound to the
activated platelet surface,15,17 generates factor IXa. A key
component of the intrinsic tenase complex, factor IXa
triggers the formation of sufficient amounts of factor Xa to
propagate coagulation.

Most circulating TFPI is bound to lipoproteins. TFPI
also is found in platelet �-granules and on the endothelial
cell surface.16 TFPI bound to the endothelium is released
with therapeutic doses of heparin or low-molecular-weight
heparin, suggesting that TFPI binds to endogenous gly-
cosaminoglycans on the endothelial wall surface.16 It is
uncertain, however, whether released TFPI contributes to
the antithrombotic properties of these agents.

Antithrombin

Antithrombin inhibits thrombin, factor Xa, and other
activated clotting factors, but these reactions are slow in
the absence of heparin. With heparin, the rate of inhibi-
tion is accelerated about 1,000-fold.18 Heparin binds to
antithrombin via its high-affinity pentasaccharide se-
quence and, by altering the conformation of the reactive

Figure 2. Steps in blood coagulation. The initiation of coagula-
tion is triggered by the tissue factor/factor VIIa complex (TF/
VIIa), which activates factor IX (IX) and factor X (X). Activated
factor IX (IXa) propagates coagulation by activating factor X in a
reaction that utilizes activated factor VIII (VIIIa) as a cofactor.
Activated factor X (Xa), with activated factor V (Va) as a cofactor,
converts prothrombin (II) to thrombin (IIa). Thrombin then
converts fibrinogen to fibrin. TFPI, NAPc2, and factor VIIai
(FVIIai) target TF/VIIa. Activated protein C (APC) blocks the
propagation of coagulation by inactivating factors Va and VIIIa.
Protein C (PC) and soluble thrombomodulin (sTM) also target
this step. PC does so once it is activated to APC by the
thrombin/thrombomodulin complex, whereas sTM accomplishes
this task by binding thrombin and converting it into a potent
activator of PC. Fondaparinux, idraparinux, DX9065a, and DPC
906 target factor Xa, whereas hirudin, argatroban, bivalirudin,
and ximelagatran inactivate thrombin.

Figure 3. Mechanism of action of TFPI. TFPI inactivates factor
VIIa in an activated factor X-dependent fashion. TFPI first
complexes and inactivates factor Xa. The activated factor X/TFPI
complex then inhibits factor VIIa within the factor VIIa/tissue
factor (TF) complex. See the legend of Figure 2 for abbreviations
not used in the text.
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center loop of antithrombin, renders the protease trap
more accessible to target enzymes. Although heparin is not
normally found in the blood, the vascular endothelium is
rich in heparan sulfate, a glycosaminoglycan that also
contains the antithrombin-binding pentasaccharide se-
quence. Most of the heparan sulfate is located on the
abluminal surface of the endothelium and is exposed only
when the vessel lining is damaged.19 Nevertheless, the
small amounts of proteoglycan located on the luminal
surface may help to render intact endothelium nonthrom-
bogenic.

Protein C pathway

In addition to inactivation by antithrombin, thrombin
also is inhibited by binding to thrombomodulin, a throm-
bin receptor found on the endothelium (Fig 4). Once
bound to thrombomodulin, thrombin undergoes a confor-
mational change at its active site that converts it from a
procoagulant enzyme into a potent activator of protein C,
a vitamin K-dependent protein. Activated protein C serves
as an anticoagulant by proteolytically degrading and inac-
tivating factors Va and VIIIa, thereby attenuating throm-
bin generation.20 This reaction occurs on negatively
charged phospholipid surfaces where protein S, another
vitamin K-dependent protein, serves as a cofactor.10

The density of thrombomodulin on capillaries is greater
than that on large vessels. To compensate for this, large
vessels express endothelial protein C receptor (EPCR), a
transmembrane receptor that binds protein C and acti-
vated protein C with similar affinities.21 By localizing
protein C in the vicinity of the thrombin/thrombomodulin
complex, EPCR promotes protein C activation on the
surface of large vessels.21

Fibrinolytic system

Designed to remove intravascular fibrin, thereby
restoring blood flow, fibrinolysis is initiated by plasmin-
ogen activators that convert plasminogen to plasmin

(Fig 5). A trypsin-like protease, plasmin degrades fibrin
into soluble fibrin degradation products. The following
two immunologically distinct plasminogen activators are
found in blood: tissue-type plasminogen activator (tPA);
and urokinase-type plasminogen activator (uPA). Both
plasminogen activators are synthesized and released
from endothelial cells.22

Intravascular plasminogen activation is initiated by tPA.
Plasminogen activation is targeted to fibrin because plas-
minogen and tPA bind to fibrin, and the enzymatic activity
of tPA is enhanced by fibrin.22 Endothelial cells also
support plasminogen activation by expressing annexin II
on their surface. A coreceptor for tPA and plasminogen,
annexin II promotes plasmin generation on the endothe-
lial cell surface.23

A protease that links fibrinolysis with coagulation has
been identified. Known as factor VII-activating protease
(FSAP), this protease not only activates factor VII, as its
name implies, but also converts single-chain uPA
(prourokinase) into the active two-chain form.24 Genetic
analyses have identified common polymorphisms in FSAP,
one of which is designated Marburg 1.25 FSAP from
subjects with the Marburg 1 polymorphism exhibits re-
duced capacity to activate prourokinase,25 and an epide-
miologic study26 has suggested that there may be an
association between this polymorphism and the risk of
carotid stenosis secondary to atherosclerosis. Although it is
tempting to attribute this association to defective uPA-
mediated fibrinolysis in subjects with the Marburg 1
polymorphism, it is as yet unclear whether these individ-
uals also have reduced activation of factor VII. If so, the
Marburg 1 polymorphism should offer protection from the
thrombotic complication of atherosclerosis. Consequently,
additional studies are needed to clarify the role of FSAP in
atherosclerosis and thrombosis.

The fibrinolytic system is regulated at two levels. Plas-
minogen activator inhibitors, the most important of which
is endothelial cell-derived type 1 plasminogen activator
inhibitor (PAI-1), block tPA, whereas �2-antiplasmin in-

Figure 4. Protein C anticoagulant pathway. Thrombin binds to thrombomodulin (TM), an endothelial
cell thrombin receptor. Once bound, thrombin undergoes a conformational change at its active site that
coverts it from a procoagulant to a potent activator of protein C. The activation of protein C occurs on
the endothelial cell surface where the zymogen binds to EPCR. Activated protein C, together with its
cofactor protein S (PS), acts as an anticoagulant by proteolytically degrading and inactivating activated
factor V or activated factor VIII on the platelet surface. Vi � inactivated factor V; VIIIi � inactivated
factor VIII. See the legend of Figure 2 for abbreviations not used in the text.
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hibits plasmin.22 Although �2-antiplasmin rapidly com-
plexes and inactivates free plasmin, fibrin-bound plasmin
is relatively protected from inactivation so that fibrinolysis
can occur despite physiologic levels of this inhibitor.22

A procarboxypeptidase B that serves as a link between
coagulation and fibrinolysis has been identified in plasma
(Fig 5).27 Activated by the thrombin/thrombomodulin
complex, this enzyme, known as thrombin activatable
fibrinolysis inhibitor (TAFI), attenuates fibrinolysis by
cleaving carboxyl-terminal lysine residues from fibrin.27

The removal of these lysine residues decreases plasmino-
gen and plasmin binding to fibrin, thereby retarding the
lytic process.

3.0 Pathways for Development of New
Anticoagulants

A better understanding of the molecular mechanisms
underlying blood coagulation, recombinant DNA technol-
ogy, isolation and characterization of anticoagulant pro-
teins from blood-sucking organisms, and improvements in
structure-based drug design have accelerated the pace of
drug discovery. With these advances, we now have an
array of new anticoagulants that target specific clotting
enzymes or steps in coagulation. As new drug targets are
identified and potent inhibitors are developed, the validity
of these targets requires testing in well-designed clinical
trials (Table 1). For initial evaluation, many of the new
anticoagulants have been tested as thromboprophylaxis in
high-risk orthopedic patients. This approach has been
chosen because the rates of venographically documented
DVT remain high in this patient population despite cur-
rently accepted thromboprophylaxis regimens, and regu-
latory agencies are willing to accept this end point as a
surrogate for clinically important venous thromboembo-
lism. Consequently, antithrombotic efficacy can be estab-

lished in relatively small numbers of patients. In contrast,
demonstrating efficacy in acute coronary syndromes re-
quires a much larger sample size. As a result, studies for
arterial indications are often delayed until the utility of the
drug has been established in the prevention and treatment
of venous thromboembolism.

Recombinant forms of TFPI and activated protein C,
which are naturally occurring anticoagulants, have been
evaluated in patients with severe sepsis.28,29 This condition
was selected because microvascular thrombosis is a hall-
mark of sepsis, highlighting linkages between coagulation
and inflammation. Microvascular thrombosis causes end-
organ ischemia, thereby amplifying the inflammatory re-
sponse.30 Because the uncontrolled activation of coagula-
tion in patients with severe sepsis overwhelms natural
anticoagulant pathways, it is logical to evaluate the efficacy
of replacement therapy in this setting.

3.1 Inhibitors of initiation of coagulation

Drugs that target the factor VIIa/tissue factor complex
inhibit the initiation of coagulation. Agents in this category
that have reached phase II clinical testing include recombi-
nant TFPI, recombinant nematode anticoagulant peptide
(NAPc2), and active site-blocked factor VIIa (factor VIIai).

3.1.1 TFPI

A recombinant form of TFPI (tifacogin; Chiron Corpo-
ration; Emeryville, CA) has been evaluated in patients
with sepsis. In a phase II trial,28 210 such patients were
randomized to receive one of two doses of tifacogin by
continuous infusion (25 or 50 �g/kg/h) or placebo for 4
days. Compared with placebo, tifacogin produced a 20%
relative reduction in all-cause mortality at 28 days. Major
bleeding occurred in 9% of patients treated with tifacogin,

Figure 5. Anticoagulant and antifibrinolytic activities of the thrombin/thrombomodulin complex.
Once bound to thrombomodulin, thrombin attenuates coagulation by activating protein C. Activated
protein C then down-regulates thrombin generation by inactivating activated factor V and activated
factor VIII. Fibrinolysis is attenuated because the thrombin bound to thrombomodulin also activates
TAFI. Once activated, TAFIa down-regulates fibrinolysis by removing carboxy-terminal lysine residues
from degraded fibrin, thereby removing the binding sites for plasminogen and plasmin. With reduced
plasmin binding, fibrinolysis is retarded. See the legends of Figures 2 and 4 for abbreviations not used
in the text.
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and in 6% of those treated with placebo, a difference that
was not significant. Building on these results, a phase III
trial31 compared tifacogin with placebo in 1,754 patients
with severe sepsis. The primary end point, all-cause
mortality rate at 28 days, was similar in both groups
(tifacogin group, 34.2%; placebo group, 33.9%), and the
rate of bleeding was significantly higher with tifacogin
than with placebo (6.5% and 4.8%, respectively). With
these results, further development of tifacogin for sepsis
has been halted.

3.1.2 NAPc2

An 85-amino acid polypeptide that was originally isolated
from the canine hookworm, Ancylostoma caninum,32 NAPc2
can be expressed in yeast. NAPc2 binds to a noncatalytic site
on factor X or factor Xa.33 Once bound to factor Xa, the
NAPc2/factor Xa complex inhibits factor VIIa bound to tissue
factor. Because it binds to factor X with high affinity, NAPc2
has a half-life of approximately 50 h after subcutaneous
injection.

Initial clinical trials with NAPc2 focused on venous
thromboprophylaxis. In a phase II dose-finding study,34

293 patients undergoing elective knee arthroplasty were
given subcutaneous NAPc2 on the day of surgery and

every second day thereafter to a maximum of four doses.
The best results were observed with an NAPc2 dose of 3.0
�g/kg administered 1 h after surgery. With this dose, the
overall rate of venographically detected DVT in the
operated leg was 12%, while the rate of proximal DVT was
1%. Major bleeding occurred in 2% of these patients.
When compared with historical control subjects,5 the
efficacy and safety of NAPc2 are similar to those with
low-molecular-weight heparin. However, prospective ran-
domized trials are needed to confirm these findings.

Current studies with NAPc2 are focusing on arterial
thrombosis. In a series of phase II clinical trials, NAPc2 is
being evaluated in patients with unstable angina or non-ST-
elevation MI and in those undergoing percutaneous coronary
interventions. For each of these indications, NAPc2 is being
compared with placebo as an adjunct to antiplatelet therapy
(with aspirin, clopidogrel, and, in some cases, a glycoprotein
(GP) IIb/IIIa antagonist and an antithrombin [either heparin
or low-molecular-weight heparin]).

3.1.3 Factor VIIai

By competing with factor VIIa for tissue factor binding,
factor VIIai attenuates the initiation of coagulation by the

Table 1—Status of New Anticoagulant Drugs*

Target Drug Route Status Indication

VII/TF TFPI IV Phase III Sepsis
NAPc2 Subcutaneous Phase II Thromboprophylaxis in patients undergoing elective

knee arthroplasty; adjunctive therapy in patients
with unstable angina or non-ST-MI

Va/VIIIa APC IV Approved Sepsis
PC IV Phase II Meningococcemia
sTM Subcutaneous Phase II Thromboprophylaxis in patients undergoing elective

hip arthroplasty
Xa Fondaparinux Subcutaneous Approved Thromboprophylaxis for major orthopedic surgery

Phase III Treatment of venous thrombosis;
thromboprophylaxis in general medical and
surgical patients

Idraparinux Subcutaneous Phase II Alternative to warfarin for secondary prophylaxis in
patients with venous thromboembolism

DX-9065a IV Phase II Coronary artery disease
DPC 906 Oral Phase II Thromboprophylaxis in patients undergoing elective

knee arthroplasty
IIa Hirudin IV Approved Heparin-induced thrombocytopenia

Bivalirudin IV Approved Alternative to heparin in patients undergoing
percutaneous coronary interventions

Argatroban IV Approved Heparin-induced thrombocytopenia or persons at
risk or with HIT undergoing PCI

Ximelagatran Oral Phase III Thromboprophylaxis in patients undergoing elective
hip or knee arthroplasty; initial treatment of
venous thrombosis; prevention of recurrent
venous thromboembolism

Phase III Alternative to warfarin in patients with atrial
fibrillation

Myocardial Infarction
Extended prevention of recurrent venous

thromboembolism
Phase II Acute coronary syndromes

*APC � activated protein C; sTM � soluble thrombomodulin; PC � protein C; TF � tissue factor; VII � factor VII; Va � activated factor V;
VIIIa � activated factor VIII; IIa � thrombin.
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factor VIIa/tissue factor complex. Based on promising
results in animal models of thrombosis,35,36 treatment with
factor VIIai, in doses ranging from 50 to 400 �g/kg with or
without adjunctive heparin, was compared with treatment
with heparin alone in 491 patients undergoing elective
percutaneous coronary interventions.37 Compared with
heparin therapy alone, factor VIIai therapy, with or with-
out adjunctive heparin, produced no significant reduction
in the primary end point, a composite of death, MI, the
need for urgent revascularization, abrupt vessel closure, or
bailout use of GPIIb/IIIa antagonists or heparin at day 7 or
at hospital discharge. The rates of major bleeding were
similar with therapy with factor VIIai and heparin. Be-
cause of these disappointing results, factor VIIai has not
been developed further.

3.2 Inhibitors of propagation of coagulation

Drugs that block factor IXa, factor Xa or their respec-
tive cofactors, factor VIIIa and factor Va, inhibit the
propagation of coagulation. Factor IXa inhibitors have yet
to reach phase II clinical testing and will not be discussed.
New factor Xa inhibitors include agents that block factor
Xa indirectly or directly. Indirect inhibitors act by cata-
lyzing factor Xa inhibition by antithrombin. In contrast,
direct factor Xa inhibitors bind directly to the active site of
factor Xa, thereby blocking its interaction with its sub-
strates. Unlike the heparin/antithrombin complex, direct
factor Xa inhibitors not only inhibit free factor Xa, but also
inactivate factor Xa bound to platelets within the pro-
thrombinase complex.38,39 This property may endow these
agents with an advantage over indirect factor Xa inhibitors.

Fondaparinux and idraparinux are two new parenteral
indirect factor Xa inhibitors. A parenteral and an orally
active direct factor Xa inhibitor, DX9065a and DPC 906,
respectively, are currently undergoing phase II clinical
testing. The inhibition of factors Va and VIIIa is effected
by activated protein C. From a therapeutic standpoint, this
can be achieved by directly administering recombinant
activated protein C or its precursor, protein C. Recombi-
nant soluble thrombomodulin, another means of generat-
ing activated protein C, also is under evaluation.

3.2.1 Fondaparinux

A synthetic analog of the antithrombin-binding penta-
saccharide sequence found in heparin and low-molecular-
weight heparin, fondaparinux binds antithrombin and
enhances its reactivity with factor Xa.40 Because it is too
short to bridge antithrombin to thrombin, fondaparinux
has no activity against thrombin.

In plasma, fondaparinux binds to antithrombin, and
there is no detectable binding to other plasma proteins.
With excellent bioavailability after subcutaneous injection
and a plasma half-life of about 17 h, fondaparinux can be
administered subcutaneously once daily. The drug is
excreted unchanged in the urine. Consequently, dose
adjustments are necessary in patients with renal insuffi-
ciency, and fondaparinux should not be used in those with
renal failure.

Fondaparinux does not bind to platelets or platelet

factor 4 (PF4). Because it does not induce the formation of
heparin/PF4 complexes that serve as the antigenic target
for the antibodies that cause heparin-induced thrombocy-
topenia, heparin-induced thrombocytopenia is unlikely to
occur with fondaparinux. However, fondaparinux also fails
to interact with protamine sulfate, the antidote for hepa-
rin. If uncontrolled bleeding occurs with fondaparinux, a
procoagulant such as recombinant factor VIIa might be
effective.41 However, recombinant factor VIIa is not avail-
able in all hospitals, and the drug is expensive and can
cause thrombotic complications.

Fondaparinux has been evaluated for the prevention
and treatment of venous thromboembolism, and for the
treatment of arterial thrombosis. The results of the venous
thrombosis prevention trials are described elsewhere in
this supplement and will not be described in detail.
Instead, the focus will be on the evaluation of fondapa-
rinux for the treatment of venous or arterial thrombosis.

Venous thromboprophylaxis. Fondaparinux has been
evaluated for thromboprophylaxis in patients undergoing
major orthopedic surgery, and in general medical and surgi-
cal patients. Based on four large phase III trials comparing
fondaparinux with enoxaparin for thromboprophylaxis in
patients undergoing surgery for hip fracture or elective hip
or knee arthroplasty, fondaparinux has been licensed for
this indication.42–45 In these trials, fondaparinux was found
to reduce the risk of venous thromboembolism by approx-
imately 55% compared with enoxaparin. Major bleeding
occurred more frequently in the fondaparinux-treated
group (p � 0.008), but the incidence of bleeding leading
to death or reoperation, or occurring in a critical organ was
not significantly different between the two groups. It is
possible that the increase in major bleeding with fondapa-
rinux relative to enoxaparin reflects the fact that fondapa-
rinux therapy was started 6 h after surgery, whereas
enoxaparin therapy was initiated 12 to 24 h after surgery,
with or without a dose 12 h prior to surgery. It also is
unclear whether the asymmetry in the timing of the
initiation of prophylaxis accounts for the superior efficacy
of fondaparinux relative to enoxaparin.

A recent phase III trial (Pentasaccharide in Hip-
Fracture Surgery Plus)46 evaluated the efficacy of ex-
tended fondaparinux thromboprophylaxis in 656 patients
undergoing surgery for hip fracture. All patients received
2.5 mg fondaparinux subcutaneously once daily for 7 days.
Patients then were randomized to receive fondaparinux on
a continuing basis or to receive placebo for an additional 3
weeks. Based on the results of routine venography per-
formed at 1 month, fondaparinux treatment decreased the
rate of venous thrombosis from 35 to 1.4%, a highly
significant reduction (p � 0.001). More importantly, the
rate of symptomatic venous thromboembolic events also
was reduced from 2.7 to 0.3% with extended fondaparinux
treatment (p � 0.021). This trial adds to a mounting body
of evidence indicating that patients remain at risk for
several weeks after major orthopedic surgery and that
extended anticoagulant prophylaxis can reduce this
risk.47–50

Fondaparinux also has been evaluated for thrombopro-
phylaxis in general medical and general surgical patients.
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In a blinded, placebo-controlled, phase III trial,51 849
medical patients who were � 65 years of age were ran-
domly assigned to receive subcutaneous fondaparinux (2.5
mg once daily) or placebo for 6 to 14 days. The primary
end point, a composite of venographically diagnosed DVT,
symptomatic DVT, and nonfatal and fatal PE at day 15
occurred in 5.6% of patients randomized to receive
fondaparinux, and in 10.5% of those randomized to re-
ceive placebo (p � 0.03). Major bleeding while receiving
therapy was infrequent and occurred in 0.2% of patients in
both groups.

In a blinded, phase III trial,52 2,297 patients undergoing
abdominal surgery were randomly assigned to receive
subcutaneous fondaparinux (2.5 mg once daily) or dalte-
parin (2,500 U preoperatively and 2,500 U postoperatively
the evening of surgery, and 5,000 U qd thereafter) for 5 to
9 days. Fondaparinux treatment was started 6 h after
surgery. The primary end point, a composite of veno-
graphically documented DVT, symptomatic DVT, and
nonfatal and fatal PE at postoperative day 30, occurred in
4.6% of those patients randomized to receive fondapa-
rinux, and in 6.1% of those randomized to receive dalte-
parin (p � 0.14). Symptomatic venous thromboembolism
occurred in 0.4% of those given fondaparinux and in 0.3%
of those given dalteparin, whereas major bleeding oc-
curred in 3.4% and 2.4%, respectively. The differences
were not statistically significant. In the subgroup of pa-
tients with cancer, fondaparinux therapy reduced the
incidence of the composite end point from 7.7 to 4.6%
(p � 0.02).

Treatment of venous thromboembolism. Fondapa-
rinux also has been evaluated for the initial treatment of
established venous thromboembolism in two phase III
clinical trials. In the MATISSE DVT trial,53 2,205 patients
with DVT were randomized, in a blinded fashion, to
receive either fondaparinux (weight adjusted � 50 kg
5.0 mg subcutaneously qd; 50 to 100 kg 7.5 mg subcuta-
neously qd, and � 100 kg 10 mg subcutaneously qd) or
enoxaparin (1 mg/kg subcutaneously twice daily) for 5 days
followed by a minimum 3-month course of treatment with
an oral vitamin K antagonist. At 3 months, the rates of
recurrent symptomatic venous thromboembolism with
fondaparinux or enoxaparin were 3.9% and 4.1%, respec-
tively, whereas major bleeding rates were 1.1% and 1.2%,
respectively. None of these differences were statistically
significant.

In the open-label MATISSE PE trial,54 2,213 patients
with PE were randomized to receive either fondaparinux
(weight adjusted � 50 kg 5.0 mg subcutaneously qd; 50 to
100 kg 7.5 mg subcutaneously qd, and � 100 kg 10 mg
subcutaneously qd) or unfractionated heparin (by contin-
uous infusion) for 5 days followed by a minimum 3-month
course of therapy with an oral vitamin K antagonist. At 3
months, the rates of recurrent symptomatic venous throm-
boembolism occurring after therapy with fondaparinux or
unfractionated heparin were 3.8% and 5.0%, respectively,
whereas major bleeding rates were 1.3% and 1.1%, re-
spectively. Based on these two trials, fondaparinux appears
to be at least as effective and safe as low-molecular-weight

heparin or unfractionated heparin for the initial treatment
of venous thromboembolism.

Treatment of acute coronary syndromes. On the
arterial side, fondaparinux has been evaluated for the
treatment of acute coronary syndromes. The Synthetic
Pentasaccharide as an Adjunct to Fibrinolysis in ST-
Elevation Acute Myocardial Infarction trial55 was an open-
label, phase II trial that randomized 326 patients with
evolving ST-elevation MI to receive either fondaparinux,
in various doses, or unfractionated heparin as adjuncts to
therapy with alteplase and aspirin. Using patency of the
infarct-related artery as the primary end point, grade 3
Thrombolysis in Myocardial Infarction (TIMI) flow at 90
min ranged from 60 to 68% and was similar in all
treatment groups. Bleeding rates also were similar after
therapy with fondaparinux and heparin.

The phase II Pentasaccharide in Unstable Angina trial56

randomized 1,134 patients with unstable angina or non-ST-
elevation myocardial infarction to subcutaneous fondapa-
rinux (in once-daily doses ranging from 2.5 to 12 mg) or
enoxaparin (1 mg/kg twice daily). Overall, the primary out-
come, a composite of death, MI, or recurrent angina at day 9,
occurred in 37% of those receiving any dose of fondaparinux
and in 40.2% of patients treated with enoxaparin. There was
no evidence of a dose response with fondaparinux therapy. In
fact, the lowest dose appeared to produce the best results.
Bleeding was similar in all treatment groups.

Summary. Based on these phase II results, phase III
trials with fondaparinux are planned in patients with
ST-elevation MI and non-ST-elevation MI. However, the
lack of a dose response with fondaparinux therapy in the
phase II trials makes it difficult to identify the optimal
dose. Consequently, additional dose-finding studies may
be necessary before undertaking a large-scale phase III
clinical trial program.

3.1.2 Idraparinux

A more highly sulfated derivative of fondaparinux,
idraparinux binds antithrombin with such high affinity that
its plasma half-life of 130 h is similar to that of antithrom-
bin.57 Because of its long half-life, idraparinux can be given
subcutaneously on a once-weekly basis. In a phase II
trial,58 idraparinux therapy was compared with warfarin
therapy in 659 patients with proximal DVT. After 5 to 7
days of initial treatment with enoxaparin, patients were
randomized to receive once-weekly subcutaneous doses of
idraparinux (2.5, 5.0, 7.5, or 10 mg) or warfarin for 12
weeks. The primary end point, changes in compression
ultrasound and perfusion lung scan findings, was similar in
all idraparinux groups and did not differ from that in the
warfarin group. There was a clear dose response for major
bleeding in patients who had received idraparinux with an
unacceptably high frequency in those receiving the 10-mg
dose. Two patients, both of whom received 5 mg idrapa-
rinux once weekly, experienced a fatal bleeding incident.
Patients who received the lowest dose of idraparinux had
less bleeding than those randomized to receive warfarin
(p � 0.029). Based on these results, a once-weekly 2.5-mg
dose of idraparinux will be used in phase III clinical trials.
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3.1.3 DX-9065a

A nonpeptidic arginine derivative, DX-9065a binds
reversibly to the active site of factor Xa. Administered as a
continuous IV infusion, a small phase II trial59 compared
four different doses of DX-9065a with placebo in 73 stable
patients with coronary artery disease to assess safety.
There were no major bleeding incidents among patients
receiving DX-9065a. Additional phase II studies are com-
paring DX-9065a therapy with heparin therapy in patients
undergoing percutaneous coronary interventions.

3.1.4 DPC 906

An orally active agent, DPC 906 must be administered
twice daily. In a phase II dose-finding study, DPC 906 was
compared with enoxaparin in patients undergoing knee
arthroplasty. This study was stopped prematurely, but the
results have yet to be published.

3.1.5 Activated protein C

Recombinant activated protein C, drotrecogin alfa (ac-
tivated), was compared with placebo in 1,690 patients with
severe sepsis.29 When given as an infusion of 24 �g/kg/h
over � 96 h, activated protein C produced a 19% reduc-
tion in mortality at 28 days (reduction, 30.8 to 24.7%;
p � 0.005). The rate of major bleeding was higher with
activated protein C therapy than with placebo (3.5% and
2%, respectively; p � 0.06). Based on these results and
economic analyses supporting the benefits of recombinant
activated protein C,60 this agent has been licensed in
North America for the treatment of patients with severe
sepsis.

3.1.6 Protein C

Although promising results with protein C concentrates
have been reported in patients with meningococcemia,61,62

additional studies are needed. For theoretical reasons,
activated protein C may be a better choice than protein C
in patients with severe sepsis because inflammatory cyto-
kines down-regulate thrombomodulin expression on the
endothelial surface. This phenomenon may explain the
results of immunohistochemical analyses of skin biopsy
specimens from patients with meningococcemia, which
revealed reduced thrombomodulin staining.63

3.1.7 Soluble thrombomodulin

A recombinant analog of the extracellular domain of
thrombomodulin, soluble thrombomodulin binds throm-
bin and induces a conformation change in the active site of
the enzyme that converts it into a potent activator of
protein C. In an open-label, dose-escalation study,64 solu-
ble thrombomodulin attenuated coagulation abnormalities
in patients with disseminated intravascular coagulation.
Soluble thrombomodulin has recently been evaluated in a
phase II dose-ranging study65 in patients undergoing
elective hip arthroplasty. Patients were given thrombo-
modulin subcutaneously (dose, 0.3 or 0.45 mg/kg) 2 to 4 h
after surgery. Those patients receiving the lower dose of

thrombomodulin received a second injection 5 days later.
The primary end point, a composite of venographically
detected DVT and symptomatic venous thromboembo-
lism, occurred in 4.3% of the 94 patients who received the
lower dose of soluble thrombomodulin and in none of the
99 patients receiving the higher dose. Major bleeding
occurred in 1.6% and 5.7%, respectively, of patients
receiving the low dose or high dose of soluble thrombo-
modulin. Phase III clinical trials are necessary to compare
soluble thrombomodulin with other forms of thrombo-
prophylaxis, such as low-molecular-weight heparin or
fondaparinux.

3.2 Inhibitors of fibrin formation

Thrombin, the enzyme that converts fibrinogen to
fibrin, can be inhibited indirectly or directly. Indirect
thrombin inhibitors act by catalyzing antithrombin and/or
heparin cofactor II. In contrast, direct inhibitors bind
directly to thrombin and block its interaction with sub-
strates. All of the new agents that block fibrin formation
are direct thrombin inhibitors.

Direct thrombin inhibitors have properties that give
them potential mechanistic advantages over indirect
thrombin inhibitors, such as heparin.66,67 First, because
direct thrombin inhibitors do not bind to plasma proteins,
they produce a more predictable anticoagulant response.
Second, unlike heparin, direct thrombin inhibitors do not
bind to PF4. Consequently, the anticoagulant activity of
direct thrombin inhibitors is unaffected by the large
quantities of PF4 released in the vicinity of platelet-
rich thrombi. Finally, direct thrombin inhibitors in-
activate fibrin-bound thrombin, as well as fluid-phase
thrombin.66,67

Three parenteral direct thrombin inhibitors (ie, hirudin,
argatroban, and bivalirudin) have been licensed in North
America for limited indications. Hirudin and argatroban
are approved for the treatment of patients with heparin-
induced thrombocytopenia, whereas bivalirudin is li-
censed as an alternative to heparin in patients undergoing
percutaneous coronary interventions. Ximelagatran, a pro-
drug of melagatran, is the first orally available direct
thrombin inhibitor.

3.2.2 Hirudin

A 65-amino acid polypeptide originally isolated from
the salivary glands of the medicinal leech Hirudo medici-
nalis,68,69 hirudin is now available in recombinant form.
Hirudin inhibits thrombin in a bivalent fashion. Its glob-
ular amino-terminal domain interacts with the active site
of thrombin, whereas its anionic carboxy-terminal tail
binds to exosite 1 on thrombin, the substrate recognition
site.68 The hirudin/thrombin complex is essentially irre-
versible, which is a potential drawback because there is no
specific antidote.

The plasma half-life of hirudin is 60 min after IV
injection, and 120 min after subcutaneous injection.70

Hirudin is cleared via the kidneys and should not be used
in patients with renal insufficiency.70 The anticoagulant
effect of hirudin can be monitored using the activated
partial thromboplastin time (APTT).
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Recombinant hirudin (lepirudin) is licensed for the
treatment of arterial or venous thrombosis complicating
heparin-induced thrombocytopenia, and as an alternative
for heparin for cardiopulmonary bypass surgery in these
patients. Hirudin has been evaluated in acute coronary
syndromes and, to a lesser extent, for the prevention and
treatment of venous thrombosis. The results for each of
these indications will be discussed separately.

Unstable angina. The largest phase II study to com-
pare hirudin with heparin, the Organization to Assess
Strategies for Ischemic Syndromes (OASIS)-1 pilot trial,71

randomized 909 patients with unstable angina or non-ST-
elevation MI to receive a 72-h infusion of hirudin, in either
a low dose or medium dose, or to heparin. Doses of
hirudin and heparin were adjusted to maintain the APTT
between 60 and 100 s. Compared with heparin, hirudin
produced a promising reduction in the primary outcome,
a composite of cardiovascular death, MI, or refractory
angina at 7 days (odds ratio [OR] 0.57; 95% confidence
interval [CI], 0.32 to 1.02) and a significant reduction in
the secondary outcome, a composite of death, MI, or
refractory or severe angina requiring revascularization at 7
days (OR, 0.49; 95% CI, 0.27 to 0.86). Major bleeding
occurred in about 1% of patients in both treatment groups
and was not significantly higher in those who received
hirudin (OR, 0.86; 95% CI, 0.23 to 3.19). Minor bleeding,
however, was more frequent in patients given a medium or
low dose of hirudin than it was in those treated with
heparin (21.3%, 16.2%, and 10.5%, respectively), and the
differences were statistically significant (medium-dose or
low-dose hirudin, p � 0.033; heparin, p � 0.001).

The results of the OASIS-1 trial prompted the OASIS-2
trial,72 a phase III trial that randomized 10,141 patients
with unstable angina or non-ST-elevation MI to receive a
72-h infusion of medium-dose hirudin or heparin. During
treatment, hirudin produced a significant reduction in the
composite end point of death or MI compared with
heparin (2.0% and 2.6%, respectively; OR, 0.76, 95% CI,
0.59–0.99). Although the primary outcomes, a composite
of death or MI at 7 days (3.6% and 4.2%, respectively; OR,
0.84; 95% CI, 0.69 to 1.02) and 35 days (6.8% and 7.7%,
respectively; OR, 0.87; 95% CI, 0.75 to 1.01) were not
significantly different between the two groups, the abso-
lute risk reduction in death or MI produced by hirudin
during the 72-h treatment period was maintained at 7 and
35 days. Major bleeding occurred more frequently with
hirudin therapy than with heparin therapy (1.2% and
0.7%, respectively; OR, 1.73; 95% CI, 1.13 to 2.63), but
the rates of life-threatening bleeding were similar (0.4% in
both groups).

When the results of the OASIS-1 and OASIS-2 trials are
combined, hirudin therapy produces a significant reduc-
tion in the composite outcome of death or MI at 35 days
compared with heparin (6.7% and 7.7%, respectively; OR,
0.86; 95% CI, 0.74 to 0.99). Thus, the early treatment
benefits of hirudin that were observed in both trials were
maintained, at least for 1 month. Despite these results,
however, hirudin has not been licensed for the treatment
of acute coronary syndromes, reflecting the fact that,
compared with heparin, hirudin failed to show a significant

reduction in the primary end point in the OASIS-2 trial
and produced an increase in major bleeding.

Adjunct to thrombolytic therapy. Hirudin was com-
pared with heparin as adjuncts to thrombolytic therapy in
three trials. The TIMI-9A trial73 and the Hirudin for
Improvement of Thrombolysis (HIT)-III trial74 only
enrolled patients with acute MI, whereas the Global
Use of Strategies to Open Occluded Coronary Arteries
(GUSTO)-IIA trial75 also included patients with unstable
angina and those with MI who were ineligible for throm-
bolytic therapy. The doses of hirudin given in the
TIMI-9A study73 and the GUSTO-IIA study74 were higher
than that used in the OASIS-2 trial,72 and the TIMI-9A
trial73 and GUSTO-IIA trial74 also used higher doses of
heparin than that used in the GUSTO-I study.76 Although,
the HIT-III trial74 utilized a lower dose hirudin regimen,
one that was identical to that used in the OASIS-2 study,72

the heparin doses administered in the HIT-III study74 also
were higher than that used in the GUSTO-I study.76

All three initial phase III trials were stopped prema-
turely because of unacceptably high rates of major hem-
orrhage. The rate of major bleeding was higher with
hirudin therapy than with heparin therapy in the TIMI-9A
trial,73 and there was a trend for more intracranial bleed-
ing with hirudin in the GUSTO-IIA trial74 and the HIT-III
trial.75,76 Consequently, the GUSTO-IIA trial75 and the
TIMI-9A trial73 were restarted as the GUSTO-IIB trial77,78

and the TIMI-9B trial79 using doses of hirudin that were
lower than that used in the OASIS-2 trial.72 The hirudin
dose was adjusted to achieve a target APTT of 55 to 85 s
in the TIMI-9B trial,79 and 60 to 85 s in the GUSTO-IIB
trial.77,78 In addition, the dose of heparin also was reduced
to more closely match that used in the GUSTO-I trial.76

With lower doses of anticoagulants, both trials completed
their planned enrollment.

In the GUSTO-IIB trial,77 hirudin therapy produced a
modest reduction in the primary outcome, a composite of
death or MI at 30 days, compared with heparin therapy
(OR, 0.89; 95% CI, 0.79 to 1.00). During the initial 24 h of
treatment, hirudin therapy produced a significant reduc-
tion in death or MI compared with heparin therapy (1.3%
and 2.1%, respectively; OR, 0.61, 95% CI, 0.46 to 0.81). A
retrospective subgroup analysis78 has suggested that when
used as an adjunct to streptokinase therapy hirudin pro-
duced a greater reduction in death or MI at 30 days than
did heparin therapy (9.1% and 14.9%, respectively; OR,
0.57; 95% CI; 0.38 to 0.87). In contrast, hirudin therapy
was not superior to heparin therapy in patients receiv-
ing tPA.

Hirudin therapy was no better than heparin therapy in
the TIMI-9B trial.79 Thus, the primary outcome, a com-
posite of death, MI, cardiac failure, or cardiogenic shock at
30 days, was similar in the hirudin and heparin groups
(OR, 1.09; 95% CI, 0.88 to 1.36), as was the composite of
death or MI at 30 days (OR, 1.02; 95% CI, 0.80 to 1.31).
There was a trend for a reduction in nonfatal MI with
hirudin therapy during hospitalization (OR, 0.65; 95% CI,
0.42 to 1.01) and at 30 days (OR, 0.81; 95% CI, 0.56 to
1.18). The rates of major bleeding and intracranial bleed-
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ing were similar with hirudin and heparin therapy in both
the TIMI-9B trial75 and the GUSTO-IIB trial.77

Taken together, the TIMI-9B trial75 and the GUSTO-
IIB trial77 suggest that hirudin therapy is at least as
effective as heparin therapy when used as an adjunct to
thrombolytic therapy. When the results of these trials are
pooled with those of the OASIS-2 study,72 hirudin therapy
produced a 10% reduction in the risk of death or MI at 30
to 35 days compared with heparin therapy. However, the
lack of a clear benefit of hirudin over heparin at 30 days in
the GUSTO-IIB trial77 and TIMI-9B trial75 limits the
strength of this conclusion in patients with acute MI.
Given the lack of a clear benefit of hirudin over heparin as
adjuncts to thrombolytic therapy, hirudin has not been
licensed for this indication.

Coronary angioplasty. Hirudin therapy was com-
pared with heparin therapy for the prevention of resteno-
sis after percutaneous coronary angioplasty in the Hirudin
in a European Trial Versus Heparin in the Prevention of
Restinosis After PTCA (HELVETICA) study.80 A total of
1,141 patients who were scheduled for coronary angio-
plasty were randomized to receive either hirudin, admin-
istered as a bolus dose plus infusion for 24 h followed by
a subcutaneous hirudin injection or placebo for an addi-
tional 72 h, or heparin, administered as a bolus dose plus
infusion for 24 h followed by subcutaneous placebo injec-
tions for 72 h. An additional bolus of placebo (in the
hirudin group) or heparin (in those randomized to receive
heparin) could be given if the procedure lasted longer
than 1 h, but no subsequent dose adjustments were
allowed. The primary outcome was event-free survival at
30 weeks, which was defined as the absence of death, MI,
coronary artery bypass grafting, or bailout angioplasty with
or without coronary stenting at the previous angioplasty
site.

At 7 months, event-free survival was similar in those
receiving heparin, IV hirudin, or IV hirudin followed by
subcutaneous hirudin (67.3%, 63.5%, and 68.0%, respec-
tively). Likewise, on repeat angiography at 6 months, there
was no significant differences in the mean luminal diam-
eter of the dilated vessel among the three groups. Com-
pared with heparin therapy, however, hirudin therapy
produced a significant reduction in the primary composite
outcome at 96 h (OR, 0.61; 95% CI, 0.41 to 0.90) that was
preserved at 30 days. The time-to-event curves converged
thereafter, possibly reflecting the development of restenosis
in both groups. No excess bleeding was seen with hirudin.

Venous thromboprophylaxis. Hirudin has been com-
pared with unfractionated heparin and low-molecular-
weight heparin for thromboprophylaxis in patients under-
going elective hip arthroplasty. In a randomized blinded
multicenter phase III trial, Eriksson and colleagues81

compared therapy with subcutaneous unfractionated hep-
arin (5,000 U three times daily) with that using subcuta-
neous hirudin (15 mg twice daily) in 445 patients under-
going total hip replacement. Hirudin therapy was started
preoperatively and was continued for 8 to 11 days. The
incidence of venographically detected proximal and total
DVT was significantly lower in the hirudin group than in
the heparin group. Four patients in the heparin group and

none in the hirudin group experienced a PE.
In the largest phase III thromboprophylaxis study per-

formed with hirudin to date, Eriksson and colleagues82

randomized 2,069 patients undergoing elective hip arthro-
plasty to receive subcutaneous hirudin therapy (15 mg
twice daily starting 30 min prior to surgery) or subcutane-
ous enoxaparin therapy (40 mg once daily starting 12 h
prior to surgery). Treatment was administered for 8 to 12
days, and DVT was verified by bilateral venography, which
was performed at the end of the treatment period or
earlier if symptomatic venous thromboembolism was sus-
pected. The rate of venographically detected proximal
DVT was significantly lower in patients treated with
hirudin than in those treated with enoxaparin (4.5% and
7.5%, respectively; p � 0.01), as was the overall rate of
DVT (18.4% and 25.5%, respectively; p � 0.001) based on
data from 1,587 analyzed patients. The rates of major
bleeding were similar in the two treatment groups.

Based on these two studies, hirudin therapy appears to
be more effective than therapy with heparin or low-
molecular-weight heparin for thromboprophylaxis after
hip arthroplasty. Despite these data, however, hirudin has
not been approved for this indication.

Treatment of venous thromboembolism. In a phase
II trial, Schiele et al83 randomized patients with DVT to
receive one of three doses of subcutaneous hirudin (ie,
0.75, 1.25, or 2.0 mg/kg twice daily) or unfractionated
heparin administered by continuous IV infusion. All pa-
tients underwent venography and ventilation/perfusion
lung scanning on days 1 and 5 so that changes in these
tests could be evaluated. When the results with the two
higher hirudin doses were combined, thrombus extension
occurred more frequently in patients treated with unfrac-
tionated heparin than in those treated with hirudin (10%
and 3%, respectively). In addition, new perfusion abnor-
malities seen on lung scans were more frequent in the
heparin group (26%) than the hirudin groups (� 10% in
each group). Major bleeding was seen only in those
patients receiving the highest dose of hirudin and in those
receiving heparin, occurring in 3% of patients in both
groups. Despite these promising early results, no further
work in this area has been performed.

Summary. Hirudin is at least as effective as hep-
arin in treating patients with unstable angina, non-
ST-elevation MI, and ST-elevation MI, and is more
effective than low-molecular-weight heparin and un-
fractionated heparin for the prevention of venous
thrombosis in patients undergoing elective hip arthro-
plasty. Because of its narrow therapeutic window and
the associated bleeding risk, however, it is unlikely that
hirudin will ever be approved for the treatment of acute
coronary syndromes. Although hirudin appears promis-
ing for the prevention and treatment of venous throm-
bosis, the clinical development of the drug for these
indications has not been pursued.

3.2.2 Bivalirudin

A 20-amino acid synthetic polypeptide, bivalirudin is an
analog of hirudin.84 The amino-terminal D-Phe-Pro-Arg-
Pro sequence, which binds to the active site of thrombin,
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is connected via four Gly residues to a carboxy-terminal
dodecapeptide that interacts with exosite 1 on thrombin.85

Like hirudin, bivalirudin forms a 1:1 stoichiometric com-
plex with thrombin. However, once bound, thrombin
cleaves the Pro-Arg bond within the amino terminal of
bivalirudin, thereby allowing the recovery of thrombin
activity.86 This phenomenon may render bivalirudin safer
than hirudin. Bivalirudin has a plasma half-life of 25 min
after IV injection,87 and only a fraction is excreted via the
kidneys.88 Bivalirudin has been evaluated in patients un-
dergoing percutaneous coronary interventions and as an
adjunct to streptokinase therapy in patients with acute MI.

Coronary angioplasty. Bivalirudin is licensed as an
alternative therapy to heparin in patients undergoing
percutaneous coronary angioplasty. It was approved for
this indication based on the results of a phase III study89

that compared bivalirudin with heparin in 4,098 patients
undergoing coronary angioplasty for unstable or postin-
farction angina. The primary end point, a composite of
in-hospital death, MI, abrupt vessel closure, or rapid
clinical deterioration of cardiac origin, occurred in a
similar percentage of patients in the two treatment groups
(bivalirudin group, 11.4%; heparin group, 12.2%). How-
ever, in the prospectively stratified, high-risk subgroup of
704 patients with postinfarction angina, bivalirudin ther-
apy significantly reduced the incidence of the primary
outcome compared with heparin therapy (9.1% and
14.2%, respectively; p � 0.04). Overall, the rate of major
bleeding was significantly lower with bivalirudin therapy
than with heparin therapy (3.8% and 9.8%, respectively;
p � 0.001).

In 2001, the results of this trial90 were reanalyzed
according to intention-to-treat principles and using a more
contemporary definition of MI. The reanalysis demon-
strated that, compared with heparin therapy, bivalirudin
therapy significantly reduced the combined end point of
death, MI, or repeat revascularization at 7 days from 7.9 to
6.2% (p � 0.04), a difference that persisted at 90 days. As
in the original report, the rate of major bleeding was
significantly lower with bivalirudin therapy than with
heparin therapy (3.5% and 9.3%, respectively; p � 0.001).

More contemporary studies have evaluated the utility of
bivalirudin in patients undergoing coronary stenting. The
Comparison of Abciximab Complications with Hirulog for
Ischemic Events Trial91 was a pilot study performed in 268
patients undergoing percutaneous coronary intervention.
In three sequential phases, patients received (1) bivaliru-
din (1.0 mg/kg bolus followed by an infusion of 2.5
mg/kg/h) plus abciximab, (2) bivalirudin (0.5 mg/kg bolus
followed by an infusion of 1.75 mg/kg/h) plus provisional
abciximab, (3) bivalirudin (0.75 mg/kg bolus followed by
an infusion of 1.75 mg/kg/h) plus provisional abciximab, or
(4) the control regimen. For each phase, the control
regimen consisted of low-dose, weight-adjusted heparin
plus abciximab. The rates of the primary end point, a
composite of death, MI, repeat revascularization, and
major bleeding at 7 days, ranged from 0 to 6% in the
bivalirudin groups compared with 10.6% in the heparin-
plus-abciximab group, which was a significant difference
(p � 0.02). Provisional abciximab therapy was required in

24% of the bivalirudin-treated patients. The rates of major
bleeding were lower in patients who received bivalirudin
plus abciximab than in those who received heparin plus
abciximab (4.7% and 6.3%, respectively), but this differ-
ence was not statistically significant.

Building on these promising results, the Randomized
Evaluation of PCI Linking Angiomax to Reduced Clinical
Events (REPLACE)-2 trial,92 a large phase III clinical
trial, randomized 6,010 patients undergoing percutaneous
coronary interventions to receive bivalirudin (0.75 mg/kg
bolus followed by an infusion of 1.75 mg/kg/h) plus a
provisional GPIIb/IIIa antagonist (ie, abciximab and epti-
fibatide) or heparin plus a GPIIb/IIIa antagonist (eg,
abciximab or eptifibatide). The primary end point, a
composite of death, MI urgent revascularization, or major
bleeding at 30 days, occurred in 9.2% of the patients
treated with bivalirudin and in 10% of those treated with
heparin (p � 0.32). A GPIIb/IIIa antagonist was required
in only 7% of patients randomized to receive bivalirudin.
The rates of major bleeding were significantly lower in
patients treated with bivalirudin than in those treated with
heparin (2.4% and 4.1%, respectively; p � 0.001).

Adjunct to thrombolysis. Bivalirudin has been com-
pared with heparin as an adjunct to thrombolytic therapy.
The Hirulog and Early Reperfusion or Occlusion-2 trial93

randomized 17,073 patients with acute ST-elevation MI to
receive an IV bolus followed by a 48-h infusion of either
bivalirudin (8,516 patients) or heparin (8,557 patients) in
conjunction with streptokinase. The doses of bivalirudin
were not adjusted, whereas the doses of heparin were
adjusted based on the results of coagulation testing. The
primary end point was 30-day mortality, and the secondary
end points included reinfarction within 96 h and bleeding.
Mortality at 30 days was similar in patients who were
randomized to receive bivalirudin or heparin (10.8% and
10.9%, respectively; p � 0.85). Significantly fewer rein-
farctions occurred with bivalirudin therapy compared with
heparin therapy (OR, 0.70; 95% CI, 0.56 to 0.87;
p � 0.001). Severe bleeding occurred in 0.7% and 0.5%,
respectively, of patients randomized to receive bivalirudin
or heparin (p � 0.07), whereas intracerebral bleeding
occurred in 0.6% and 0.4%, respectively, of those treated
with bivalirudin or heparin (p � 0.09). The incidence of
moderate and mild bleeding was significantly higher in the
bivalirudin group than in the heparin group (OR, 1.32;
95% CI, 1.34 to 1.62; p � 0.0001). A post hoc analysis
suggested that the increased bleeding with bivalirudin
therapy relative to that with heparin therapy could be
accounted for by bivalirudin-induced excessive anticoagu-
lation, as reflected by the APTT.

Summary. With its predictable anticoagulant re-
sponse and short half-life, bivalirudin is a convenient drug
to use in treating patients who are undergoing percutaneous
coronary interventions. In this setting, bivalirudin appears
to be at least as effective as heparin and produces less
bleeding. For patients with a low-to-moderate risk of
bleeding who are undergoing percutaneous coronary inter-
ventions without receiving an adjunctive GPIIb/IIIa an-
tagonist, bivalirudin may be a better choice than heparin.

Based on the results of the Hirulog and Early Reper-
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fusion or Occlusion-2 study,93 bivalirudin can be used in
place of heparin as an adjunct to streptokinase for the
treatment of patients with acute ST-elevation MI. In this
setting, bivalirudin may reduce the risk of reinfarction
compared with heparin. However, bivalirudin therapy
requires monitoring, and a dose adjustment may be
necessary to reduce the risk of bleeding.

3.2.3 Argatroban

A competitive inhibitor of thrombin, argatroban binds
noncovalently to the active site of thrombin to form a
reversible complex.94–96 The plasma half-life of argatroban
is 45 min. It is metabolized in the liver94 and must be used
with caution in patients with hepatic dysfunction.96 Ar-
gatroban is licensed for the treatment of heparin-induced
thrombocytopenia. Although phase II trials have evaluated
argatroban for the treatment of unstable angina,97 as an
adjunct to thrombolysis98 and as an alternative therapy to
heparin in patients undergoing coronary angioplasty,99 the
studies are small, and none has shown definitive advan-
tages of argatroban over heparin.

3.2.4 Ximelagatran

A prodrug of the active site-directed thrombin inhibitor,
melagatran, ximelagatran is absorbed from the small in-
testine.100 Once absorbed, ximelagatran undergoes rapid
biotransformation to melagatran via two intermediate
metabolites, labeled H338/57 and H415/04, respectively.
Ximelagatran has a plasma half-life of 3 to 4 h and is
administered orally twice daily. To date, no foods or drugs
have been documented to influence its absorption. Be-
cause ximelagatran produces such a predictable anticoag-
ulant response, coagulation monitoring is unnecessary.
Melagatran, the active agent, is eliminated via the kidneys.
Consequently, dose adjustments may be needed in the
elderly and in patients with renal insufficiency.100

Ximelagatran is being evaluated for thromboprophylaxis
in high-risk orthopedic patients, for the treatment of
venous thromboembolism, for the prevention of cardio-
embolic events in patients with nonvalvular atrial fibrilla-
tion, and for the prevention of recurrent ischemia in
patients who have recently experienced MIs. Studies for
each of these indications will be briefly described.

Venous thromboprophylaxis. For thromboprophy-
laxis, ximelagatran, in combination with subcutaneous
melagatran or as monotherapy, has been compared with
low-molecular-weight heparin or warfarin. In the Melagat-
ran for Thrombin Inhibition in Orthopaedic Surgery II
study,101 subcutaneous melagatran (administered preoper-
atively and twice daily for 1 to 3 days postoperatively)
followed by oral ximelagatran therapy (in various doses)
was compared with subcutaneous dalteparin therapy
(5,000 U once daily started the evening before surgery) in
patients undergoing elective hip or knee arthroplasty. A
highly significant dose response for both effectiveness and
safety was seen with the ximelagatran/melagatran combi-
nation.

Because of a trend for excess bleeding at the operative
site, an attempt was made to omit the preoperative

melagatran dose in the subsequent phase III trial. Conse-
quently, the Melagatran for Thrombin Inhibition in Or-
thopaedic Surgery III trial102 randomized 2,788 patients
undergoing hip or knee arthroplasty to receive either
subcutaneous melagatran (3 mg) postoperatively followed
by oral ximelagatran (24 mg twice daily) or subcutaneous
enoxaparin (40 mg once daily) starting 12 h before surgery.
Although the rates of venographically detected proximal
DVT and symptomatic PE were similar in patients treated
with melagatran/ximelagatran or enoxaparin (5.7% and
6.2%, respectively), the rates of total venous thromboem-
bolism were slightly higher in the melagatran/ximelagatran
group (31% and 27.3%, respectively). The rates of bleed-
ing did not differ between the two groups. Based on these
unfavorable results, a subsequent phase III trial again
started melagatran treatment preoperatively.

The EXPRESS study,103 which was completed in 2002,
randomized 2,764 patients undergoing hip or knee arthro-
plasty to receive melagatran/ximelagatran or enoxaparin.
Subcutaneous melagatran (2 mg) was administered imme-
diately prior to surgery with a subsequent 3-mg subcuta-
neous dose administered on the evening after surgery.
This was followed by the oral administration of ximelagat-
ran (24 mg twice daily). In the enoxaparin group, subcu-
taneous enoxaparin (40 mg) was given once daily starting
the evening before surgery. The primary end point, a
composite of venographically detected proximal DVT and
symptomatic PE, occurred in 2.3% and 6.3%, respectively,
of patients treated with melagatran/ximelagatran and
enoxaparin (p � 0.001). Symptomatic venous thrombosis
was rare, occurring in 8 patients in the melagatran/
ximelagatran group and 12 in the enoxaparin group.
Although bleeding was more common with ximelagatran/
melagatran therapy than with enoxaparin therapy (3.3%
and 1.2%, respectively), there was no difference in the
rates of fatal bleeding, critical organ bleeding, or bleeding
requiring reoperation. Thus, melagatran therapy that is
started immediately prior to surgery followed by postop-
erative ximelagatran therapy reduces the incidence of
proximal DVT and PE by 63% compared with enoxaparin
therapy.

In North America, thromboprophylaxis is started post-
operatively in orthopedic patients because many patients
have spinal anesthesia. To evaluate the utility of ximelagat-
ran therapy in this setting, the Platinum-Hip trial104

randomized patients but analysis was based on 1,557
patients with adequate venography undergoing total hip
arthroplasty to receive oral ximelagatran (24 mg twice
daily) or enoxaparin (30 mg twice daily) for 7 to 12 days.
Therapy with both drugs was started on the morning after
surgery. The overall rates of venographically detected
DVT in the operated leg and symptomatic PE by day 12
were 7.9% and 4.6%, respectively, in patients treated with
ximelagatran and enoxaparin (p � 0.05), whereas the rates
of proximal DVT were 3.6% and 1.2%, respectively
(p � 0.05). The rates of major bleeding were similar in the
two treatment groups (0.8% and 0.9%, respectively). Thus,
when started postoperatively, a 24-mg twice-daily dose of
ximelagatran is less effective than enoxaparin in patients
who are undergoing total hip arthroplasty.

The same dose of ximelagatran also has been compared
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with warfarin for thromboprophylaxis in patients undergo-
ing elective knee arthroplasty. The Platinum-Knee trial104

randomized 680 such patients to receive postoperative
ximelagatran (24 mg twice daily) or warfarin (in doses
sufficient to produce an international normalized ratio
(INR) of 2.0 to 3.0). The rates of total DVT with ximel-
agatran and warfarin were 19.2% and 25.7%, respectively
(p � 0.07), whereas the rates of proximal DVT or symp-
tomatic PE were 3.3% and 5.0%, respectively (p � 0.2).
There was no significant difference in the rate of major
bleeding in the ximelagatran and warfarin groups (1.7%
and 0.9%, respectively).

To determine whether the 24-mg twice-daily dose of
ximelagatran is optimal for postoperative thromboprophy-
laxis, the first phase of the Exanta Used to Lessen
Thrombosis trial105 randomized 2,301 patients undergoing
elective knee arthroplasty to receive one of two doses of
unmonitored ximelagatran (ie, 24 or 36 mg twice daily) or
to receive warfarin (in doses sufficient to produce an INR
of 2.0 to 3.0). Ximelagatran therapy was started the
morning after surgery, whereas the first dose of warfarin
was given on the evening of the day of surgery. The
primary end point, a composite of total venous thrombo-
embolism and all-cause mortality, was significantly lower
with the 36-mg dose of ximelagatran than with warfarin
(20.3% and 27.6%, respectively; p � 0.003). Likewise, the
point estimate for proximal venous thrombosis and all-
cause mortality also was lower (2.7% and 4.1%, respec-
tively), although this difference did not reach statistical
significance. Major bleeding occurred in 4.8% and 5.3%,
respectively, of patients treated with low-dose or high-
dose ximelagatran and in 4.5% of those treated with
warfarin, differences that were not statistically significant.
Based on these data, the second phase of the Exanta Used
to Lessen Thrombosis trial will randomize an additional
2,300 patients to receive ximelagatran (36 mg twice daily)
or warfarin.

The data available to date suggest that (1) the
combination therapy of subcutaneous melagatran
started prior to surgery followed by oral ximelagatran
postoperatively is more effective than enoxaparin ther-
apy for thromboprophylaxis after hip or knee arthro-
plasty, but may cause more bleeding, and (2) postoper-
ative ximelagatran therapy, at a dose of 36 mg twice
daily, is likely to be at least as effective as warfarin
therapy for thromboprophylaxis after knee arthroplasty.
Unlike warfarin, however, ximelagatran does not re-
quire coagulation monitoring. Consequently, ximelagat-
ran may be particularly useful for extended out-of-
hospital prophylaxis in high-risk patients, a concept that
will require testing in future studies.

Treatment of venous thrombosis. Thrombin Inhibi-
tion in Venous Thromboembolism (THRIVE) I, a phase II
dose-ranging study,106 randomized 350 patients with ve-
nous thrombosis to receive monotherapy with ximelagat-
ran (in doses ranging from 24 to 60 mg twice daily) or
subcutaneous dalteparin followed by warfarin for 2 weeks.
Based on follow-up venograms, the rate of thrombus
regression plus changes in clinical symptoms were similar
in both groups. There was a trend for more thrombus

progression with ximelagatran than with dalteparin (8%
and 3%, respectively), but this difference was not statisti-
cally significant. The rates of bleeding were similar in both
treatment groups. Building on this information, a phase
III placebo-controlled, blinded trial107 comparing oral
ximelagatran monotherapy (36 mg twice daily) for 6
months with enoxaparin therapy (1 mg/kg subcutaneously
twice daily) followed by warfarin therapy (in doses suffi-
cient to produce an INR of 2 to 3) for 6 months has
recently been completed. A total of 2,489 patients with
venous thromboembolism were entered into the trial, with
1,249 randomized to receive ximelagatran and 1,249 ran-
domized to receive enoxaparin followed by warfarin. The
primary end point, objectively documented recurrent ve-
nous thromboembolism, occurred in 2.1% and 2.0%,
respectively, of those randomized to receive ximelagatran
or enoxaparin/warfarin, a difference that was not statisti-
cally significant. Major bleeding occurred in 1.3% and
2.2% of those patients randomized to receive ximelagatran
or enoxaparin/warfarin, respectively, a difference that was
not statistically significant. The all-cause mortality rates
were 2.3% and 3.4%, respectively, in the ximelagatran and
enoxaparin/warfarin groups.

This study suggests that therapy with oral ximelagatran
is as effective and safe as conventional anticoagulation
therapy with low-molecular-weight heparin followed by
warfarin for the initial treatment of patients with venous
thromboembolism. Unlike low-molecular-weight heparin,
ximelagatran can be given orally, and, in contrast to
warfarin, ximelagatran does not require anticoagulation
monitoring. Consequently, ximelagatran is more conve-
nient to administer than conventional treatment.

Ximelagatran also has been evaluated for the prevention
of recurrent thrombosis in patients with venous thrombo-
embolism. The THRIVE III trial108 randomized 1,233
patients who had completed a 6-month course of antico-
agulant therapy for the treatment of venous thromboem-
bolism to receive ximelagatran (24 mg twice daily) or
placebo for an additional 18 months. Recurrent venous
thromboembolism, the primary end point, occurred in 12
patients who had been randomized to receive ximelagat-
ran and 71 who had been randomized to receive placebo
(hazard ratio, 0.16; p � 0.001). Major bleeding occurred
in six patients who had been treated with ximelagatran and
five patients who had been treated with placebo, and there
were no incidents of fatal or intracranial bleeding.

Atrial fibrillation. Ximelagatran has been compared
with warfarin in the treatment of patients with nonvalvular
atrial fibrillation. In the Stroke Prevention Using Oral
Thrombin Inhibition in Atrial Fibrillation (SPORTIF) II
trial,109 257 patients were randomized to receive one of
three doses of ximelagatran (20, 40, or 60 mg twice daily)
or warfarin (in doses sufficient to produce an INR of 2.0 to
3.0). Ximelagatran was administered without coagulation
monitoring. At 12 weeks, fewer patients in the ximelaga-
tran group had experienced transient ischemic attacks
(0.5% and 3%, respectively), and one patient in the
ximelagatran group had an ischemic stroke compared with
none in the warfarin group. There were no major incidents
of bleeding in any patients in the ximelagatran groups, but
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one major incident of non-intracranial bleeding was ob-
served in a patient receiving warfarin. The ongoing SPOR-
TIF IV trial110 is an open-label continuation of this trial
comparing therapy with a fixed dose of unmonitored
ximelagatran (36 mg twice daily) with warfarin therapy.

The promising results of the SPORTIF II trial109

prompted two phase III trials comparing ximelagatran
with warfarin.111 The SPORTIF III trial,112 which used an
open-label design, was conducted in Europe, whereas the
blinded SPORTIF V trial111 was conducted in North
America. Both trials enrolled patients with nonvalvular
atrial fibrillation and at least one additional risk factor for
stroke. The SPORTIF III trial112 randomized 3,407 such
patients to receive ximelagatran (36 mg twice daily) or
warfarin (in doses sufficient to produce an INR of 2 to 3)
for 12 to 26 months. In the intention-to-treat analysis,
there were 40 strokes (ischemic or hemorrhagic) or sys-
temic embolic events in patients who were randomized to
receive ximelagatran (event rate, 1.6% per year) and 56
strokes in those randomized to receive warfarin (event
rate, 2.3% per year), a difference that was not significant.
For those who continued to receive treatment, there were
29 ischemic strokes or systemic embolic events in patients
randomized to receive ximelagatran and 52 strokes in
those randomized to receive warfarin (p � 0.018). The
annualized rate of major bleeding was similar with ximel-
agatran and warfarin therapy (1.3% and 1.8%, respec-
tively), whereas the annualized rate of major plus minor
bleeding was significantly lower with ximelagatran therapy
than with warfarin therapy (25.5% and 29.5%, respec-
tively; p � 0.007). The all-cause mortality rate was 3.2%
per year in both treatment groups.

The SPORTIF V trial111 enrolled 3,922 patients. In the
intention-to-treat analysis, there were 51 strokes or sys-
temic embolic events in patients who had been random-
ized to receive ximelagatran (event rate, 1.6% per year)
and 37 strokes in those randomized to receive warfarin
(event rate, 1.2% per year), a difference that was not
significant (p � 0.13). The rates of major bleeding inci-
dents were similar in patients randomized to receive
ximelagatran or warfarin (2.4% and 3.1%, respectively;
p � 0.16), and intracranial hemorrhage occurred in 0.06%
of participants in both treatment groups.

When the results of the SPORTIF III trial112 and the
SPORTIF V trial111 are combined, the absolute difference
in the rate of stroke and systemic embolic events is 0.03%
lower in those treated with ximelagatran, a difference that
is not significant (p � 0.94). The rates of major bleeding
incidents with ximelagatran and warfarin therapy are 1.9%
and 2.5% per year, respectively (p � 0.54). Thus, these
studies indicate that unmonitored ximelagatran therapy is
as effective and safe as dose-adjusted warfarin therapy. It
is important to note that warfarin control was excellent in
the SPORTIF III trial112 and the SPORTIF V trial.111

Using an expanded therapeutic INR range of 1.8 to 3.2,
81% and 83%, respectively, of INR values were within the
therapeutic range in the SPORTIF III trial112 and the
SPORTIF V trial.111 In contrast, reports have suggested
that � 50% of INR values are in the therapeutic range
when warfarin therapy is managed in the community

setting. Thus, the SPORTIF trials compared ximelagatran
therapy with optimally controlled warfarin therapy.

MI. In the phase II Efficacy and Safety of the Oral
Thrombin Inhibitor Ximelagatran in Combination with
Aspirin, in Patients with Recent Myocardial Damage
(ESTEEM) trial,113 ximelagatran therapy was com-
pared with placebo in patients who had experienced
ST-elevation or non-ST-elevation MI within the past 14
days. A total of 1,883 such patients were randomized to
receive oral ximelagatran (in doses of 24, 36, 48, or 60 mg
twice daily) or placebo for 6 months. All patients were
given aspirin (160 mg daily) and optimal medical manage-
ment that included therapy with statins and angiotensin-
converting enzyme inhibitors. Compared with placebo, all
four ximelagatran doses significantly reduced the fre-
quency of the primary end point, a composite of all-cause
mortality, MI, and severe recurrent ischemia, by about 4%
with no evidence of a dose response. When treatment with
placebo was compared with the four combined ximelaga-
tran dose groups, ximelagatran produced a statistically
significant 24% reduction in the composite end point
(from 16.3% to 12.7%; hazard ratio, 0.76; 95% CI, 0.59 to
0.98; p � 0.036). Mortality was low and similar between
the groups. Post hoc analysis, using the composite end
point of all-cause mortality, MI, and stroke, demonstrated
a reduction from 11.1 to 7.4% with ximelagatran therapy
compared with placebo (hazard ratio, 0.66; 95% CI, 0.48
to 0.90). Major bleeding occurred in 1% of patients
treated with placebo and in 2% of those treated with
ximelagatran, a difference that was not statistically differ-
ent. Minor bleeding occurred in 13% and 22%, respec-
tively, of those treated with placebo and ximelagatran.
Building on this information, a phase III trial using
the 24-mg twice-daily dose of ximelagatran is under
consideration.

The most important side effect of ximelagatran is the
elevation of liver enzymes. Overall, approximately 4 to
10% of patients who receive long-term treatment with
ximelagatran develop an increase in alanine aminotrans-
ferase levels. Typically, this problem occurs after 6 weeks
to 4 months of treatment. The increase in alanine amino-
transferase levels is usually asymptomatic and reversible,
even if treatment with the medication is continued. For
comparison purposes, the elevation of transaminase levels
occurs in about 4 to 8% of patients treated with heparin114

or low-molecular-weight heparin, and 1% of those treated
with warfarin. Although the increase in transaminase
levels with ximelagatran therapy appears to be benign,
more information is needed. It is likely, however, that liver
function test results will need to be monitored when
initiating ximelagatran therapy, as is done when starting
patients on therapy with statins. If abnormalities are
detected, the drug can be stopped, or the patient can be
closely monitored with continuing therapy to ensure that
the liver function test results return to normal.

3.3 Modulation of endogenous fibrinolytic activity

Although traditional antithrombotic strategies have
been aimed at inhibiting platelet function or blocking
coagulation, a better understanding of physiologic fibrino-

www.chestjournal.org CHEST / 126 / 3 / SEPTEMBER, 2004 SUPPLEMENT 279S

 by on December 3, 2005 www.chestjournal.orgDownloaded from 

http://www.chestjournal.org


lysis has identified potential methods to enhance endoge-
nous fibrinolytic activity. These include inhibitors of
PAI-1, activated TAFI (TAFIa), or factor XIIIa. Although
these drugs are in the early stages of development, the
preclinical data are interesting and worthy of presentation
because they describe novel approaches to attenuating
thrombosis.

3.3.1 PAI-1 inhibitors

PAI-1 is the major physiologic inhibitor of tPA and uPA.
Consequently, the inhibition of PAI-1 results in increased
endogenous fibrinolytic activity. PAI-1 activity can be
reduced by (1) decreasing PAI-1 gene expression or (2) by
reducing the activity of PAI-1. Lipid-lowering drugs, such
as niacin and fibrates,115,116 decrease PAI-1 synthesis in
vitro. These agents are not specific for PAI-1, however,
and also affect the synthesis of other proteins.

Peptides have been identified that block PAI-1 activity
either by preventing the insertion of the reactive center
loop into the body of the inhibitor after cleavage by the
target protease117 or by converting PAI-1 into its latent
conformation.118 However, the effectiveness of these
agents has yet to be tested in vivo. More promising are
small-molecule PAI-1 inhibitors, some of which exhibit
antithrombotic activity in vivo.119

3.3.2 TAFIa inhibitors

Studies in vitro indicate that TAFIa attenuates fibrino-
lysis by cleaving carboxy-terminal lysine residues from
fibrin.120 the removal of these lysine residues decreases
plasminogen or plasmin binding to fibrin, thereby retard-
ing the lytic process. Given this mechanism of action, the
inhibitors of TAFIa should enhance fibrinolytic activity, a
concept supported by studies121,122 in dogs and rabbits
demonstrating that a potato-derived TAFIa inhibitor in-
creases plasminogen activator-induced thrombolysis.
These observations have prompted the development of
small-molecule TAFIa inhibitors. A potential limitation
of some such agents is the paradoxical enhancement of
TAFIa activity at low doses.123,124 Presumably, this reflects
allosteric modulation at the active site of the enzyme. If
this phenomenon is common to all TAFIa inhibitors, the
optimal dosing of these agents will be problematic.

3.3.3 Factor XIIIa inhibitors

A thrombin-activated transglutaminase, factor XIIIa
crosslinks the �-chain and �-chain of fibrinogen to form
�-polymers and �-dimers, respectively. Crosslinking sta-
bilizes the fibrin polymer and renders it more refractory to
degradation by plasmin.125 The inhibition of factor XIIIa,
therefore, has the potential to increase the susceptibility of
the thrombus to lysis.126

Tridegin, a peptide isolated from the giant Amazon
leech, Haementeria ghilianti, is a specific inhibitor of
factor XIIIa and enhances fibrinolysis in vitro when added
before clotting of fibrinogen.127,128 Destabilase, a leech
enzyme that hydrolyzes crosslinks, also provides a prom-
ising approach to reversing the consequences of factor

XIIIa-mediated fibrin crosslinking.129,130 Neither of these
agents has yet to be tested in humans.

4.0. Conclusions and Future Directions

The development of new anticoagulant agents is chal-
lenging. Adequately powered phase II clinical trials are
needed to identify the optimal anticoagulant dose, and
large and expensive phase III programs are necessary to
compare the benefit-to-risk profiles of new agents with
those of conventional treatment regimens. Even if new
anticoagulant agents prove to be superior to the currently
available agents, their advantages have to be substantial to
offset the additional cost. The challenges for the develop-
ment of new anticoagulant agents are different for the
prevention and treatment of venous thrombosis than they
are for those of arterial thrombosis. Consequently, each
will be considered separately.

4.1 Venous thrombosis

Low-molecular-weight heparin and warfarin are well-
established as safe and effective agents for thrombopro-
phylaxis in high-risk patients and for the treatment of
venous thromboembolism. Consequently, to gain wide
acceptance, new anticoagulant agents must have a benefit/
risk ratio that is at least as good as these agents and must
have a comparable cost. Fondaparinux has been exten-
sively evaluated for these indications and is already li-
censed for use in venous thromboprophylaxis in high-risk
orthopedic patients. Although the rates of venographically
detected DVT were lower with fondaparinux therapy than
with enoxaparin therapy,42–45 orthopedic surgeons have
been slow to embrace fondaparinux because of the per-
ception that it causes more bleeding. This observation
highlights the fact that postoperative bleeding is of greater
concern to surgeons than venographically detected DVT,
likely because many of these thrombi are small and not
clinically relevant.

Fondaparinux also is effective for thromboprophylaxis
in general medical and surgical patients. It has yet to be
compared with heparin or low-molecular-weight heparin
in general medical patients. In the general surgery setting,
fondaparinux is at least as effective and safe as low-
molecular-weight heparin and may be more effective than
low-molecular-weight heparin in patients undergoing can-
cer surgery.

The recently completed MATISSE trials53 suggest that
fondaparinux is as effective and safe as unfractionated
heparin or low-molecular-weight heparin for the initial
treatment of patients with venous thromboembolism. The
extent to which fondaparinux will replace low-molecular-
weight heparin for these indications will depend on cost. If
fondaparinux is more expensive than low-molecular-
weight heparin, it will be difficult to rationalize a change in
practice.

A potential limitation of fondaparinux is its lack of
reversibility with protamine sulfate.131 With a half-life of
about 17 h, this could be problematic in a patient with
life-threatening bleeding. Although recombinant factor
VIIa may be useful in this setting,41 factor VIIa is not
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widely available except in centers that care for hemophil-
iacs. Furthermore, factor VIIa is expensive and can pro-
mote thrombosis.

Heparinase will degrade fondaparinux into inactive
disaccharides.122 At present, however, there is no commer-
cially available heparinase.132 A neutralizing agent may be
particularly important for idraparinux because of its long
half-life. Idraparinux, which is more heavily sulfated than
the naturally occurring pentasaccharide, is not degraded
by heparinase. Although procoagulants, such as factor
VIIa, may be useful in treating major bleeding in patients
treated with idraparinux, repeated doses of factor VIIa
may be necessary if there is ongoing bleeding.

An emerging theme in the prevention and treatment of
venous thromboembolism is the need for extended throm-
boprophylaxis. There is mounting evidence that patients
undergoing major orthopedic surgery, particularly hip
surgery, remain at risk for clinically important venous
thromboembolism for at least 4 weeks after the proce-
dure.47–50 This risk can be reduced with extended treat-
ment with low-molecular-weight heparin, fondaparinux, or
warfarin. However, with progressive reductions in the
length of hospitalization for these patients, thrombopro-
phylactic regimens would be streamlined with an oral
anticoagulant that does not require monitoring. Additional
studies are needed to determine whether ximelagatran will
be useful for this indication. Given the success of fondapa-
rinux, a parenteral factor Xa inhibitor for extended throm-
boprophylaxis,46 it is possible that orally active direct factor
Xa inhibitors also may be effective in this setting.

Long-term anticoagulation therapy is of benefit in
patients with unprovoked venous thromboembolism.
There is increasing evidence that the risk of recurrent
venous thromboembolism in these subjects is about 7 to
10% per annum if anticoagulant therapy is stopped after 3,
6, 12, or 27 months.133–137 Although long-term warfarin
therapy markedly reduces the risk of recurrence, its
benefit is offset, at least in part, by the risk of major
bleeding, which is estimated to be about 1 to 3% per
annum. Furthermore, because of multiple food and drug
interactions, the anticoagulant response to warfarin is
unpredictable so that frequent monitoring is necessary to
ensure that a therapeutic response has been obtained. In
contrast, ximelagatran therapy does not appear to require
coagulation monitoring and, at least with the dose used in
the THRIVE III trial,108 ximelagatran appears to be safe.
Despite these promising results, the role of ximelagatran
in extended thromboprophylaxis has yet to be established.

The ximelagatran treatment study107 has suggested that
ximelagatran monotherapy is as effective and safe as the
current treatment regimens for venous thromboembolism.
If these results are confirmed in other studies, ximelaga-
tran has the potential to streamline care by obviating the
need for initial treatment with a parenteral anticoagulant
and the coagulation monitoring that is required when
warfarin is administered. Still to be determined is the
effectiveness of ximelagatran in high-risk patients, such as
those with advanced cancer or with antiphospholipid
antibody syndrome.

4.2 Arterial thrombosis

Like venous thromboembolism, issues in arterial throm-
boembolism focus on prevention and treatment. The
prevention of cerebral and systemic embolism in patients
with atrial fibrillation is an area in which there is consid-
erable room for improvement. Although warfarin is more
effective than aspirin in reducing the risk of embolization
in this setting, its use is problematic.138 Frequent moni-
toring is necessary to ensure that a therapeutic anticoag-
ulant response is obtained. Even with monitoring in
specialized clinics, the level of anticoagulation is outside
the therapeutic range almost half of the time. Further-
more, the risk of major bleeding with long-term treatment
increases in the elderly, the population that is most at risk
for atrial fibrillation. Because of these problems, it is
estimated that warfarin is not given to almost half of the
eligible atrial fibrillation patients.138 Based on the results
of the SPORTIF III trial112 and the SPORTIF V trial,111

unmonitored ximelagatran therapy appears to be at least as
effective and safe as dose-adjusted warfarin therapy. Thus,
ximelagatran therapy is a promising alternative to warfarin
therapy for stroke prevention in this population. With no
need for coagulation monitoring, ximelagatran is more
convenient than warfarin, a feature that may increase
anticoagulant use in high-risk patients with atrial fibrilla-
tion.

Parenteral anticoagulants continue to have a role in the
treatment of acute coronary syndromes. The results of
the REPLACE-2 trial93 suggest that bivalirudin obviates
the need for GPIIb/IIIa antagonists in the majority of
patients with low-to-moderate risk who are undergoing
percutaneous coronary interventions, thereby reducing
the risk of bleeding.

Fondaparinux and DX9065a have yet to find a place in
the treatment of acute coronary syndromes, but further
studies are planned. Likewise, NAPc2 is undergoing eval-
uation for these indications. Although most of the atten-
tion has focused on the use of parenteral anticoagulants
for short-term treatment, rapidly acting, orally active
agents also may have a role in long-term therapy. There is
mounting evidence that, despite initial treatment, patients
with acute coronary syndromes remain at risk for recur-
rent ischemic attacks for months after the index event.
Some studies have indicated139 that long-term treatment
with the combination of aspirin and clopidogrel is more
effective at reducing the risk of recurrent ischemia than
aspirin alone. Likewise, long-term warfarin therapy also
appears to be effective.140 We do not yet know whether
therapy with aspirin plus clopidogrel is as effective as
warfarin therapy, or whether treatment with all three
agents can be safely administered on a long-term basis.
However, recent results with warfarin raise the possibility
that ximelagatran therapy may be useful for this indication,
either alone or in combination with antiplatelet agents.

Another unanswered question is the utility of ximelaga-
tran in patients with mechanical heart valves. With no
need for anticoagulation monitoring, ximelagatran has the
potential to streamline the care of these patients, partic-
ularly those living in remote areas who cannot access a
coagulation laboratory. The anticoagulation management
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of women with mechanical heart valves during pregnancy
also remains a major challenge. If the use of ximelagatran
is safe in this setting, treatment would be simplified.

Summary

With a large number of new anticoagulant agents in
advanced stages of development, our armamentarium of
treatment options is likely to soon be expanded. Particu-
larly promising are new oral anticoagulant agents because
they have the potential to streamline the long-term pre-
vention and treatment of patients with venous and arterial
thrombosis.

References
1 Fuster V, Badimon L, Badimon JJ, et al. The pathogenesis of

coronary artery disease and the acute coronary syndromes.
N Engl J Med 1992; 326:242–250

2 Freiman DG. The structure of thrombi. In: Colman RW,
Hirsh J, Marder V, et al, eds. Hemostasis and thrombosis:
basic principles and clinical practice. 2nd ed. Philadelphia,
PA: JB Lippincott, 1987; Chapter 71:1123–1135

3 Kakkar VV, Howe CT, Flance C, et al. Natural history of
postoperative deep-vein thrombosis. Lancet 1969; 2:230–
232

4 Nicolaides AN, Kakkar VV, Field ES, et al. The origin of
deep vein thrombosis: a venographic study. Br J Radiol
1971; 44:653–663

5 Geerts WH, Heit JA, Clagett GP, et al. Prevention of venous
thromboembolism. Chest 2001; 119:132S–175S

6 Altieri DC, Mannucci PM, Capitanio AM. Binding of fibrin-
ogen to human monocytes. J Clin Invest 1986; 78:968–976

7 Altieri DC, Morrissey JH, Edgington TS. Adhesive receptor
Mac-1 coordinates the activation of factor on stimulated
cells of monocytic and myeloid differentiation: an alternative
initiation of the coagulation protease cascade. Proc Natl
Acad Sci U S A 1988; 85:7462–7466

8 McEver RP. Adhesive interactions of leukocytes, platelets,
and the vessel wall during hemostasis and inflammation.
Thromb Haemost 2001; 86:746–756

9 McEver RP. P-selectin and PSGL-1: exploiting connections
between inflammation and venous thrombosis. Thromb
Haemost 2002; 87:364–365

10 Giesen PL, Rauch U, Bohrmann B, et al. Blood-borne tissue
factor: another view of thrombosis. Proc Natl Acad Sci U S
A 1999; 96:2311–2315

11 Furie B, Furie BC. Molecular and cellular biology of blood
coagulation. N Engl J Med 1992; 326:800–806

12 van den Eijnden MM, Steenhauer SI, Reitsma PH, et al.
Tissue factor expression during monocyte-macrophage dif-
ferentiation. Thromb Haemost 1997; 77:1129–1136

13 Neumann FJ, Ott I, Marx N, et al. Effect of human
recombinant interleukin-6 and interleukin-8 on monocyte
procoagulant activity. Arterioscler Thromb Vasc Biol 1997;
17:3399–3405

14 Mann KG, Butenas S, Brummel K. The dynamics of throm-
bin formation. Arterioscler Thromb Vasc Biol 2003; 23:
17–25

15 Gailani D, Broze GJ Jr. Factor XI activation by thrombin
and factor XIa. Semin Thromb Hemost 1993; 19:396–404

16 Broze GJ Jr. Tissue factor pathway inhibitor. Thromb
Haemost 1995; 74:90–93

17 Walsh PN. Roles of platelets and factor XI in the initiation of
blood coagulation by thrombin. Thromb Haemost 2001;
86:75–82

18 Hirsh J. Heparin. N Engl J Med 1991; 324:1565–1574
19 de Agostini AI, Watkins SC, Slayter HS, et al. Localization of

anticoagulantly active heparan sulfate proteoglycans in vas-
cular endothelium: antithrombin binding on cultured endo-
thelial cells and perfused rat aorta. J Cell Biol 1990;
111:1293–1304

20 Esmon CT, Ding W, Yasuhiro K, et al. The protein C
pathway: new insights. Thromb Haemost 1997; 78:70–74

21 Esmon CT, Xu J, Gu JM, et al. Endothelial protein C
receptor. Thromb Haemost 1999; 82:251–258

22 Collen D. The plasminogen (fibrinolytic) system. Thromb
Haemost 1999; 82:259–270

23 Kim J, Hajjar KA. Annexin II: a plasminogen-plasminogen
activator co-receptor. Front Biosci 2002; 7:d341–d348

24 Roemich J, Vermoehlen SFA, Stoehr HA. The FVII activat-
ing protease cleaves single-chain plasminogen activators.
Haemostasis 1999; 76:292–299

25 Roemisch J, Feussner A, Nerlich C, et al. The frequent
Marburg I polymorphism impairs the prourokinase activat-
ing potency of the factor VII-activating protease (FSAP).
Blood Coagul Fibrinolysis 2002; 13:433–441

26 Willeit J, Kiechl S, Weimer T, et al. Marburg I polymor-
phism of factor VII-activating protease: a prominent risk
predictor of carotid stenosis. Circulation 2003; 107:667–670

27 Bajzar L, Morser J, Nesheim M. TAFI, or plasma procar-
boxypeptidase B, couples the coagulation and fibrinolytic
cascades through the thrombin-thrombomodulin complex.
J Biol Chem 1996; 271:16603–16608

28 Abraham E, Reinhart K, Svoboda P, et al. Assessment of the
safety of recombinant tissue factor pathway inhibitor in
patients with severe sepsis: a multicenter, randomized,
placebo-controlled, single-blind, dose escalation study. Crit
Care Med 2001; 29:2081–2089

29 Bernard GR, Vincent JL, Laterre PF, et al. Efficacy and
safety of recombinant human activated protein C for severe
sepsis. N Engl J Med 2001; 344:699–709

30 Esmon CT. New mechanisms for vascular control of inflam-
mation mediated by natural anticoagulant proteins. J Exp
Med 2002; 196:561–564

31 Abraham E, Reinhart K, Opal S, et al. Efficacy and safety of
tifacogin (recombinant tissue factor pathway inhibitor) in
severe sepsis: a randomized controlled trial. JAMA 2003;
290:238–247

32 Cappello M, Vlasuk GP, Bergum PW, et al. Ancylostoma
caninum anticoagulant peptide: a hookworm-derived inhib-
itor of human coagulation factor Xa. Proc Natl Acad Sci U S
A 1995; 92:6152–6156

33 Stanssens P, Bergum PW, Gansemans Y, et al. Anticoagulant
repertoire of the hookworm Ancylostoma caninum. Proc
Natl Acad Sci U S A 1996; 93:2149–2154

34 Lee A, Agnelli G, Buller H, et al. Dose-response study of
recombinant factor VIIa/tissue factor inhibitor recombinant
nematode anticoagulant protein c2 in prevention of post-
operative venous thromboembolism in patients undergoing
total knee replacement. Circulation 2001; 104:74–78

35 Taylor FB Jr. Role of tissue factor and factor VIIa in the
coagulant and inflammatory response to LD100 Escherichia
coli in the baboon. Haemostasis 1996; 26:83–91

36 Jang Y, Guzman LA, Lincoff AM, et al. Influence of
blockade at specific levels of the coagulant cascade on
restenosis in a rabbit atherosclerotic femoral artery injury
model. Circulation 1995; 92:3041–3050

37 Lincoff AM. First clinical investigation of a tissue-factor
inhibitor administered during percutaneous coronary revas-

282S Seventh ACCP Conference on Antithrombotic and Thrombolytic Therapy

 by on December 3, 2005 www.chestjournal.orgDownloaded from 

http://www.chestjournal.org


cularization: a randomized, double-blinded, dose-escalation
trial- assessing safety and efficacy of FFR-FVIIa in percu-
taneous transluminal coronary angioplasty (ASIS) trial
[abstract]. J Am Coll Cardiol 2000; 36:312

38 Rezaie AR. Prothrombin protects factor Xa in the prothrom-
binase complex from inhibition by the heparin-antithrombin
complex. Blood 2001; 97:2308–2313

39 Brufatto N, Nesheim ME. The use of prothrombin (S525C)
labeled with fluorescein to directly study the inhibition of
prothrombinase by antithrombin during prothrombin acti-
vation. J Biol Chem 2001; 276:17663–17671

40 Boneu B, Necciari J, Cariou R, et al. Pharmacokinetics and
tolerance of the natural pentasaccharide (SR90107/
ORG31540) with high affinity to antithrombin III in man.
Thromb Haemost 1995; 74:1468–1473

41 Bijsterveld NR, Moons AH, Boekholdt SM, et al. Ability of
recombinant factor VIIa to reverse the anticoagulant effect
of the pentasaccharide fondaparinux in healthy volunteers.
Circulation 2002; 106:2550–2554

42 Eriksson BI, Bauer KA, Lassen MR, et al. Fondaparinux
compared with enoxaparin for the prevention of venous
thromboembolism after hip-fracture surgery. N Engl J Med
2001; 345:1298–1304

43 Lassen MR, Bauer KA, Eriksson BI, et al. Postoperative
fondaparinux versus preoperative enoxaparin for prevention
of venous thromboembolism in elective hip-replacement
surgery: a randomised double-blind comparison. Lancet
2002; 359:1715–1720

44 Turpie AG, Bauer KA, Eriksson BI, et al. Postoperative
fondaparinux versus postoperative enoxaparin for prevention
of venous thromboembolism after elective hip-replacement
surgery: a randomised double-blind trial. Lancet 2002;
359:1721–1726

45 Bauer KA, Eriksson BI, Lassen MR, et al. Fondaparinux
compared with enoxaparin for the prevention of venous
thromboembolism after elective major knee surgery. N Engl
J Med 2001; 345:1305–1310

46 Eriksson BI, Lassen MR, PENTasaccharide in Hip-FRA-
ture Surgery Plus Investigators. Duration of prophylaxis
against venous thromboembolism with fondaparinux after
hip fracture surgery: a multicenter, randomized, placebo-
controlled, double-blind study. Arch Intern Med 2003;
163:1337–1342

47 Prandoni P, Bruchi O, Sabbion P, et al. Prolonged throm-
boprophylaxis with oral anticoagulants after total hip arthro-
plasty: a prospective controlled randomized study. Arch
Intern Med 2002; 162:1966–1971

48 Hull RD, Pineo GF, Francis C, et al. Low-molecular-weight
heparin prophylaxis using dalteparin extended out-of-hospi-
tal vs in-hospital warfarin/out-of-hospital placebo in hip
arthroplasty patients: a double-blind, randomized compari-
son; North American Fragmin Trial Investigators. Arch
Intern Med 2000; 160:2208–2215

49 Cohen AT, Baily CS, Alikhan F, et al. Extended thrombo-
prophylaxis with low molecular weight heparin reduces
symptomatic venous thromboembolism following lower limb
arthroplasty: a meta-analysis. Thromb Haemost 2001; 85:
940–941

50 Eikelboom JW, Quinlan DJ, Douketis JD. Extended-duration
prophylaxis against venous thromboembolism after total hip
or knee replacement: a meta analysis of the randomised
trials. Lancet 2001; 358:9–15

51 Cohen AT, Gallus AS, Lassen MR, et al. Fondaparinux vs.
placebo for the prevention of venous thromboembolism in
acutely ill medical patients (artemis) [abstract]. J Thromb
Haemost 2003; 1(suppl):P2046

52 Agnelli G, Bergqvist D, Cohen A, et al. A randomized

double-blind study to compare the efficacy and safety of
fondaparinux with dalteparin in the prevention of venous
thromboembolism after high-risk abdominal surgery: the
Pegasus Study [abstract]. J Thromb Haemost 2003; 1(suppl):
OC006

53 Buller HR, Davidson BL, Decousus H, et al. Fondaparinux
or enoxaparin for the initial treatment of symptomatic deep
venous thrombosis: a randomized trial. Ann Intern Med
2004; 140:867–873

54 The MATISSE Investigators. Subcutaneous fondaparinux
versus intravenous unfractionated heparin in the initial
treatment of pulmonary embolism. N Engl J Med 2003;
349:1695–1702

55 Coussement PK, Bassand JP, Convens C, et al. A synthetic
factor-Xa inhibitor (ORG31540/SR9017A) as an adjunct to
fibrinolysis in acute myocardial infarction: the PENTALYSE
study. Eur Heart J 2001; 22:1716–1724

56 Ferguson JJ. Meeting highlights: American Heart Associa-
tion scientific sessions 2001. Circulation 2002; 105:e37–e41

57 Herbert JM, Herault JP, Bernat A, et al. Biochemical and
pharmacological properties of SANORG 34006, a potent
and long-acting synthetic pentasaccharide. Blood 1998; 91:
4197–4205

58 Persist Investigators. A novel long-acting synthetic factor Xa
inhibitor (SanOrg34006) to replace warfarin for secondary
prevention in deep vein thrombosis: a phase II evaluation.
J Thromb Haemost 2004; 2:47–53

59 Dyke CK, Becker RC, Kleiman NS, et al. First experience
with direct factor Xa inhibition in patients with stable
coronary disease: a pharmacokinetic and pharmacodynamic
evaluation. Circulation 2002; 105:2385–2391

60 Manns BJ, Lee H, Doig CJ, et al. An economic evaluation of
activated protein C treatment for severe sepsis. N Engl
J Med 2002; 347:993–1000

61 Ettingshausen CE, Veldmann A, Beeg T, et al. Replacement
therapy with protein C concentrate in infants and adoles-
cents with meningococcal sepsis and purpura fulminans.
Semin Thromb Hemost 1999; 25:537–541

62 White B, Livingstone W, Murphy C, et al. An open-label
study of the role of adjuvant hemostatic support with protein
C replacement therapy in purpura fulminans-associated
meningococcemia. Blood 2000; 96:3719–3724

63 Faust SN, Levin M, Harrison OB, et al. Dysfunction of
endothelial protein C activation in severe meningococcal
sepsis. N Engl J Med 2001; 345:408–416

64 Maruyama I. Recombinant thrombomodulin and activated
protein C in the treatment of disseminated intravascular
coagulation. Thromb Haemost 1999; 82:718–721

65 Kearon C, Comp C, Douketis D, et al. A dose-resonse study
of a recombinant human soluble thrombomodulin (ART-
123) for prevention of venous thromboembolism after uni-
lateral total hip replacement [abstract]. J Thromb Haemost
2003; 1(suppl):OC330

66 Weitz JI, Buller HR. Direct thrombin inhibitors in acute
coronary syndromes: present and future. Circulation 2002;
105:1004–1011

67 Weitz JI, Crowther M. Direct thrombin inhibitors. Thromb
Res 2002; 106:V275–V284

68 Wallis RB. Hirudins: from leeches to man. Semin Thromb
Hemost 1996; 22:185–196

69 Toschi V, Lettino M, Gallo R, et al. Biochemistry and
biology of hirudin. Coron Artery Dis 1996; 7:420–428

70 Lefevre G, Duval M, Gauron S, et al. Effect of renal
impairment on the pharmacokinetics and pharmacodynam-
ics of desirudin. Clin Pharmacol Ther 1997; 62:50–59

71 Anonymous. Comparison of the effects of two doses of
recombinant hirudin compared with heparin in patients with

www.chestjournal.org CHEST / 126 / 3 / SEPTEMBER, 2004 SUPPLEMENT 283S

 by on December 3, 2005 www.chestjournal.orgDownloaded from 

http://www.chestjournal.org


acute myocardial ischemia without ST elevation: a pilot
study: Organization to Assess Strategies for Ischemic
Syndromes (OASIS) Investigators. Circulation 1997; 96:
769–777

72 Anonymous. Effects of recombinant hirudin (lepirudin)
compared with heparin on death, myocardial infarction,
refractory angina, and revascularization procedures in pa-
tients with acute myocardial ischaemia without ST elevation:
a randomised trial Organization to Assess Strategies for
Ischemic Syndromes (OASIS-2) Investigators. Lancet 1999;
353(9151):429–438

73 Antman EM, and the TIMI 9A Investigators. Hirudin in
acute myocardial infarction. Safety report from the Throm-
bolysis and Thrombin Inhibition in Myocardial Infarction
(TIMI) 9A Trial. Circulation 1994; 90:1624–1630

74 Neuhaus KL, von Essen R, Tebbe U, et al. Safety observa-
tions from the pilot phase of the randomized r-Hirudin for
Improvement of Thrombolysis (HIT-III) study: a study of
the Arbeitsgemeinschaft Leitender Kardiologischer Kran-
kenhausarzte (ALKK). Circulation 1994; 90:1638–1642

75 The GUSTO IIa Investigators. Randomized trial of intrave-
nous heparin versus recombinant hirudin for acute coronary
syndromes: the Global Use of Strategies to Open Occluded
Coronary Arteries (GUSTO) IIa investigators. Circulation
1994; 90:1631–1637

76 The GUSTO Investigators. An international randomized
trial comparing four thrombolytic strategies for acute myo-
cardial infarction: the GUSTO Investigators. N Engl J Med
1993; 329:673–682

77 The GUSTO IIb Investigators. A comparison of recombi-
nant hirudin with heparin for the treatment of acute coro-
nary syndromes: the Global Use of Strategies to Open
Occluded Coronary Arteries (GUSTO) IIb Investigators.
N Engl J Med 1996; 335:775–782

78 Metz BK, White HD, Granger CB, et al. Randomized
comparison of direct thrombin inhibition versus heparin in
conjunction with fibrinolytic therapy for acute myocardial
infarction: results from the GUSTO-IIb Trial; Global Use of
Strategies to Open Occluded Coronary Arteries in Acute
Coronary Syndromes (GUSTO-IIb) Investigators. J Am Coll
Cardiol 1998; 31:1493–1498

79 Antman EM, TIMI 9B Investigators. Hirudin in acute
myocardial infarction: Thrombolysis and Thrombin Inhibi-
tion in Myocardial Infarction (TIMI) 9B trial. Circulation
1996; 94:911–921

80 Serruys PW, Herrman JP, Simon R, et al. A comparison of
hirudin with heparin in the prevention of restenosis after
coronary angioplasty: Helvetica Investigators. N Engl J Med
1995; 333:757–763

81 Eriksson BI, Ekman S, Lindbratt S, et al. Prevention of
thromboembolism with use of recombinant hirudin: results
of a double-blind, multicenter trial comparing the efficacy of
desirudin (Revasc) with that of unfractionated heparin in
patients having a total hip replacement. J Bone Joint Surg
Am 1997; 79:326–333

82 Eriksson BI, Wille-Jorgensen P, Kalebo P, et al. A compar-
ison of recombinant hirudin with a low-molecular-weight
heparin to prevent thromboembolic complications after total
hip replacement. N Engl J Med 1997; 337:1329–1335

83 Schiele F, Lindgaerde F, Eriksson H, et al. Subcutaneous
recombinant hirudin (HBW 023) versus intravenous sodium
heparin in treatment of established acute deep vein throm-
bosis of the legs: a multicentre prospective dose-ranging
randomized trial; International Multicentre Hirudin Study
Group. Thromb Haemost 1997; 77:834–838

84 Maraganore JM, Bourdon P, Jablonski J, et al. Design and
characterization of hirulogs: a novel class of bivalent peptide

inhibitors of thrombin. J Clin Invest 1990; 29:7095–7101
85 Skrzypczak-Jankun E, Carperos VE, Ravichandran KL, et al.

Structure of the hirugen and hirulog 1 complexes of alpha-
thrombin. J Mol Biol 1991; 221:1379–1393

86 Witting JI, Bourdon P, Maraganore JM, et al. Hirulog-1 and
-B2 thrombin specificity. Biochem J 1992; 287:663–664

87 Fox I, Dawson A, Loynds P, et al. Anticoagulant activity of
Hirulog, a direct thrombin inhibitor, in humans. Thromb
Haemost 1993; 69:157–163

88 Robson R. The use of bivalirudin in patients with renal
impairment. J Invasive Cardiol 2000; 12:33F–36F

89 Bittl JA, Strony J, Brinker JA, et al. Treatment with biva-
lirudin (Hirulog) as compared with heparin during coronary
angioplasty for unstable or post infarction angina: Hirulog
Angioplasty Study Investigators. N Engl J Med 1995; 333:
764–769

90 Bittl JA, Chaitman BR, Feit F, et al. Bivalirudin versus
heparin during coronary angioplasty for unstable or post-
infarction angina: the final report of the Bivalirudin Angio-
plasty Study. Am Heart J 2001; 142:952–959

91 Lincoff AM, Kleiman NS, Kottke-Marchant K, et al. Biva-
lirudin with planned or provisional abciximab versus low-
dose heparin and abciximab during percutaneous coronary
revascularization: results of the Comparison of Abciximab
Complications with Hirulog for Ischemic Events Trial
(CACHET). Am Heart J 2002; 143:847–853

92 Lincoff AM, Bittl JA, Harrington RA, et al. Bivalirudin and
provisional GPIIb/IIIa blockade compared with heparin and
planned GPIIb/IIIa blockade during percutaneous coronary
intervention: REPLACE-2 randomized trial. JAMA 2003;
289:853–863

93 White H, the Hirulog and Early Reperfusion or Occlusion
(HERO)-2 Trial Investigators. Thrombin-specific anticoag-
ulation with bivalirudin versus heparin in patients receiving
fibrinolytic therapy for acute myocardial infarction: the
HERO-2 randomised trial. Lancet 2001; 348:1855–1863

94 Hursting MJ, Alford KL, Becker JC, et al. Novastan (brand
of argatroban): a small-molecule, direct thrombin inhibitor.
Semin Thromb Haemost 1997; 23:503–516

95 Banner DW, Hadvary P. Inhibitor binding to thrombin:
x-ray crystallographic studies. Adv Exp Med Biol 1993;
340:27–33

96 Swan SK, Hursting MJ. The pharmacokinetics and pharma-
codynamics of argatroban: effects of age, gender, and
hepatic or renal dysfunction. Pharmacotherapy 2000; 20:
318–329

97 Gold HK, Torres FW, Garabedian HD, et al. Evidence for
a rebound coagulation phenomenon after cessation of a
4-hour infusion of a specific thrombin inhibitor in patients
with unstable angina pectoris. J Am Coll Cardiol 1993;
21:1039–1047

98 Vermeer F, Vahanian A, Fels PW, et al. Argatroban and
alteplase in patients with acute myocardial infarction: the
ARGAMI Study. J Thromb Thrombolysis 2000; 10:233–240

99 Herrman JP, Suryapranata H, den Heijer P et al. Argatroban
during percutaneous transluminal coronary angioplasty: re-
sults of a dose-verification study. J Thromb Thrombolysis
1996; 3:367–375

100 Gustafsson D, Nystrom JE, Carlsson S, et al. The direct
thrombin inhibitor melagatran and its oral prodrug H
376/95: intestinal absorption properties, biochemical and
pharmacodynamic effects. Thromb Res 2001; 101:171–181

101 Eriksson BI, Bergqvist D, Kalebo P, et al. Ximelagatran and
melagatran compared with dalteparin for prevention of
venous thromboembolism after total hip or knee replace-
ment: the METHRO II randomised trial. Lancet 2002;
360:1441–1447

284S Seventh ACCP Conference on Antithrombotic and Thrombolytic Therapy

 by on December 3, 2005 www.chestjournal.orgDownloaded from 

http://www.chestjournal.org


102 Eriksson BI, Agnelli G, Cohen AT, et al. Direct thrombin
inhibitor melagatran followed by oral ximelagatran in com-
parison with enoxaparin for prevention of venous thrombo-
embolism after total hip or knee joint replacement. Thromb
Haemost 2003; 89:288–296

103 Eriksson BI, Agnelli G, Cohen AT, et al. The oral direct
thrombin inhibitor ximelagatran, and its subcutaneous form
melagatran, compared with enoxaparin for prophylaxis of
venous thromboembolism in total hip or total knee replace-
ment: the EXPRESS study [abstract]. Blood 2002; 100:299

104 Collwell CW, Berkowitz SD, Davidson BL, et al. Random-
ized, double-blind, comparison of ximelagatran, an oral
direct thrombin inhibitor, and enoxaparin to prevent venous
thromboembolism after total hip arthroplasty [abstract].
Blood 2001; 98:2952

105 Francis CW, Berkowitz SD, Comp PC, et al. Comparison of
ximelagatran with warfarin for the prevention of venous
thromboembolism after total knee replacement. N Engl
J Med 2003; 349:1703–1712

106 Eriksson H, Wahlander K, Gustafsson D, et al. A random-
ized, controlled, dose-guiding study of the oral direct throm-
bin inhibitor ximelagatran compared with standard therapy
for the treatment of acute deep vein thrombosis: THRIVE I.
J Thromb Haemost 2003; 1:41–47

107 Huisman MV, the THRIVE Investigators. Efficacy and
safety of the oral direct thrombin inhibitor ximelagatran
compared with current standard therapy for acute symptom-
atic deep vein thrombosis, with or without pulmonary
embolism: a randomized, double-blind, multinational study
[abstract]. J Thromb Haemost 2003; 1(suppl):OC003

108 Schulman S, Wahlander K, Lundstrom T, et al. Secondary
prevention of venous thromboembolism with the oral direct
thrombin inhibitor ximelagatran. N Engl J Med 2003;
349:1713–1721

109 Petersen P, Grind M, Adler J, et al. Ximelagatran versus
warfarin for stroke prevention in patients with nonvalvular
atrial fibrillation. SPORTIF II: a dose-guiding tolerability,
and safety study. J Am Coll Cardiol 2003; 41:1445–1451

110 Petersen P. A long-term follow-up of ximelagatran as an oral
anticoagulant for the prevention of stroke and systemic
embolism in patients with atrial fibrillation [abstract]. Blood
2001; 98:2953

111 Halperin JL; Executive Steering Committee, SPORTIF III
and V Study Investigators. Ximelagatran compared with
warfarin for prevention of thromboembolism in patients
with nonvalvular atrial fibrillation: rationale, objectives, and
design of a pair of clinical studies and baseline patient
characteristics (SPORTIF III and V). Am Heart J 2003;
146:431–438

112 Olsson SB; Executive Steering Committee on behalf of the
SPORTIF III Investigators. Stroke prevention with the oral
direct thrombin inhibitor ximelagatran compared with
warfarin in patients with nonvalvular atrial fibrillation
(SPORTIF III): randomized controlled trial. Lancet 2003;
362:1691–1698

113 Wallentin L, Wilcox RG, Weaver WD, et al. Oral ximelagat-
ran for secondary prophylaxis after myocardial infarction:
the ESTEEM randomised controlled trial. Lancet 2003;
362:789–797

114 Guevara A, Labarca J, Gonzalez-Martin G. Heparin-induced
transaminase elevations: a prospective study. Int J Clin
Pharmacol Ther Toxicol 1993; 31:137–141

115 Fujii S, Sawa H, Sobel BE. Inhibition of endothelial cell
expression of plasminogen activator inhibitor type-1 by
gemfibrozil. Thromb Haemost 1993; 70:642–647

116 Brown SL, Sobel BE, Fujii S. Attenuation of the synthesis of
plasminogen activator inhibitor type 1 by niacin: a potential

link between lipid lowering and fibrinolysis. Circulation
1995; 92:767–772

117 Kvassman J, Lawrence D, Shore J. The acid stabilization of
plasminogen activator inhibitor-1 depends on protonation of
a single group that affects loop insertion into �-sheet A.
J Biol Chem 1995; 270:27942–27947

118 Eitzman DT, Fay WP, Lawrence DA, et al. Peptide-
mediated inactivation of recombinant and platelet plasmin-
ogen activator inhibitor-1 in vitro. J Clin Invest 1995;
95:2416–2420

119 Friederich P, Levi M, Biemond B, et al. Low-molecular-
weight inhibitor of PAI-1 (XR5118) promotes endogenous
fibrinolysis and reduces postthrombolysis thrombus growth
in rabbits. Circulation 1997; 96:916–921

120 Sakharov DV, Plow EF, Rijken DC. On the mechanism of
the antifibrinolytic activity of plasma carboxypeptidase B.
J Biol Chem 1997; 272:14477–14482

121 Redlitz A, Nicolini FA, Malycky JL, et al. Inducible car-
boxypeptidase activity: a role in clot lysis in vivo. Circulation
1996; 93:1328–1330

122 Klement P, Liao P, Bajzar L. A novel approach to arterial
thrombolysis. Blood 1999; 94:2735–2743

123 Schneider M, Nesheim M. Reversible inhibitors of TAFIa
can both promote and inhibit fibrinolysis. J Thromb Hae-
most 2003; 1:147–154

124 Walker J, Hughes B, James I, et al. Stabilization versus
inhibition of TAFIa by competitive inhibitors in vitro. J Biol
Chem 2003; 278:8913–8921

125 Mosesson MW. The roles of fibrinogen and fibrin in hemo-
stasis and thrombosis. Semin Hematol 1992; 29:177–178

126 Muszbek L, Adany R, Mikkola H. Novel aspects of blood
coagulation factor XIII: I. Structure, distribution, activation,
and function. Crit Rev Clin Lab Sci 1996; 33:357–421

127 Seale L, Finney S, Sawyer RT, et al. Tridegin, a novel
peptidic inhibitor of factor XIIIa from the leech, Haement-
eria ghilianii, enhances fibrinolysis in vitro. Thromb Hae-
most 1997; 77:959–963

128 Finney S, Seale L, Sawyer RT, et al. Tridegin, a new peptidic
inhibitor of factor XIIIa, from the blood-sucking leech
Haementeria ghilianii. Biochem J 1997; 324:797–805

129 Baskova IP, Nikonov GI. Destabilase, the novel epsilon-
(gamma-Glu)-Lys isopeptidase with thrombolytic activity.
Blood Coagul Fibrinolysis 1991; 2:167–172

130 Zavalova L, Lukyanov S, Baskova I, et al. Genes from the
medicinal leech (Hirudo medicinalis) coding for unusual
enzymes that specifically cleave endo-epsilon (gamma-Glu)-
Lys isopeptide bonds and help to dissolve blood clots. Mol
Gen Genet 1996; 253:20–25

131 Walenga JM, Jeske WP, Samama MM, et al. Fondaparinux:
a synthetic heparin pentasaccharide as a new antithrombotic
agent. Expert Opin Investig Drugs 2002; 11:397–404

132 Daud AN, Ahsan A, Iqbal O, et al. Synthetic heparin
pentasaccharide depolymerization by heparinase: I. Molec-
ular and biological implications. Clin Appl Thromb Haemost
2001; 7:58–64

133 Levine MN, Hirsh J, Gent M, et al. Optimal duration of oral
anticoagulant therapy: a randomized trial comparing four
weeks with three months of warfarin in patients with
proximal deep vein thrombosis. Thromb Haemost 1995;
74:606–611

134 Schulman S, Rhedin A-S, Lindmarker P, et al. A comparison
of six weeks with six months of oral anticoagulant therapy
after a first episode of venous thromboembolism. N Engl
J Med 1995; 332:1661–1665

135 Schulman S, Granqvist S, Holmstrom M, et al. The duration
of oral anticoagulant therapy after a second episode of
venous thromboembolism. N Engl J Med 1997; 336:393–398

www.chestjournal.org CHEST / 126 / 3 / SEPTEMBER, 2004 SUPPLEMENT 285S

 by on December 3, 2005 www.chestjournal.orgDownloaded from 

http://www.chestjournal.org


136 Kearon C, Gent M, Hirsh J, et al. A comparison of three
months of anticoagulation with extended anticoagulation for
a first episode of idiopathic venous thromboembolism.
N Engl J Med 1999; 340:901–907

137 Agnelli G, Prandoni P, Santamaria MG, et al. Three months
versus one year of oral anticoagulant therapy for idiopathic
deep venous thrombosis. N Engl J Med 2001; 345:165–169

138 Albers GW, Dalen J, Laupacis A, et al. Antithrombotic

therapy in atrial fibrillation. Chest 2001; 119:194S–206S
139 Yusuf S, Zhao F, Mehta SR, et al. Effects of clopidogrel in

addition to aspirin in patients with acute coronary syn-
dromes without ST-segment elevation. N Engl J Med 2001;
345:494–502

140 Hurlen MH, Abdelnoor M, Smith P, Erikssen J, Arnesen H.
Warfarin, aspirin, or both after myocardial infarction.
N Engl J Med 2002; 347:969–974

286S Seventh ACCP Conference on Antithrombotic and Thrombolytic Therapy

 by on December 3, 2005 www.chestjournal.orgDownloaded from 

http://www.chestjournal.org


DOI: 10.1378/chest.126.3_suppl.265S 
 2004;126;265-286 Chest

Jeffrey I. Weitz, Jack Hirsh and Meyer M. Samama 
 and Thrombolytic Therapy

New Anticoagulant Drugs: The Seventh ACCP Conference on Antithrombotic

This information is current as of December 3, 2005 

 & Services
Updated Information

 S
http://www.chestjournal.org/cgi/content/full/126/3_suppl/265
figures, can be found at: 
Updated information and services, including high-resolution

 References

 S#BIBL
http://www.chestjournal.org/cgi/content/full/126/3_suppl/265
free at: 
This article cites 139 articles, 64 of which you can access for

 Citations

 S#otherarticles
http://www.chestjournal.org/cgi/content/full/126/3_suppl/265
This article has been cited by 4 HighWire-hosted articles: 

 Permissions & Licensing

 http://www.chestjournal.org/misc/reprints.shtml
tables) or in its entirety can be found online at: 
Information about reproducing this article in parts (figures,

 Reprints
 http://www.chestjournal.org/misc/reprints.shtml

Information about ordering reprints can be found online: 

 Email alerting service
sign up in the box at the top right corner of the online article. 
Receive free email alerts when new articles cite this article

 Images in PowerPoint format

article figure for directions. 
teaching purposes in PowerPoint slide format. See any online 
Figures that appear in CHEST articles can be downloaded for

 by on December 3, 2005 www.chestjournal.orgDownloaded from 

http://www.chestjournal.org/cgi/content/full/126/3_suppl/265S
http://www.chestjournal.org/cgi/content/full/126/3_suppl/265S#BIBL
http://www.chestjournal.org/cgi/content/full/126/3_suppl/265S#otherarticles
http://www.chestjournal.org/misc/reprints.shtml
http://www.chestjournal.org/misc/reprints.shtml
http://www.chestjournal.org

