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It is now well established that pathologic thrombosis plays a central role in the pathogenesis of 
acute coronary syndromes (ACS), ischemic complications of percutaneous coronary intervention 
(PCI), venous thromboembolic disease, and embolic complications of arrhythmias and various cardio-
myopathies. Born out of the understanding of the integral role of thrombus formation across the 
spectrum of cardiovascular diseases is the burgeoning field of antithrombotic therapies. Rigorous 
investigation of individual or various combinations of the available antithrombotic regimens including 
fibrinolytic agents, antiplatelet therapies (aspirin, the thienopyridines, glycoprotein IIb/IIIa inhibi-
tors), and anticoagulant therapies (unfractionated heparin, low-molecular-weight heparins, direct 
thrombin inhibitors, and synthetic factor X inhibitors) has lead to a marked improvement in outcomes 
for patients with a thrombotic event. Nevertheless, a substantial morbidity and mortality remains 
associated with these thrombotic events. This realization has fueled the rapid expansion of the avail-
able armamentarium to combat pathologic thrombosis.

Antithrombotic Drug Therapy in Cardiovascular Disease will serve as a resource for individuals 
charged with caring for patients across the spectrum of cardiovascular diseases. This text is a compre-
hensive, up-to-date overview of the pathophysiology, including the genetics, of arterial and venous 
thrombosis followed by detailed overviews of the use of antithrombotic therapies for managing 
patients with various thrombotic disorders. Antithrombotic Drug Therapy in Cardiovascular Disease, 
a compilation of work by thought leaders in the field, is broken down into seven parts which will 
provide rapid access to various therapies used for each of the major classes of thrombotic disorders 
commonly encountered by clinicians.

The first part of Antithrombotic Drug Therapy in Cardiovascular Disease is comprised of four 
chapters that will provide a comprehensive overview of the basic principles of thrombosis. Chapters 
1 and 2 review the key components of thrombosis, the platelet and the coagulation cascade, respec-
tively. Chapter 3 then develops the link between inflammation, a process demonstrated to be involved 
in atherogenesis, and thrombosis. Chapter 4 then provides a comprehensive view of the genetics of 
thrombosis.

Parts II–IV then provide data and clinical recommendations for the use of antithrombotic therapies 
for common atherothrombotic disorders including stable coronary artery disease (Part II, Chaps. 5 and 
6), non-ST-segment elevation (NSTE) ACS (Part III, Chaps. 7–10), and ST-segment elevation myo-
cardial infarction (STEMI) (Part IV, Chaps. 11–13).

Part V provides data and recommendation for the use of various antithrombotic therapies as 
adjuncts to interventional procedures. Chapter 14 focuses on the use of antithrombotic therapies for 
PCI, while Chapter 15’s focus is on carotid and peripheral interventions. Chapter 16 will provide a 
detailed review of monitoring of the various antithrombotic therapies in the peri-interventional 
period.

Part VI focuses on venous thromboembolic diseases. This part of Antithrombotic Drug Therapy in 
Cardiovascular Disease will provide the data necessary to manage patients with deep vein thrombosis 
(DVT) and pulmonary embolism (PE) in an evidence-based fashion. Chapter 17 focuses on  prophylaxis 
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and treatment for patients with DVT/PE. Chapter 18 synthesizes the data on the use of fibrinolysis for 
PE. Chapter 19 completes the section with a detailed, yet concise overview of the recommended dura-
tions of therapy for patients with venous thromboembolic diseases.

The final part of Antithrombotic Drug Therapy in Cardiovascular Disease provides detailed over-
views of the use of antithrombotic therapies in several clinical conditions commonly encountered in 
the field of cardiology including atrial fibrillation (Chap. 20), valvular heart disease (Chap. 21), and 
cardiomyopathy (Chap. 22). Chapter 23 focuses on the pathophysiology and management of heparin-
induced thrombocytopenia. Finally, an analysis of the increasingly encountered scenario of aspirin 
and clopidogrel resistance will be addressed in Chapter 24.

In summary, this textbook will provide detailed, up-to-date data regarding the use of the currently 
available antithrombotic therapies for commonly encountered clinical situations in cardiology.

Arman T. Askari, md

A. Michael Lincoff, md

Cleveland, OH
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AbstrAct The central role of the platelet in thrombus formation has been well established. Whereas 
thrombus formation in some situations may be protective, it can be devastating in others such as in acute 
coronary syndromes. An understanding of the mechanisms and the molecules involved in platelet-medi-
ated thrombosis is essential in order to be able to devise antiplatelet regimens that may improve patient 
outcomes and to develop future generations of antithrombotic drugs. This chapter provides a brief sum-
mary of the molecules and mechanisms which regulate platelet adhesion and aggregation.

Key words: Adhesion; Aggregation; Platelets; Thrombosis

PLATELETS IN THROMBUS FORMATION

Scenario 1: In an organism with a closed circulatory system, injury to the vasculature can lead to 
life-threatening exsanguination. To protect the organism, a highly specialized host defense mecha-
nism is evoked to seal the injured blood vessel and limit the extent of blood loss. It is essential that 
this host defense system be rapidly triggered, be efficient in closing the injured vessel, and be self-
limiting to restrict the process to the local site of injury. This scenario describes the modus operandus 
of the hemostatic response, and the platelet is the primary cellular element of this host defense path-
way. Within seconds after injury, platelets within the blood are recruited to the site of injury; they 
adhere to the injured vessel wall and coalesce with one another to form the plug that limits blood loss 
and restores homeostasis. Fibrin is also formed locally as a result of activation of the coagulation 
system and reinforces the platelet-rich thrombus.
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Scenario 2: Injury to the blood vessel occurs as a result of a fissure in an atherosclerotic plaque in 
a coronary artery. Platelets are again rapidly recruited to the site of injury but the milieu of the 
ruptured plaque is particularly thrombogenic. Platelet adhesion and aggregation occur robustly, all too 
robustly. The platelet thrombus continues to grow to the point that it impedes blood flow through the 
small affected coronary and ultimately can occlude the blood vessel altogether. The consequence of 
this thrombotic scenario is myocardial infarction.

This chapter provides a brief summary of the molecules and mechanisms which regulate platelet 
adhesion and aggregation. It is these molecules and the cellular responses which they regulate that are 
the targets of current and future generations of antithrombotic drugs, and it is these targets that we 
emphasize. In the interest of brevity, when possible, reviews have been used as references and contain 
the original citations.

PLATELET ADHESION AND ITS RECEPTORS

The intact endothelium displays a nonadhesive, nonthrombogenic surface to circulating platelets (1). 
Activation of endothelial cells by inflammatory agonists, particularly in combination with leukocyte 
stimulation, can result in endothelial-leukocyte conjugates, which, in turn, can recruit platelets to the 
vessel surface (2–4). However, the primary mechanism for recruitment of platelets to the vessel wall is 
disruption of the endothelium. Once the endothelium is injured, the exposed subendothelial matrix con-
tains numerous components to which the initial platelets that arrive adhere in order to form the initial 
sealant of the vessel and support recruitment of many more platelets to form a thrombus. Platelets may 
encounter many different substrate proteins within the extracellular matrix (ECM), and the platelet sur-
face is endowed with one or more sets of receptors to support adhesion to these ECM proteins.

Platelet-Collagen Interactions
At high shear, which is relevant in small caliber blood vessels and particularly in blood vessels 

studded with the irregularities of atherosclerotic plaques, exposed collagens become involved promi-
nently in platelet adhesion. Three major receptors systems are implicated in platelet responses to 
collagen: GPIb-IX-V, GPVI, and integrin a2b1. These are discussed individually, but they all interact 
with collagen cooperatively to achieve platelet adhesion.

GPIb-IX-V

This large glycoprotein complex consists of four individual gene products (5); GPIb is composed 
of a disulfide-linked alpha and beta subunit. Recent data have suggested that the components of the 
GPIb-IX-V may be present as a 2:2:1 or a 1:2:1 stoichiometric complex on the platelet surface 
(6,7). All three components of the complex are composed of leucine-rich repeats. GPIba, with a 
molecular weight of 135 kDa, is the largest gene product in the complex. It consists of a large 
extracellular domain that is heavily glycosylated, a single transmembrane domain, and a cytoplasmic 
tail of 96 amino acids. The extracellular domain is composed of eight leucine-rich repeats. von 
Willebrand factor (vWF) binding to the extracellular domain of GPIba mediates indirect tethering 
of collagen to the platelet surface. vWF possesses a GPIba-binding site in its A1 domain and collagen-
binding sites in its A2 and A3 domains (6). These interactions allow vWF to bridge platelets to 
subendothelial collagen. Shear is required for the interaction between GPIba and vWF to be productive 
(8–10). Flow chambers or other devices that generate shear are needed to demonstrate the role of 
vWF-GPIb in platelet adhesion to collagen (e.g., (11)). This interaction does not result in firm 
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adhesion, but rather slows the platelet on the collagen substrate, leading to platelet rolling. The 
bleeding complications associated with von Willebrand Disease attest to the biological importance 
of this interaction.

GPIba also recognizes several other ligands including thrombin, several proteins of the intrinsic 
blood coagulation/contact system, and counter-receptors on other cells, including P-selectin and 
integrin aMb2, which facilitates conjugate formation between platelets and leukocytes (5,6,12,13). 
The intracellular domain of GPIba plays important roles in platelet signaling. It binds directly to the 
zeta isoform of 14.3.3 and controls the activity of this multifunctional signaling molecule in platelets 
(14). Signaling pathways influenced by GPIba engagement include Src family kinases, phospholi-
pase C, phosphoinositol 3-kinase, MAP kinases, Akt, and the nitric oxide-cGMP pathway (15,16). 
Among the consequences of signaling induced by vWF binding to GPIba is activation of integrin 
aIIbb3 (see later) although this pathway seems to be weak and may require GPVI for optimization (17). 
The cytoplasmic tail of GPIba also binds to filamin A, providing a link to the actin-cytoskeleton 
(18). It is probably loss of such cytoskeletal constraints that gives rise to the giant platelets observed 
in patients deficient in GPIba, the Bernard–Soulier Syndrome (BSS) (19).

The GPIbb ( M ~ 25 kDa) is linked to GPIba via two disulfide bonds. It also is composed of an 
extracellular, a transmembrane, and short cytoplasmic domain (20). Resident in its cytoplasmic tail is 
a serine that is a target of phosphorylation, which may regulate vWF-mediated responses (21). GPIX 
associates noncovalently with the GPIba/b. It is a relatively small glycoprotein (MW 22 kDa) with a 
single membrane spanning region. In heterologous cell experiments, significant effects of GPIX on 
platelet adhesion to collagen are not profound, but a deficiency of GPIX does result in BSS (22,23). 
Knockout of GPV does not lead to BSS and leads to only a mild hemostatic phenotype, which appears 
to arise from alterations in clot stability rather than in platelet adhesion (24). GPV is a thrombin 
substrate, but its cleavage appears to relatively slow and does not appear to be involved in the primary 
response of platelets to this agonist (25,26).

GPVI

Collagen is a strong platelet aggregation, supporting adhesion, aggregation, and secretion, but 
GPIba-collagen-vWF bridging does not efficiently mediate these broad responses. Over the last dec-
ade, the concept has emerged that platelet activation by collagen depends primarily upon GPVI 
(17,27,28). GPVI is a 62-kDa transmembrane glycoprotein. Its extracellular domain is composed of 
two disulfide-linked Ig-C2–like domains and a mucin-like stalk. There is a single membrane spanning 
region and a cytoplasmic tail of 51 amino acids. The transmembrane region of GPVI contains an 
arginine which mediates an association with the Fc receptor-g (FcRg). FcRg contains ITAM motifs in 
its cytoplasmic tail, domains that are broadly involved in the regulation of signal transduction. 
Collagen associates with GPVI, but it is the GPVI-FcRg complex that mediates signaling events in 
response to collagen. GPVI is restricted to platelets and megakaryocytes, whereas FcRg is present on 
a variety of immune cells. If FcRg is genetically deleted, GPVI is not expressed on platelets (29,30).

The GPVI cytosolic tail contains a proline-rich motif that binds to the SH3 domain of the Src family 
kinases, Fyn and Lyn (17). Crosslinking of GPVI by ligand binding brings Fyn and Lyn into contact 
with the FcRg-chain, leading to phosphorylation of tyrosine residues in its ITAM motif. The tyrosine 
kinase Syk then binds to the phosphorylated tyrosines and becomes activated via an autophosphoryla-
tion mechanism. Activated Syk, in turn, initiates a signaling cascade that involves the adaptors LAT 
and SLP-76 as well as effector proteins, including phospholipase (PL)Cg2, phosphoinositide-3  
(PI-3) kinase, and small G proteins. PLCg2 subsequently induces the formation of the second messengers, 
inositol 1,4,5-trisphosphate (IP3

) and 1,2-diacylglycerol (DAG), which releases Ca2+ from intracellular 
stores and activates protein kinase (PK) C, respectively (28,31). Ultimately these events lead to 

5



Antithrombotic Drug Therapy in Cardiovascular Disease

activation of aIIbb3 and other platelet integrins and platelet secretion. ITAM-dependent signaling is 
subject to negative regulation by receptors containing ITIM motifs. PECAM-1 is the major ITIM-
containing receptor on platelets and may negatively regulate signaling across GPVI. Recent evidence 
suggests that GPVI may associate with GPIb-IX on platelets, providing a mechanism for their coopera-
tion in platelet adhesion to collagen.

Integrin a2b1
If the primary role of GPIb-IX is to mediate platelet rolling on collagen, and that of GPVI is to 

induce platelet secretion and activation of aIIbb3 and other integrins, the primary role of a2b1 is to 
orchestrate firm adhesion of platelets to the collagen substrate. a2b1 is a member of the integrin fam-
ily of heterodimeric adhesion receptors. A detailed description of the structure of integrin aIIbb3 is 
provided in the section on platelet aggregation and the general features apply to all integrins. The exception 
is that a2b1 belongs to the group of integrins containing an I-domain inserted into its alpha subunit 
while aIIbb3 does not. The I-domain is a segment of about 200 amino acids. In a2b1, and other 
integrins containing this domain, the I-domain is critical to ligand recognition (32–34). Collagen 
interacts with the I-domain of a2b1 in a divalent-ion-regulated manner; the interaction is suppressed 
by calcium and is supported by magnesium (35). Hence, divalent ion availability plays a critical role 
in regulating the function of the integrin. The contribution of a2b1 in platelet adhesion has been 
controversial, from assigning it an essential role to no role at all. However, patients who lack func-
tional a2b1 were reported to have a bleeding phenotype (36). Studies in mice lacking GPVI, a2b1 
or both receptors have been reported recently (37). These studies suggest roles for both receptors in 
platelet adhesion under flow conditions and propose a cooperative role for both receptors (37).

Other Adhesion Receptors
Injury to the endothelium or fissures in atherosclerotic plaques may expose a heterogeneous group 

of ECM proteins in addition to collagen, and the platelet is equipped to adhere to a variety of sub-
strates to establish hemostasis. Major ECM proteins that platelets may encounter include fibronectin, 
vitronectin, laminin, vWF, fibrin, and thrombospondin. The platelet surface is endowed with receptors 
for each of these matrix proteins (reviewed in (30,38,39)). Several of these substrates are recognized 
by members of the integrin family. Fibronectin can mediate platelet adhesion by engaging a5b1 or 
aIIbb3. Integrin a5b1 is a broadly distributed fibronectin receptor and can also bind fibrinogen. 
Vitronectin can interact with aVb3 or with aIIbb3 on platelets. aVb3 is present at only very low 
levels, 100–500 copies per platelet, and it is likely that recognition of vitronectin as an adhesive sub-
strate is mediated primarily by aIIbb3. Integrin a6b1 is a laminin receptor. On cells other than plate-
lets, this integrin also recognizes collagen. Studies differ in the extent to which laminin supports 
platelet responses, and receptors other than a6b1 may mediate platelet responses to this substratum. 
In addition to its interaction with GPIb-IX, vWF also interacts with integrin aIIbb3. Fibrin also can 
engage aIIbb3; and, hence, fibrin deposition in a developing thrombus can recruit platelets into the 
thrombus. A tripeptide sequence common to many of the ECM proteins mediates their interaction 
with many of the integrins. Fibronectin interaction with a5b1, vitronectin interaction with aIIbb3 and 
aVb3, vWF and fibrin interaction with aIIbb3 can be mediated by the RGD sequences in these ligands. 
Other sequences within these same ECM proteins also are recognized by these same integrins. 
Laminins and collagens contain RGD sequences but these are not involved in interaction with a6b1 
and a2b1, respectively. However, degradation of these ligands, a common fate of many ECM pro-
teins, can expose their RGD sequences. Thrombospondin-1 (TSP-1), a constituent of the ECM and 
the major protein secreted from platelets, contains an RGD sequence, which can become available to 
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integrins aIIbb3 and aVb3 under circumstances in which the conformation of TSP-1 is reorganized 
(40). However, a second TSP-1 receptor, CD36, can also mediate recognition of this ligand, leading 
to signaling events associated with platelet activation (41,42).

AGONIST RECEPTORS

ADP Receptors
Forty-five years ago, ADP was identified as a factor derived from erythrocytes which influenced 

platelet adhesion to glass (43) and induced platelet aggregation (44). However, the molecular struc-
ture and identity of the receptors for ADP remained elusive until relatively recently. The ADP recep-
tors on platelets belong to the P2 family, which consists of two classes of membrane receptors: P2X 
ligand-gated cation channels and G-protein-coupled P2Y receptors (45). ADP activates platelets 
through three purinergic receptors, P2Y1, P2Y12, and P2X1. The P2X1 cation channel is activated 
by ATP and the two G-protein-coupled receptors, P2Y1 and P2Y12, are activated by ADP. Of these 
three receptors, one is coupled to inhibition of adenylyl cyclase through activation of the Gai subunit, 
the second is coupled to mobilization of calcium from intracellular stores through activation of the 
stimulatory Gaq subunit with resultant phospholipase C (PLC) activation, and the third, an ionotropic 
P2X1 receptor, is coupled to rapid calcium influx.

P2Y1 Receptors

The P2Y1 receptor is widely distributed in many tissues. ADP is its natural agonist, while ATP 
behaves as an antagonist in platelets (46). About 150 P2Y1 receptor-binding sites are expressed per 
platelet (47). The Gaq-coupled P2Y1 receptor was the first of the ADP receptors to be cloned (48) 
and consists of 373 amino acids, encoded by a single exon (49). P2Y1 activates the Gaq/phospholi-
pase C pathway leading to generation of second messengers, inositol triphosphate (IP3) and DAG 
(50). IP3 mobilizes calcium from the intracellular stores while DAG activates the protein kinase C 
isoforms. This activation leads to platelet shape change (51) and contributes to ADP-mediated platelet 
aggregation and thromboxane A2 generation (52). Platelets from mice deficient in P2Y1 receptor 
show no shape change or aggregation in response and display mild prolongation in bleeding time 
(53,54). P2Y1-deficient mice are also resistant to thrombosis induced by agonists like ADP, epine-
phrine, or collagen (53–55). Also, mouse platelets treated with P2Y1 antagonist MRS2179 display 
decreased thrombus formation in a ferric chloride-induced vascular injury model (56).

P2Y1 is a high-affinity receptor for ADP, and ATP, 2-chloroATP and 2-MeSATP are competitive 
antagonists. A number of specific P2Y1 receptor antagonists have been developed which have no 
effect on the P2Y12 receptor and as such, could be useful therapeutic tools to improve antithrombotic 
strategies, particularly given the observation that a combination of P2Y1 deficiency and clopidogrel 
(selective P2Y12 antagonist) treatment confers better thromboresistance than antagonism of the indi-
vidual ADP receptors (56).

P2Y12 Receptors

The P2Y12 receptor couples to Gai2. This leads to inhibition of adenylyl cyclase (57) and decreasing 
levels of cAMP. This ADP receptor has been shown to be important for platelet functions very similar 
to the P2Y1 receptor. In addition, the P2Y12 receptor is also important for potentiation of platelet 
activation mediated by other physiological agonists including collagen, vWF, and thromboxane A2. 
P2Y12 stimulation also results in potentiation and amplification of platelet aggregation, procoagulant 
activity, and dense granule secretion caused by other platelet agonists. Specifically, P2Y12 has been 
implicated in mediating irreversible aggregation by the protease-activated receptor (PAR)-1 and in 
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playing an integral role in thromboxane- and collagen-mediated aggregation. All these features make 
P2Y12 a pivotal factor in sustaining platelet aggregation and promoting thrombus growth and stabili-
zation. Coactivation of the P2Y1 and P2Y12 receptors is necessary for normal ADP-induced platelet 
aggregation (58–60). They are differentially involved in the procoagulant activity of platelets. While 
both receptors are indirectly involved through their role in platelet P-selectin exposure and in the 
formation of platelet–leukocyte conjugates leading to leukocyte tissue factor exposure (61,62), P2Y12 
is also directly implicated in the exposure of phosphatidylserine at the surface of platelets (55).

P2Y12-deficient mouse platelets aggregate poorly in response to ADP and do not respond to thienopy-
ridine compounds like clopidogrel. These platelets change shape normally indicating that P2Y12 has no 
role in platelet shape change (63). An in vivo mesenteric artery injury model in P2Y12-deficient mice 
demonstrated involvement of this receptor in platelet adhesion/activation, thrombus growth, and stability 
(64). Studies have shown that platelets from patients with P2Y12 receptor deficiency yield a thrombus 
that is small and loosely packed compared to platelets from normal subjects (65).

Tissue distribution is very limited, although not entirely restricted to platelets, as it is also expressed in 
brain, endothelial and smooth muscle cells (66). Platelets express approximately 500–800 P2Y12 recep-
tors (47). ADP is the natural agonist of this receptor, while ATP and its triphosphate analogs are antago-
nists (67,68). Given the potentiating role of P2Y12 in various platelet functions and its limited localization, 
the P2Y12 receptor has become an enticing target for therapeutic intervention. The search for compounds 
that target the P2Y12 receptor has led to the development of thienopyridine derivatives that include clopi-
dogrel, ticlopidine (69), and CS747 (70) and prasugrel. The thienopyridine class of P2Y12 antagonists 
acts as irreversible inhibitors. Thienopyridines, including the active metabolite of clopidogrel, bind cova-
lently to cysteine residues of P2Y12 (71), thus precluding the binding of ADP (72).

P2X1 Receptors

The third component of the platelet P2 receptors involved in ADP recognition is P2X1, the ligand-
gated cation channel responsible for the fast calcium entry induced by ATP (73). Seven genes for the P2X 
receptors have been identified on different chromosomes. Among these, only P2X1 is found in human 
platelets and megakaryocytes. A characteristic of P2X1 is that it is very quickly desensitized, which ham-
pers study of its function in platelet activation in vitro. However, when desensitization is prevented by 
addition of a high concentration of apyrase (ATP-diphosphohydrolase, E.C.3.6.1.5.), the selective P2X1 
agonist alpha, beta-methylene-ATP (abMeATP) induces a rapid calcium influx accompanied by a tran-
sient shape change in human platelets (74). Although unable to trigger platelet aggregation by itself, the 
P2X1 receptor has been shown to participate in collagen- and shear-induced aggregation (75–77).

P2X1 knockout mice show that P2X1 activity is necessary for thrombus formation at high shear 
(78). These mice have decreased mortality compared to control mice in a laser-induced vessel injury 
model. These knockout mice appear healthy and have no hemostatic defects and no prolongation of 
bleeding time. In addition, mouse platelets overexpressing P2X1 show an increase in collagen-
induced platelet aggregation, secretion, and ERK2 phosphorylation (79). Finally, the new P2X1 
antagonist NF449 [46] has an inhibitory effect on platelet activation and thrombosis in vivo (80). 
These results suggest that the P2X1 receptor should also be considered as a potential target for 
antiplatelet strategies, particularly in the setting of severe stenosis where shear forces are very high.

PROTEASE-ACTIVATED RECEPTORS

PARs are G-protein-coupled receptors that mediate the cellular effects of different proteases 
including thrombin. PARs are activated by proteolytic cleavage of their N-terminal domains 
which exposes a “tethered ligand” that activates the receptors. PAR-1 was identified first in a 
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search for receptors that could mediate the activation of platelets and other cells by thrombin 
(81). Now, four PARs have been identified and these are differentially expressed by vascular 
cells (endothelial cells and vascular smooth muscle cells [VSMCs]), platelets, and other circu-
lating cells. Thrombin activates PAR-1 and PAR-4 and is the main physiological activator of 
these receptors.

The mechanism of PAR activation and signaling is complex and unusual for several reasons: first, 
thrombin is an enzyme and, thus, it can activate more than one molecule of the receptor; second, the 
proteolytic cleavage of the receptor by thrombin is irreversible; third, activated receptors are poten-
tially coupled to different G proteins that signal through multiple signaling pathways and finally, 
activated PARs are rapidly internalized and targeted to lysosomal degradation. This mechanism 
involves the phosphorylation of PAR-1 in the C-terminus which triggers membrane translocation and 
clathrin-mediated internalization for endocytosis (82).

Human platelets express PAR-1 and -4 and either of them can trigger platelet secretion and aggre-
gation (81,83). PAR-1 seems to mediate platelet activation at low thrombin concentrations through 
a hirudin-like site that acts as a thrombin-binding site (81). PAR-4 lacks the thrombin-binding site 
but mediates platelet activation at higher thrombin concentrations. In addition, the slow PAR-4 
shutoff could be responsible for prolonged thrombin responsiveness in human platelets (84). In 
addition to PAR activation, thrombin also interacts with GPIba (see earlier). Platelet activation by 
thrombin induces shape change, mobilizes P-selectin and CD40L to the platelet membrane, and 
promotes the release of platelet agonists ADP, serotonin, thromboxane A2, chemokines, and growth 
factors (85,86).

Human platelets utilize PAR-1 and PAR-4 to respond to thrombin, whereas mouse platelets utilize 
PAR-3 and PAR-4 (83). Studies in knockout mice reveal that PAR-3 is necessary for mouse platelet 
activation at low thrombin concentrations. Although PAR-3 itself does not mediate transmembrane 
signaling, PAR-3 knockout mice are protected against thrombosis as are PAR-4 knockout mice (87). 
PAR-4 knockout mice appear healthy and platelets from these animals are normal in number and 
morphology. However, they show markedly prolonged bleeding times, protection against thrombo-
plastin-induced pulmonary embolism, and thrombosis of mesenteric arteries (87,88). PAR-4 activation 
by thrombin seems to be important to stabilize platelet-platelet aggregates, as has been observed in 
patients with Hermansky–Pudlak Syndrome, which lack platelet dense granules and have no ADP-
autocrine response (89).

Despite the proven efficacy of currently available agents such as aspirin and clopidogrel, anti-
platelet therapy remains suboptimal. This has prompted the search for more efficient and safe 
antiplatelet agents. In this context, strategies to modulate the effects of thrombin through the direct 
inhibition of PARs have been assessed. Anti-PAR-1 antibodies directed against the thrombin cleav-
age site have been effective in vitro and in vivo (90,91). Peptide mimetic antagonists that block 
PARs by competing with the endogenous tethered ligand are currently under investigation. One of 
these PAR-1 antagonists (RWJ-58259) has been shown to efficiently prevent thrombus formation 
induced by electrolytic injury in nonhuman primates (92). Blockade of both PAR-1 and PAR-4 with 
pepducins, cell-penetrating lipopeptides based on the third intracellular loop of PAR-1 and PAR-4, 
effectively inhibits platelet aggregation (93). Infusion of the anti-PAR-4 pepducin into mice extends 
bleeding times and protects against systemic platelet activation (93). Studies in animal models have 
revealed that combined inhibition of both PAR-1 and PAR-4 could be a more appropriate therapeutic 
strategy to prevent arterial thrombosis than selective monotherapy (94,95). For example, the com-
bination of bivalirudin with novel PAR-4 pepducin effectively inhibits aggregation of human plate-
lets at even high concentrations of thrombin and prevents occlusion of carotid arteries in an animal 
model (94).
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THROMBOXANE A2 RECEPTORS

Thromboxane A2 (TXA2) is one of the bioactive metabolites of arachadonic acid. Cyclooxygenase 
converts arachadonic acid into prostaglandin endoperoxide H2, which is then further metabolized to 
TXA2 by thromboxane synthase. TXA2 is released from stimulated platelets and is a potent inducer 
of platelet aggregation as well as vasoconstriction and bronchoconstriction (96,97). TXA2 exerts its 
influence on platelet aggregation by interacting with TXA2 receptors on the platelet surface. There 
are two subtypes of TXA2 receptors, alpha and beta, but its effects in platelets are mediated primarily 
by the alpha isoform. Thromboxane receptors are seven transmembrane G-protein-coupled receptors 
as are a number of the agonist receptors on platelets. The transmembrane and extracellular regions of 
thromboxane receptors are involved in ligand recognition. In addition, separate studies have provided 
evidence that thromboxane receptors can couple to at least four separate G protein families (98). 
Consequently, thromboxane receptors can trigger a broad range of cellular responses. In platelets, 
the TXA2 receptor can couple to Ga and Ga

13
. Ga

13
 is phosphorylated through a PKA-dependent 

mechanism (98), linking TXA2 receptor signaling to cAMP levels. The long and well-established 
effectiveness of aspirin as an antiplatelet agent raised the hope that intervention at other sites within 
the arachondonic acid metabolic pathway or interference with the TXA2 receptor would provide new 
antithrombotic drugs. TXA2 receptor antagonists were developed throughout the 1980s and 1990s. In 
preclinical testing in animal models some of these antagonists were found to be protective in models 
of thromboembolic disease (99). However, such TXA2 receptor antagonists have not yet resulted in 
the development of effective antiplatelet drugs.

PLATELET AGGREGATION AND ITS RECEPTORS

aIIbb3
Deficiencies of integrin aIIbb3, either in humans or in mice, result in a failure of platelets to aggre-

gate in in vitro assays, an absence of thrombus formation in murine models of arterial thrombosis, and 
in an episodic bleeding syndrome in humans, Glanzmann’s thrombasthenia. The contribution of 
aIIbb3 to platelet aggregation depends on its capacity to serve as a receptor for adhesive proteins. 
Occupancy of the integrin by either fibrinogen or vWF supports platelet aggregation (100–102). The 
ligand repertoire of aIIbb3 includes still other protein ligands, such as fibronectin and vitronectin, 
which can support aIIbb3-mediated platelet adhesion or modulate platelet aggregation but do not 
themselves have multimeric structures appropriate for bridging platelets together (103).

The essential role of aIIbb3 in thrombosis and hemostasis served as an impetus for extensive 
analysis of its structure and function. Dedicated reviews of the structure aIIbb3 and of integrins in 
general have been published (100–102,104,105), and only a brief overview is provided here. aIIbb3 
is a typical integrin composed of a noncovalent complex of its aIIb and b3 subunits. The complete 
amino acid sequences of both subunits and the organization of their genes were determined in the 
1980s (106–108). Each subunit can be divided into three regions: a large extracellular region, a single 
membrane spanning region, and a short cytoplasmic tail. Contacts between subunits occur between 
all three regions. The large extracellular regions consists of a series of domains that were initially 
identified in the crystal structure of the aIIbb3 sister receptor, aVb3, which shares the same b3 subu-
nit (109,110). Today, several crystal structures of portions of the extracellular domain of aIIbb3, 
including complexes with small molecule agonists and antagonists, have been determined (111). Low 
molecular weight ligands nestle into a groove formed by domains contributed by each subunit: the 
b-propeller from the aIIb subunit and the A-domain from the b3 subunit. In the b3A-domain, a metal 
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ion bound in a MIDAS motif is critical to function. This metal ion is coordinated by an aspartic acid 
residue present in the ligand (112). The ability of ligands and antagonists to distinguish between 
aIIbb3 and aVb3 depends upon the “reach” of the bound ligand from the MIDAS cation into the 
b-propeller of the a subunit (111). Hence, some ligands and antagonists can bind to aIIbb3, to aVb3 
or to both integrins.

Critical to the function of aIIbb3 on platelets is its ability to undergo activation. On circulating, 
unactivated platelets, aIIbb3 exists in a resting state where it exhibits low affinity for its natural 
ligands. Hence, platelets can circulate in blood, a rich source of fibrinogen as well as other aIIbb3 ligands, 
without occupancy of the receptor and spontaneous aggregation. When a platelet encounters an 
appropriate agonist, intracellular signaling events are triggered which lead to conversion of aIIbb3 
from its resting to an activated state in which its affinity for ligand increases to the point where recep-
tor occupancy, by fibrinogen and/or other ligands, occurs efficiently and leads to platelet aggregation 
(113–115). Some of the agonists/receptors which induce aIIbb3 activation have been discussed earlier 
and are being actively investigated as antithrombotic drug targets. Other natural agonists can trigger 
aIIbb3 activation, particularly in combinations with low or subthreshold doses of ADP (115). 
Included in this category are epinephrine and serotonin, with platelets expressing the G-protein-
coupled receptors that also recognize these agonists.

While the agonist receptors on platelets and the intracellular signaling processes that they elicit are 
complex, the pathways converge to generate a common inside-out signal that changes the cytoplasmic 
tails and initiates activation of aIIbb3 (116). As currently envisioned, the cytoplasmic tails of the aIIb 
and b3 subunits interact with each other through several electrostatic and hydrophobic bonds between 
their membrane proximal helices. This intersubunit clasp maintains the integrin in a resting state. The 
signaling events from the agonist receptors converge and disrupt the clasp (117,118). This change is 
sensed in the transmembrane helices of the two subunits, which also are likely to be clasped, and 
which then undergo an unclasping or a change in registry of their interaction to propagate the inside-
out activating signal across the membrane (119,120). In the extracellular region, conformational 
changes which alter the relationship between the b-propeller and the b3A domain prepare the ligand-
binding site to accept macromolecular ligands. A component of this conformational rearrangement 
may be an unbending of the integrin to bring its ligand-binding site away from the membrane, permit-
ting easier access of large ligands and, once bound, for the ligands to bridge to another platelet 
(121,122).

The contribution of aIIbb3 to thrombus formation does not end with its role in binding ligands. 
Occupancy of aIIbb3 and other integrins results in their clustering. The consequence of such clustering 
is to create adhesive patches where platelet cohesive properties are enriched; to recruit, activate, and 
occupy other aIIbb3 molecules within the cluster; and to generate outside-in signals (105,123). 
Certain signals can be generated across a single occupied aIIbb3 but most of the downstream signaling 
events in platelets require clustering of occupied integrins for transmission. From the standpoint of 
thrombus formation, such outside-in signals stabilize the thrombus, and interventions, either genetic 
or pharmacologic that inhibit outside-in signaling, reduce the stability of platelet aggregates in vitro 
and destabilize thrombi in vivo (e.g., (124)).

Modulators of Platelet Aggregation
An emerging theme of platelet research has been the role of proteins other than aIIbb3 that modu-

late platelet aggregation. Antagonism of these molecules may blunt but not necessarily totally suppress 
platelet aggregation. In principle, such partial antagonism of the functional response may limit platelet 
participation in thrombosis while sparing their hemostatic activity. Thus, interference with the function 
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of these molecules would suppress thrombosis but would not lead to the bleeding complications associated 
with direct aIIbb3 antagonists. Included in this group of targets are membrane proteins as well as the 
soluble ligands that bind to them. One of the first molecules displaying these properties was the 
growth arrest-specific gene 6, Gas-6. Gas-6 is present in and released from platelet a-granules upon 
platelet stimulation and aggregation (125). It is a 75-kDa protein which, like several coagulation pro-
teins, contains g-carboxylated glutamic acids. Gas-6 is a ligand for Axl, Sky, and Mer. These are all 
transmembrane tyrosine kinases, and all are present on the platelet surface (126). When Gas-6 binds 
to these receptors, their kinase activities become activated. A downstream target of such activation is 
phosphorylation of the two tyrosine residues in the cytoplasmic tail of the integrin b3 subunit, which 
regulate outside-in signaling from the occupied integrin. As a result, thrombus growth and stability is 
dependent upon Gas-6 and its receptors (125). Platelets from mice deficient in Gas-6 show an initial 
aggregation response to various agonists but the aggregates are unstable. In vivo, the Gas-6−/− mice 
are resistant to thrombosis but show normal bleeding times (127). Mice in which the two tyrosine 
residues in the b3 cytoplasmic tail have been the mutated to phenylalanines, the so-called DiY mice, 
exhibit a similar phenotype (124). Thus, outside-in signaling may provide multiple targets for dampen-
ing thrombosis while sustaining sufficient hemostatic function to avoid bleeding. Several other lig-
ands released from platelets and bound to platelet surface receptors (e.g., CD40L binding to CD40), 
or membrane proteins involved in homotypic (e.g., PECAM-1 or JAM A and C) or heterotypic (e.g., 
Eph kinases and ephrins) interactions between platelets have been shown to modulate platelet aggre-
gation. Modulation of platelet response by such molecules has been the subject of recent reviews 
(128,129). For several of these, deficiencies in mice show their potential to modify thrombosis 
in vivo.

Another category of platelet proteins that regulate platelet aggregation are ones that affect integrin 
activation. Talin is a large (220 kDa) and abundant cytoskeletal protein within platelets as well as 
many other cell types. A substantial body of evidence identifies talin as the final activator of aIIbb3 
and other integrins (130,131). This function depends on binding of talin to the b3 cytoplasmic tail 
and dissociating the cytoplasmic tail clasp (117,132). Among the evidence that supports this role of 
talin is the failure of platelets rendered deficient in talin or bearing a mutant aIIbb3 which does not 
bind talin, to aggregate (132). Hence, talin and more specifically, the talin-b3 interaction, becomes 
a potential target for antithrombotic drugs. Recently, our understanding of aIIbb3 activation has 
become more complex. Members of the kindlin family of actin-associated proteins have been shown 
to bind to the b3 cytoplasmic tail but at a different site than talin (29,133,134). Platelets from mice 
deficient in kindlin-3, one of the three kindlin family members, also fail to aggregate (29). Hence, 
kindlins also are candidate targets for suppression of platelet responses and thrombosis. Talin and kindlins 
are widely distributed. Inhibitors of talin and kindlins that could be selectively delivered into platelets 
or do not have deleterious effects in other cells would need to be developed to exploit these targets.
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AbstrAct The coagulation cascade is integral to the hemostatic process and serves to limit the amount of 
blood loss during trauma. However, derangements in this process can result in venous thrombosis and con-
tribute to the development of arterial atherothrombotic disease. Indeed, in arterial thrombosis, the effects 
of thrombin may extend far beyond coagulation activation and play an important role in activation of a 
wide variety of cells and the inflammatory processes. Venous thrombosis and arterial thrombotic diseases 
have traditionally been thought of as separate processes; however, they share many similarities in patho-
physiology and risk factors. The activation of the coagulation cascade underlies both arterial and venous 
thrombosis, and biological triggers, such as inflammation, prothrombotic microparticles, and endothelial 
activation provide a plausible link between the two.

Key words: Coagulation cascade; Mechanism; Pathophysiology; Platelets; Thrombosis

INTRODUCTION

Hemostasis and thrombosis are related processes involving the coagulation system, platelets, endothe-
lial cells, and the vascular wall. Indeed, Rudolf VIrchow, in the 1800s, postulated a triad of causes for 
thrombin formation: changes in the composition of blood, alterations in the vessel wall, and disruption of 
blood flow (1). Physiological hemostasis occurs as a protective response to vascular injury; exposure of 
blood components to subendothelial proteins stimulates activation of platelets and production of the key 
coagulation enzyme thrombin leading to formation of a fibrin meshwork (2,3). This process prevents 
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excessive bleeding or exsanguination after vascular injury or trauma. On the other hand, thrombosis can 
be considered “hemostasis in the wrong place and at the wrong time” (4), with dysregulation of one or 
more elements of the hemostatic system contributing to formation of a platelet-fibrin thrombus that often 
occludes blood vessels, leading to pathologic complications (5). If the thrombus occurs in the arterial 
system, distal ischemia can lead to acute coronary syndromes, myocardial infarctions, stroke, and peripheral 
extremity necrosis. Thrombus formation in the venous system, typically deep venous thrombosis, leads to 
local tissue congestion and decreased venous blood return, but dislodged thromboemboli may result in 
the potentially devastating complications of pulmonary infarction or, paradoxically, stroke.

CLINICAL MANIFESTATIONS OF ARTERIAL AND VENOUS THROMBOSIS

Thrombosis in the arterial system typically occurs superimposed on vascular abnormalities that are 
the result of other diseases, such as atherosclerosis or vasculitis (6,7). Arterial atherosclerotic plaques 
are well known to liberate prothrombotic and inflammatory substances, such as oxidized lipids (8), 
and express procoagulant molecules such as tissue factor (9). While coagulation activation is undoubt-
edly involved in arterial thrombosis, platelet activation plays a crucial role, as described in Chap. 1, 
and antiplatelet drugs are the predominant pharmacologic therapy for this class of disorders (10).

Arterial thrombosis in this setting, leading to vascular occlusion, can result in vascular-bed-specific 
pathologies. Coronary artery occlusion results in acute coronary syndromes or myocardial infarction, 
while cerebrovascular occlusion results in thrombotic stroke, and occlusion of peripheral arteries 
leads to peripheral arterial disease and gangrene. Paradoxical embolism of a venous thrombus through 
a patent foramen ovale may also lead to cerebrovascular thrombosis (11).

In contrast to arterial thrombosis, venous thrombotic disorders are not usually associated with 
underlying vascular pathologies. Instead, venous thrombosis is associated with venous stasis or con-
genital dysregulation of coagulation proteins or natural anticoagulants (12). Deep vein thrombi, most 
often involving the veins of the lower extremities, may dislodge and result in embolism to the pulmo-
nary vasculature, with segmental pulmonary infarction and an attendant high morbidity rate (13). 
Prolonged atrial fibrillation is often complicated by thrombosis of the atrial appendages. While multi-
factorial, stasis is a contributing factor in thrombosis observed with atrial fibrillation, the role of the 
coagulation system is highlighted by success with targeted anticoagulant therapies (14,15).

While a direct clinical link between arterial and venous thrombosis has not been demonstrated, 
atherosclerosis and venous thromboembolic disease share similar risk factors, such as age, obesity, 
diabetes mellitus, and the metabolic syndrome (16). The activation of the coagulation cascade under-
lies both arterial and venous thrombosis, and biological triggers, such as inflammation, prothrombotic 
microparticles, and endothelial activation provide a plausible link between the two. Some disorders, 
such as the antiphospholipid antibody syndrome (APS) and heparin-induced thrombocytopenia (HIT), 
have clear clinical associations with both arterial and venous thrombosis (17). The thrombosis in HIT, 
for example, is thought to be multifactorial, with platelet activation, endothelial activation, and 
thrombin generation all contributing to the pathophysiology (18). In the following sections, the physi-
ology of coagulation and its regulation will be described, followed by a discussion of coagulation-
associated risk factors for both arterial and venous thrombosis.

COAGULATION PHYSIOLOGY

The coagulation system, together with endothelial cells and platelets, is responsible for maintaining 
blood in a fluid state, but, when activated, rapidly results in development of a fibrin clot by conversion 
of the plasma protein, fibrinogen, to the polymer fibrin by the key enzyme, thrombin (2,3) (See Fig. 1). 
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In addition to production of fibrin, thrombin has wide-reaching functions that range from platelet activa-
tion to stimulation of endothelial cells, vascular smooth muscle cells (VSMC), monocytes, T lymphocytes, 
and fibroblasts, so the production and inhibition of thrombin is tightly regulated (19,20).

The coagulation system comprises proenzymes that typically reside in the intravascular space in an 
inactivated state together with cofactors, cations, and cell-associated phospholipid. Coagulation can 
be activated by two principal mechanisms, the intrinsic and the extrinsic pathways that converge to 
produce thrombin by the common pathway through a series of inter-related enzymatic reactions 
(21,22) (See Fig. 2). These classical pathways form the basis of the two most frequently performed 
coagulation tests, the prothrombin time (PT), which measures the extrinsic and common pathways; 
and the activated partial thromboplastin time (APTT), which measures the intrinsic and common 
pathways. However, the physiologic activation of coagulation in vivo is not so segregated, with the 
initiation phase occurring through tissue factor exposed during vascular injury leading to a subsequent 
propagation phase and further amplification of the process by thrombin, due to activation of factors, 
V, VIII, XI (23).

The Intrinsic Pathway
One mechanism of coagulation activation is the intrinsic pathway, so called because its compo-

nents, factors XII, XI, IX, VIII, prekallikrein (PK), and high molecular weight kininogen (HMWK), 
are all plasma proteins and are “intrinsic” to the lumen of the blood vessel (24). The intrinsic pathway 
can be activated when factor XII undergoes autoactivation to factor XIIa on a negatively charged 
surface through a process called “contact activation” (25,26) (See Fig. 3). Negatively charged surfaces 

Fig. 1. The elements of the hemostatic system, with the relationship between endothelial cells, the vascular wall, 
coagulation, coagulation inhibitors, and platelet activation. AT antithrombin, ProS protein S, APC activated protein C, 
TFPI tissue factor pathway inhibitor, ECM extracellular matrix.
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Fig. 2. Diagram of the coagulation cascade, depicting the intrinsic and extrinsic pathways of activation. The extrinsic 
pathway of activation is started with exposure of tissue factor (TF), coupled with factor VIIa that leads to the activa-
tion of factor X. The intrinsic pathway is started by the contact activation factors (factor XII, high molecular weight 
kininogen (HMWK), and prekallikrein (PK)) with eventual activation of factor X by the tenase complex (factors IXa, 
VIIIa, calcium (Ca++), and phospholipid). Activated factor X (Xa) participates in the prothrombinase complex (factor 
Xa, Va, Ca++, phospholipids) for the conversion of prothrombin to thrombin, which converts fibrinogen to fibrin 
monomer. Fibrin then polymerizes and is crosslinked by factor XIIIa. Further activation of coagulation is fostered by 
thrombin’s activation of factors V, VIII, and XI.

Fig. 3. The contact activation and cell-based activation pathways of the intrinsic factors. Negatively charged surfaces 
can activate the contact activation factors. Activation of factor XII leads to conversion of prekallikrein (PK) to kallikrein 
(K), facilitated by the cofactor high molecular weight kininogen (HMWK), with kallikrein further stimulating the 
activation of factor XII. Activated factor XII subsequently activates factor XI. The intrinsic pathway can also be acti-
vated in a cell-based process. HMWK-PK binds to a cell-based receptor complex, which includes a binding protein 
for the globular head domains of complement component C1q, designated gC1qR, cytokeratin 1 (CK1) and urokinase 
plasminogen activator receptor (u-PAR). Prolylcarboxypeptidase (PRCP) bound to the complex activates PK to form 
plasma kallikrein, resulting in factor XII activation.
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include the artificial reagents in the APTT assay, such as kaolin, celite, and silica, which explains 
the dependence of the APTT on the contact activation factors. However, the intrinsic pathway can be 
activated in vivo by substances such as articular cartilage, endotoxin, L-homocysteine, and the 
developing thrombus (27,28).

Activation of factor XII leads to conversion of PK to kallikrein, facilitated by the cofactor HMWK, 
with kallikrein further stimulating the activation of factor XII (27). Activated factor XII subsequently 
activates factor XI, with factor XIa activating factor IX. Factor IXa, together with factor VIIIa, phos-
pholipids, and calcium form the tenase complex that activates factor X.

The intrinsic pathway can also be activated in a cell-based process, as the components can assem-
ble on endothelial cells, platelets, and granulocytes (27,29). HMWK-PK binds to a cell-based receptor 
complex, which includes a binding protein for the globular head domains of complement component 
C1q, designated gC1qR, cytokeratin 1 (CK1) and urokinase plasminogen activator receptor (u-PAR) 
(27) (See Fig. 3). Prolylcarboxypeptidase (PRCP) bound to the complex activates PK to form plasma 
kallikrein, resulting in factor XII activation (30). Apart from activation of factor XI, this complex is 
involved in other physiologic activities through formation of bradykinin, which participates in fibri-
nolysis activation and the production of antiplatelet molecules, nitric oxide and prostacyclin, from 
endothelial cells (27).

The role of the contact activation factors, XII, HMWK, and PK, has traditionally been discounted in 
physiological hemostasis, as patients with deficiencies of these proteins do not manifest a bleeding dia-
thesis (31). Studies have shown that factor IX is principally activated not by the contact factors but by the 
tissue factor/factor VIIa complex, as described later, and physiologic hemostasis is thought to proceed 
principally through that extrinsic pathway (32). However, recent studies with factor XI and XII knockout 
mice have indicated that deficiency of these factors may impair formation of occlusive thrombi in arterial 
injury models and may be attractive targets for new antithrombotic agents (26,28,33).

The Extrinsic Pathway
The so-called Extrinsic Pathway of coagulation, comprising tissue factor and factor VII, is acti-

vated by tissue injury or cellular activation and is likely the primary mechanism for in vivo hemostasis 
(2,34). Tissue factor, complexed with activated factor VIIa in the presence of calcium and phospholipids, 
activates coagulation through conversion of factor X to Xa and also through activation of factor IX to 
IXa (35) (See Fig. 4).

Tissue factor is an intrinsic membrane glycoprotein expressed on many vascular wall cells, such as 
smooth muscle cells, pericytes, and fibroblasts (34,36). Constitutively expressed cell-based tissue factor 
can be exposed to the blood following vascular injury, but tissue factor expression can also be induced on 
vascular endothelial cells and leukocytes by thrombin and inflammatory stimuli (34,37,38). This induc-
tion is well described for monocytes, but also may occur in neutrophils and eosinophils and is thought to 
play a role in the thrombotic consequences of disseminated intravascular coagulation and sepsis (37,39). 
Activation of many cells leads to production of minute membrane-bound microparticles, which may be a 
source of circulating tissue factor activity (40). Platelets may also play a role, as recent studies have shown 
that platelets can be stimulated to produce TF mRNA and synthesize TF protein (34,41).

Fibrin Formation and Common Pathway Activation
The purpose of coagulation is the formation of an insoluble fibrin polymer as a hemostatic plug. 

To this end, the transformation of plasma-based fibrinogen to crosslinked fibrin is accomplished by 
several mechanisms and is tightly regulated.

23



Antihrombotic Drug Therapy in Cardiovascular Disease

Fibrinogen is a large plasma protein that is a dimer composed of two mirror-image groups of three 
polypeptide chains, the Aa, Bb, and g chains (42) which are held together by a group of central 
disulfide bonds. Fibrinogen has a trinodular structure, with the central disulfide bonded area forming 
the central E domain, and the flanking polypeptides forming two lateral D domains (43) (See Fig. 2). 
The serine protease thrombin cleaves off small fibrinopeptides from the Aa and Bb chains, converting 
fibrinogen to fibrin monomer. Binding sites in the central region of the fibrin monomer, termed 
A-knobs and B-knobs, are exposed. This allows the “knobs” on one monomer to bind to gC and bC 
“holes” in the D domains in another monomer in a half-staggered overlap pattern, facilitating noncova-
lent assembly into a fibrin protofibril polymer (44,45). The protofibrils then associate laterally into 
bundles that form thicker fibers. Concurrent with the conversion of fibrinogen to fibrin, thrombin cata-
lyzes the activation of factor XIII, a transglutaminase enzyme that stabilizes the fibrin polymer by 
forming covalent crosslinks between g chains in the D domains of adjacent fibrin molecules (46).

Thrombin, which plays a key role in the formation of fibrin and its crosslinking, is a serine protease 
that is formed from prothrombin by the action of factor Xa and the prothrombinase complex, a 
phospholipid membrane-based complex consisting of factors Xa and Va together with calcium (20). 
Thrombin has many functions apart from fibrin formation and is associated with propagation of 
coagulation through activation of factors V and VIII, thus accelerating the activity of the prothrombi-
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Fig. 4. Sources of tissue factor (TF) in the activation of coagulation. Tissue factor is expressed by many vascular wall 
cells and is exposed upon vascular injury. It can also be expressed during activation of endothelial cells and leuko-
cytes, such as monocytes. Various cells, from endothelial cells to leukocytes and smooth muscle cells can produce 
small membrane-bound vesicles, called microparticles, that may express tissue factor. Tissue factor/factor VIIa is 
involved in the activation of coagulation through direct activation of factor X, but this is inhibited by tissue factor 
pathway inhibitor (TFPI). Tissue factor/factor VIIa can also activate factor IX, which leads to factor X activation 
through the tenase complex.
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nase and tenase complexes, respectively (47) (Fig. 2). Thrombin is further involved with amplification 
of coagulation through its direct activation of factor XI. Indeed, individuals with factor XI deficiency 
typically only have bleeding when large amounts of thrombin are formed, such as during surgical 
procedures (48).

Thrombin, through a series of G-coupled protease-activated receptors (PARs), also activates plate-
lets and other cells, such as endothelial cells and monocytes (19). Upregulation of PARs in smooth 
muscle cells is thought to play a key role in the pathogenesis of atherosclerosis and restenosis (49). 
Due to its wide-ranging effects, the activity of thrombin is closely regulated, as discussed later.

The activation of thrombin requires the action of factor Xa, another serine protease, in the 
prothrombinase complex resulting in cleavage of a peptide fragment, prothrombin fragment F1 + 2, 
from prothrombin (50). The formation of active factor Xa from the proenzyme factor X is considered 
the start of the common pathway and can be triggered by both tissue factor/factor VIIa from the 
extrinsic pathway and by the tenase complex (factors IXa, VIIIa, calcium, and phospholipids) from 
the intrinsic pathway (2). Having two separate mechanisms for factor Xa activation is thought to be 
associated with two temporal stages of blood coagulation (32,51), the initiation and propagation 
stages. In the initiation stage, factor X is initially activated by tissue factor/factor VIIa. This produces 
small amounts of thrombin, which activates factors V and VIII, leading to further thrombin produc-
tion (47). After initiation, an inhibitor, tissue factor pathway inhibitor (TFPI), downregulates the ability 
of tissue factor/VIIa to activate factor X (52). Coagulation then enters the propagation phase, directing 
the activity of tissue factor/VIIa toward activation of factor IXa, resulting in a switch of the pri-
mary activation of factor X to be via the intrinsic pathway tenase complex (51). Further thrombin 
production leads to the activation of factor XIa, which amplifies the propagation phase further.

Lessons from Studying In Vivo Coagulation Activation
Most studies that have been used to define the coagulation process have been performed in vitro, 

often with highly purified single protein components. While these have helped delineate the processes 
involved, they may not necessarily indicate the relative importance of coagulation factors in hemos-
tasis, hemorrhage, or thrombosis (145). For example, the processes of hemostasis and thrombosis 
may differ, as in vivo studies have shown defective thrombus formation in the absence of factors XII 
and XI, while patients with factor XII deficiency do not display a hemostatic defect (26,28). The clini-
cal phenotype for deficiency of factors VIII and IX is hemophilia, a significant bleeding disorder, so 
this helps to indicate the importance of factor X activation by the tenase complex compared to tissue 
factor/VIIa. Contrary to the dogma that tissue factor is extrinsic to the blood vessel lumen, circulating 
tissue factor-bearing microparticles have been shown to be involved with in vivo thrombus develop-
ment (53). It has been shown from in vivo studies that platelet thrombus formation and fibrin forma-
tion may occur more simultaneously than sequentially, and other studies question the crucial role of 
platelet membrane phospholipids in the formation of fibrin (54,55). While these studies may challenge 
the classical paradigm of coagulation and its relationship with platelets, they also serve to underscore 
the complex and inter-related nature of the hemostatic process.

REGULATION OF COAGULATION

Coagulation activation involves numerous proteins and amplification steps, so its activation and 
propagation is closely regulated. The activities of thrombin and tissue factor, in particular, have 
several well-studied inhibitors and/or regulatory mechanisms. These regulatory mechanisms are of 
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clinical significance, as defective regulation due to congenital inhibitor deficiency may lead to clinical 
thrombosis, while pharmacologic use of the inhibitors has successfully controlled thrombosis. The 
endothelial cells that line the blood vessels also are able to regulate the function of many aspects of 
hemostasis from coagulation to platelet activation to fibrinolysis

Regulation of Tissue Factor
Classically, since tissue factor was thought only to exist in locations extrinsic to the blood vessel 

lumen, regulation of tissue factor activity has been thought to involve primarily vessel injury with exposure 
of constitutively expressed tissue factor to flowing blood. While this process is undoubtedly involved, 
other mechanisms for regulation of tissue factor exposure and activity likely play a role. Tissue factor 
can exist in an encrypted, inactive form, or a decrypted, active form; decryption may involve conformational 
or disulfide bonding changes (56,57). The major regulation of tissue factor/factor VIIa activity is through 
tissue factor pathway inhibitor b (TFPIb), a Kunitz-type proteinase inhibitor (52). TFPIb forms a 
quaternary complex with tissue factor, factors VIIa and Xa; the factor Xa within the complex is deacti-
vated, but binding to adjacent tissue factor/factor VIIa prevents further factor X activation (38,58). TFPI 
may also further downregulate coagulation by causing TF-expressing cells to internalize cell surface TF/
factor VIIa complexes (59). The importance of TFPI as a hemostatic regulator is highlighted by the 
embryonic lethality due to hemorrhage observed in TFPI knockout mice (60).

Regulation of Thrombin
The activity of thrombin is closely regulated by several direct and indirect mechanisms; these 

involve antithrombin, a direct-acting inhibitor, or take advantage of thrombin’s proteolytic activities 
through the activation of protein C. Several naturally occurring thrombin inhibitory molecules have 
been developed by blood-sucking insects or envenoming snakes. One such molecule, hirudin, is a very 
potent direct thrombin inhibitor (DTI); OTIs have been developed as successful commercial anti-
thrombotic agents, highlighting the importance of regulating endogenous thrombin activity (61).

Antithrombin (formerly called Antithrombin III) is a serine protease inhibitor that is a direct inhibitor 
of thrombin and other serine proteases (2,20). The reactive site loop (P1–P17) of antithrombin includes 
a scissile P

1
-P

1
¢ (Arg393-Ser394) bond that resembles the substrate for thrombin and other serine 

proteases (62,63). Once thrombin cleaves the bond, the protease is covalently linked to the P1 residue 
and an inactive thrombin/antithrombin complex is formed (See Fig. 5). The ability of antithrombin to 
inhibit thrombin is accelerated approximately 1000-fold by heparin binding to arginine residues in the 
D-helix of antithrombin, with a resultant conformational change of the P1-P17 loop and exposure of the 
P1-P1¢ reactive center (64,65). The inactivated thrombin/antithrombin complex dissociates from heparin, 
allowing heparin to bind to another antithrombin molecule and catalyze the inactivation of yet more 
thrombin. In vivo, the luminal surface of endothelial cells is rich in heparan sulfate; bound antithrombin 
is thus maintained in an active conformation, ready to facilitate the rapid inactivation of thrombin.

Another thrombin regulatory mechanism is the thrombomodulin/protein C system, a multimolecular 
system that regulates blood coagulation, principally through the proteolytic degradation of activated 
factors V (fVa) and VIII (fVIIIa) (20,66,67) (See Fig. 5). Thrombin binds to an endothelial cell recep-
tor, thrombomodulin, via the anion-binding exosite (68) and through conformational changes leads to 
a change in thrombin’s substrate specificity from fibrinogen to protein C with activation of protein C 
(69). Protein C interacts with the thrombomodulin/thrombin complex by binding to endothelial cell 
protein C receptor (EPCR), which appears to be an important step in physiological protein C activa-
tion (70). In addition to activating protein C, the thrombomodulin/thrombin complex also is able to 
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activate thrombin activatable fibrinolysis inhibitor (TAFI), which results in inhibition of fibrin degra-
dation and may also have a broad anti-inflammatory role (71,72). Activated protein C is released 
from the EPCR, and combines with protein S, another vitamin K-dependent factor, on endothelial or 
platelet phospholipid surfaces (66,67). This activated protein C complex is able to degrade factors Va 
and VIIIa, thus slowing the procoagulant drive (2).

Protein Z System
Another inhibitory mechanism of the coagulation system has been described, namely the protein 

Z system. Protein Z is a vitamin-K dependent protein, with an inhibitor, known as protein Z-dependent 
protease inhibitor (ZPI) (73). ZPI has been shown to inhibit factor Xa in a process that requires protein 
Z, calcium, and phospholipids (74). ZPI has further been shown to inhibit factors XIa and IXa in a 
mechanism not requiring protein Z, calcium, or phospholipids (75,76). This inhibitory mechanism has 
been shown to play a role in hemostasis from in vitro studies and mouse models, but the role of ZPI 
and protein Z as an anticoagulant system in humans remains to be fully elucidated (73).

Role of Endothelium
Endothelial cells are involved in many aspects of coagulation regulation. As indicated earlier, 

heparan sulfate and thrombomodulin are involved in inhibition of thrombin activity. Endothelial cells 
also inhibit platelet function through release of nitric oxide and prostacyclin and have profibrinolytic 
function through release of tissue plasminogen activator (tPA) (77). However, when activated by 
thrombin or inflammatory cytokines, endothelial cells can facilitate coagulation through expression 
of tissue factor, expression of procoagulant lipids, release of procoagulant microparticles, downregu-
lation of thrombomodulin, and release of von Willebrand factor (78).

Fig. 5. Inhibition of thrombin. Thrombin (Factor IIa) is inhibited by antithrombin (AT) bound to heparans on endothe-
lial surfaces. It is also regulated by binding to thrombomodulin (TM) on endothelial cells, where it converts protein 
C (Pro C) to activated protein C (APC). APC is a protease that degrades factors Va and VIIIa, thus decreasing further 
thrombin production.

27



Antihrombotic Drug Therapy in Cardiovascular Disease

Role of Microparticles
Microparticles are minute membrane-bound vesicles released from cell membranes by an exocyto-

sis process (79). They have been shown to arise from a wide variety of cells, including endothelial 
cells, platelets, monocytes, and erythrocytes (80). Microparticles are released from the surface of cells 
following apoptosis or activation; the release can be stimulated by a wide variety of agonists, such as 
cytokines, thrombin, and endotoxin, but also physical stimuli such as shear stress or hypoxia (79,81). 
During the formation of microparticles, membrane asymmetry is lost, with an exposure of anionic 
phospholipids, for example, phosphatidyl serine, to the external microparticle membrane (82). This 
provides a binding site for coagulation complexes, such as the tenase and prothrombinase complexes. 
Because microparticles arise from the cell membrane, their protein antigen composition is characteristic 
of their cell of origin and can be used to identify their source.

Circulating microparticles may contribute to the support of coagulation and development of throm-
bosis or may have anticoagulant properties, depending on their number and cell of origin or the pro-
ducing stimuli. The microparticle’s anionic phospholipid surface has been shown to support thrombin 
generation through assembly of procoagulant complexes, and may be associated with clinical proco-
agulant states and other diseases (83,84,146). Tissue factor can be expressed by microparticles’ 
release by some cell types and may further contribute to their procoagulant activity (38,85). Depending 
on their cell surface antigens, microparticles may also contribute to the recruitment of cells to devel-
oping thrombi. For example, monocyte microparticles expressing tissue factor and P selectin glyco-
protein ligand-1 have been shown to bind to endothelial cells and platelets and to accumulate with the 
developing thrombus (86). However, not all microparticles are necessarily procoagulant. Microparticles 
arising from endothelial cells have been shown to have anticoagulant properties in some circum-
stances, with increased expression of TFPI and expression of activated protein C (79,87).

Elevated microparticle levels have been described in many cardiovascular and thrombotic disorders 
and are often reported to correlate with clinical events (79–81). However, until the laboratory methods 
for quantifying and characterizing microparticles are more standardized, their use as a diagnostic or 
prognostic tool will be limited (79,88).

Interaction Between Coagulation and Platelet Activation
A striking feature of the hemostatic system is the degree of redundancy and interdependence of the 

activation and regulatory processes involved. Not only are there multiple ways for coagulation to 
become activated, but there are also numerous and bidirectional associations between the coagulation 
system and platelets.

The coagulation system supports platelet activation and function in several ways. Thrombin is a 
potent activator of platelets through activation of PARs (19,89). Fibrinogen provides the bridge for 
platelet-platelet aggregation through its bivalent binding to the platelet glycoprotein IIb/IIIa (a

IIb
/b

3
) 

receptor (90). Von Willebrand factor, a hemostatic protein released from endothelial cells, supports 
both platelet adhesion under shear and platelet aggregation (91).

On the other hand, activated platelets play a vital procoagulant role that serves as a link between 
platelet function and coagulation activation (92). Platelet membrane phospholipids undergo a rear-
rangement during activation with a transfer of phosphatidyl serine from the inner table to the outer 
table of the platelet membrane, providing a binding site for phospholipid-dependent coagulation 
complexes that activate both factor X and prothrombin. Additionally, the GPIb/V/IX complex is thought 
to participate in activation of factors XI and XII. The platelet alpha granules release many procoagulant 
factors during platelet activation, including fibrinogen, von Willebrand factor, and factor V.
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COAGULATION DYSREGULATION IN ARTERIAL AND VENOUS THROMBOSIS

The pathophysiology of arterial thrombotic diseases, mainly centered around cardiovascular 
atherosclerotic sequelae, is largely considered distinct from that of venous thrombotic disorders, 
such as deep vein thrombosis (DVT). Inflammation, the metabolic syndrome, lipid dysregulation, 
endothelial dysfunction, and platelet activation are characteristics of arterial thrombotic syndromes. 
Dysregulation of the coagulation system is thought to play a major role in the pathophysiology of 
venous thrombosis, highlighted by the well-described association between deficiency of the natural 
anticoagulants and venous thrombosis (93). However, evaluation of the risk factors for both disor-
ders shows some similarities, particularly age and obesity, and there is some evidence that patients 
with venous thrombosis have a higher risk of cardiovascular disease (94,95). Indeed, some disorders 
such as antiphospholipid antibodies and HIT are complicated by both arterial and venous thrombo-
sis, suggesting a unifying mechanism.

Coagulation Dysregulation and Venous Thromboembolic Disease
Venous thrombosis typically manifests as a DVT, usually in the lower extremities, or as a pulmo-

nary embolism  (PE) due to embolization of the thrombus to the pulmonary vasculature. A combina-
tion of vascular stasis and coagulation dysregulation is thought to be principally involved in the 
pathophysiology of venous thrombosis, as there is usually little underlying vascular pathology. 
However, inflammatory and fibrinolytic mechanisms and production of tissue factor-bearing micro-
particles may contribute (96). Venous thrombosis is relatively common, with an average annual inci-
dence rate of 121.5 per 100,000 person-years in the USA and is the third most prevalent cardiovascular 
disease after coronary artery disease and stroke (97). The risk factors for venous thrombosis have been 
well studied and include both acquired and congenital risk factors (See Table 1). In general, venous 
thrombosis is considered a multifactorial or multigenetic disease, with the combination of more than 
one risk factor increasing the risk of developing venous thrombosis (98).

Congenital Thrombophilia

Recognition of familial tendencies for thrombosis initially led to a search for genetic abnormalities 
in the coagulation system. The genetic abnormalities first to be described in association with throm-
bophilia were mutations leading to loss-of-function of natural anticoagulants, such as antithrombin, 
protein C, or protein S (99–101). These disorders are rare and heterozygous individuals have an 
increased risk for venous thromboembolism. In addition, elevated plasma levels of several coagulation 
proteins, including fibrinogen, factors VIII, IX, and XI, have been described to be associated with an 
increased risk of venous thrombosis (102). Furthermore, genetic polymorphisms associated with 
venous thrombosis and arterial vascular disease have been found in many of the procoagulant  
proteins, including prothrombin, fibrinogen, factors V, VII, XI, and XIII (103,147). Polymorphisms 
of EPCR, Z Protein inhibitor, fibrinolytic proteins, and enzymes in the transsulfuration pathway lead-
ing to high homocysteine levels have also been described, but their association with venous throm-
botic disease is not well established. The following discussion will concentrate on the two most well- 
described venous thrombotic risk factors, Factor V Leiden and the prothrombin G20210A mutation

Factor V Leiden

Patients resistant to the activity of APC were described by Dahlback in 1993 (104), and the molec-
ular basis for this defect was shown to be a point mutation in the factor V gene located on chromo-
some 1 (1691G-A), which was called Factor V Leiden (FVL) (105). The FVL mutation results in an 
arginine-glutamine substitution at amino acid 506 (Arg506Gln), the site of the first molecular cleav-
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age of factor Va by APC. This results in diminished activated protein C cleavage of factor Va and 
continued formation of thrombin by the prothrombinase complex (i.e., APC resistance).

The FVL mutation is fairly common in the Caucasian population with a frequency of 2–15%, but 
is uncommon in African blacks and Asians (106,107). The mutation is detected in up to 40% of 
patients with venous thrombosis (103). FVL alone imparts approximately a five to eightfold increased 
risk for venous thrombosis in heterozygotes and 80-fold in homozygotes (108,109). Clinical studies 
have shown FVL to be a risk factor for deep venous thrombosis, pulmonary embolism, cerebral vein 
thrombosis, and superficial thrombophlebitis (110).

Prothrombin G20210A

Due to the central role of thrombin, increased prothrombin levels are a likely risk factor for venous 
thrombosis. In studying patients from families with unexplained thrombophilia, Poort et al. identified 
a G-A transition at nucleotide 20210 in the 3¢-untranslated portion of the prothrombin gene in 5 of 28 
patients (111). The mutation is associated with increased levels of functionally normal prothrombin, 
with heterozygotes having a level about 50% higher than unaffected individuals (111). Prothrombin 
G20210A results in elevated prothrombin levels and a two to fivefold increased risk of venous throm-
bosis (108,111)

Acquired Thrombophilia

Venous thrombosis is predominantly a disease of the aging, with the annual incidence increasing 
rapidly after age 45 to approximately 1,000 per 100,000 person-years by age 80 (112). Other acquired 
risk factors associated with venous thrombosis include malignancy, obesity, surgery, trauma, immo-
bilization, central venous catheters, prior venous thrombosis, pregnancy, and hormone therapy 
(112,113) (See Table 1). Apart from age, malignancy has the strongest association with venous throm-
bosis, with 20% of venous thromboembolic events occurring in the setting of malignancy, most com-
monly with malignant brain tumors and cancer of the ovary, pancreas, colon, stomach, lung, and 
kidney (112,114). There has been a great deal of recent press regarding an increased risk of thrombo-
sis associated with long-haul airplane travel, and epidemiologic studies have shown approximately a 
two to fourfold increased risk (115).

Two acquired risk factors for thrombosis, APS and HIT, merit discussion, as they are autoimmune-
based disorders and are associated clinically with both venous and arterial thrombosis (17). HIT is a 
syndrome associated with thrombocytopenia and thrombosis developing approximately 5–14 days 
following heparin therapy (18). The inciting antigen in HIT is thought to be heparin/platelet factor 4 
(116), with complexes of antibodies/heparin/platelet factor 4 binding to the FcgIIa receptor on plate-
lets and endothelial cells, triggering platelet and endothelial activation with release of prothrombotic 
microparticles (117). In the APS, the antigen is variable, but is typically a protein associated with 
phospholipid membranes or cardiolipin; common antigens include b2-glycoprotein I and prothrombin 
(118), resulting in laboratory detection of anticardiolipin antibodies, anti-b2 glycoprotein I antibodies 
and/or the lupus anticoagulant. The APS is associated clinically with arterial thrombosis, venous 
thrombosis, and pregnancy complications in the setting of persistence of antiphospholipid antibodies 
for more than twelve weeks (119). The mechanism of thrombosis in patients with APS is still a matter 
of debate, but proposed mechanisms include platelet activation through binding b2 glycoprotein I, 
disruption of the Annexin V anticoagulant shield, and upregulation of endothelial cell tissue factor 
activity (17,120,121). Since both APS and HIT involve activation of platelets, coagulation, and 
endothelial cells, it is not surprising that both populations of patients demonstrate similar indicators 
of a hypercoagulable and inflammatory state, including increased thrombin generation, markers of 
platelet activation, endothelial cell dysfunction, and increased microparticles (17,79,122–124).
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The Role of Coagulation in Arterial Disease
Links Between Coagulation and Atherosclerosis

Atherogenesis is a complex process involving endothelial cells, VSMC, macrophages, platelets, 
lipids, the inflammatory system, and cytokines that leads to the development of lipid-rich atheroscle-
rotic plaques that result in vascular stenosis (9,125,126,148). Ongoing inflammation steers cellular 
proliferation and extracellular matrix production toward apoptosis, matrix degradation, and accumula-
tion of necrotic material (9,126). Further disruption of a plaque made vulnerable by inflammation 
often leads to an acute thrombosis and vascular occlusion, due to platelet thrombus formation (127–
129). Increased tissue factor expression by cells within the ruptured plaque can lead to coagulation 
activation, thrombin activation, and fibrin formation (23). If vascular occlusion does not occur with 
subclinical rupture, repetitive plaque rupture, thrombosis, and cellular proliferation lead to further 

Table 1 
Risk factors associated with venous thrombosis

Acquired Inherited

Major surgery Factor V Leiden
Trauma, accidental and surgical Prothrombin gene mutation G20210A
Solid and hematopoietic malignancies
Cancer therapies

Antithrombin deficiency

Central venous catheters Protein C deficiency
Limb immobilization
Hip, knee replacement
Prolonged cast or splinting
Stroke

Protein S deficiency

Bed ridden due to acute illness:
Cardiopulmonary disease
Infectious disease
Inflammatory disease
Malignancy

Hyperhomocysteinemia*
FVIII activity*
*Hereditary and environment contributions

Antiphospholipid antibody syndrome
Heparin-induced thrombocytopenia
Paroxysmal nocturnal hemaglobinuria
Disseminated intravascular coagulation/sepsis
Inflammatory bowel disease

Dysfibrinogenemia

Advancing age, especially >50
Obesity
Pregnancy, oral contraceptives, hormone replacement therapies
Long-haul airline travel Controversial:

Factors IX and XI
Plasminogen deficiency
Hypofibrinolysis
PAI-1 4G/5G mutation
ZPI deficiency
Factor XIII polymorphisms
Endothelial protein C receptor
Thrombomodulin

References: (107,116,117)
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luminal narrowing (130). The crucial role of both platelets and coagulation in the pathogenesis of 
acute coronary atherothrombosis is shown by the success of pharmacologic intervention with 
antiplatelet and anticoagulant drugs (131,132).

Tissue factor plays several roles in atherogenesis. Many cells within the atherosclerotic plaque 
express tissue factor (23). That tissue factor may play a role in pathogenesis of plaque-associated 
thrombosis is shown by animal studies demonstrating inhibition of thrombosis by treatment with 
recombinant-activated factor VII or TFPI (133,134). In addition, circulating tissue factor associated 
with cellular microparticles may also play a role in atherothrombosis. Procoagulant microparticles 
have been shown to be elevated in patients with acute coronary syndromes compared to patients with 
stable angina (79,135). However, other reports indicate that endothelial microparticles observed in 
acute myocardial infarction may have an anticoagulant phenotype, through expression of TFPI and 
activated protein C (87). An observation of increased levels of leukocyte-derived microparticles in 
subclinical atherosclerosis suggests a predictive value for microparticle measurement (84,136). While 
the role of circulating microparticles in atherothrombosis is not firmly established, drugs such as 
statins, which have been shown to decrease microparticle release, may play an additional role in treat-
ment of coronary disease (137).

Thrombin generation certainly plays a role in atherothrombosis through its stimulation of fibrin 
production, but it has been shown to be an integral regulator as well due to its ability to activate 
platelets, and mediate inflammatory signals to macrophages, smooth muscle cells and endothelial 
cells (9,19,149). Thrombin, through action on endothelial PARs-1 and -2, stimulates expression of 
leukocyte adhesion molecules and secretion of proinflammatory chemokines such as monocyte 
chemotactic protein-1, platelet-derived growth factor (PDGF), IL-6 and IL-8 (9,138). Thrombin may 
also play a role in matrix remodeling due to its ability to stimulate endothelial production of matrix 
metalloproteinases (139). Further coagulation effects of thrombin on endothelial cells include release 
of von Willebrand factor, factor VIII, and tPA (19). Smooth muscle cells also express PAR-1 and -2, 
and thrombin may stimulate their proliferation, production of growth factors, production of extra-
cellular matrix proteins, and expression of tissue factor (9,140). Thrombin activation of platelets 
through PAR-3 and -4 not only leads to platelet activation, but also to secretion of inflammatory 
mediators (PDGF, platelet factor 4, RANTES) and expression of CD40 ligand, that serves to attract 
leukocytes and activate them (141). As discussed previously, thrombin’s protease activity is usually 
short lived due to many inhibitory mechanisms. However, there is some evidence that thrombin may 
be sequestered in atherosclerotic lesions, resulting in persistent thrombin activity with consequent 
cellular effects and vascular remodeling (19).

Role of Thrombophilia Risk Factors in Arterial Thrombosis

Thrombophilia risk factors, as described earlier, are typically associated with an increased risk 
of venous thrombosis as most risk factors are due to increased function of coagulation proteins or 
decreased function of the natural anticoagulants. There is, however, a modest association between 
some of the thrombophilia risk factors with arterial thrombotic disease (142), especially in 
younger individuals or in association with oral contraceptive use. The association between factor 
V Leiden and myocardial infarction has been studied in several large meta-analyses, with an over-
all modestly increased relative risk of MI in factor V Leiden carriers of 1.17 (95% CI 1.08–1.28) 
(143). Data from a meta-analysis of prothrombin G20210A and MI showed an increased odds ratio 
of 1.28 that was nonsignificant (95% CI, 0.94–1.73) (144). Despite single case reports, prospec-
tive studies have not shown an association between deficiency of antithrombin, protein C, or 
protein S and MI (142).
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SUMMARY

The coagulation proteins have a vital role in the hemostatic process, defending the body from 
exsanguination during trauma. However, it is clear that dysregulation of the coagulation system can 
variously lead to venous thrombosis and contribute to the development of arterial atherothrombotic 
disease. Indeed, in arterial thrombosis, the effects of thrombin may extend far beyond coagulation 
activation and play an important role in activation of a wide variety of cells and the inflammatory 
processes. Venous thrombosis and arterial thrombotic diseases have traditionally been thought of as 
separate processes; however, they share many similarities in pathophysiology and risk factors. The 
activation of the coagulation cascade underlies both arterial and venous thrombosis, and biological 
triggers, such as inflammation, prothrombotic microparticles, and endothelial activation provide a 
plausible link between the two.
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abstract Atherosclerosis is an inflammatory disease. This fact is now strongly supported by clini-
cal, basic, and pathological research which has caused an evolution in thought concerning the evalu-
ation and treatment of acute coronary syndromes (ACS). The initial insult is endothelial injury and 
subsequent dysfunction via the deleterious effects of the known cardiac risk factors such as oxidized 
LDL, hyperglycemia, hypertension, hyperhomocystinemia, and smoking. Irrespective of the cause of 
endothelial damage, the resultant activation and proliferation of inflammatory cells, smooth muscle 
cells, and generation of cytokines and growth factors lead to the progression of atherosclerosis. The 
presence and extent of inflammation, procoagulant state and composition of the atherosclerotic plaque 
have been strongly associated with an increased risk of future cardiac events. Thus, the perpetuation 
of the inflammatory response likely plays a pivotal roIe in the pathobiology and vulnerability of the 
atherosclerotic plaque. Inflammatory markers once thought to be passive observers are now being 
investigated as active participants in the progression of atherosclerosis and therefore targets for future 
pharmacologic intervention.
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PATHOBIOLOGY OF INFLAMMATION, ATHEROSCLEROSIS, AND ACS

Endothelial Function
The endothelium lies in a critical location between the remaining vascular wall and the circulating 

blood, thereby functioning as the pivotal barrier that protects the arterial wall from injury. This critical 
monolayer of cells is pluripotential, carrying out the following functions; (1) provision of a nonthrom-
botic surface; (2) maintenance of vascular tone through the production and release of nitric oxide 
(NO), prostacyclin, and endothelin; (3) regulation of growth factors and cytokines; (4) provision of a 
nonadherent surface for leukocytes and platelets; and (5) the modification of lipoproteins as they 
transverse its permeable barrier (5). Injury to this monolayer plays a key role in the initiation and 
progression of the atherosclerotic lesion by increasing adhesive cell surface glycoproteins, adherence, 
migration, and activation of leukocytes, and smooth muscle cells, production of cytokines, chemok-
ines, and growth factors, as well as the reversal from an antithrombotic to a prothrombotic state 
(1–4,7,9–12) (Fig. 1).

Adhesion Molecules
Cell-cell interactions are a vital component in the pathogenesis of inflammation and propagation 

of atherosclerosis. Collectively known as cell adhesion molecules, three distinct families exist 
(selectins, integrins, and the immunoglobulin superfamily) each with its own specific role in the 
inflammatory process. The process entails tethering and rolling of leukocytes on the activated 
endothelium, leukocyte activation, and ultimately firm adhesion and transendothelial migration along 
a chemotactic gradient generated by mediators of inflammation (13,14).

Selectins are expressed on the cell surface of leukocytes (L-selectin), platelets (P-selectin), and 
endothelial cells (E-selectin). Upon activation from inflammatory cytokines, mainly tumor necrosis 
factor-a (TNF-a) and IL-1, cell surface expression of each selectin is enhanced (15–17). This process 
is vital in the early phase of inflammation mediating leukocyte recruitment and transient endothelial 
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Fig. 1. Schematic of the protective role the endothelium in preventing the progression of atherosclerosis. 
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cell to leukocyte interactions (tethering and rolling phase). The subsequent steps of firm adhesion and 
migration of leukocytes are predominantly mediated through the following: (1) interaction of integrins 
(leukocyte function associated antigen-1 [LAF-I], macrophage antigen-1 [MAC-I], very late activa-
tion antigen-4 [VLA-4] and GPIIbIIIa receptor), (2) the immunoglobulin superfamily (VCAM-1, 
VCAM-2, and ICAM-1), and (3) potent stimulation by inflammatory cytokines and chemokines 
including IL-1, IL-4, IL-8, TNF-a, INF-y, and chemotactic protein-1 (13,14). In addition to the cell 
adhesion molecules on endothelial cells, leukocytes, and platelets, ICAM-1 and VCAM-1 are expressed 
on smooth muscle cells (18). The interaction between leukocytes and smooth muscle cells contributes 
to smooth muscle cell migration and proliferation, cellular composition of the atherosclerotic plaque, 
and an increased expression of monocyte tissue factor mRNA (18,19). An additional component that 
ties inflammation and the prothrombotic state (1,2,4,7,9) involves the adhesion of activated plate-
lets to the endothelium through the P-selectin-GPIIbIIIa receptor interactions with s ubsequent platelet 
aggregation and thrombus formation (20).

Growing evidence supports that the presence of increased cell adhesion molecules in serum or 
vascular tissue may reflect ongoing active vascular remodeling due to persistent inflammation. 
Elevated serum levels of the soluble form of the VCAM-1 receptor (sVCAM-1) have been associated 
with the extent of atherosclerosis in patients with peripheral vascular disease (21). In patients with 
coronary artery disease, elevated levels of the soluble ICAM-1 (SICAM-1) have been found to be 
inversely proportional to HDL levels and associated with the presence of other coronary risk factors, 
unstable angina, myocardial infarction, and importantly to increased risk of future myocardial infarc-
tion in apparently healthy men (22,23). Immunohistochemical evaluation of coronary atherectomy 
tissue has shown P-selectin but not E-selectin, or ICAM-1 was expressed significantly greater in the 
setting of unstable angina vs. stable angina (24). This reflects an augmented response between an 
endothelial cell adhesion molecule and the activated platelet linking thrombus formation and unstable 
coronary syndromes. Elevated levels of soluble P-selectin have as well been shown to predict cardio-
vascular events in a prospective study of healthy women (25).

Cellular and Humoral-Mediated Response
Monocytes and Macrophages

Monocytes, the circulating precursors of tissue macrophages, are essential in the progression of 
atherosclerosis and are found in all stages of atherosclerotic lesions (3,26). Their recruitment and 
infiltration through the endothelium into the intima is tightly coupled to the humoral activity of the 
T-lymphocyte. The colocalization of CD4+ T-cells and macrophages and the abundant expression of 
HLA 11 molecules in atherosclerotic lesions is strong evidence for the role of cell-mediated immunity 
in the development and progression of atherosclerosis. Population size of CD14dimCD 16a+ periph-
eral blood monocytes has been shown to correlate with degree of hypercholesterolemia and is 
dramatically reduced with lipid-lowering therapy (27). This phenotypic expression, in contrast to 
other phenotypes of monocytes, is shown to express high levels of inflammatory cytokines such as 
TNF-a whereas the anti-inflammatory IL-10 is low or absent. In addition, these cells are further char-
acterized by an upregulation of cell surface adhesion molecules, suggesting an increased capacity for 
cell to cell interactions (28).

The degree of macrophage infiltration has been shown to distinguish between unstable and 
stable coronary lesions. The preferential localization of macrophages in high-flow shoulder 
regions of the atherosclerotic plaque correlates with areas at highest risk for plaque instability. In 
contrast to controls, infiltrates of CD68-positive macrophages and CD3- and CD8-positive T-cells 
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were statistically associated with the severity and frequency of superficial plaque inflammation 
and rupture (29–31). This plaque instability, in part, stems from metalloproteinase (MMP-1 and 
MMP-2) production and release by activated macrophages within the inflamed atherosclerotic 
plaque (32). (Fig. 1C)

Antigen-presenting macrophages induce T-cell activation and result in inflammatory amplification 
through T-cell release of TNF-a, and INF-g, further activating macrophages, platelets, and smooth 
muscle cells (33). Levels of the main specific immune markers CD4+ and CD3+/DR+ T-cells, IL-2, 
and IgM have all been reported to be higher in unstable than in stable angina patients (34). In addition, 
a higher percentage of IL-2 receptor positive T-lymphocytes in culprit lesions of patients with acute 
coronary syndromes indicates recent activation and amplification of the immune response within 
plaques. These findings support the concept that a burst of inflammatory products could initiate or 
accelerate the onset of an acute coronary event (35).

Mast Cells

Mast cells have been recently identified to inhabit the vulnerable shoulder regions of the athero-
sclerotic plaque and to be associated with plaque erosion and rupture (36,37). The population size of 
mast cells in artherectomy tissue correlates with the clinical severity of coronary syndromes. Their 
presence in the adventitia of ruptured plaques has led to the postulate that histamine release may 
provoke coronary spasm and contributes to the onset of myocardial infarction (38,39). Mast cells have 
a primary role in the perpetuation of the inflammatory response in atherosclerosis, characterized by 
the production of TNF-a and neutral proteases (tryptase and chymase) (40,41). TNF-a stimulates 
macrophages and smooth muscle cells to produce two prometalloproteinases - prostromelysin and 
procollagenase. Subsequent activation of these prometalloproteinases by mast cell produced tryptase 
and chymase leading to fibrous cap degradation and plaque destabilization (42).

Neutrophils

As previously discussed, macrophages and T lymphocytes are the predominant cellular compo-
nents of local inflammation within the atherosclerotic plaque. Neutrophils, although found sparsely 
in atherosclerotic plaques, play an integral part in the acute inflammatory response to tissue injury and 
have been implicated as a major factor in tissue damage in response to ischemia and reperfusion (43). 
TNF-a, IL-8, IL-6, platelet-activating factor, and leukotrienes enhance neutrophil recruitment to 
ischemic and reperfused myocardium by augmenting cell adhesion molecule expression. The extent 
of accumulation has also been correlated to the degree of tissue injury (44,45). A systemic activation 
of neutrophils has been reported in patients with angiographically documented coronary artery dis-
ease as compared with normal controls providing further proof for a chronic systemic inflammatory 
state in patients with atherosclerosis (46).

Platelets

Recent discoveries have led investigators to believe that platelets are critical constituents that tie in 
both inflammation and thrombosis. The presence of serologic markers of platelet activation is well 
established in the setting of an ACS (47–49). Inflammatory cytokines induce the translocation of the 
cell adhesion molecule P-selectin to the surface of the platelet membrane, facilitating interactions 
among platelets, endothelial cells, and monocytes. Monocyte expression of tissue factor is induced by 
P-selectin and may be an initiator of thrombosis in areas of vascular injury (50).

An initial step to answer the question of whether platelet activation is a result of or results in the 
development of an ACS was reported by Furman et al. (51). In a flow cytometric analysis patients 
with stable coronary artery disease were shown to not only have increased levels of circulating 
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activated platelets with enhanced P-selectin expression, but also to have an increased propensity to 
form monocyte-platelet aggregates (51). Additional evidence to implicate platelets as inflammatory 
mediators is their expression of CD40L. This transmembrane protein found on constituents of both 
cellular and humoral components of the inflammatory system is structurally related to TNF-a. 
CD40L is rapidly expressed by activated platelets and induces the expression of chemokines and cell 
adhesion molecules by endothelial cells thus provoking cell attraction, activation, and migration into 
the arterial wall (52).

Chemokines and Cytokines
Chemokines

Chemokines consist of a family of chemotactic cytokines involved in leukocyte trafficking and 
activation. Chemokines initiate signaling via chemokine G protein–coupled receptors, which then 
activates cellular integrins leading to reorganization of the cytoskeleton. More recently, this ever-
expanding family has been implicated in platelet activation and thrombus formation (53). In addition, 
a large number of chemokines have been suggested to play a role in mediating the progression of 
atherosclerosis (54). Some of the key chemokines involved in thrombogenicity and atherosclerosis 
are listed in Table 1. One of the more prominent chemokines is Monocyte chemoattractant Protein-1 
(MCP-1) or CCL2. MCP-1 is a chemokine that induces monocyte migration to sites of inflammation. 
MCP-1 inhibition has been shown to attenuate left ventricular remodeling and failure after experimen-
tal myocardial infarction (55). Further, increased levels of MCP-1 in the coronary sinus have been 
found to correlate to extent of coronary atherosclerosis (56). Elevated levels of MCP-1 in the sera of 
patients enrolled in the OPUS-TIMI-16 trial were associated with an increased risk of death or MI 
independent of traditional risk factors (57).

Table 1 
The role of select chemokines in thrombosis and atherosclerosis

Name/common 
name Cell of origin Target cell

Experimental  
effect on  

thrombosis

Experimental 
effect on 

 atherosclerosis

Clinical effect 
of increased 

levels

CCL2/MCP-1 Monocytes, 
endothelial 
cells

Monocytes,  
T cells, 
eosinophils, 
basophils  
and platelets

Recruits leukocytes 
and inflamma-
tory response 
(200)

Reduction in 
Double KO 
LDLR-/-,  
MCP-1-/- (201)

Correlated 
with extent 
of CAD and 
MACE (57)

CCL5/rantes T cells,  
platelets

T cells,  
eosinophils, 
basophils,  
NK cells

Recruits monocytes 
on inflamed 
endothelial cells 
(202)

Reduction in 
LDLR-/- and 
with RANTES 
antagonist (203)

Correlated 
with MACE 
(204,205)

CXCL7/NAP-2 Platelets,  
monocytes

Neutrophils Recruits 
Monocytes, 
mobilizes cal-
cium (206,207)

? Associated in  
stable and 
USA (208)

CX3CR1/ 
fractalkine

Endothelial  
cells

Endothelial cell, 
platelets, and 
monocytes

Activates platelets 
and is located in 
atherosclerotic 
lesions (209)

Reduction in 
double KO 
ApeE-/-, 
CX3CR1-/- (210)

?
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Tumor Necrosis Factor-a
TNF-a is a pleiotropic proinflammatory cytokine with a wide range of effects that extend across a 

spectrum of pathologic conditions. Present in atherosclerotic lesions (58), TNF-a, appears to be one of 
the most important influences on the progression of atherosclerosis. Its upregulation is known to mediate 
and amplify a multitude of interactions resulting in progressive inflammation, plaque destabilization, 
and prothrombotic tendencies (59–67) (Table 2). Treatment with a chimeric mAb to TNF-a has been 
shown to suppress inflammation and improve patient well-being in rheumatoid arthritis (RA). 
Administration of anti-TNF-a, Ab has also been associated with the rapid downregulation of a spec-
trum of cytokines (IL-6), cytokine inhibitors (TNF receptors p75 and p55), and acute-phase proteins 
(amyloid A, haptoglobin, and fibrinogen) (68). This potent suppression of markers and mediators of 
inflammation may have tremendous potential in preventing progression of atherosclerosis.

Interleukins

IL-6 and IL-1Ra (K-1 receptor antagonist) not only have been shown to be elevated in the setting of 
ACS, but also are associated with increased risk of in-hospital events (69). IL-6, produced by a variety 
of inflammatory cell types, has been shown to remain elevated up to 4 weeks after a myocardial infarc-
tion. Its properties increase fibrinogen and PAI-1, promote adhesion of neutrophils and myocytes during 
myocardial reperfusion, and produce a negative inotropic effect on the myocardium (70–74). Elevated 
levels of IL-6 in subjects with unstable angina (FRISC-II study) were associated with higher 6- and 
12-month mortality which was additive and independent of troponin levels (75). Pannitteri et al. (76) 
reported that levels of IL-8 not only are elevated in the setting of acute myocardial infarction but also 
that they precede the levels of IL-6 and parallel the kinetics of CPK. IL-8 is a powerful trigger for firm 

Table 2 
The predictive value of CRP in ACS

Trial Patient characteristics
Outcome associated with  

elevated CRP Ref

MONICA (MONItoring of trends and 
determinants in CArdiovascular  
diseases) Study

Healthy men MI or sudden cardiac death (211)

Physician’s Health Study Healthy men Predictive of first MI (212)
Woman’s Health Study Healthy women Any vascular event and combined 

CVA or MI
(213)

Gasparadone et al. Stable Angina/ 
Elective PCI

12-month follow-up cumulative 
event rate

(214)

Liuzzo et al. Preinfarction UA Preinfarction CRP levels higher 
than unheralded MI

(215)

Biassicci et al. UA (without myocar-
dial injury)

Recurrent coronary instability  
and MI

(216)

Milazzo et al. CABG New ischemic events (217)
European Concerted Action on 

Thrombosis and Disabilities (ECAT) 
Angina Pectoris Study

UA Predictive of future coronary 
events

(218–220)

Fragmin during Instability in Coronary 
Artery Disease (FRISC)

UA (6)

TIMI-11a UA and NSTEMI 14-day mortality (221)
Anzai et al. STEMI Worse prognosis (131)
Tommasi et al. First MI Cardiac death (8)
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adhesion of monocytes to vascular endothelium. In addition, it may play a potential atherogenic role by 
inhibiting local inhibitors of metalloproteinases in atherosclerotic plaques and by stimulation of smooth 
muscle cell migration (77,78). IL-4 and IL-13 have been shown to enhance the ability of activated 
human monocytes to oxidize LDL, thus potentiating its toxic effects (79). OxLDL induces IFN-y produc-
tion by T-helper-1-like cells, which is known to inhibit local collagen synthesis by smooth muscle cells, 
stimulate expression of tissue factor and CD40, and selectively induce MCP-I (80,81). Many other 
cytokines have been implicated in immunity, inflammation, thrombosis, and angiogenesis (82).

CD40 and CD4OL

CD40 is a phosphorylated 49-kDa glycoprotein expressed on B-lymphocytes, fibroblasts, mono-
cytes, platelets, epithelial cells, and endothelial cells (83). CD40L, also named CD154 or gp39, 
belongs to the TNF family of cytokines. The presence of CD40 and CD40L has been found in human 
atheroma, and their association is implicated with expression of cell adhesion molecules, cytokines, 
matrix metalloproteinases, and tissue factor (52,83). Anti-CD40L has been shown to regulate autoim-
mune diseases such as lupus nephritis, skin and cardiac allograft rejection, and multiple sclerosis in 
experimental models (84–86). Mach et al. (87) reported a reduction in aortic atherosclerotic lesion 
size, fewer T-lymphocytes and macrophages, and a decreased presence of cell adhesion molecules in 
atheroma in cholesterol-fed mice lacking the LDL receptor when treated with anti-CD40L antibody 
(87). Aukrust et al. (88) reported elevated levels of CD40-CD40L in patients with angina pectoris, as 
well as higher concentrations in patients with more unstable syndromes as compared to stable angina. 
The authors concluded that presence of CD40-CD40L may have a pathologic role in plaque destabi-
lization and the development of ACS (88)

Nuclear Transcription Factors
NF-kB

NF-kB is a transcription factor located in the cytoplasm of many cells as an inactive complex 
associated with a specific class of inhibitory proteins, called IKB. This complex binds and prevents 
nuclear translocation and DNA binding of NF-kB (89). In response to inflammatory stimuli IKB is 
eventually degraded and NF-kB is released and transported to the nucleus. In the nuclei, NF-kB can 
initiate and regulate early response gene transcription by binding to promoter or enhancer regions 
(90). NF-kB is known to regulate or be regulated by genes involved in every aspect of the proinflam-
matory cascade (91,92). TNF-a and IL-1 are two important inducers, contributing to a positive feed-
back loop for NF-kB activation. As a consequence, there is a continuous upregulation of cytokines 
and perpetuation of inflammation (90). NF-kB has been implicated in a variety of inflammatory 
diseases, such as allograft rejection, RA, asthma, and inflammatory bowel disease (91). In RA, 
NF-kB is overly expressed in synovial tissue, associated with surface expression of cell adhesion 
molecules, production of cytokines, and upregulation of the inducible isoform of cyclooxygenase 
(COX-2). These processes are identical to those found in atherosclerotic lesions (91).

NF-kB activity is enhanced by known cardiac risk factors such as VLDL, OxLDL, hyperglycemia, and 
elevated levels of angiotensin II. On the contrary, its activity is inhibited by HMG-CoA reductase inhibi-
tors, antioxidants, and gallates (phenolic compounds found abundantly in red wine) (93–98). Ritchie (99) 
reported data showing that NF-kB is activated in patients with unstable angina without evidence of 
myonecrosis and is therefore potentially linked in plaque disruption. Immunosuppression with glucocor-
ticoids, gold, cyclosporin, FK506, and, importantly, aspirin and salicylates is known to inhibit NF-kB. 
Kopp et al. (100) demonstrated that aspirin inhibits NF-kB activity by preventing the degradation of IKB, 
while Weber et al. (101) established aspirin’s ability to inhibit TNF-a-stimulated NF-kB activity.
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PPAR

Peroxisomal proliferator-activated receptors (PPARs), including PPAR-a, PPAR-g, and PPAR-8, 
are a group of nuclear transcription factors which play a key role in adipogenesis and lipid metabolism 
(102). PPAR modulation of the development and progression of atherosclerosis has been substanti-
ated by research that appears to link its activity with the regulation of inflammation and plaque stabil-
ity through their interactions with macrophages, endothelial cells, smooth muscle cells, and 
metalloproteinases. Ricote et al. (103) found PPAR-g to be upregulated in activated macrophages and 
to inhibit gelatinase B, nitric oxide synthase, and scavenger receptors. OxLDL has been shown to 
induce PPAR-g expression in macrophages, resulting in monocyte differentiation and enhanced 
uptake in OxLDL (104,105). Marx et al. (106) reported elevated levels of PPAR-g expression on 
monocytes in human atherosclerotic lesions as compared to normal controls. Furthermore, PPAR-y 
stimulation leads to a concentration-dependent decrement in monocyte-derived metalloproteinase 
activity. Finally, PPAR-a and g have been implicated in the induction of macrophage apoptosis 
through inhibition of NF-kB antiapoptotic pathways (107). Endothelial cells also appear to be under 
the influence of PPARs by the regulation of leukocyte-endothelial cell interactions. Jackson et al. 
(108) demonstrated an inhibitory effect of stimulated PPAR on endothelial cell expression of VCAM-
1. In addition, stimulated PPAR-a has been shown to inhibit TNF-a-mediated endothelial cell 
VCAM-1 expression, COX-2 expression, IL-1 induced production of IL-6, and thrombin-induced 
endothelial-1 production (109–111).

Key stimulatory PPAR ligands are naturally occurring prostaglandins, as well as synthetic 
antidiabetic and antilipidemic drugs. Gemfibrozil, a fenofibrate and stimulator of PPAR-a, has 
been shown to dramatically reduce IL-1-induced production of IL-6, expression of COX-2 in 
human smooth muscle cells, and cardiovascular events in patients with low HDL levels. 
Importantly, this reduction in cardiovascular events was independent of LDL levels (111,112). 
Troglitazone, an insulin sensitizer and PPAR-g ligand, demonstrates a range of anti-inflammatory 
and potential plaque-stabilizing activities such as PPAR-g induced inhibition of macrophage 
metalloproteinases (106).

Currently, the complex activities of PPARs and their ligands are not completely understood, although 
ligands with positive effects on lipid lowering (fenofibrates) and glycemic control (troglitazone) would 
suggest that these transcriptional factors are clinically beneficial and mainly antiatherogenic.

Other Mediators
Myeloperoxidase

Myeloperoxidase (MPO) is a heme protein produced by leukocytes that has been shown to con-
vert LDL into an atherogenic form, activate metalloproteinases, and catalytically consume nitric 
oxide causing vasoconstriction all of which affects the stability of atherosclerotic plaques, (113,114). 
Zhang et al. found an association between MPO levels and the risk of CAD in a case control study 
comparing patient with and without angiographic documented CAD (115). The relationship between 
MPO and ACS was again demonstrated when it was shown that neutrophil MPO content was 
reduced across the right and left coronary vascular bed in patients with ACS (116). This finding sug-
gested that widespread neutrophil activation may play a role in the development of ACS. Indeed, a 
single measurement of MPO in a prospective study of patients presenting with chest pain, independ-
ently predicted risk of MI (117). In addition, elevated MPO levels significantly predicted risk of 
death or MI in a prospective study of patient with ACS independent of established biomarkers (118). 
More recently, elevated MPO levels were found to predict future risk of CAD in a cohort of healthy 
individuals (119).
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A2 Phospholipases

A2 Phospholipases (PLA
2
) is responsible for cleaving phospholipids into free fatty acids and lyso-

phospholipids which are then metabolized and generate multiple inflammatory mediators. Secretory 
PLA

2
 (sPLA

2
) increases the atherogenic properties of LDL particles by promoting LDL oxidation (120). 

Elevated levels of sPLA
2
 in patients presenting with unstable angina have been associated with an 

increased risk of events spanning a 2-year period. (121). Further studies, including subjects from 
the Global Registry of Acute Coronary Events (GRACE) study, demonstrated that elevated levels of 
circulating sPLA

2
 were associated with an increased risk of death or MI (122). The related lipopro-

tein-associated A2 (Lp-PLA
2
) has also been associated with increased cardiovascular risk in West of 

Scotland Coronary Prevention Study (WOSCOPS) trial and was found to be predictive independent 
from other risk factors such as C-reactive protein (CRP) (123).

Angiogenic Growth Factors

A number of growth factors that affect angiogenesis have been associated with ACS. Vascular 
endothelial growth factor (VEGF) regulates endothelial cell proliferation permeability and survival 
and has been shown to enhance atherosclerosis plaque progression in animal models (124). In the 
CAPTURE (c7E3 Fab Anti-Platelet Therapy in Unstable Refractory Angina) study, VEGF levels at 
presentation independently predicted adverse events in patients with ACS at 72 hours (120). Placental 
growth factor (PGF) is a member of the VEGF family and is expressed in many types of inflammatory 
cells (125). Similarly, measurement of PGF was also included in the CAPTURE trial and elevated 
PGF levels also independently predicted adverse events at 72 hours (126). Hepatocyte growth factor 
(HGF) is a growth factor with angiogenic activity that was shown to be elevated 1 month after MI 
specifically in the territory of the infarction (127). Elevated levels of HGF have been associated with 
a more robust collateral circulation at the time of coronary angiography and predict improved 
outcomes after ACS (120). Accordingly, elevated levels of HGF in the CAPTURE study correlated 
with a reduced rate of adverse events at 72 hours (120).

It is clear that further study is needed to clarify the role of angiogenic growth factors in risk strati-
fication in ACS, as well as their potential in pharmacological intervention.

The discussion underscores the vast trafficking, redundancy, and interplay of the cytokine system. 
Each mediator, though, must work through specific receptors which ultimately regulate gene expres-
sion of proteins vital to the potentiation and regulation of the inflammatory cascade.

MARKERS AND MEDIATORS OF INFLAMMATION

C-Reactive Protein and Serum Amyloid A 
Although many markers of inflammation have been associated with adverse cardiovascular outcome, 

CRP has been evaluated in every clinical phase of coronary disease. It therefore provides a superlative 
avenue to thoroughly discuss the prognostic significance of inflammatory markers in cardiovascular 
disease. CRP is an acute-phase reactant whose concentration in blood rises dramatically in response to 
nonspecific inflammatory stimuli. It has been convincingly linked to cardiovascular disease, initially in 
sera of patients after acute myocardial infarction and recently in the wall of human coronary arteries 
possibly linking its presence directly with the development of atherosclerosis (128–131). Multiple 
studies conducted in the spectrum of ACS have identified CRP to be associated with either future 
cardiac events or a worse prognosis (Table 1). Ex vivo studies have recently introduced the concept that 
detecting heat release by inflammatory cells within an atherosclerotic plaque may predict future insta-
bility and rupture (132). Stefanadis et al. (133), using a thermography catheter, demonstrated hetero-
geneity in heat production of 20%, 40%, and 67% in atherosclerotic plaques of patients with stable 
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angina, unstable angina, and acute myocardial infarction, respectively. Most importantly there was a 
significant correlation between thermal heterogeneity and baseline CRP (133).

More conclusive evidence that chronic, indolent inflammation plays a principal role in the develop-
ment and progression of atherosclerosis has come from the long-term follow-up of patients with no 
known atherosclerotic disease but increased levels of CRP (Table 1). In a prospective study in a cohort 
of initially healthy women, the value of fibrinogen (measured with an immunoassay) was added to 
measurement of HsCRP. The investigators concluded that baseline measurements of fibrinogen coupled 
with CRP provided additive values in predicting incident CVD (134).

CRP is well accepted as an indirect cardiovascular risk factor as it reflects inflammation related to 
coronary vessel pathogens, extent of atherosclerosis, myocardial necrosis, myocardial ischemia, and 
activity of circulating proinflammatory cytokines (135). The question remains what if any direct role 
CRP plays in the development of atherosclerosis. Direct evidence supporting CRP’s role in the patho-
genesis of atherosclerosis is its presence in the arterial wall that predicts severity of atherosclerosis as 
well as its ability to bind to damaged membranes and lipids and activate complement (136–139). 
More recently, CRP has been suggested to play a more direct role in atherothrombosis involving the 
endothelium, platelets, leukocytes, as well as vascular smooth muscles cells (55,140,141) (Fig. 2). 
Evidence now suggests that CRP may possess procoagulant activity, as it has been shown to decrease 
tPA (tissue plasminogen activator activity) in human aortic endothelial cells, while increasing PAI-1 
(plasminogen activator inhibitor) levels (142,143). CRP has also been demonstrated to inhibit 
endothelial nitric oxide synthase (eNOS) (144,145) and prostacyclin activity (144) thus, promoting a 
prothrombotic state. Tissue factor (TF) can also be altered by CRP, as increased synthesis of TF on 
monocytes has been demonstrated by CRP exposure (139). Further evidence suggests that CRP 
 promotes platelet adhesion to bovine endothelial cells mediated via upregulation of P-selectin (146). 
In addition, CRP has been demonstrated to promote monocyte-platelet aggregation that is calcium 
dependent and mediated via P-selectin glycoprotein ligand-1 binding (147). CRP has also been shown 
to upregulate angiotensin type 1 receptors in vascular smooth muscle, increase vascular smooth 
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Fig. 2. The potential causative role of CRP in the pathogenesis of atherosclerosis and ACS.
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muscle cell migration and proliferation, as well as neointima formation (148). Despite the increasing 
recognition of the role of inflammation in ACS, the latest 2007 guidelines for treatment of  
UA/NSTEMI have not recommended measuring CRP until further validated and investigated (149).

Serum Amyloid A (SAA) is an acute-phase reactant primarily produced by the liver that has 
well known role in the pathogenesis of Alzheimer’s disease. However, it has been increasingly 
recognized that SAA may play a role in ACS. At high levels SAA displaces apolipoprotein A-1 
(ApoA-1) yielding fractions containing SAA, lipid poor ApoA-1, and lipoprotein-free SAA. This 
lipid-poor form has many proinflammatory actions one of which is the induction of monocyte 
Tissue factor (150).

THE FUTURE OF INFLAMMATION CONTROL IN ACS

Aspirin
Aspirin, initially thought of mainly as an antiplatelet drug in the battle with atherosclerotic heart 

disease, is becoming more recognized for its anti-inflammatory properties. In addition to aspirin’s 
COX-1 and weak COX-2 activity, the inhibition of NF-kB activity is achieved by inhibiting both the 
degradation of IKB and the effects of TNF-a. Clinical evidence to support aspirin’s anti-inflammatory 
role has been reported by Ridker et al (151). Aspirin reduced first MI in the Physicians Health Study, 
and this effect was directly related to the baseline CRP level (151).

HMG-CoA Reductase Inhibitors (Statins)
HMG-CoA reductase inhibitors have been shown to dramatically reduce cardiovascular mortality 

and morbidity. Sacks et al. found the reduction in events was not linear with the reduction of LDL 
cholesterol below 125 mg/dL (152). More recently aggressive stain treatment has been associated 
with a further reduction of adverse cardiovascular events (153), (154). In addition, intensive statin 
therapy has also been shown to decrease CRP levels after ACS (153,155). In an analysis of the 
Cholesterol and Recurrent Events (CARE) trial, Ridker et al. (156) reported a significant 22% drop 
in CRP over a 5-year period in those treated with pravastatin vs. placebo. Interestingly, CRP rose even 
in the placebo-treated arm which realized a reduction in LDL cholesterol.

Evidence continues to mount suggesting an anti-inflammatory role for HMG-CoA reductase 
inhibitors as these agents have been shown to alter regulation of DNA transcription, regulate natural-
 killer-cell cytotoxicity, inhibit platelet-derived growth factor-induced DNA synthesis, and decrease 
macrophage production of metalloproteinases (156–159). Additionally the clinical finding that the 
administration of atorvastatin to statin naïve patients undergoing PCI (started 7 days before the proce-
dure) reduced subsequent myocardial infarction suggests that the short-term effects of statins may not 
be solely attributed to their ability to lower lipids (160). These findings have led some investigators to 
hypothesize that the early benefits of statin therapy could be attributed to HMG-CoA reductase inhibi-
tors pleiotropic actions including its anti-inflammatory effects. A less recognized action of blockade of 
HMG-CoA reductase that may explain their acute beneficial affects is their ability to reduce prenyla-
tion of the small GTP-binding proteins Rho and Ras. The proteins when prenylated, translocate to the 
cell membrane where they initiate signaling cascades involved in regulating transcription and stabiliza-
tion of eNOS (Fig. 3). Aggressive statin dosing would therefore be expected to inhibit inflammation 
via reduced prenylation and a decrease in LDL. In the A Study To Evaluate the Effect of Rosuvastatin 
on Intravascular Ultrasound-Derived Coronary Atheroma Burden (ASTEROID) trial, aggressive treat-
ment with the most potent statin, rosuvastatin, resulted in a 53% reduction of LDL (baseline LDL level 
of 130–60 mg/dL) as well as decreased coronary atheroma burden as assessed by IVUS (161).
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ACE Inhibitors
Angiotensin II (AII) has a myriad of effects on vascular tissue promoting the development of 

atherosclerosis. For example, AII promotes vasoconstriction, inflammation, plaque instability, throm-
bosis, and vascular remodeling (162). ACE inhibitors have recently been demonstrated to possess 
potent anti-inflammatory properties that may explain their regulating effects on atherosclerotic-driven 
endpoints. As ACE Inhibitors block the formation of AII, it is not surprising that they have been 
shown to exhibit antiproliferative and antimigratory effects on smooth muscle cells and leukocytes, 
restore endothelial function, modulate platelet effects, and promote endogenous fibrinolysis (163). 
More recently, ACE inhibition has been shown to decrease angiotensin-II-Induced monocyte adhesion 
to endothelial cells (164) and chemokine release (165). The Heart Outcomes Prevention Evaluation 
(HOPE) study reported a dramatic and significant decrease in cardiovascular death, MI, and stroke in 
patients treated with the ACE inhibitor ramipril vs. placebo (166). In addition, multiple studies (The 
Fourth International Study of Infarct Survival (ISIS-4), Gruppo Italiano per lo Studio della 
Sopravvivenza nell’Infarto Miocardico (GISSI-3), The Trandolapril Cardiac Evaluation (TRACE) 
study group, and Survival of Myocardial Infarction Long-term Evaluation (SMILE) study) have 
demonstrated that other ACE inhibitors besides ramipril have decreased mortality in patient with 
cardiovascular disease (167). These findings strongly suggest the beneficial effects of ACE inhibition 
are more than can be expected from blood pressure control alone.

Thrombin Receptor Antagonists
Thrombin displays a diverse range of effects in vascular cells that functionally connects tissue 

damage to both hemostatic and inflammatory responses (168,169) (Fig. 4). Thrombin is the key effec-
tor of the coagulation cascade and converts fibrinogen to fibrin which is essential for laying the mesh-
work for clot formation. Thrombin also provides positive feedback by converting inactive coagulation 
factors into their active state, thereby generating more thrombin. Many of the cellular effects of 
thrombin are initiated via activation of a family of protease-activated receptors (PARs) which are cou-
pled to heterotrimeric G proteins. Recently, initial studies with an antagonist to PAR-1, named thrombin 
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receptor antagonists (TRA), have shown promise in patients undergoing PCI. PARs are unique among 
G protein–coupled receptors (GPCRs) in that they are activated by thrombin through proteolytic gen-
eration of a tethered ligand. The ability of the tethered ligand to initiate transmembrane signaling 
through intramolecular binding has hampered the generation of potent antagonists to these receptors; 
partly because thrombin’s proteolytic cleavage of PAR is irreversible and the tethered ligand cannot 
diffuse from the receptor. PAR1 activation in endothelial cells leads to cell proliferation, attachment of 
polymorphonuclear cells, and increased permeability, which are important steps in the inflammatory 
cascade. An agent that would selectively block the inflammatory and thrombotic effects of thrombin 
by selectively blocking PAR activation, without altering the protective Activated protein C (APC) 
pathway or inhibiting fibrin generation (bleeding) would potentially have a more desirable risk/benefit 
ratio. Thus far, four PARs have been cloned (PAR1, PAR2, PAR3, and PAR4). Endothelial cells express 
both PAR1 and PAR2, while PAR3 transcripts have been found at considerably lower levels when 
compared to PAR1 in endothelial cells (170). Human platelets contain both PAR1 and PAR4 (171). 
Thrombin stimulates PAR-1 and PAR-3, while trypsin/tryptase and coagulation proteases upstream of 
thrombin (e.g., tissue factor/VIIa complex, factor Xa, and the cognate ternary complex) stimulate 
PAR2 (172). PAR2 plays a pivotal, yet undefined role, in inflammation and ischemia with evidence for 
both pro- and anti-inflammatory roles (172). The new oral PAR1 antagonist, (TRA) SCH 530348, was 
not associated with an increase in minor or major bleeding in patients undergoing PCI when TRA was 
added to standard antiplatelet therapy. In addition, TRA was associated with a strong trend toward 
reducing ischemic events by 46%. Based on the mounting information the FDA has granted fast-track 
designation for a Phase III clinical trial with enough power to establish the effectiveness of TRA for 
the reduction of ischemic events.

Thrombin stimulation of preformed von Willebrand factor (vWF) and P-selectin from Weibel-
Palade bodies (WPB) in endothelial cells links inflammation and atherosclerosis (173). Secreted vWF 
in turn facilitates platelet aggregation at sites of vascular injury promoting thrombosis. This finding 
supports evidence that elevated levels of vWF predict adverse outcomes in acute coronary syndromes 
(174–176). In addition to thrombin’s role in mediating coagulation and inflammation, thrombin also 
possesses antithrombotic activity at low concentrations (177). The paradoxical antithrombotic activity 
of thrombin partly stems from the ability of thrombin in the presence of thrombomodulin to activate 
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Protein C, which is a potent anticoagulant that inactivates the coagulation cascade. APC also possess 
anti-inflammatory activity or protective effects and has been demonstrated to be essential for the 
maintenance of pregnancy (178) in addition to blocking apoptosis in ischemic brain endothelium 
(179). The antithrombotic, anti-inflammatory, and profibrinolytic activity of Recombinant APC is 
used therapeutically to lessen the negative outcomes of severe infection (sepsis) (180,181).

Inhibition of Cell-to-Cell Interaction
Treatment strategies available based on the inhibition of cell-to-cell interactions have shown prom-

ise in the treatment of chronic inflammatory diseases and recently coronary artery disease (13,182). 
This should not be surprising given the marked similarities that exist between the pathophysiology of 
inflammatory diseases, such as RA and atherosclerosis. ASA and other NSAIDS affect the expression 
and function of cell adhesion molecules, and have been shown to inhibit many phases of the adhesion 
cascade (18). Direct antagonism via monoclonal antibodies and selectin-blocking agents against 
ICAM-1 and L-selectin has been shown to reduce neutrophil accumulation and myocardial injury in 
experimental animal studies (183,184). Recently, a novel oral small-molecule inhibitor of P-selectin 
not only decreased thrombus formation, but also reduced inflammation in a baboon model of venous 
thrombosis (185). The question then arises if inhibition of P-selectin can inhibit arterial thrombus 
formation. In P-selectin knockout mice, inhibition of P-selectin reduced inflammation in an arterial 
aneurysm model has been observed (186) as well as decreased atherosclerosis when P-selectin knockout 
mice were crossed with apo-E deficient mice (187). This would support the hypothesis that inhibiting 
P-selectin in an arterial model would reduce thrombus formation. New approaches using antisense 
oligonucleotides to inhibit mRNA translation for cell adhesion molecule expression, and inhibition 
of gene expression by synthetic DNA molecules and triplex-forming oligonucleotides have shown 
conceptual promise in animal studies (13).

CLOSING THOUGHTS AND CAUTIONARY ACCOUNTS FROM PREVIOUS  
ANTI-INFLAMMATORY STRATEGIES

Logic and intuition would suggest that inhibiting inflammation should reduce the severity and 
burden of ACS. Unfortunately, not all strategies to reduce inflammation have realized a positive clini-
cal outcome. Although investigators have demonstrated that administration of prednisone resulted in 
significant reductions in restenosis after bare-metal stent implantation (restenosis is influenced by 
inflammation) (188), its administration to patients after a myocardial infarction resulted in expansion 
of infarcts and led to deleterious outcomes (189).

Another example illustrating our ever-expanding knowledge base involves the selective cyclooxy-
genase 2 inhibitors. COX-2 is felt to be the principal isoform that participates in inflammation and 
has been found to be widely expressed in atherosclerotic tissue (190,191). Evidence exists that 
suggested COX-2 inhibition may be beneficial with respect to endothelial cell function in a population 
of patients with CAD (191,192). Furthermore, when COX-2 knockout mice are crossed with LDL-
receptor mice, the development of atherosclerosis is accelerated (193). This once formed the basis for 
considering the use of COX-2 inhibitors in patients with CAD (194). However, withdrawal of the 
COX-2 inhibitor Rofecoxib secondary to evidence of increased risk of cardiovascular events in 
patients taking this selective COX-2 inhibitor in both the VIGOR (Vioxx GI Outcomes Research) 
study and APPROVe (Adenomatous Polyp PRevention On Vioxx) study trials challenges this line of 
thinking (195,196). Subsequent studies have shown similar, although not as striking, effects with 
Celecoxib (197). The underlying pathological basis for these effects appears to be secondary to 
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increased production of thromboxane with an accompanying decreased production of prostacyclin 
(162), therefore altering the balance favoring platelet activation. In addition, fenofibrates and insulin 
sensitizers such as troglitazone are stimulators of PPAR receptors and have received attention for their 
anti-inflammatory and antiatherogenic potential. However, a recent meta-analysis suggests that 
rosiglitazone, a selective PPAR-g agonist, increased the risk of MI and death from cardiovascular 
cause (198), resulting in a safety alert from the FDA.

Prevention of reperfusion injury in patients presenting with ACS by inhibiting leukocyte adhesion 
was reported from the HALT MI study. There was no significant reduction in infarct size and unfor-
tunately a significant increase in infection rates in those randomized to a high dose of the CDll/CDI8 
inhibitor (199). This trial underscores the careful balance needed between adequate anti-inflammatory 
control and clinically significant immunosuppression.

While atherosclerosis is an inflammatory disease the mentioned examples underscores the vast 
pitfalls that exist when targeting specific inflammatory mediators. Treatment of atherosclerosis as an 
inflammatory disease should therefore first focus on those proven pathogens known to initiate and 
propagate this disease, such as hypercholesterolemia, hypertension, diabetes, and smoking. Caution 
must be warranted when targeting specific anti-inflammatory mediators as improper modulation can 
have unperceived and deleterious effects as has been realized thus far with the COX-2 inhibitors and 
PPAR agonist.
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AbstrAct Coagulation and hemostasis are the result of a complex interplay of platelets, coagulation 
factors, and fibrinolytic proteins. Genetic variants underlying these factors may contribute to derangement 
of this coordinated system, resulting in abnormal coagulation or fibrinolysis and subsequent thrombosis. 
Human pathologic thrombosis remains a complex, heterogeneous disease. The advent of advanced genetic 
and molecular technologies has facilitated an explosion of studies of genetics of human thrombotic disease, 
resulting in several advances in our understanding of such disorders.
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INTRODUCTION

Coagulation and hemostasis are the result of a complex interplay of platelets, coagulation factors, 
and fibrinolytic proteins. Genetic variants underlying these factors may contribute to derangement of 
this coordinated system, resulting in abnormal coagulation or fibrinolysis and subsequent thrombosis. 
However, until 1990 only three single-gene disorders had been identified for risk of human venous 
thromboembolism (VTE): antithrombin, protein C and protein S deficiencies, which in combination 
occur in only about 15% of families with familial thrombosis. Furthermore, few (if any) genetic vari-
ants had been reproducibly associated with arterial thrombotic risk. Concomitant with the publication 
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of the first complete draft sequence of the human genome (Human Genome Project (1)), the advent of 
advanced genetic and molecular technologies has facilitated an explosion of studies of genetics of 
human thrombotic disease, resulting in several advances in our understanding of such disorders. 
However, human pathologic thrombosis remains a complex, heterogeneous disease. We review herein 
the currently available knowledge of the genetics of human thrombosis, but there remains a large 
amount of unexplained variation in the genetic, molecular, and clinical manifestations of this disease.

Evidence For a Genetic Basis To Thrombosis
To begin to unravel the underlying genetic architecture of thrombosis, one must first establish that 

a genetic basis exists. Heritability is defined as the proportion of the total phenotypic variation within 
a population that is attributable to genetic variance. Twin studies have suggested that coagulation is 
hereditary. For example, de Lange and colleagues performed a study of 1,002 female twins, 149 
monozygotic twin pairs, and 325 dizygotic twin pairs to assess heritability of levels of coagulation 
factors (2). They found that genetic factors were responsible for 41–75% of the variation in fibrino-
gen, factor VII, factor VIII, plasminogen activator, factor XIII A-subunit and B-subunit, and von 
Willebrand factor. Factor XIII showed the highest heritability (82%) and factor XII demonstrated the 
lowest heritability (38%). Further supporting a genetic basis to these coagulation proteins, they also 
found a higher correlation for all of these coagulation factors in monozygotic as compared with dizy-
gotic twins (2). Another study evaluated heritability of hemostatic proteins in 130 monozygotic and 
155 dizygotic older same-sex twins (73–94 years of age), participating in the Longitudinal Study of 
Aging of Danish Twins (3). They found that the heritability of hemostatic factors varied from 33% 
(d-dimer) to as high as 71% (thrombin activatable fibrinolysis inhibitor), suggesting that age has only 
a modest effect on hemostatic proteins. In the Genetic Analysis of Idiopathic Thrombosis (GAIT) 
study, investigators estimated an additive genetic heritability of 60% for thrombosis (4). These studies 
suggest that genes represent the largest casual mechanism in the underlying pathophysiology of 
thrombosis, greater than that observed in other common diseases.

The Evolutionary Basis of Coagulation
In mammals, the complex network of integrated biochemical events leading to coagulation is com-

posed primarily of five proteases (factor II or prothrombin; factors VII, IX, X; and protein C), which 
interact with five cofactors (tissue factor, factors VIII and V, thrombomodulin, and membrane pro-
teins) to generate fibrin (5). Interestingly, data from protein structure, gene, and sequence analysis 
suggest that coagulation regulatory proteins may have emerged greater than 400 million years ago 
from duplication and diversification of just two gene structures: a vitamin K-dependent serine pro-
tease with an epidermal growth factor (EGF)-like domain (common to factors VII, IX, and X, and 
protein C), and a second domain structure common to factors V and VIII (5). Prothrombin, also a 
vitamin-K dependent serine protease, contains kringle domains rather than EGF domains, which sug-
gests a replacement during gene duplication and exon shuffling (6). Thrombin has active-site amino 
acid residues that distinguish it from other serine proteases, supporting its position as the ancestral 
blood enzyme (7). Furthermore, there is evidence that local duplication and/or translocation may have 
contributed to the evolution of multigene families residing on disparate chromosomal regions (8). The 
coagulation genome itself in mammals probably evolved from invertebrate or early vertebrate species, 
where the corresponding genes (i.e., orthologs) for primary coagulant and fibrinolytic proteins have 
been shown to have homology to mammalian genes (9).
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In evolutionary terms, however, hemostasis is a relatively recent addition (10); it first arose in verte-
brates at the time of development of a closed, high pressure circulatory system (11). Concomitantly, there 
was a need for a system that could respond rapidly with hemostasis, since even a minor injury could cause 
lethal bleeding. However, the system needed to be tightly regulated to avoid a potentially lethal excessive 
response (10). Evolutionary forces have thus led to the highly integrated hemostatic system characterized 
by many interconnected pathways with an underlying architecture of many genes. In fact, genetic 
 mutations have been identified in nearly every component of the hemostatic system (10).

THE GENETICS OF COAGULATION AND THROMBOSIS IN HUMANS

The publication of the completed draft sequence of the entire human genome as part of the Human 
Genome Project promises to revolutionize medical science and care of patients (12). Although the 
human genome is 99% similar across all individuals, there exist at least two million locations along 
the human genome where single nucleotide changes differentiate humans, so-called single nucleotide 
polymorphisms (SNPs), which occur in genes and between genes (intergenic). A polymorphism is a 
change in the sequence of a normal gene that is relatively abundant in a population (>1%), whereas a 
mutation is a change in the sequence of a normal gene that is less common. Recent advances in human 
genetics have shown that such seemingly minor variations account not only for human heterogeneity, 
but also for the underlying predisposition to human disease (13,14).

Linkage Analysis To Define Genetics Of Thrombosis
Refining which SNPs or other variations may be accounting for disease involves carefully con-

ducted studies where the disease “phenotype” (the outward manifestation of the underlying genetics) 
is well characterized. In human genetics, there are two main types of studies that evaluate the relation-
ship between genetic polymorphisms and disease: linkage analysis and association studies. Linkage 
analyses investigate the cosegregation of DNA markers with disease in families and allow an unbiased 
examination of the entire genome. Linkage studies are more technically challenging, as they rely on 
ascertainment of related individuals, but are important in uncovering novel genes underlying clinical 
phenotypes. Often, linkage studies are utilized to identify and narrow genomic regions, within which 
association studies are then done to further examine mutations or polymorphisms in candidate genes 
residing within these “linked” genomic regions. For example, several linkage studies have been per-
formed to evaluate genes for arterial thrombosis, specifically coronary artery disease (CAD) and 
myocardial infarction (MI) (15–18), from which several susceptibility genes have been identified for 
CAD/MI risk (17,19,20). In VTE, investigators from the GAIT study have performed linkage analysis 
for VTE and plasma levels of thrombotic factors, revealing several regions and genes as susceptibility 
candidates for VTE risk (21,22).

In addition to identifying genetic variants predisposing to a given binary trait, linkage analysis can 
be used to identify genetic loci underlying variability of quantitative traits, so-called quantitative trait 
locus (QTL) analysis. The genetic study of quantitative traits has many advantages over studies based 
on the presence or absence of a disease. For example, many diseases are defined in terms of an under-
lying quantitative liability scale, with these intermediate factors residing closer to the underlying etio-
logic gene and thereby potentially providing a stronger genetic signal (22). This study design has been 
successful in elucidating the genetic architecture underlying several thrombotic factors. For example, 
the GAIT study has performed QTL analysis for several thrombosis-related quantitative traits, reveal-
ing multiple genomic regions and genes underlying the variability of plasma thrombotic factor levels. 
Table 1 reviews QTLs that have been identified from thrombosis-related quantitative traits.
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Association Studies In Genetics Of Thrombosis
Although linkage analysis has proven to be successful in mapping rare, high-risk genetic variants, 

association analysis of unrelated individuals is thought to be a more powerful tool for mapping 
modest-risk genetic variants that contribute to complex disease. This is because increased patterns of 
allele sharing between family members can make it difficult to identify subtle disease-related variants 
using linkage. Ancestral recombination between unrelated individuals resulting in smaller shared 
regions compared to those of family members makes it easier to detect modest genetic association 
effects given a sufficient density of genetic markers (23). Association studies rely primarily on assess-
ing frequencies of genetic mutations in unrelated individuals based on clinical phenotypes (i.e., “case-
control” studies). These studies work under the assumption that genetic variants are either related 
directly to the phenotype, or are closely linked to a causative variant for the phenotype. Although 
population stratification (spurious association due to underlying differences in race/ethnicity or other 
factors) is always a concern in association studies, careful selection of a control population can obvi-
ate this problem (24). Hundreds of association studies have been published detailing many candidate 
genes for venous and arterial thrombotic risk; a review of the most relevant and reproducible variants 
is presented later. Furthermore, the Human Genome Project has facilitated the development of new 
approaches for association mapping of complex diseases. N Studies of the simultaneous assessment 
of hundreds of thousands of SNPs across the human genome (“Genome-Wide Association Studies” 
or GWAS) are emerging, identifying novel markers for thrombotic phenotypes. For example, a 
recently published GWAS has identified an SNP associated with MI in multiple populations (25).

Regardless of the type of study, one must be careful when interpreting human genetic studies. Save 
for a handful of reproducible variants, the studies of genes for venous and/or arterial thrombosis are 
characterized by inconsistent and often irreproducible results. Hence, one must bear in mind issues of 
power, study design, case/control selection, potential confounders, and population stratification when 

Table 1 
Quantitative trait loci (QTL) identified for thrombosis/hemostasis related traits  

(Adapted from Blangero et al. (21) and Soria et al. (22))

Trait
Linkage odds 
(LOD) score a

Genomic  
location of QTL Gene

Factor XII coagulant activity/thrombosis (398) 11.73 5q35 F12
Factor II coagulant activity/thrombosis (132) 4.70 11p11 F2
Activated protein C ratio/Factor VIII coagulant 

activity/thrombosis (399)
4.50 18p11 Unidentified

Histidine-rich glycoprotein (400) 4.17 3q27 HRG
Free protein S (401) 4.07 1q32 Unidentified
P-selectin (402) 3.81 15q26 Unidentified
Factor XII coagulant activity (398) 3.53 10p13 Unidentified
Von Willebrand factor (403) 3.46 9q34 ABO blood group
Protein C (404) 3.69 16q23 NQO1
Factor VIII (405) 4.44 5/11 Unidentified
Homocysteine (406) 3.01 11q23 NNMT
Fibrinogen (407) 3.12 14q11 Unidentified
Activated protein C ratio (399) 3.05 1q24 F5
Tissue factor pathway inhibitor (408) 3.52 2q TFPI

aA measure of the strength of linkage of that genomic region to the trait
HRG histidine-rich glycoprotein; TFPI Tissue factor pathway inhibitor gene
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conducting and interpreting genetic studies. Furthermore, the reported genetic variant may in fact be 
in linkage disequilibrium (i.e., genetically linked to) a different variant which in fact is the functional 
mutation resulting in disease. Finally, thrombosis is typical of a complex, heterogeneous disease, 
characterized by the strong influence of environmental factors; gene with modest effects, variable 
penetrance and difficult to characterize modes of inheritance; as well as gene–environment and gene–
gene interactions.

Until 1990, only three single-gene disorders had been identified for risk of VTE: antithrombin, 
protein C and protein S deficiencies, which occur only in about 15% of families with familial 
thrombosis and only in a small proportion of all patients with VTE (26), and are inherited in an 
autosomal dominant manner. The remaining 85% of families in whom a genetic predisposition can-
not be identified spurred application of genetic and epidemiologic tools to research in familial 
thrombophilia, resulting in several advances in our understanding of familial thromboembolic 
disorders. A list of potential factors causing hereditary thrombosis is presented in Table 2 (27). 
However, these factors only represent the presence of an inherited factor that predisposes to throm-
bosis, but requires interaction of other factors (acquired or inherited) to produce the clinical disorder. 
There are several such genetic and environmental factors that have been identified as risk factors 
for arterial and/or VTE (Table 3).

GENETIC VARIANTS IMPLICATED IN VENOUS THROMBOTIC DISORDERS

The pathophysiology of VTE has at its core the interaction of acquired factors such as age, obesity, 
prolonged immobilization, surgery, pregnancy, oral contraceptives and cancer, in the setting of a 
genetic predisposition to disease. In fact, one or more predisposing factors are identified in approxi-
mately 80% of patients, with inherited thrombophilia being identified in 24–37% of unselected 
patients with DVT (28–30) and in the majority of patients with familial thrombosis (28). Table 4 
summarizes the risk and incidence of a first episode of VTE with various risk factors. These genetic 
disorders can be divided pathophysiologically into two main categories, either due to decreased levels 
of antithrombotic proteins (i.e., antithrombin III deficiency, protein C or S deficiency, factor V 
Leiden) or the result of increased levels of prothrombotic proteins (i.e., prothrombin G20210A). 

Table 2 
Causes of inherited thrombophilia 

(Adapted from WHO Bulletin (27))

Acquired
Antithrombin deficiency
Protein C deficiency
Protein S deficiency
APC-R/Factor V Leiden
Dysfibrinogenemia
Thrombomodulin

Acquired/inherited
Hyperhomocysteinemia
Elevated factor VIII
Elevated fibrinogen

Potentially inherited
Plasminogen deficiency
Heparin cofactor II deficiency
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Factor V Leiden is the most common genetic cause of VTE, with the prothrombin gene mutation, 
deficiencies in protein S, protein C, and antithrombin accounting for most of the remaining cases 
(Table 5). The most studied and clinically relevant genetic variants for VTE risk are discussed in detail 
as follows and summarized in Table 6.

Antithrombin III Deficiency
In 1965, Egeberg discovered the first genetic predisposition to VTE, namely that of antithrombin 

deficiency (31). Antithrombin (also known as heparin cofactor I) is a major component of the coagu-
lation cascade synthesized in the liver, is an inhibitor of thrombin, and is one of the most important 
physiological regulators of fibrin formation. Heparin, one of the most common clinically used antico-
agulants, works via augmentation of antithrombin’s inhibitory activity on thrombin. Egeberg described 

Table 3 
Risk factors predisposing to thromboembolism (Adapted from Andreotti and Becker (358))

Venous Arterial

Inherited Genetic polymorphisms of the hemostatic 
system (Factor V Leiden, Prothrombin 
G20210A, Gain-of-Function variants of 
Factors VIII, IX, XI)

Gene polymorphisms of the hemostatic 
system (Factor V Leiden, Prothrombin 
G20210A, Gain-of-function variants 
of fibrinogen, factor VII, plasminogen 
activator inhibitor type-1, glycoprotein 
IIIa (Leu33Pro)

Deficiencies of antithrombin,  
proteins C and S

Family history of arterial thrombosis

Dysfibrinogenemia Homocysteinurias
Family history of VTE Congenital dyslipidemias
Homocysteinurias and MTHFR C677T variant
Varicose veins

Physiologic Pregnancy, puerperium Male gender (if before 65 years of age)
Aging Aging

Environmental Surgery, trauma, immobilization Smoking, cocaine use
Oral contraceptives, hormone replacement 

therapy
Oral contraceptives, hormone  

replacement therapy
HIT HIT
Antifibrinolytic agents, prothrombin  

complex concentrates
Antifibrinolytic agents, prothrombin 

complex concentrates
Endotoxemia Thienopyridine-related TTP

Other Previous VTE Previous arterial thrombosis
Behcet’s disease, other vasculitis Atherosclerosis, vasculitis
Malignancy Malignancy
Congestive heart failure, nephrotic syndrome Congestive heart failure, renal failure
Antiphospholipid antibodies Antiphospholipid antibodies, SLE, RA
Polycythemia vera, essential  

thrombocythemia
Polycythemia vera, essential  

thrombocythemia
Obesity Atrial fibrillation
Paroxysmal nocturnal hemoglobinuria Hypercholesterolemia, metabolic  

syndrome and its components
Sickle cell anemia, macroglobulinemia

HIT heparin-induced thrombocytopenia; TTP thrombotic purpura; SLE systemic lupus erythematosis; RA rheumatoid 
arthritis

68



The Genetics of Thrombosis

low antithrombin and low heparin cofactor activity in a family heavily burdened with VTE and identi-
fied the genetic predisposition to be transmitted in an autosomal dominant fashion. Antithrombin III 
deficiency has since been shown to be a heterogeneous disorder and as such, is currently subclassified 
into two categories. Type I antithrombin deficiency is characterized by reduced function of immuno-
logic and functional antithrombin. Type II is characterized by a variant antithrombin molecule with a 
defect in its reactive site (type II RS), in the heparin-binding site (type II HBS), or multiple functional 
defects (type II PE (pleiotrophic effects)) (32,33). Interestingly, there is also heterogeneity in clinical 
presentation by subtype, with type II HBS having the lowest risk for VTE (34). Conversely, type I 
defects are more prevalent among thrombophilic families.

The antithrombin gene resides on chromosome 1q23-25 and is composed of seven coding regions; 
more than 100 different mutations have been identified with several mutations leading to antithrombin 
III deficiency. Type I antithrombin deficiency is due to one of several genetic mutations, most often 
interfering with protein synthesis. Patients with type II HBS usually have mutations at the amino-terminal 
end of the molecule (35) resulting in approximately 50% of normal plasma antithrombin-heparin 

Table 4 
Risk and incidence of a first episode of venous thrombosis (Adult subjects only. Reproduced with  

permission from UpToDate; data from Leiden Thrombophilia Study)

Condition/risk factor(s) Relative risk Incidence, percent per year

Normal 1 0.008
Hyperhomocysteinemia (MTHFR 677T mutation) 2.5 0.02

1 –
Prothrombin gene mutation 2.8 0.02
Oral contraceptives 4 0.03
Factor V Leiden (heterozygous) 7 0.06
Oral contraceptives plus heterozygous factor V Leiden 35 0.29
Factor V Leiden (homozygous) 80 0.5 to 1.0

Table 5 
Prevalence of Factor V leiden and prothrombin gene mutations in various populations  

(Adapted from Seligsohn, et al. (161) and Federici et al. (357))

Variant
General  
population (%)

Unselected patients 
with VTE (%)

Selected patientsa 
with VTE (%) Relative risk for VTE

Factor V Leiden  
(heterozygote)

4.8 18.8%  
(heterozygotes)

40.0% ~3–7 (heterozygotes); 
50–100  
(homozygotes)

Prothrombin 
G20210A  
(heterozygote)

2.7 ~7% 16% ~2–5 (heterozygotes)

Antithrombin III 
deficiency

0.02–0.04 ~1 ? ~20–50

Protein C deficiency 0.2–0.5 ~2–5 ? 7–10
Protein S deficiency 0.1–1 ~1–3 ? ~2
MTHFR C677T 5–15 15–20  

(homozygotes)
? 2–3 (homozygotes)

aSelected patients, age less than 50 years with a family history of venous thrombosis, a history of recurrent event, and 
the absence of acquired risk factors except pregnancy or the use of oral contraceptives
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cofactor activity measurements. Patients with type II RS generally have mutations near the thrombin-
binding site at the carboxy terminal end of the molecule. Type II PE also involves a mutation at the 
carboxy terminal end of the antithrombin molecule resulting in conformational changes in the protein. 
This includes the first reported antithrombin genetic variant, Budapest, which consists of a proline to 
leucine replacement at residue 429 (36,37).

Estimates of the prevalence of antithrombin deficiency in the general population range from one in 
2,000–5,000 (38) to as high as one in 500 (39). The majority of patients with antithrombin deficiency 
identified in these studies did not have VTE or a familial history of thrombosis. The prevalence of 
hereditary antithrombin deficiency is ~0.5–1% in patients presenting with a first thrombotic event 
(29). In a Spanish study of over 2,000 consecutive patients with VTE, 12.9% were found to have an 
anticoagulant protein deficiency (7.3% protein S, 3.2% protein C, and 0.5% antithrombin) (29). 
Clinically, approximately 55% of patients with type I and type II RS present with VTE (40,41), with 
a much lower incidence of 6% in patients heterozygous for type II HBS (34). In another study, the 
lifetime probability of developing VTE in carriers of antithrombin III deficiency mutations was 8.1 

Table 6 
Genetic variants implicated in venous thrombotic disorders

Gene Variant Function Phenotype

Factor V (1) Factor V Leiden 
(R506Q)

(2) Factor V R2 
(H1299R)

Incompletely  
characterized (85)

Venous thromboembolism 
(98,99); miscarriages (104), 
obstetrical complications 
(409)

Prothrombin G20210A DVT, PE (136–140)
Platelet activator 

inhibitor-1 (PAI-1)
4G/5G promoter Portal vein thrombosis (410)

Estrogen receptor beta 1730A > G DVT (411)
JAK2 V617F Budd-Chiari, portal, splanchnic 

and mesenteric vein  
thrombosis, catastrophic 
intra-abdominal  
thrombosis (reports  
inconsistent) (412–414)

Endothelial protein C 
receptor

(1) Haplotype 1 (H1, 
tagged by rs9574)

(2) Haplotype 3 (H3)
(3) Haplotype 4 (H4)
(4) 4600AG, 4678CC 

(126)

VTE; VTE in carriers of  
Factor V Leiden (124–128)

Factor XIIIA Val34Leu Changes FXIII activation 
rate and fibrin  
structure/function

DVT, MI, CVA 
(8,232,358,415,416)

Fibrinogen Aa Thr312Ala Changes fibrin structure/
function and FXIII 
crosslinking

Pulmonary embolism (417)

Thrombomodulin Several missense  
mutations

Various VTE (183–186)

Tissue-factor pathway 
inhibitor (TFPI)

Pro151Leu Unknown VTE (contradictory reports) 
(181,182)
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times higher compared to those with no defect (42). The lifetime probability in protein S deficiency 
was 8.5 times higher, for protein C 7.3 times higher, and for factor V Leiden, 2.2 times higher. In 
patients with protein C, protein S, or antithrombin deficiency, 80% of patients have their first throm-
botic event prior to age 40, and 32–62% of thrombotic events occur in the presence of other risk 
factors such as surgery, immobilization, or pregnancy, with the highest prevalence of these risk factors 
occurring in activated protein C resistance (APCR) (33). Patients with antithrombin deficiency are at 
particularly high risk during pregnancy with a 37–44% incidence of thrombosis during pregnancy and 
puerperium, which is more than that seen in protein C or protein S deficiency (12–19%); or in APCR 
(28%) (43,44). Overall, antithrombin-, protein-C-, or protein-S-deficient individuals account for 22% 
of venous thrombosis that complicates surgery, with no difference in type of deficiency or type or 
surgical procedure. Approximately 60% of patients with antithrombin deficiency and VTE suffer 
from recurrent thrombotic episodes. Homozygous forms of antithrombin deficiency are rare and result 
in severe, early-onset thrombosis, which is often arterial (45). Arterial thrombosis is rare in anti-
thrombin deficiency but has been reported (46).

Diagnosis of type I antithrombin III deficiency is done using immunoassays which quantify 
antithrombin antigen. Type II deficiencies require functional assays of antithrombin activity. The 
antithrombin-heparin cofactor assay measures the ability of heparin to bind lysyl residues on anti-
thrombin and catalyzes neutralization of coagulation enzymes such as thrombin and factor Xa. All 
four types of antithrombin deficiencies can be diagnosed with this assay in combination with an 
immunoassay and, therefore, it is felt to be the best single screening test for antithrombin deficiency 
(47). This assay should be performed when the patient is not receiving heparin, and ideally, at least 2 
weeks after completing oral anticoagulant therapy (Table 10).

The clinical management of patients with antithrombin III deficiency with an acute VTE event is in 
general the same as those without the deficiency; however, resistance to heparin can be a clinical con-
cern. In fact, the majority of patients with clinical heparin resistance are antithrombin deficient (48,49). 
Such patients require large doses of heparin for therapeutic anticoagulation, due in part to the action of 
heparin further lowering antithrombin levels by approximately 30%. Antithrombin concentrate can be 
used safely and effectively in such settings (50,51). Antithrombin concentrate is prepared from pooled 
normal human plasma and is administered over a 10–20 min period. Antithrombin concentrate can be 
considered in patients with unusually severe thrombosis, those who develop recurrent thrombosis 
despite adequate anticoagulation, or in those with difficulty achieving adequate anticoagulation (52). 
However, the use of antithrombin concentrate has not been studied in a randomized, controlled trial.

Protein S Deficiency
Protein C and S deficiencies were first discovered in the 1980s (53,54). Protein S is a vitamin-K-

dependent plasma glycoprotein that functions as a nonenzymatic cofactor to activated protein C in the 
degradation of Factors Va and VIIIa. Thrombin and Factor Xa cleave protein S, rendering it inactive 
(55). Protein S circulates in a free form with activated protein C cofactor activity; and a bound form 
with no activated protein C cofactor activity (56). Protein S deficiency is predominantly inherited as 
an autosomal dominant trait, and heterozygous individuals are at risk of recurrent VTE (53). There 
are three subtypes of protein S deficiency as defined by total and free protein S concentrations and 
activated protein C cofactor activity. In type I protein S deficiency, the genetic defect results in a 
reduction of total protein S antigen as well as protein S activity. In the more rare type II protein S 
deficiency, there is normal protein S antigen, but a functionally abnormal protein S molecule with 
reduced protein S functional activity. In type III protein S deficiency, there is normal total protein S 
antigen, but reduced free protein S antigen and activity (57).
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The protein S gene is structurally complex and has a pseudogene (a segment of DNA that resembles 
a gene, but cannot be transcribed) with high homology which has made genetic analysis more 
complicated. The 5¢ end of the gene shows high homology with other vitamin-K-dependent proteins. 
Interestingly, only about 50–60% of patients with protein S deficiency have identified genetic muta-
tions (58,59). The majority of genetic variants causing type I protein S deficiency are SNPs and inser-
tions and deletions with at least 33 unique variants identified (27). Four different mutations have been 
identified that cause type II protein S deficiency (60,61), including two in the propeptide, one in the 
EGF domain and one in the second EGF domain. Reports have suggested that type I and type III 
protein S deficiency may be phenotypic variants of the same genotype (62,63). For example, in one 
study of French patients with low free protein S, 82% of patients in whom mutations could be identi-
fied had a Ser460Pro SNP (58), also known as protein S Heerlen (64). However, in this same study, 
this SNP had the same frequency in patients with thrombosis as in the general population; hence, its 
association with increased thrombotic risk remains to be clarified. The prevalence of familial protein 
S deficiency in the general population is approximately 0.03–0.13% (65) with a prevalence of 7.3% 
in patients with VTE (29). The absolute risk of thrombosis in patients with protein S deficiency has 
been estimated at 8.5 times higher as compared with individuals with no defect (42). Homozygous 
protein S deficiency is rare and associated with neonatal purpura fulminans (66). Although reports of 
arterial thrombosis in patients with protein S deficiency are published (67), larger studies have not 
confirmed a role in arterial thrombosis (68). Clinical diagnosis of protein S deficiency relies on a 
functional and immunoassay (Table 10), and as with antithrombin III deficiency, testing for the underlying 
genetic variant is not clinically indicated.

Protein C Deficiency
Protein C, a vitamin-K-dependent plasma glycoprotein is the precursor of the serine-proteinase-

activated protein C (APC), which subsequently inactivates coagulation factors Va and VIIIa, an effect 
enhanced by protein S. Interestingly, APC has anti-inflammatory activities and protects endothelial 
barrier function in reactions mediated by the endothelial protein C receptor (EPCR) (69). Protein C 
deficiency is a heterogeneous disorder inherited in an autosomal dominant fashion, and two subtypes 
have been identified (70). In the more common type I protein C deficiency, there is reduction both in 
protein C activity and in protein C antigen, and is characterized by marked phenotypic variability. In 
type II protein C deficiency, there is evidence of an abnormal protein C molecule but with normal 
protein C antigen. The gene for protein C is located on chromosome 2 and is closely related to the 
gene for factor IX (71). More than a hundred different genetic mutations have been associated with 
the two subtypes (72). There appears to be the presence of a founder effect in Dutch families with 
type I deficiency (73).

The prevalence of heterozygous protein C deficiency ranges from 1 in 200–500 in a healthy popula-
tion (74), increasing to 2–5% in a population of patients with VTE (29). Clinically, protein C defi-
ciency presents as VTE, neonatal purpura fulminans (primarily in homozygous or double heterozygous 
newborns), warfarin-induced skin necrosis, and has also been linked to fetal loss (75). Warfarin-
induced skin necrosis is an infrequent complication induced by a transient hypercoagulable state; the 
initiation of warfarin leads to a decrease in protein C anticoagulant activity, with more pronounced 
effects when doses greater than 10 mg of warfarin daily are used. Arterial thrombosis has not been 
consistently associated with protein C deficiency, though there have been reports of nonhemorrhagic 
stroke in young adults (76). Homozygous protein C deficiency can cause purpura fulminans (caused 
by thrombosis of small vessels), occurring soon after birth or in the first year of life; or can result in 
milder manifestations similar to those with heterozygous deficiency (77). The median age-of-onset of 
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VTE in protein C deficiency is 45 years in unselected patients and 30 years in members of throm-
bophilia families (78). Recurrent VTE develops in 60% of carriers with VTE. The absolute risk of 
thrombosis in patients with protein C deficiency is about sevenfold higher than that of normal subjects 
(42,79). However, there is marked variability in families with protein C deficiency, suggesting factors 
other than that explained by the genetic defect. One such risk factor for higher risk of VTE is presence 
of a second thrombotic defect, especially factor V Leiden. For example, a review of four studies 
revealed that 75% of family members who carried two defects suffered VTE, compared with 10–30% 
of carriers of only one defect (80).

Protein C deficiency is diagnosed by a variety of immunologic and functional assays (47). Patients 
with a protein C level <55% of normal likely have a genetic abnormality, whereas levels between 55 
and 65% are either due to a deficient state or represent lower limits of normal (81). Warfarin therapy 
reduces functional and immunologic measurements of protein C. If it is not possible to stop antico-
agulation, i.e., due to severity of the thrombotic tendency, individuals can be studied while anticoagu-
lated with heparin using protein C antigen level testing. When treating an acute VTE event in patients 
with known protein C deficiency, oral anticoagulation should be started only after full heparinization 
is achieved. Further, to avoid warfarin-induced skin necrosis, the initial dose of warfarin should be 
low and then increased slowly until therapeutic. In patients with heterozygous protein C deficiency 
and a history of warfarin-induced skin necrosis, supplemental administration of protein C should be 
considered until a stable warfarin dose is achieved (82).

Activated Protein C Resistance (Factor V Leiden)
Dahlbäck and colleagues discovered APCR in 1993 (83) and it is responsible for 20–30% of cases 

of VTE. Plasma is diagnosed as “APC resistant” if addition of exogenous APC fails to prolong its 
clotting time in an activated partial thromboplastin time (aPTT) assay (83). Factor V is a plasma 
glycoprotein cofactor; during coagulation, factor V is converted to factor Va by meizothrombin and/
or factor Xa. Furthermore, factor V is a cofactor in the inactivation of factor VIIIa by activated pro-
tein C. Approximately 90% of cases of VTE due to APC resistance are due to an SNP in the Factor 
V gene (G to A at position 1691 in exon 10), resulting in an arginine to glutamine in amino acid 506, 
also known as Factor V Leiden (84). Factor V Leiden is the most common cause of VTE, accounting 
for 40–50% of cases. The underlying molecular mechanism by which Factor V Leiden causes APCR 
is still under biochemical investigation. Factor Va Leiden has been shown to be inactivated more 
slowly by APC than normal factor Va, resulting in increased coagulation (85). Furthermore, factor 
V Leiden results in decreased anticoagulation by leading to lack of cleavage of factor V at position 
506, which would normally serve as a cofactor with APC in degradation in factors VIIIa and Va. 
APC resistance can also be caused by the Factor V R2 (H1299R) mutation. The rare R306T (Factor 
V Cambridge (86)) and R306G (Factor V Hong Kong (87)) affect the APC cleavage site at Arg306, 
conferring only mild APC resistance (88). Factor V Liverpool (Ile359Thr) results in poor APC 
cofactor activity for the inactivation of factor VIIIa, as well as reduced APC mediated inactivation 
of factor Va (89).

Factor V Leiden has a prevalence of up to 6% in Caucasians, but is much lower in African and 
Asian populations (90). In Europeans, the mutation is found in up to 50% of familial thrombotic dis-
orders (84). A study of over 4,000 subjects in the Physicians’ Health Study and Women’s Health 
Study found carrier frequencies in Caucasians of 5.3%, in Hispanic Americans of 2.2%, in Native 
Americans of 1.25%, in African-Americans of 1.2%, and in Asian Americans of 0.45% (91). It 
appears that the mutation originated approximately 30,000 years ago based on haplotype analyses 
suggesting evidence for a founder effect (92).
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The transmission is autosomal dominant. This mutation is associated with a significant increase in 
thrombotic risk and is found in 20% of patients with thrombophilia (up to 50% in selected patients, 
i.e., those with a family history of thrombosis) (84,93,94). There is evidence that this variant (bal-
anced with the prothrombin 202010A) may reflect a selective advantage in heterozygotes, offering 
benefits for reducing blood loss associated with giving birth and trauma (95), decreased risk of intrac-
ranial hemorrhage (96), and protecting against blood loss after cardiac surgery (97). Factor V R2 has 
not been shown to be associated with an increased risk of VTE, but has been shown to increase Factor 
V Leiden-related thrombosis risk in individuals doubly heterozygous at these mutations (98,99). 
Factor V Liverpool has been associated with an increased risk of VTE (89). Factor V Cambridge and 
factor V Hong Kong do not appear to be associated with thrombosis (100).

The clinical manifestations of factor V Leiden include DVT, pulmonary embolism (101), as well 
as cerebral (102), mesenteric, and portal vein thrombosis, and may play a role in recurrent fetal loss 
(103). In addition, factor V Leiden has been associated with other obstetric complications including 
pre-eclampsia, fetal growth restriction, and abruption placenta (104); however, these associations 
need further validation. Interestingly, it appears that the lifetime risk of VTE and the severity of VTE 
are less in patients heterozygous for factor V Leiden when compared with patients with the less com-
mon thrombophilias (42). Factor V Leiden may be associated with increased risk of recurrent VTE; 
however, data are conflicting (105). Factor V Leiden does not appear to be associated with risk of 
arterial thrombosis: most studies, including two meta-analyses, have been unable to find a significant 
increase in the prevalence of factor V Leiden in patients with myocardial infarction and stroke 
(106,107). However, an increased risk of arterial thrombosis may be confined to young female smok-
ers who carry factor V Leiden (108,109).

Patients with VTE who have other thrombotic defects such as protein C, protein S, or antithrombin 
deficiency, and prothrombin gene mutations have an increased prevalence of factor V Leiden, with the 
presence of two defects increasing the thrombotic risk in family members up to threefold in comparison 
with the risk of a single defect (110,111). In a review of case-control studies of factor V Leiden and 
prothrombin G20210A, patients doubly heterozygous for the two mutations had a fourfold increase in 
risk of VTE compared with patients heterozygous only for the factor V Leiden mutation (odds ratio 4.9 
vs. 20.0) (112). The risk of VTE has been found to be increased threefold in first-degree relatives who 
are carriers of factor V Leiden if factor VIII levels are ³150 IU/dL (113) and also increased in patients 
with concomitant factor V deficiency (114). Patients with non-O blood types have a two to four times 
increased risk of VTE in both heterozygous and homozygotes for factor V Leiden (115). Patients with 
concomitant factor V Leiden and hyperhomocysteinemia have an increased risk of VTE (116). Further, 
as shown in Table 4, the risk of VTE is increased with concomitant use of oral contraceptives, hormone 
replacement therapy, or pregnancy (117,118) Other concomitant clinical factors may also increase VTE 
risk in the presence of factor V Leiden: a prospective study of almost 10,000 Danish patients found that 
VTE risk in patients heterozygous or homozygous for factor V Leiden increases with age, smoking, 
and increasing body mass index (BMI) (119).

Other Forms of Activated Protein C Deficiencies
APCR can also occur in the absence of a genetic mutation in factor V, for example, in patients with 

cancer, which may contribute to the increased thrombotic incidence in these patients (120); however, 
the clinical utility of diagnosing this type of APC resistance is unclear. APC resistance can also be 
acquired in those using oral contraceptives or hormone replacement therapy (121). In addition to 
mutations in the Factor V gene, activated protein C deficiencies can result from other genetic muta-
tions. The EPCR is a type I transmembrane protein highly expressed on the endothelium of large 
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vessels (122), enhancing the rate of protein C activation (123). Several polymorphisms in the EPCR 
gene have been associated with venous and arterial thrombosis by affecting the coupling of protein C 
to the EPCR, resulting in an alteration of APC generation (124). Four haplotypes have been found in 
the EPCR gene (H1, H2, H3, H4), which have been associated with VTE, but with varying results. 
The H3 haplotype has been associated with an increased risk of VTE (OR: 1.8) (125), though other 
studies have found no increased risk (126,127). The H1 haplotype, which is tagged by the SNP 4678 
G/C (aka rs9574), has been associated with decreased risk of VTE (OR: 0.59) (126), and with 
decreased risk of VTE in carriers of the Factor V Leiden mutation (OR: 0.31) (128). Another study 
evaluated two SNPs in exon 4 of the EPCR gene and found that the 4600AG genotype had signifi-
cantly higher soluble EPCR levels than the AA genotype, though it was not associated with VTE risk, 
but that the 4678CC genotype was associated with decreased VTE risk (OR: 0.61) (126). Further, a 
23-bp insertion in exon 3 was shown to be a risk factor for atherothrombotic disease (129); however, 
a subsequent study failed to confirm that association (130). Further studies are necessary to establish 
the importance of the EPCR gene in thrombotic disease.

Prothrombin 20210A
Prothrombin (aka factor II), is the precursor to thrombin, is vitamin K dependent, and plays a key 

role in the conversion of fibrinogen to fibrin. In 1996, Poort et al. described the prothrombin 20210A 
mutation in an investigation of patients with a personal and family history of VTE and in healthy 
controls: 18% of patients with VTE had the substitution (adenine for guanine at position 20210) com-
pared with an only 1% prevalence in healthy controls (131). These investigators subsequently con-
ducted a population-based, case-control study which revealed that 6.2% of consecutive patients with 
a first DVT carried the G20210A allele as compared with 2.3% of age- and sex-matched control sub-
jects. They further found that a higher level of prothrombin activity itself was associated with 
increased risk of VTE and individuals with one copy of the A allele had significantly higher mean 
prothrombin levels as compared with individuals with the GG genotype (131). More recent reports 
have found little correlation between this mutation and plasma prothrombin levels. One study did 
show a highly significant LOD score between the G20210A mutation and a QTL for prothrombin 
activity, and further, that simultaneously accounting for association with the variant completely elimi-
nated the linkage signal suggesting that G20210A is a functional polymorphism (132).

G20210A represents the second most frequent prothrombotic genetic polymorphism, and like Factor 
V Leiden, the transmission is autosomal dominant. The prevalence of this mutation varies widely geo-
graphically. In whites, the prevalence varies from 0.7 to 6.5% (133–135) with an overall prevalence in 
one study of 11 centers in nine countries of 2% (134), and is very rare in black and Asian populations. 
Carriers of this mutation have a threefold increased risk of VTE (131). Many subsequent reports have 
confirmed the role of prothrombin 20210A in risk of DVT and PE, with odds ratios ranging from 2.0 
to 5.0 (136–140). For example, in the Leiden Thrombophilia Study, 6.2% patients with DVT had the 
G20210A variant compared with 2.3% of healthy matched controls (131), with a 2.8-fold independ-
ently increased risk of VTE across sexes and age groups. Given its strong role in risk of VTE, studies 
have investigated the role of this polymorphism in recurrent thrombotic events with some studies show-
ing no association (141) and one meta-analysis suggesting association with recurrent DVT (OR: 1.72; 
95% CI: 1.27–2.31) (105). Carriers of this mutation may also have an increased risk of VTE in the 
setting of pregnancy, with one study showing that 31% of pregnant or postpartum women with VTE 
carried the mutation as compared with 4.2% of controls without VTE (OR: 10.2; 95% CI: 4.0–25.9) 
(142). Prothrombin G20210A has also been shown to be a risk factor for cerebral venous thrombosis 
with a gene-environment effect concentrated in patients using oral contraceptives (143).
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As mentioned previously, given the high frequency of many of the genetic variants associated with 
predilection to thrombosis, a number of studies have evaluated whether the coinheritance of two or 
more defects increases the likelihood of thrombosis and have found this to be the case. For example, 
one study compared the prothrombin G20210A allele in individuals with a history of VTE and found 
that 5% of patients carried both factor V Leiden and the prothrombin variant, higher than the expected 
population frequency of 0.1% (144). In a study of neonatal thrombosis, there was a very high preva-
lence of concurrent factor V Leiden and prothrombin G201210A mutation (145). A pooled analysis 
of eight case-control studies found that the odds ratio for risk of VTE was 20.0 for double heterozy-
gotes (i.e., patients with both the prothrombin G20210A and factor V Leiden mutations), as compared 
with 3.8 to 4.9 in patients with only the prothrombin or factor V Leiden mutations (112). Of patients 
with VTE, 2.2% were double heterozygotes, 12% were factor V Leiden heterozygotes only, and 23% 
were prothrombin G20210A heterozygotes only. These results have been replicated in other studies 
(133,136,144,146,147). In fact, many investigators now believe that the prothrombin variant is not 
sufficient in and of itself to predispose to VTE. To study this, investigators examined 281 patients 
referred for thrombosis in Italy and found that risk of VTE associated with this variant was significant 
only in the subset of patients with additional risk factors (147).

The role of the prothrombin G20210A mutation in arterial thrombosis is controversial, with most 
studies showing no association or showing association only in the presence of another known risk fac-
tor (137,148–155). For example, one study found weak association of the mutation with heart disease 
in young women (OR: 4.0), but when the variant was present in conjunction with smoking or a meta-
bolic risk factor (obesity, hypertension, hyperlipidemia, or diabetes), the risk of heart disease increased 
to 34–43-fold increased risk (155). Another study showed similar results in men with MI; patients who 
smoke and have metabolic risk factors in combination with the genetic variant had a higher risk of MI 
compared with noncarriers with the same risk factors (150). The prothrombin G20210A variant has 
also been evaluated in relation to risk of ischemic stroke with similarly conflicting data. Most studies 
have shown no association (137,152,156), but one study in 72 young patients with no traditional risk 
factors found a 3.8-fold risk of ischemic stroke associated with the heterozygous mutation (157).

There have been very few descriptions of individuals homozygous for prothrombin G20210A; 
these have shown marked variation in the clinical manifestation ranging from ischemic stroke (157) 
to no clinical manifestations (158). Other mutations have been identified in the prothrombin gene 
including C20209T and A19911G, with varying reports about their association with VTE risk 
(159,160). Tables 4.4 and 4.5 detail the prevalence of Factor V Leiden and prothrombin gene muta-
tions in different populations, illustrating its relative abundance in patients with VTE (161). In sum-
mary, these studies suggest that the prothrombin G20210A variant may be a VTE susceptibility 
variant, but with significant contributions from other genetic, molecular, and clinical risk factors.

Hyperhomocysteinemia
Homocystinuria is a rare autosomal recessive hereditary disease resulting in extremely high plasma 

and urine homocysteine concentrations and clinical manifestations including thromboembolic disease 
and premature atherosclerosis. In contrast to this very rare condition, 5–7% of the population mani-
fests less marked plasma homocysteine elevations (162), and evidence suggests that moderate hyper-
homocysteinemia is a risk factor for VTE and atherosclerosis (163). There are several mechanisms by 
which hyperhomocysteinemia may play a role in thrombotic risk. A recent study in apolipoprotein-E-
deficient mice suggests that hyperhomocysteinemia results in endothelial dysfunction and subsequent 
accelerated carotid artery thrombosis (164). Another study in mice suggests that susceptibility to arte-
rial thrombosis with hyperhomocysteinemia may involve oxidative stress and impairment of the 
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protein C anticoagulant pathway (165). In addition to nutritional deficiencies, certain medications 
(166), chronic kidney failure, and cigarette smoking (167), genetics have been shown to cause eleva-
tions in plasma homocysteine concentrations. MTHFR (5,10-methylenetetrahydrofolate reductase) is 
an enzyme that catalyzes the conversion of homocysteine to methionine. The thermolabile T allele of 
the MTHFR gene SNP C677T results in an amino acid change from alanine to valine in the MTHFR 
gene, reducing its efficiency by half, and is associated with elevated homocysteine levels in individu-
als with low folate intake (168). The prevalence of the mutation is 5–14% in a general population 
(169). Although it appears that hyperhomocysteinemia is a risk factor for VTE (163) and recurrent 
VTE (170), there are conflicting results about the prothrombotic role of the C677T polymorphism 
(reviewed in Ray et al. (171)). Regardless, this mutation plays much less of a role than the 20210A 
and Factor V Leiden mutations in thrombosis risk.

The MTHFR C677T variant has also been implicated to a variable degree in arterial thrombosis. In 
a meta-analysis of greater than 11,000 individuals homozygous for the thermolabile variant of 
MTHFR and over 12,000 matched controls enrolled in 40 observational studies, patients with the TT 
genotype had moderate but statistically significant increased risk of coronary heart disease as com-
pared with controls (OR: 1.16; 95% CI: 1.05–1.28) (172). Another meta-analysis suggested interna-
tional geographic variations in risk conferred by the MTHFR variant, with no association in North 
American, European, and Australian populations, but evidence of a relationship in Middle Eastern 
and Asian populations (173). One explanation for this heterogeneity may be due to differences in 
folate status: the North American studies were conducted where there was greater use of vitamin B 
and folate supplementation or fortification. Hence, it appears that the effect of the MTHFR variant has 
minimal effect on risk of cardiovascular disease in populations with adequate folate levels.

Lupus Anticoagulant/Antiphospholipid Antibodies
The antiphospholipid syndrome is defined by the clinical manifestation of venous or arterial thrombo-

sis, recurrent fetal loss, or thrombocytopenia coupled with the presence in the serum of at least one type 
of antiphospholipid antibody. Lupus anticoagulants are one of a group of antiphospholipid antibodies and 
are common in patients with the antiphospholipid syndrome. They are associated with thromboembolism, 
recurrent spontaneous abortion, and thrombocytopenia (174) but lupus anticoagulants are also present in 
1–5% of healthy individuals. Relatives of probands with antiphospholipid antibody syndrome are more 
likely to have aPL, and there is a strong association between aPL and HLA types (175,176). Therefore, 
studies have attempted to identify genetic variants that may interact with, or operate in the background 
of, antiphospholipid antibodies. One study found that the P-selectin Pro715 allele was not present in 
patients with lupus anticoagulant who suffered arterial thrombosis (but was slightly more frequent in 
patients with VTE), whereas the CA repeat polymorphism in the 3¢-noncoding region of CD154 was 
associated with risk of development of arterial thrombosis (177). The authors suggest that these genetic 
variants can differentiate between risk of venous and arterial thrombosis in patients with lupus anticoagu-
lant. Studies have also shown that the concurrent presence of other genetic mutations including factor V 
Leiden, the prothrombin G20210A mutation, and APCR increases the risk of antiphospholipid-associated 
VTE (178,179). Further studies of the genetics of this disease are necessary.

Other Genetic Factors Associated with VTE
Tissue-factor pathway inhibitor (TFPI) plays a major role in the inhibition of the extrinsic coagula-

tion pathway (180). The Pro15Leu SNP in TFPI has been shown to be a risk factor for VTE (181); 
however, subsequent studies did not confirm this association (182). Thrombomodulin, a component 
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of the protein C anticoagulant pathway, is a transmembrane protein synthesized by endothelial cells 
and acts as a receptor for thrombin and as cofactor of thrombin in the activation of protein C. Several 
missense mutations in the thrombomodulin gene have been identified in patients with VTE (183–186); 
however, the relationship between these variants and risk of VTE remains unclear. Variants in the 
thrombomodulin gene have also inconsistently been associated with coronary heart disease and/or MI 
(187–195). A recently published large-scale study of genetic variants in DVT found variants within 
several genes to be associated with DVT in three case-control datasets, including CYP4V2, SERPINC1, 
GP6 (196). Further studies of these various genetic variants are necessary to establish their role in 
VTE risk.

Laboratory Assays and Diagnostic Testing for Hereditary VTE
Table 10 presents an overview of the various laboratory assays for the more commonly tested 

genetic thrombophilias. The primary screening tests for APC resistance are aPTT-based assays. In 
such, the aPTT is done with and without a standardized amount of APC. The two generated clotting 
times are then converted to an APC ratio which is compared to the normal range or by normalizing to 
the APC resistance ratio from normal pooled plasma. This test is not valid in patients receiving 
anticoagulants, in patients with a baseline abnormal aPTT due to other coagulation defects, and has 
not been validated in patients with acute thrombotic events or pregnant women (197). In second-
generation functional assays, patient plasma is diluted in a sufficient volume of factor-V-deficient 
plasma, and then an aPTT-based assay or a tissue factor-dependent factor V assay is performed (198). 
This assay can be performed in patients receiving anticoagulants and in those with abnormal baseline 
aPTT due to other coagulation defects. Factor V Leiden specifically can be detected by a genetic test 
in DNA extracted from peripheral blood mononuclear cells to detect the substitution of A for G at 
nucleotide 1691 in the factor V gene, which results in the Arg506Gln mutation in the factor V protein 
and hence loss of an Mn1I cleavage site (84).

Similarly, the G20210A gene mutation is usually identified in DNA extracted from peripheral 
blood mononuclear cells using PCR-based methods. Plasma prothrombin assays are not diagnostic for 
this mutation. For diagnosis of hyperhomocysteinemia, there are sensitive assays that allow quantifi-
cation of total plasma homocysteine concentrations. Normal values range from 5 to 15 mmol/L, with 
moderate hyperhomocysteinemia defined as 15–30 mmol/L, intermediate defined as 30–100 mmol/L, 
and severe hyperhomocysteinemia defined as >100 mmol/L (199). However, identification of the 
MTHFR genotype is not cost effective and the clinical utility is uncertain.

GENETIC VARIANTS IN ARTERIAL THROMBOTIC DISORDERS

The clinical manifestations of arterial thrombosis are diverse. For example, acute thrombosis at the 
site of a ruptured, lipid-rich atherosclerotic plaque is thought to be the precipitating event underlying 
development of acute MI, ischemic stroke, or peripheral arterial disease (PAD) (200). Given that 
almost half of all thrombotic events occur in patients without traditional cardiovascular risk factors 
(201), there have been extensive efforts in elucidating novel risk factors, including genetic risk factors, 
for arterial thrombosis (reviewed in Voetsch and Loscalzo (202)). Hundreds of genetic variants have 
been implicated in CAD and arterial thrombotic risk, and an exhaustive review is beyond the scope 
of this chapter. An overview of the most relevant and validated prothrombotic genetic variants is pre-
sented in Table 7. Overall, few (if any) genetic variants contribute significantly to risk of arterial 
thrombotic disorders and in general, clinical testing of these variants is not indicated except in certain 
subgroups of patients (summarized as follows and in Fig. 1).
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The Genetics of Thrombosis

Genetic Variants In Hemostatic System Genes
Fibrinogen

Fibrinogen is the precursor of fibrin and fibrinogen levels influence platelet aggregation. Elevated 
fibrinogen levels have been associated with MI, stroke, and PAD (203,204), with a meta-analysis 
showing an overall twofold increased risk of cardiovascular disease in healthy and high-risk subjects 
(205). Genetic factors are estimated to contribute to approximately 50% of variability in fibrinogen 
levels (202). Variants in the genes encoding the three pairs of fibrinogen polypeptide chains (a, b, and g) 
have been studied in relation to arterial thrombotic risk, with most studies focusing on variants within 
the gene encoding b-fibrinogen: −148C/T, −455G/A (HaeIII), BclI (in 3¢ untranslated region), and 
−854G/A. The −455G/A and BclI variants are in linkage disequilibrium (i.e., are correlated) with each 
other. The AA genotype of the −455G/A SNP has been associated with 10% higher fibrinogen levels 
compared with the GG genotype (202). Studies have further shown that the A allele binds less well 
to a putative repressor protein complex, resulting in increased fibrinogen-b chain transcription (206). 
However, the association between this fibrinogen gene variant and risk of arterial thrombosis remains 
unclear, with some studies showing an association and others showing none (207–213). A systematic 
review of the association of this SNP revealed that homozygosity for the −455A allele was marginally 
protective against acute MI (OR: 0.66; 95% CI: 0.44–0.99) (214); but in another study, this allele was 
associated with a 2.5-fold increase in risk of multiple cerebral lacunar infarcts but not with large-
artery strokes (215). A variant in the a-fibrinogen gene Thr312Ala results in more extensive a-chain 
crosslinking and thicker fibers with clot formation (216), and has been shown to be associated with 
mortality rates after stroke (217) and VTE (218). However another study showed no association with risk 
of MI (219). These widely conflicting results suggest there is little if any role for fibrinogen variants 
in thrombotic disorder risk.

Factor V Leiden and Prothrombin G20210A

The Factor V Leiden and prothrombin G20210A SNPs have been examined for association with 
arterial thrombotic disorders in numerous studies (reviewed in a meta-analysis by Kim and Becker 

Fig. 1. Proposed criteria for the selection of patients in whom it may be justified to perform testing for underlying 
thrombophilic conditions (Factor V Leiden, prothrombin G20210A, and MTHFR C677T mutations) (Reproduced 
with permission from Andreotti et al. (358)).
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2003 (220)), most showing negative results even in very young age-of-onset individuals (221). Studies 
showing a positive association between these variants include association of factor V Leiden with 
ischemic stroke, especially in women (222) and in children (223); and association between pro-
thrombin 20210 with stroke in children (223). In a meta-analysis of more than 17,000 patients, the 
association between these inherited gene mutations and arterial ischemic events was modest (Factor 
V Leiden OR: 1.21 (95% CI: 0.99–1.49); prothrombin G20210A OR: 1.32 (95% CI: 1.03–1.69)), with 
subgroup analyses of patients less than 55 years old and of women showing slightly stronger associa-
tion overall (145,220). Both the factor V Leiden and the prothrombin mutations show evidence for a 
gene–environment interaction with smoking, resulting in a 32-fold higher risk of MI in female smok-
ers who carry Factor V Leiden (109), and a greater than 40-fold increase in risk of MI in young female 
smokers who carry the prothrombin 20210A allele (155). Such gene–environment interactions were 
subsequently confirmed in studies of men (150,224).

Therefore, in the general population unlike risk of VTE these polymorphisms do not appear to be 
associated with arterial thrombotic risk, though may be risk factors in select populations (i.e., in 
women and/or children) and in select circumstances, i.e., in combination with smoking or other car-
diovascular risk factors. The underlying reason for this difference in arterial vs. venous thrombotic 
risk is reviewed in a meta-analysis by Kim and Becker (220): VTE is most strongly influenced by the 
presence of activated coagulation proteases leading to thrombin generation (225), and therefore an 
intact system for intrinsic vascular resistance to thrombosis (such as provided by activated protein C, 
antithrombin, and TFPI) is necessary. In contrast, arterial thrombosis occurs at sites of arterial wall 
injury in the background of activated endothelial cells, monocytes, and platelet aggregates (226), and 
this environment is minimally influenced by small decreases in the function or level of the vascular 
surface anticoagulant system (220). Young patients may be the exception, where the underlying 
mechanism of MI, stroke, or PVD is a primary thrombotic event, whereas in older individuals, chronic 
atherosclerotic disease and its risk factors are primary.

Other Coagulation Proteins And Arterial Thrombosis Risk

Given the role of factor VII in the initiation of coagulation, the factor VII gene has been of interest 
in understanding arterial thrombosis. Factor VII levels have been inconsistently associated with 
CAD (204,227), and polymorphisms in the factor VII gene account for approximately 30% of the 
variability in factor VII levels (202). The most commonly studied variants are the Arg353Gln 
SNP in exon 8 and the hypervariable region 4 (HVR4) that involves a 37-basepair repeat in intron 7 
of the factor VII gene. It appears that these polymorphisms have a functional effect on factor VII 
levels, though the relative influence of each remains to be clarified fully (202,227). The 353GlnGln 
and the HVR4 H7H7 genotypes have been associated with a significant decrease in the risk of MI 
(228); however, other studies have failed to replicate this finding (229–231), suggesting that the 
association between factor VII genetic variants and arterial thrombotic disease is small at best. 
Factor XIII stabilizes fibrin clot. Studies have reported an association between a polymorphism in 
the A subunit of factor XIII (Val34Leu) and arterial thrombotic risk, with the 34Leu allele being 
protective against MI and stroke (reviewed by Ariens and colleagues (232)). This SNP influences the 
transglutaminase activity of FXIII and homozygosity for the mutation is associated with increased 
enzyme activity (233).

Plasma thrombomodulin levels have been associated with increased risk of MI (234). Two poly-
morphisms in the thrombomodulin gene have shown to be associated with MI (Ala455Val (192) and 
Ala25Thr (187)). The Ala455Val SNP has been associated with a sixfold increased risk of coronary 
heart disease in blacks (195). The 25Thr allele of the Ala25Thr SNP has been found to be more preva-
lent in male MI patients, with a higher risk (6.5-fold increase) in young patients and in the presence 
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of additional metabolic risk factors or smoking (75,187). However, this finding was not confirmed in 
two subsequent studies (193,194). A third variant in the thrombomodulin gene, −33 G/A in the pro-
moter region, has been shown to influence plasma soluble thrombomodulin levels and is associated 
with a 1.8-fold increased risk of coronary heart disease in Chinese and with carotid atherosclerosis in 
young patients (191). Further validation and functional studies are necessary before the role of the 
thrombomodulin gene in arterial thrombotic risk can be established.

Tissue factor, the major initiator of the blood coagulation cascade, has been investigated in relation 
to genetic risk of thrombotic disease. Sequencing of the promoter region of the TF gene revealed six 
novel polymorphisms, and the 1208D allele was found to be associated with lower levels of circulat-
ing tissue factor and concomitantly was protective against VTE, though did not influence risk of coro-
nary thrombotic risk (235).

Genetic Variants In Platelet Surface Receptors
Several variants within genes coding for surface membrane glycoproteins have been associated 

with arterial thrombotic diseases. Glycoproteins are integral to adhesion of platelets to exposed extra-
cellular matrix components and for platelet–platelet interactions. Probably the most studied genetic 
variant is the Leu33Pro SNP within the GPIIIa subunit (aka integrin b3) of the GPIIb/IIIa complex, 
with the 33Pro allele commonly referred to as PlA2 (and the 33Leu allele responsible for the PlA1 
epitope). The PlA2 allele occurs with a frequency of 0.11–0.15 in whites and 0.08 in blacks; however, 
it is nearly absent in Asians (236). The first report of the association of this SNP with acute MI was 
published by Weiss and colleagues, who reported the strongest risk in patients less than 60 years of 
age (relative risk: 6.2) (237). Several subsequent studies confirmed the association of this variant with 
MI and/or stroke (238,239); however, the majority have not (240,241). One study showed a 1.8-fold 
increase in risk in individuals with at least one copy of the PlA2 allele (242), with evidence for a 
gene–environment interaction with smoking. Studies of platelet function in humans have found that 
Pro33-positive subjects have shorter bleeding times, enhanced thrombin generation, and enhanced 
prothrombin consumption as compared with Pro33-negative subjects (243–245). A larger study of 
1,422 subjects from the Framingham Offspring Study found that platelets from individuals with the 
Pro33 allele required less epinephrine to induce platelet aggregation and/or ADP (246). Hence, it 
appears that the Pro33 polymorphism of glycoprotein IIIa alters human platelet aggregation, adhe-
sion, and secretion, perhaps through the mechanism of increased signaling and cytoskeletal changes, 
leading to stabilization of platelet–platelet and/or platelet–extracellular matrix interactions (236). 
Another variant that has been studied in the GPIIb-IIIa gene is the Ile843Ser polymorphism that has 
been shown to be associated with increased risk of MI in young women in the presence of other risk 
factors (247), but other studies have shown negative results (248,249).

Genetic variants in other glycoproteins have been inconsistently associated with CAD and stroke, 
including a Thr145Met SNP (aka HPA-2) and a variable number of tandem repeats (VNTR) in a 
39-bp segment of the GPIba subunit. Each repeat in the VNTR results in the addition of 13 amino 
acids to the protein, and it is thought that this modifies the distance between the vWF-binding domain 
and the platelet surface. The VNTR and the HPA-2 are in tight linkage disequilibrium (250). These 
polymorphisms have been shown to be associated with arterial thrombotic diseases, though results are 
contradictory (242,251–256), and hence the contribution of these GP Iba gene variants to arterial 
thrombosis remains unclear. More recently, a T/C variant at nucleotide-5 located in the translation 
initiation codon of the GpIba gene (the Kozak sequence) has been shown to be associated with more 
efficient mRNA translation and increased levels of the Iba receptor on the platelet surface (257), and 
has been shown to be protective against for MI in young women (258).
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Integrin a2b1 (ITGA2, aka glycoprotein Ia-IIa) is one of the platelet collagen receptors, and studies 
have shown that the 807T allele in this gene is associated with higher levels of integrin a2b1 (259), 
correlating with a greater rate of platelet attachment to surfaces coated with collagen type I (260). The 
T allele of the variant modulates platelet aggregation and clopidogrel antiplatelet effects, suggesting it 
may contribute to increased thrombotic risk (261). For example, the T allele has been associated with 
a 1.6-fold increased risk of MI with stronger association in younger patients (262). Other studies have 
also found the 807T allele to be associated with MI and stroke (263–265), especially in young patients, 
though reports have been contradictory (266,267). This SNP is in tight linkage disequilibrium with a 
second ITGA2 SNP (G873A) and with other variations in the same gene (259,260).

Genetic Variants In The Fibrinolytic System
Increased levels of tissue-type plasminogen activator (t-PA, the primarily endothelium-derived 

activator of the fibrinolytic system) and plasminogen activator inhibitor-1 (PAI-1, the major inhibitor 
of t-PA), as well as variants within the genes encoding both of these proteins, have been associated 
with arterial thrombosis risk (227). The most studied variant in the PAI-1 gene is the 4G/5G insertion/
deletion polymorphism located in the promoter of the gene. The 4G allele has been associated with 
elevated PAI-1 plasma levels (268) and increased mRNA transcription (269). Several studies have 
shown that carriers of the 4G allele have an elevated risk of MI, CAD, and stroke (270–274); however, 
larger studies have failed to confirm this association (275–277). A meta-analysis of this variant shows 
an overall slight increase in the risk of MI in carriers of the 4G allele (OR: 1.2), primarily in high-risk 
subgroups (278).

The most studied t-PA variant is a 311-basepair Alu insertion/deletion that influences release rates 
of total t-PA (279) and has been associated with a 50% increase in risk of MI in one study (280), 
though later studies did not validate this finding (281,282). Further work to identify other variants in 
the t-PA gene yielded discovery of the −7351 promoter polymorphism which, like the Alu polymor-
phism, is associated with t-PA release after stress (283), suggesting that decreased local release of tPA 
but not systemic levels may increase risk of arterial thrombosis (283,284). Subsequent studies have 
found that carriers of the −7531T allele have up to a 3.1-fold increased risk of MI (284,285) and the 
SNP is also associated with ischemic stroke (OR: 1.9; 95% CI: 1.01–3.6) (286). Given that this SNP 
is in linkage disequilibrium with the Alu polymorphism, but is located within an Sp1-binding site, it 
is more likely the functional variant within this gene accounting for thrombotic risk.

Thrombin-activatable fibrinolysis inhibitor (TAFI) is involved in fibrinolysis regulation; it removes 
lysine and arginine residues from fibrin and hence decreases plasminogen binding to its surface (287). 
Elevated TAFI levels have been associated with DVT (288) and CAD (289), and several variants 
within the TAFI gene have been associated with plasma TAFI levels. Only one variant, the Ala147Thr 
SNP, has been associated with arterial thrombotic risk, with individuals with the 147 Thr/Thr geno-
type having an almost threefold increase in relative risk of angina (289); however, in another study, 
the 147 Thr allele was protective against MI (290). Further studies of these genes in arterial thrombo-
sis are necessary.

Other Mechanisms Of Genetic Risk For Arterial Thrombosis
In addition to the defined genes in key pathways integral to hemostasis and thrombolysis, genes 

residing in pathways associated with endothelial dysfunction (and associated platelet activation and 
thrombosis) have also been associated with arterial thrombotic risk. Probably the most well-studied 
such genetic variant is the 677 C/T SNP in the MTHFR gene, homozygosity of which is the most 
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common genetic cause of mild-to-moderate hyperhomocysteinemia. Elevated levels of homocysteine 
are an independent risk factor for atherosclerosis, MI, and stroke (291). Studies of the 677 C/T SNP 
have shown that this variant is associated with a greater than threefold increase in risk of CAD and 
stroke, although results of other studies have been inconsistent (reviewed by Fletcher and colleagues 
(292)). A meta-analysis showed that individuals homozygous for the T allele had higher fasting 
homocysteine levels than heterozygous or normal individuals; however, of the 12 studies included, 
only four reported an association between the TT genotype and increased cardiovascular risk (293). 
Two larger meta-analyses corroborated these findings, with the overall odds ratio modestly significant 
at 1.16–1.20 (172,220). Hence, it appears that this SNP confers only a modest risk of arterial throm-
bosis. Further studies have suggested the existence of a gene–environment interaction between the 
677 C/T SNP and folate levels: homocysteine levels are only elevated in individuals homozygous for 
this variant when plasma folate concentrations are low (294).

Variants within the endothelial nitric oxide synthase (eNOS) gene have been studied with regard to 
arterial thrombotic risk. NO is produced by endothelium and serves as a smooth muscle relaxant and 
regulator of vascular tone, as well as inhibiting activation and aggregation of platelets (295). 
Endothelial dysfunction dependent on NO is an integral first step in atherosclerosis and thrombosis 
initiation. The variable nucleotide tandem repeat (VNTR) in intron 4 of the eNOS gene has been 
shown to be associated with MI (296), though this has not been replicated in other populations (297). 
Another VNTR in intron 13 has been associated with a 2.2-fold increase in CAD risk (298). Several 
promoter SNPs have been variably associated with cardiovascular disease including coronary spasm, 
CAD, and endothelial dysfunction (299–302).

Serum paraoxonase activity is reduced in patients with acute MI (303), and two coding SNPs in the 
paraoxonase (PON1) gene independently influence PON1 activity (Gln192Arg and Leu55Met) (304). 
However, studies evaluating the association of PON1 polymorphisms and cardiovascular disease have 
shown conflicting results (303,305–307). Other variants in genes such as plasma glutathione peroxi-
dase (GPx-3), connexin 37, P-selectin, and in the NADPH oxidase system have been shown to be 
associated with arterial thrombotic diseases (reviewed in Voetsch and colleagues (202,304)), as has an 
SNP in the interleukin-6 (IL6) gene which was significantly associated with both ischemic stroke and 
intracerebral hemorrhage (308). Finally, as noted previously, genome-wide association studies have 
identified a variant on chromosome 9p as a susceptibility variant for CAD and MI (25,309).

GENETIC BASIS FOR RELATIONSHIP BETWEEN ARTERIAL  
AND VENOUS THROMBOTIC RISK

Thromboembolic arterial diseases and VTE are clinically considered to represent separate disease 
entities. Further, they differ physiologically, with arterial thrombi being composed mainly of platelets 
(white clots), while venous thrombi are composed primarily of red blood cells and fibrin (so-called 
red clots) (310). Recently, attention has been paid to the possible relationships between arterial dis-
ease and VTE risk. Risk factors for both diseases overlap: age, obesity, estrogen use, or pregnancy, 
etc. Observational studies have found associations between arterial thrombotic risk factors such as 
metabolic syndrome (311), diabetes (312), waist circumference and smoking (313), and development 
of VTE, and between statin use and lower incidence of VTE (314). VTE has also been associated with 
subclinical atherosclerosis: one study found that patients with a prior history of VTE had a higher risk 
of carotid plaque on ultrasound imaging (315) and another found a higher incidence of coronary artery 
calcium in patients with idiopathic VTE than in matched controls without VTE (316). However, two 
subsequent large observational trials found no relationship between the presence of subclinical athero-
sclerosis and subsequent VTE risk (317,318).
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Studies have also suggested an increased risk of development of subsequent arterial thrombotic 
events after VTE (319,320). For example, one prospective study of 1,919 consecutive patients fol-
lowed prospective after a first episode of VTE followed for a median of 4 years found that patients 
with idiopathic VTE had a 60% higher risk of suffering from at least one episode of arterial throm-
botic events as compared with patients with secondary VTE (321), suggesting the presence of a com-
mon risk factor contributing to a shared prothrombotic state. While factor V Leiden, prothrombin 
G20210A, and APCR have been associated with both VTE and arterial thrombotic risk as outlined 
earlier, further studies are necessary to understand the possible genetic factors underlying risk of 
subsequent arterial thrombosis in patients with a history of VTE.

PHARMACOGENOMICS

Clinical trials of antithrombotic therapies have shown improved patient outcomes across a broad 
range of thrombotic disorders. However, not all patients respond similarly and favorably to antithrom-
botic agents. Further, few clinical factors have been identified that significantly influence this hetero-
geneity. Pharmacogenomics holds promise in furthering the field of “personalized medicine,” where 
a health care provider would use genomic testing to help identify the ideal treatments and medicine(s) 
for an individual patient. Candidate genes evaluated in pharmacogenomic studies can influence 
metabolism of a drug by modifying drug metabolizing enzymes (322) (pharmacodynamics); affect 
binding of a drug to target proteins (pharmacokinetics); or affect absorption, distribution, excretion, 
and targeting to the site of action and thus affect the final pharmacological response to a drug (323); 
or, genetic variants could influence effectiveness of a drug by affecting the level or function of the 
target of the treatment (324). Table 8 details pharmacogenetic studies of commonly used antiplatelet 
agents in cardiovascular disease (modified from Marin and colleagues (324)).

Pharmacogenetics of Resistance To Antiplatelet Agents
Many variants have been evaluated in relationship to aspirin in hopes of further understanding the 

phenomenon of so-called aspirin resistance. Previous reports suggested the prevalence of aspirin 
resistance to be 5–40%, depending on the assay and population studied (325,326). Genetic variants 
related to potential platelet hyper-reactivity, collagen sensitivity, and platelet–red cell interaction have 
been studied in an attempt to understand heterogeneity of aspirin response. The most studied poly-
morphism is the PlA variant in the glycoprotein IIIa gene (resulting in Pro33Leu substitution). There 
are several reports suggesting that this variant may account for differences in aspirin-induced effects 
(243,327,328), with carriers of the PlA2 allele requiring a higher dose of aspirin to reach the same 
antiplatelet aggregation effect as individuals homozygous for the PlA1 genotype (327). Individuals 
with the PlA2 variant also have increased risk for cardiovascular thrombosis (245,319,320,327,329), 
as well as increased risk of worse outcomes after percutaneous coronary interventions (PCI) (330–332). 
Furthermore, this polymorphism appears to modulate antiplatelet effects induced by the thienopyri-
dine derivative clopidogrel, commonly used as an adjunctive antithrombotic treatment after acute 
coronary syndromes and after PCI with stenting. Specifically, reduction in platelet activation induced 
by clopidogrel was significantly attenuated in carriers of the PlA2 polymorphism as compared with 
individuals homozygous for the PlA1 genotype (333). Investigators have also studied pharmacoge-
netic effects of this polymorphism with glycoprotein IIb/IIIa receptor inhibitors, antiplatelet drugs 
used in high-risk patients with acute coronary syndromes especially those undergoing early PCI 
(334); however, results of these studies have been inconsistent and controversial. It appears that 
glycoprotein IIb/IIIa inhibitors are less efficient in platelet inhibition in carriers of the PlA2 allele 
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(243,335), however, these data are difficult to analyze independent of potential effects of aspirin 
(324). Other genetic variants with potential pharmacogenetic interactions with aspirin, clopidogrel, 
and glycoprotein IIb/IIIa inhibitors are reviewed in Table 8.

Pharmacogenetics of Fibrinolytic Therapies
Few studies have evaluated pharmacogenetics in fibrinolytic medication therapy for acute MI. 

Similar to other clinical scenarios, few clinical factors have been identified that account for interindi-
vidual heterogeneity in the response to thrombolytic therapy (336). Studies evaluating the role of 
genetic variants for further explaining this heterogeneity have been performed, but have shown no 
association (336–338). One study has suggested that the Val34Leu polymorphism in the factor XIII 
gene may be associated with resistance to fibrinolytic therapy, with individuals carrying the Leu34 
allele having significant less efficient fibrinolysis than those with the Val/Val genotype (339,340).

Pharmacogenetics of Warfarin
Probably the most well-studied and consistent pharmacogenetic association in thrombosis is with 

the anticoagulant warfarin, a vitamin K antagonist used widely in the management of a wide variety 
of venous and arterial thrombotic disorders. The response to coumadin is dependent on several clini-
cal factors including sex, age, diet, and interacting drugs (341); however, significant unexplained 
interindividual variability in response to coumadin still exists, resulting in potential predisposition to 
thrombotic or bleeding complications (342). Studies have shown that genetic variations in the hepatic 
enzyme that metabolizes the potent isomer S-warfarin, cytochrome P450 2C9, are associated with 
individual variation in therapeutic dose requirements and risk of bleeding (343–345). Two genetic 
variants in this cytochrome reduce its enzymatic activity, CYP2C9*2 (Arg144Cys) and CYP2C9*3 
(Ile359Leu) (346). The CYP2C9*3 variant has been associated with lower coumadin dose require-
ments, higher frequency of excessive anticoagulation at initiation of coumadin therapy, and bleeding 
complications (343,345–349). A recent study of 297 patients starting warfarin therapy found that 
compared with patients with the non-A/non-A haplotype, patients with the A/A haplotype of 
VKORC1 had a decreased time to first INR within therapeutic range and to first INR greater than 4.0 
(350). Further, both the CYP2C9 genotype and the VKORC1 haplotype had a significant influence on 
the necessary warfarin dose after the first 2 weeks of therapy. A recent clinical trial randomized 206 
patients to standard dosing following an empirical protocol versus pharmacogenetic-guided dosing 
including three genetic variants (CYP2C9*2, CYP2C9*3, and VKORC1 C1173T) and age, sex, and 
weight (351). Patients were followed for up to 3 months. Results revealed that the pharmacogenetic-
guided dosing more accurately approximated stable doses of warfarin (P < 0.001), resulting in smaller 
and fewer dosing changes and INRs. However, there was no significant difference in the primary 
endpoint of percent out-of-range INRs. Therefore, pharmacogenetic-guided dosing may show prom-
ise of improving accuracy and efficiency of warfarin dose initiation; larger clinical trials are ongoing 
and hopefully will be able to further address the usefulness of genetic variants on clinical endpoints.

CLINICAL CONSIDERATIONS IN INHERITED THROMBOTIC DISORDERS

Clinical Manifestations of Hereditary Thrombotic Disorders
Clinically, as is seen with other genetic disorders, patients with inherited thrombotic disorders tend 

to manifest disease at an earlier age, experience recurrent events, have familial clustering of thrombosis, 
and may have thrombosis in atypical sites. The most common manifestation of inherited thrombosis is 
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deep venous thrombosis of the lower extremities, accounting for 90% of thrombotic events (33). More 
unusual sites of thrombosis include mesenteric or cerebral veins which account for less than 5% of 
events (and are even rarer in patients with APC resistance). The presence of an inherited throm-
bophilia increases risk of recurrence and is even higher in the presence of more than one mutation, 
which may be seen with the more common mutations (factor V Leiden, prothrombin 20210, MTHFR), 
or in mutations existing in the homozygous or double heterozygous forms (352). The risk of recurrent 
arterial thrombosis is affected by several clinical variables such as age, vascular bed, coexisting disease 
in other vascular beds, concomitant risk factors, use and effectiveness of existing treatments, and presence 
of a defined thrombophilia.

Screening Considerations
The Centers for Disease Control and Prevention, Office of Genomics and Disease Prevention has 

stressed the importance of collecting a detailed family history (353). This is a simple, cheap, and 
frequently underutilized tool for assessing risk for common diseases. Testing for an underlying inher-
ited thrombophilia is not indicated in asymptomatic populations, nor in general is it indicated in 
individuals with a family history of thrombosis. This is primarily because testing would not change 
management of these patients given lack of data justifying risks of long-term or permanent prophylactic 
anticoagulation in an asymptomatic patient (354–356). Recommendations for testing of first-degree 
relatives of a patient with thrombosis with an identified inherited thrombophilia are variable; testing 
can be considered after careful discussion with the patient and the family. These family members could 
then be educated about precautions and symptoms, as well as considered for prophylactic therapy in 
the setting of high-risk situations. Testing should also be considered in women with recurrent unex-
plained fetal loss after 9 weeks in the presence of placental ischemia/infarction and/or maternal vessel 
thrombosis.

In patients presenting with a VTE, further evaluation and testing should be considered in the fol-
lowing individuals: age < 50 years; thrombosis at unusual sites (cerebral, mesenteric, hepatic, or portal 
veins); recurrent VTE; VTE with a strong family history of thrombotic disease; and in women with 
recurrent miscarriages and/or puerperal complications (161) (summarized in Table 9). Testing for 
arterial or venous thrombotic events can be performed during hospitalization and even during the 
initial stages of a thrombotic episode, and should occur concurrently with evaluation for acquired 
thrombophilia (i.e., malignancy, systemic disorders, etc.). Table 10 details methods for different types 
of the more commonly used thrombosis risk tests (adapted from Federici et al. (357)). GeneTests 
(http://www.genetests.org), a National Institutes of Health-funded medical genetics information 
resource developed for healthcare providers and researchers, also provides extensive information on 
genetic testing and its use in diagnosis and management, detailing both clinical and research labora-
tories available for specific genetic testing.

Further clinical testing for an underlying thrombophilic condition in patients presenting with arte-
rial thrombosis should be considered in the presence of at least one of the following: (1) recurrent 
thromboembolic events; (2) young age (£ 50 years of age in males; £ 55 years if female); (3) lack of 
significant arterial stenosis at angiography; (4) age £ 55 years in males or £ 60 years if female and no 
apparent cause (i.e., lack of traditional cardiovascular risk factors, systemic illnesses, malignancies, 
offending drugs); or (5) age £ 55 years in males or £ 60 years in females and a strong family history 
of thrombosis (358) (Fig. 1).

Cost effectiveness is an issue when considering genetic testing, incorporating both cost of the 
testing and the cost associated with long-term anticoagulation. For example, some studies of the factor 
V Leiden variant suggest that it is not cost effective to test in patients with a first DVT (359) or in 
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pregnant women (360). A simulation study based on risk in 60-year-old men did show that screening 
and prolonged prophylaxis for factor V Leiden carriers is cost effective (361), especially in combina-
tion with testing for the prothrombin G20210A variant (362). However, the authors note that testing 
would not be cost effective in populations where the prevalence of carriers is low; if the risk of a major 
bleed is high; or in which the risk of recurrent DVT is low.

Implications For Treatment
Initial Treatment of VTE

The management of acute venous or arterial thrombosis in patients with inherited thrombophilia in 
general is the same as with other patients, with a few exceptions:

1. In patients with antithrombin III deficiency, antithrombin concentrate can be used safely and effectively in 
the setting of acute VTE (50,51). Antithrombin concentrate can be considered in patients with unusually 
severe thrombosis, those who develop recurrent thrombosis despite adequate anticoagulation, or in those 
with difficulty achieving adequate anticoagulation (52). However, the use of antithrombin concentrate in 
such scenarios has not been studied in a randomized, controlled trial.

2. In patients with protein C deficiency, oral anticoagulation should be started only after full heparinization is 
achieved. Further, to avoid warfarin-induced skin necrosis, the initial dose of warfarin should be low and 
then increased slowly until therapeutic.

Long-Term Anticoagulation

In inherited thrombophilias, genetic testing can assist in determining susceptibility to recurrent 
events, treatment duration, and whether to perform testing in related family members. Unfortunately, 
in the setting of long-term management of patients with inherited risk factors who have had a VTE 
(or patients exposed to increased risk with surgery or pregnancy), in most cases randomized trials 

Table 9 
Current recommendations for screening for thrombophilia in VTE (Reproduced with permission  

from up to date (modified from Bauer (365)))

Recommended screening for thrombophilia
The following recommendations concerning which conditions should be tested for are based on a characterization 

of the patient as either “strongly” or “weakly” thrombophilic:
Strongly thrombophilic:
First idiopathic venous thrombosis before 50 years of age OR
History of recurrent thrombotic episodes OR
First-degree relative(s) with documented thromboembolism before age 50
Weakly thrombophilic:
First episode of idiopathic venous thromboembolism at age < 50 years AND
Negative family history of thromboembolism

Condition tested for: Strongly thrombophilic Weakly thrombophilic

Activated protein C resistance Yes Yes
Prothrombin mutation Yes Yes
Antiphospholipid antibodies Yes Yes
Antithrombin deficiency Yes No
Protein C deficiency Yes No
Protein S deficiency Yes No

90



The Genetics of Thrombosis

T
ab

le
 1

0 
M

et
ho

ds
 f

or
 t

es
ti

ng
 f

or
 c

om
m

on
 t

hr
om

bo
si

s 
ri

sk
 t

es
ts

 (
M

od
if

ie
d 

fr
om

 F
ed

er
ic

i e
t 

al
. (

35
7)

)

T
hr

om
bo

ph
il

ic
  

co
nd

it
io

n
L

ab
or

at
or

y 
te

st
M

et
ho

d

C
an

 b
e 

pe
rf

or
m

ed
 w

hi
le

 o
n 

an
ti

co
ag

ul
an

ts
?

H
ep

ar
in

C
ou

m
ad

in

Pr
ot

ei
n 

C
 d

ef
ic

ie
nc

y
Pr

ot
ei

n 
C

 a
ct

iv
ity

Fu
nc

tio
na

l, 
im

m
un

oa
ss

ay
N

o 
(i

f 
an

tic
oa

gu
la

tio
n 

ca
nn

ot
 b

e 
st

op
pe

d,
 

pr
ot

ei
n 

C
 a

nt
ig

en
  

le
ve

ls
 c

an
 b

e 
te

st
ed

 
w

hi
le

 o
n 

he
pa

ri
n)

N
o

A
PC

 r
es

is
ta

nc
e/

fa
ct

or
 

V
 L

ei
de

n
(1

) 
A

PC
 r

es
is

ta
nc

e 
ra

tio
(1

) 
C

lo
tti

ng
 ti

m
e 

(w
ith

 
an

d 
w

ith
ou

t A
PC

)
(1

) 
N

o
(1

) 
N

o

(2
) 

Se
co

nd
-g

en
er

at
io

n 
 

co
ag

ul
at

io
n 

ba
se

d 
as

sa
y

(2
) 

C
lo

tti
ng

 ti
m

e
(2

) 
Y

es
(2

) 
Y

es

(3
) 

Fa
ct

or
 V

 L
ei

de
n 

m
ut

a-
tio

n 
te

st
in

g
(3

) 
D

N
A

 m
ut

at
io

n 
te

st
in

g
(3

) 
Y

es
(3

) 
Y

es

Pr
ot

ei
n 

S 
de

fi
ci

en
cy

Pr
ot

ei
n 

S 
ac

tiv
ity

Fu
nc

tio
na

l, 
im

m
un

oa
ss

ay
N

o
N

o
A

nt
ith

ro
m

bi
n 

II
I 

 
de

fi
ci

en
cy

A
nt

ith
ro

m
bi

n 
II

I 
ac

tiv
ity

Fu
nc

tio
na

l (
an

tit
hr

om
bi

n-
he

pa
ri

n 
co

fa
ct

or
 

as
sa

y)
, I

m
m

un
oa

ss
ay

N
o

Id
ea

lly
 w

ai
t u

nt
il 

2 
w

ee
ks

 
af

te
r 

an
tic

oa
gu

la
nt

s 
st

op
pe

d
Pr

ot
hr

om
bi

n 
G

20
21

0A
Pr

ot
hr

om
bi

n 
G

20
21

0A
 

m
ut

at
io

n
D

N
A

 m
ut

at
io

n 
te

st
Y

es
Y

es

H
yp

er
ho

m
oc

ys
te

in
em

ia
H

om
oc

ys
te

in
e

H
PL

C
, E

L
IS

A
Y

es
Y

es
M

T
H

FR
 C

67
7T

 v
ar

ia
nt

M
T

H
FR

 C
67

7T
 v

ar
ia

nt
D

N
A

 m
ut

at
io

n 
te

st
Y

es
Y

es

91



Antithrombotic Drug Therapy in Cardiovascular Disease

have not been performed making it difficult to establish guidelines for management of patients with 
a genetic variant and thrombosis. Patients with VTE and an inherited thrombophilia are usually 
treated with oral anticoagulants for a minimum of 6–12 months with a goal INR of 2.0–3.0. Long-
term treatment following this period is dependent on the number of recurrences and the number of 
genetic defects found. These decisions are complicated by the fact that risk of recurrence varies 
depending on the genetic defect.

In patients with factor V Leiden, long-term (indefinite) oral anticoagulation should be considered 
in those with recurrent VTE, multiple thrombophilic disorders, coexistent risk factors (i.e., prolonged 
immobility), and in patients who are homozygous for the mutation. Long-term anticoagulation is not 
indicated in all patients after first DVT who are heterozygous for factor V Leiden as shown in several 
studies (363,364), including the Leiden Thrombophilia study of patients with a first DVT where the 
risk of recurrent VTE was similar in patients with and without an underlying inherited thrombophilic 
defect (364). For other inherited thrombophilias, in general, long-term (i.e., indefinite) anticoagula-
tion is not indicated except in the setting of (1) recurrent spontaneous thromboses (or one spontaneous 
thrombosis in the case of antithrombin III deficiency or antiphospholipid syndrome); (2) one sponta-
neous life-threatening thrombosis; (3) one spontaneous thrombosis at an unusual site (i.e., mesenteric 
or cerebral vein); or (4) one spontaneous thrombosis in the setting of more than one inherited genetic 
defect (146,362,365).

Management of Pregnancy

Anticoagulation in pregnant women with a known inherited thrombophilic defect is controversial 
and should be considered on an individual-by-individual basis. Small, observational studies have 
suggested that prophylactic antithrombotic therapy is beneficial in such women (366,367), and one 
randomized trial has shown benefit (368). In this study, 160 women heterozygous for factor V 
Leiden or prothrombin G20210A mutations, or with protein S deficiency, who had had one unex-
plained pregnancy loss after 10 weeks of gestation were randomized to aspirin (100 mg daily) or 
low-molecular-weight heparin from 8 to 37 weeks of gestation. They found that women treated 
with enoxaparin had a higher live birth rate than those treated with aspirin (86.3% vs. 28.8%; OR: 
15.5 (95% CI: 7–34), as well as higher birth weights and lower rate of fetal growth restriction. 
Therefore, women with high-risk thrombophilia (antithrombin III deficiency, factor V Leiden or 
prothrombin G20210A homozygotes, or compound heterozygotes for factor V Leiden and pro-
thrombin) should be considered for treatment with prophylactic dose anticoagulation with heparin 
during pregnancy and postpartum. In the setting of high-risk thrombophilia and a personal or strong 
family history of VTE, therapeutic dose anticoagulation with heparin should be considered. Women 
with lower risk thrombophilia (heterozygous factor V Leiden or prothrombin G20210A, protein C 
or S deficiency) should be managed depending on their personal history of thrombotic events; if 
they have a personal history of thrombotic events, they should be considered for prophylaxis during 
pregnancy and postpartum.

Other Management Considerations

In general, oral contraceptives should not be started or continued after a thrombotic episode 
regardless of the presence of an inherited thrombophilic defect. Women with a family history of 
multiple thromboses (especially those occurring at a younger age) should be cautioned about the 
significant danger of oral contraceptive use. Testing for hereditary thrombophilias may be useful in 
this group to help in decision making about contraceptive use (369). Women heterozygous for factor 
V Leiden should be discouraged against use of oral contraceptives, though it is not an absolute 
contraindication.
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COMPLEX DISEASE GENETICS

Until the mid- to late 1990s, textbooks listed only a small number of single-gene defects associated 
with thrombosis. The focus was primarily on Mendelian genetics, where there were single genes with 
strong effects and predictable patterns of inheritance and high penetrance. Methods for identifying 
such genes have been used to identify Mendelian diseases of the hemostatic system, with results pri-
marily in disorders of bleeding as opposed to disorders of thrombosis. For example, there exists a rare 
inherited bleeding disorder, combined deficiency of factors V and VII (F5F8D), where patients show 
a marked reduction in plasma levels of factors V and VIII. The gene underlying this disorder (LMAN1) 
was identified using family-based genetic analyses (370,371). The gene for the rare disease familial 
thrombotic thrombocytopenic purpura (TTP) was also identified using similar methods in rare patients 
with the disorder (372).

However, the publication of the completed draft sequence of the human genome (Human Genome 
Project (1)) and the rapid development of genomic technologies have served to expand the focus of 
human genetics beyond Mendelian traits to a deeper understanding of complex disease genetics. In 
contrast to Mendelian genetics, complex genetic diseases are usually characterized by multiple genes, 
each with modest effects, potentially unclear modes of inheritance, lower penetrance, and are the 
result of a complex interplay of gene–gene and gene–environment interactions. Thrombotic disorders 
have many of these characteristics. The diagnosis and therapy of most inherited thrombotic and hem-
orrhagic disorders is made more complex by the presence of incomplete penetrance and variable 
expressivity (10).

Gene–Environment Interactions
As reviewed under individual genetic variants, there are several known gene–environment inter-

actions for risk of thrombotic disease. For example, in individuals who are heterozygous for the 
Factor V Leiden variant, oral contraceptive use or being post partum conferred an additional rela-
tive risk of 6.0, increasing to a relative risk of 60 if the individuals also carried the prothrombin 
202010A variant (373). Another study has clearly shown an incrementally increased risk of throm-
boembolism in carriers of this variant who smoked and were overweight (119). Interactions have 
been shown between factor V Leiden, smoking, and increased risk of stroke (108); and between 
prothrombin G20210A carriership and use of hormone replacement therapy in risk of MI in post-
menopausal women (374).

Vascular-Bed Specific Factors

One can view the local vascular bed as an environment, which may interact with the underlying 
genetic architecture of a given individual to result in disease. For example, it is a well-recognized 
feature of thrombophilias that there is focal and vascular-bed-specific expression of thrombosis. 
This suggests that local regulatory pathways and intrinsic vessel-determined responses to pro-
thrombotic stimuli are in play (375). Studies have shown that endothelial cells from different 
vascular beds exhibit distinct phenotypes, including differences in signaling pathways (376); 
mitosis rates (377); growth responses (378); and in expression of nitric oxide synthase, von 
Willebrand factor, and tissue-type plasminogen activator (379–382). Furthermore, relationships 
between vascular endothelial cells and surrounding tissues may be important in site-specific 
responses to prothrombotic stimuli (183,379,383,384). Clinically, this can manifest with site-
specific thrombotic complications (Table 11) (375). Therefore, screening, diagnostic testing, and 
management should include consideration of a patient/vascular-bed-specific approach rather than 
a more generalized strategy.
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Gene–Gene Interactions
As reviewed earlier, given the high frequency of many of the genetic variants associated with 

predilection to thrombosis, a number of studies have evaluated and confirmed that the coinheritance 
of two or more defects increases the likelihood of thrombosis, including factor V Leiden and Protein 
C (385), factor V Leiden and antithrombin (386), factor V Leiden and protein S deficiency (111), and 
others (387). For example, one study compared the prothrombin G20210A allele in individuals with 
a history of VTE and found that 5% of patients carried both factor V Leiden and the prothrombin vari-
ant, higher than the expected population frequency of 0.1% (144). Another study evaluated simultane-
ously the effects of variants covering four thrombosis genes (factor V, intercellular adhesion molecular 
1 (ICAM1), protein C, and thrombomodulin) with cardiovascular disease risk (388). They found that 
several combinations of variants within these genes were associated with cardiovascular events, sug-
gesting that variants may act in combination to increase risk. Another study of five functional hemo-
static polymorphisms found an interaction of factor XIII and prothrombin polymorphisms in risk of 
premature MI (389). In individuals with anticardiolipin antibodies, there appears to exist an incremen-
tal risk of thrombotic events as the number of concomitant risk factors increases (i.e., factor V Leiden, 
MTHFR C677T, prothrombin 20210A, etc.), with an odds ratio of 1.46 per each additional prothrom-
botic risk factor (390). These reports highlight that thrombosis is a complex genetic trait and is a 
polygenic disorder. Continued advances in human genetics will most likely highlight more gene–gene 
and gene–environment interactions in venous and arterial thrombosis.

Beyond Genetics
Transcriptomics

In this era of complex disease genetics, evaluation and understanding of processes distal to DNA 
are vital for dissecting the complex interplay between genes, and between genes and environment, to 
result in health and disease. Transcriptomics refers to large-scale gene-expression profiling which 
allows simultaneous detection of thousands of different genes on one single “chip.” Application of 
such technology to thrombotic disorders is demonstrated by a study performed at Duke University 
where Potti et al. (391) examined gene-expression profiles in patients with anticardiolipin antibodies 
and identified expression “signatures” composed of 50 genes whose expression patterns were able to 
discriminate and predict those who would suffer subsequent thrombotic events in these patients 
(Fig. 2). Hence, these technologies hold promise in developing novel diagnostic tools for determining 
which patients may be at risk and potentially intervening prior to a clinical event. For example, the 
Bloodomics project at Cambridge University has as its primary objective to discover genetic markers 
within platelets that predict arterial thrombotic risk (392).

Proteomics

There exists significant structural homology among coagulation factors. For example, in a study of 
a group of healthy subjects participating in the Leiden Thrombophilia Study (393), investigators 
found clustering of plasma concentrations of vitamin-K-dependent factors (II, VII, IX, X); of factors 
XI and XII; and factors V and VIII clustered with fibrinogen and d-dimer. The anticoagulant factors 
(proteins C and S, antithrombin III) clustered together (393). These results of several independent 
clusters suggest that the basis for individual fluctuations in plasma levels may lie outside the genes 
coding for these factors. Thus, evaluating the coagulation and fibrinolytic pathways behind DNA is 
important; gene sequences cannot fully predict the complex structure of proteins, nor their function 
or dysfunction. For example, regulation of proteins occurs beyond the level of DNA through post-
translational modification and protein–protein interactions. Proteomics has therefore emerged as a 
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key component of the molecular characterization of complex diseases, and is defined as the identifica-
tion and functional characterization of the full complement of proteins expressed by complex biologi-
cal systems. Furthermore, post-translational modification of proteins may be involved in the 
pathogenesis and clinical manifestation of thrombophilias. For example, if thrombomodulin is oxi-
dized at methionine residue 388, its capacity to downregulate coagulation is reduced (through acti-
vated protein C), but its capacity to inhibit fibrinolysis is unchanged (through thrombin activatable 
fibrinolysis inhibitor) (394). Modification of the amino acid side chain of apoprotein B on low-density 
lipoprotein results in its oxidation and renders it prothrombotic (395). A study has shown correlation 
between the oxidative state of plasma proteins and several markers of thrombin generation and 
activity (396). Advancing technological platforms including mass spectrometry have facilitated 

Fig. 2. Gene-expression profiles that classify and predict APS phenotype.
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high-throughput proteomic evaluation of plasma and serum. With the use of such technologies, we 
will be able to further understand the role of known coagulation proteins and potentially novel pro-
teins in thrombotic risk.

Considerations In Genomic Studies
With the increasing use of emerging genomic technologies in thrombotic disease research, clini-

cians and researchers must be aware of potential pitfalls and issues in conducting and interpreting 
such studies. Over the past decade hundreds of association studies have been published for association 
of genetic variants with thrombotic risk though few have been consistently replicated. Positive asso-
ciations can be the result of a true association, but can also be due to type I error (observing an asso-
ciation when one does not exist, for example, if one evaluates several variants, a proportion will be 
positively associated purely by chance); differing phenotype definitions; linkage disequilibrium 
(where the genetic variant is linked to the true etiologic variant); confounders; or population stratifica-
tion (spurious association due to underlying differences in race/ethnicity or other factors). These 
considerations need to be carefully addressed in association studies. Investigators should also evaluate 
a given candidate gene systematically, assessing both known functional and nonfunctional variants, 
and should consider potential gene–gene and gene–environment interactions. The functional signifi-
cance of associated genetic variants should then be assessed to understand and further confirm the 
etiologic role of the variant. Reviews of such issues in conduction genetic studies have been published 
(397). Studies of transcriptomics and large-scale proteomics must pay careful attention to the analytic 
issues prompted by analysis of tens of thousands of variables usually with small sample sizes. 
Integration of the different platforms is vital to fully understanding thrombotic risk in a “systems biol-
ogy” approach, but provides further analytic challenge. Finally, the clinical relevance of these studies 
must be evaluated, including consideration of whether the genetic variant (or gene-expression profile, 
protein, etc.) adds to what is known from clinical factors; whether testing would lead to a change in 
patient management; and attention to cost effectiveness of testing. In particular, carefully conducted 
clinical trials showing utility of testing for genomic markers are necessary prior to initiating wide-
spread testing in clinical practice. Only with such diligence will genomic research in thrombotic 
diseases lead to the eventual goal of “personalized medicine” where genes, gene expression, and other 
molecular information are used in conjunction with clinical information to stratify disease or select 
specific medications and/or therapies to benefit one particular individual.

CONCLUSIONS

Herein we have reviewed the current state of the genetics of thrombosis. The past decade has spurred 
an explosion of studies of the genetic basis of complex diseases such as venous and arterial thrombosis. 
Coupled with great strides in molecular technologies, the next decade holds much promise for further 
understanding of the underlying genetic and molecular architecture of thrombosis risk.
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AbstrAct For over a century, aspirin has been used for different indications, mainly as an antipyretic, 
analgesic, and anti-inflammatory agent. However, its cardioprotective properties were discovered only a 
few decades ago. Initially employed for its antiplatelet effect in secondary prophylaxis of cardiovascular 
(CVD) events, various large-scale trials have established the role of aspirin in primary prevention of CVD 
in people at high risk. This chapter summarizes the clinical trial data that demonstrated the efficacy of this 
drug in both secondary and primary prevention of cardiovascular disease events, the leading cause of death 
in the US. In addition, an account of the historical perspective on aspirin, its mechanism of action, optimal 
dose, adverse effects, interaction with other nonsteroidal anti-inflammatory agents, aspirin resistance, and 
current recommendations for its use in primary prophylaxis of CVD are presented.

Key words: Aspirin; Primary prevention; Stable CAD; Efficacy; Atherosclerosis

HISTORY OF ASPIRIN

With more than 35,000 kg of aspirin (ASA) being consumed daily in the US, it is the most commercially 
successful synthetic drug in the world (1). From a historical perspective, as early as about 3000 BC, ASA, 
in its crude form, was known to the Egyptians, who employed the decoction of salicylate-containing 
plants like myrtle or willow leaves for joint pain. Hippocrates of Kos, around 500 BC, recommended 
extract of willow bark for pain during childbirth. The first scientific description of the beneficial effects 
of willow bark in ague (fever, usually taken to be malaria) was given in 1763 by Reverend Edward Stone 
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of Oxfordshire, UK. In 1876, Thomas MacLagan, a Scottish physician, carried out the first known clinical 
trial of salicin in a patient with acute rheumatism and reported his findings in The Lancet.

The search for the active ingredient in willow bark spanned most of the early and middle 1800s, 
and a purified form of salicin was obtained by Buchner in 1828. A series of modification of this 
compound, attempted by European scientists, led to the discovery of salicylic acid as an analgesic and 
antipyretic agent. Sodium salicylate, the then-commercially available form of this compound had 
lower gastric tolerability. A Friedrich Bayer & Co. chemist, Felix Hoffmann, in an attempt to improve 
its tolerability, in 1897 is credited for preparing a purified acetylated form of the molecule. The Bayer 
Company, on March 6, 1899, first registered the product under the trade name of Aspirin (“a” from 
acetyl, “spir” from Spirea ulmania, a plant containing the compound). By circulating the new drug 
information to about 30,000 physicians, Bayer is said to have introduced the first mass marketing of 
a drug. Aspirin’s acceptance by the laity has been equally impressive; in 1950, aspirin found a place 
in the Guinness Book of Records, as the most popular pain killer in the world. In existence for over 
100 years, aspirin has been a subject of constant attention for its potential role in the treatment or 
prevention of many acute and chronic conditions.

PHARMACOKINETICS

After oral intake, nondissociated acetylsalicylic acid passively diffuses across the gastric and intes-
tinal mucosa. Enteric coating considerably delays absorption time (peak plasma levels in 3–4 h as 
compared to 30–40 min for the uncoated aspirin). Once aspirin enters the liver, it is hydrolyzed by 
esterases. Aspirin has a half-life of about 15–20 min in the human circulation. The mean lifespan of 
human platelets is approximately 10 days; about 10% of circulating platelets are replaced each day, 
and 5–6 days following aspirin ingestion, approximately 50% of the platelets function normally. 
Aspirin thus exhibits a dissociation of pharmacokinetics and pharmacodynamics.

Cumulative effect of low-dose aspirin: In a study done on 46 healthy adults, cumulative daily doses 
of 0.45 mg/kg of aspirin inhibited the T × B

2
 (a stable breakdown product of T × A

2
) level to less than 

5% by day 7 of therapy (2). For a 133-pound person, a daily dose of as little as 27 mg of aspirin 
reduced T × B

2
 by 36% on day 1, 70% on day 2, 87% on day 3, and 90% on day 4. Greater than 95% 

inhibition of platelet T × B
2
 was maintained for the 30-day period of aspirin administration (Fig. 3).

MECHANISM OF ACTION

After rapid absorption from the stomach and upper small intestine, ASA first comes in contact with 
platelets in the portal circulation, where it leads to irreversible inactivation of the cyclooxygenase 
activity of prostaglandin H synthase 1 and synthase 2, referred to as COX-1 and COX-2, respectively 
(Fig. 1). These enzymes catalyze the conversion of arachidonic acid to PGH

2
, which is then converted 

to the prostaglandins, prostacyclin, and thromboxane A
2
 by tissue-specific isomerases. After diffusing 

through the cell membrane, ASA enters the COX channel, ASA first binds to an arginine 120 residue, 
and then acetylates the serine 529 residue in COX-1 and serine 516 in COX-2. This prevents access 
of arachidonic acid to the COX catalytic site. As the anuclear platelets cannot synthesize new 
enzymes, this effect of ASA remains for the rest of their lifespan. In contrast, the inhibition of COX-
2-dependent pathophysiologic processes like hyperalgesia and inflammation, mediated by nucleated 
cells, requires larger doses of aspirin and frequent dosing because higher levels of ASA are required 
to inhibit COX-2 than to inhibit COX-1. In addition, unlike platelets, nucleated cells can repeatedly 
synthesize fresh COX-2, explaining the approximate 100-fold variation in daily doses of aspirin when 
it is used for anti-inflammatory rather than antithrombotic purposes (Fig. 1).

118



Aspirin in Primary and Secondary Prevention of Cardiovascular Disease

ASPIRIN FOR CARDIOVASCULAR PREVENTION

About 36% of the US adult population, and 80% of those with cardiovascular disease take aspirin 
for cardiovascular disease prevention, accounting for consumption of 10–20 billion aspirin tablets for 
cardiovascular disease prevention annually (3).

Secondary Prevention
Over 400 trials have been conducted to evaluate the antiplatelet effects of ASA and other 

drugs. Aspirin has established benefits in preventing another event in patients with established 
cardiovascular disease.

Fig. 1. Mechanism of action of aspirin. Arachidonic acid, a 20-carbon fatty acid containing four double bonds, is 
liberated from the sn2 position of membrane phospholipids by several forms of phospholipase A

2
, which are activated 

by diverse stimuli. Arachidonic acid is converted by cytosolic prostaglandin H synthases, which have both cyclooxy-
genase and hydroperoxidase (HOX) activity, to the unstable intermediates prostaglandin G

2
 and prostaglandin H

2
, 

respectively. The synthases are colloquially termed cyclooxygenases and exist in two forms, cyclooxygenase-1 (COX-
1) and cyclooxygenase-2 (COX-2). Low-dose aspirin selectivity inhibits COX-1, whereas high-dose aspirin inhibits 
both COX-1 and COX-2. Prostaglandin H

2
 is converted by tissue-specific isomerases to multiple prostanoids. These 

bioactive lipids activate specific cell-membrane receptors of the superfamily of G-protein-coupled receptors, such as 
the thromboxane receptor, the prostaglandin D

2
 receptors, the prostaglandin E

2
 receptors, the prostaglandin F

2
 recep-

tors, and the prostacyclin receptor (Source : Patrono et al. (5)).
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Fig. 2. Benefits and risks of low-dose aspirin in primary-prevention trials. The numbers of vascular events 
avoided and episodes of major bleeding caused per 1,000 patients treated with aspirin per year plotted from the 
results of individual placebo-controlled trials of aspirin in different patient populations characterized by various 
degrees of cardiovascular risk, as noted on the abscissa. WHS Women’s Health Study, PHS Physicians’ Health 
Study, PPP Primary Prevention Project, HOT Hypertension Optimal Treatment Study, BDT British Doctors Trial, 
TPT Thrombosis Prevention Trial, SAPAT Swedish Angina Pectoris Aspirin Trial. (Source: Patrono et al. (5)).
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The Antithrombotic Trialists Collaboration conducted a meta-analysis that reviewed 287 studies 
involving 135,000 patients in comparisons of aspirin versus control and 77,000 patients in compari-
sons of different antiplatelet regimens (4). The main outcome measures included nonfatal myocardial 
infarction (MI), nonfatal stroke, and vascular death, collectively termed as “serious vascular event.” 

Fig. 4. The effect of aspirin alone and of ibuprofen plus aspirin on platelet cyclooxygenase-1. The platelet prostag-
landin G/H synthase-1 (cyclooxygenase-1) is depicted as a dimer. The arachidonic acid substrate gains access to the 
catalytic site through a hydrophobic channel that leads into the core of the enzyme (a). Aspirin blocks the access of 
arachidonic acid to the catalytic site by irreversibly acetylating a serine residue at position 529 in platelet cyclo-
oxygenase-1, near but not within the catalytic site (b). Interpolation of the bulky acetyl residue prevents metabolism 
of arachidonic acid into the cyclic endoperoxides PGG

2
 and PGH

2
 for the lifetime of the platelet. Because PGH

2
 is 

metabolized by thromboxane synthase into thromboxane A
2
, aspirin prevents the formation of thromboxane A

2
 by the 

platelets until new platelets are generated. Nonsteroidal anti-inflammatory drugs, such as ibuprofen, are reversible, com-
petitive inhibitors of the catalytic site (c) whose use results in the reversible inhibition of thromboxane A

2
 formation 

during the dosing interval. Prior occupancy of the catalytic site by ibuprofen prevents aspirin from gaining access to 
its target serine (Source: Catella-Lawson et al (33)).

Fig. 3. (Upper) The effect of low dose (0.45 mg/kg) aspirin on platelet TXB
2
. Serum TXB

2
 was measured in nine 

healthy subjects during seven consecutive days without and with (indicated by arrows) aspirin. Each mark on X-axis 
represents a day.  (Lower) The long term effects of low dose (0.45 mg/kg per day) aspirin on platelet TXB

2
  and renal 

PGI
2
 synthesis. Serum TXB

2
 concentration and urinary excretion of 6-keto-PGF

1
-

a
 (a prostacycline metabolite) were 

measured in three healthy subjects before, during and after aspirin therapy. Mean values and standard error of mean 
are plotted. Arrows indicate duration of aspirin therapy (Source: Patrignari et al. (2)).
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Overall, aspirin and other antiplatelet drugs led to a 22% risk reduction in serious vascular events in 
patients with MI, stroke, transient ischemic attack (TIA), coronary artery disease, peripheral vascular 
disease (PVD), at-risk of pulmonary embolism, or with other high-risk conditions such as diabetes 
mellitus, hemodialysis, and carotid disease. Exclusion of acute stroke patients increased this figure to 
25%. At different doses, aspirin alone reduced the risk of serious vascular events by 23%. At doses of 
500–1,500 mg, aspirin reduced the risk of vascular events by 19%. The corresponding risk reduction 
at doses of 160–325 mg, 75–150 mg, and less than 75 mg were 26%, 32%, and 13%, respectively. 
It has been suggested that in cardiovascular disease patients with a 4–8% annual risk of a serious 
vascular event, aspirin prevents 10–20 fatal and nonfatal vascular events in every 1,000 patients 
treated over a period of 1 year (5). In patients undergoing carotid endarterectomy, risk of stroke, MI, 
and death within 30 days and 3 months of endarterectomy were lower in patients taking 81 or 325 mg 
of aspirin daily as compared to those taking 650 or 1,300 mg (6).

Various studies have looked into whether the addition of another antiplatelet agent, with another 
mechanism of action has additional cardiovascular benefits. The CURE (Clopidogrel in Unstable 
angina to prevent Recurrent ischemic Events) study randomized 12,562 patients with acute non-ST 
segment elevation coronary syndrome into two groups: a clopidogrel (a loading dose of 300 mg 
orally, followed by 75 mg daily) plus aspirin group and a placebo plus aspirin group (75–325 mg) 
(7). The clopidogrel and aspirin group had a 20% reduced risk of death from cardiovascular causes, 
nonfatal MI, or ischemic stroke. This effect was more pronounced in patients with high TIMI 
(Thrombolysis in Myocardial Infarction) risk score (relative risk reduction 45%).

The Clopidogrel for High Atherothrombotic Risk and Ischemic Stabilization, Management and 
Avoidance (CHARISMA) study randomized people at high cardiovascular risk, defined as either 
those with pre-existing cardiovascular disease or with cardiovascular risk factors (8). A statistically 
nonsignificant 8% reduction in nonfatal myocardial infarction, nonfatal ischemic stroke, and mortality 
from all cardiovascular causes was observed. In a randomized trial comparing the combination of 
aspirin plus ticlopidine to aspirin alone and aspirin plus warfarin in subjects with coronary stents, the 
aspirin–ticlopidine combination significantly reduced the incidence of primary endpoints (composite 
of death from any cause, revascularization of the target lesion without death, evidence of thrombosis 
of the target vessel on repeated angiography without revascularization, or nonfatal myocardial 
infarction). The relative risks were 0.15 (p < 0.001) and 0.20 (p = 0.01), respectively. As compared to 
aspirin alone, addition of intravenous GP IIb-IIIa antagonist to aspirin was associated with a 
statistically significant 19% reduction in serious vascular events, translating into preventing 20 
vascular events per 1,000 patients in a month. In the Antithrombotic Trialists Collaboration meta-
analysis, addition of dipyridamole to aspirin showed a statistically nonsignificant 6% reduction in 
serious vascular events.

In sum, aspirin reduces the risk of future CVD events, including MI and stroke, in those with CVD. 
There is no evidence that dose ranges higher than 75–150 mg daily are more effective. The combination of 
ASA with another antiplatelet agent such as clopidogrel should be reserved for those at the highest risk, 
including those with acute coronary syndrome and immediately following stent placement.

Primary Prevention
Evaluation of the role of aspirin in primary prevention of cardiovascular events is more complicated, 

in part because the absolute risk of these events is lower than in secondary prevention. In contrast 
to the hundreds of trials for secondary prevention, only six large-scale trials have explored the role 
of aspirin in primary prevention of CVD (Table 1): the British Male Doctors’ Trial (BMD) (9), 
the Hypertension Optimal Treatment Trial (HOT) (10), the Thrombosis Prevention Trial (TPT) (11), the 
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Primary Prevention Project (PPP) (12), the U.S. Physicians’ Health Study (PHS) (13), and the Women’s 
Health Study (WHS) (14) (Fig. 2).

The BMD was one of the first large-scale trials to examine the role of aspirin in the primary prevention 
of CVD. No significant difference was noted in risk of nonfatal MI in the aspirin or placebo groups. 
The PHS was a randomized, double-blind, placebo-controlled trial to determine if 325 mg of aspirin 
every other day decreased cardiovascular mortality and whether beta carotene decreased the incidence 
of cancer in 22,071 healthy US male physicians. With a statistically significant 44% decrease in the 
risk of first MI, it was the first of the primary prevention trials reporting the benefits of aspirin in 
primary prevention of MI. An 18% risk reduction in the composite outcome of MI, stroke, and CVD 
death was observed (RR: 0.82, 95% CI: 0.70–0.96). However, the small number of strokes and total 
cardiovascular deaths yielded inconclusive results for aspirin’s effect on these outcomes.

The TPT assessed the effects of aspirin and placebo warfarin, placebo aspirin and warfarin, aspirin 
and warfarin, and placebo aspirin and placebo warfarin. Aspirin was associated with a statistically 
significant reduction in the incidence of nonfatal stroke, total ischemic heart disease, and nonfatal 
ischemic heart disease. The HOT study revealed a 36% reduction in fatal and nonfatal MI in hyper-
tensive patients taking aspirin. In people with hypertension, hypercholesterolemia, diabetes, obesity, 
family history of MI and in the elderly, the PPP demonstrated that 100 mg per day of aspirin reduced 
the risk of total cardiovascular deaths by 23%, and of cardiovascular mortality by 44%. To date, the 
largest study of primary prevention of CVD by aspirin is the WHS. This trial, comprising about 
40,000 women, did not show a significant difference in the risk of fatal or nonfatal MI and CVD 
mortality between the aspirin and placebo groups. However, a 24% reduction in the risk of ischemic 
stroke and a 22% reduction in the risk of TIA were observed. In women 65 and older, aspirin had 
beneficial effects on major CVD (nonfatal MI, nonfatal stroke and CVD death, MI and ischemic 
stroke). Age modified the effect of aspirin on major CVD and MI; in women 65 and older, aspirin 
showed a significant 26% reduction in the risk of major CVD and 30% in the risk of ischemic stroke. 
Additionally, this was the only age group in which aspirin significantly reduced the risk of MI.

Various meta-analyses have analyzed the primary prevention trials to summarize the overall effec-
tiveness of primary prophylaxis with aspirin (15–19). A recent meta-analysis of data from all six  
primary prevention trials has shown that aspirin reduces the risk of nonfatal MI by 25%, total coronary 
heart disease by 23%, and total cardiovascular events by 15%. No statistically significant decrease in 
stroke, fatal coronary heart disease, and all-cause mortality was noted with aspirin (15). Similar results 
have been reported by other meta-analyses (16–18). It is interesting to note that although statistically 
not significant, the addition of WHS data to the other five trials in the meta-analysis by Bartolucci et al. 
showed that aspirin was better than placebo for decreasing the risk of stroke and all-cause mortality 
(15). More studies are required to clarify the exact role of aspirin for these outcomes.

Thus, aspirin reduces the risk of first nonfatal MI and CHD. Overall, aspirin has clear benefits in 
preventing CVD events in men and women.

ADVERSE EFFECTS OF LOW-DOSE ASPIRIN

In a sex-specific meta-analysis of the six primary prevention trials, aspirin use was associated with 
a 70% increased risk of major bleeding events in men and women; this translated into causing one 
major bleeding event per 400 women and per 303 men over 6.4 years of aspirin use (19). 
Gastrointestinal tract perforation, ulceration, and bleeding are expected adverse effects in that they 
are, at least in part, explained by inhibition of prostaglandin synthesis produced by aspirin. 
Gastrointestinal bleeding risk is dose dependent; higher doses are associated with higher rates of 
bleeding (20,21). A case-control study has suggested that proton pump inhibitors are more effective 
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than H
2
 receptor antagonists in preventing upper GI bleeds associated with aspirin use (22). At least 

five randomized controlled trials of healthy volunteers have suggested that enteric-coated aspirin is 
associated with endoscopically documented decreased risk of gastric mucosal injury (23). Aspirin 
hypersensitivity is an uncommon adverse effect, and desensitization therapy may be helpful in permit-
ting the continued use of aspirin.

ASPIRIN MAY NOT ALWAYS WORK

While aspirin can reduce the risk of primary or secondary events, some patients may not get the 
maximal benefit. Many factors may underlie such a reduction in the effect of aspirin (Table 2), including 
but not limited to noncompliance, cigarette smoking, drug–drug interactions, drug–disease interactions, 
and biochemical aspirin resistance. Noncompliance with aspirin can be related to habitual noncompliance 
to medications, or its adverse effects, chiefly gastric. Cigarette smoking has been shown to interfere 
with the antiplatelet activity of aspirin. The WHS has demonstrated a reduction in risk of CVD events 
among nonsmokers but not among smokers. Smoking may interfere with aspirin’s effect on platelets 
by increasing F

2
 isoprostanes, which have prothrombotic and vasoconstrictor effects (24).

Certain NSAIDs, including ibuprofen and indomethacin, have been shown to antagonize the 
antiplatelet effects of aspirin. These drugs may interfere with access of aspirin to the COX-1 binding 
site (Fig. 4). Whether or not this interaction translates into clinically important events remains to be 

Table 2 
Possible causes of recurrent ischemic vascular events among patients taking aspirin  

(Adapted from Hankey et al. (34))

Nonatherothrombotic causes
•	 Embolism	from	the	heart	(red,	fibrin	thrombi;	vegetations;	calcium;	tumor;	prostheses)
•	 Arteritis
Poor aspirin bioavailability
•	 Poor	compliance
•	 Inadequate	dose
•	 Concurrent	intake	of	certain	nonsteroidal	anti-inflammatory	drugs	(for	example	ibuprofen,	indomethacin),	

possibly preventing the access of aspirin to cyclooxygenase-1 binding site
Alternative mechanisms of platelet activation
•	 Platelet	activation	by	pathways	that	are	not	blocked	by	aspirin	(for	example,	red	cell-induced	platelet	

activation: stimulation of collagen, adenosine diphosphate, epinephrine, and thrombin receptors on platelets)
•	 Increased	platelet	sensitivity	to	collagen	and	adenosine	diphosphate
•	 Biosynthesis	of	thromboxane	by	pathways	that	are	not	blocked	by	aspirin	(for	example,	by	

cyclooxygenase-2 in monocytes and macrophages, and vascular endothelial cells)
High platelet turnover
•	 Increased	production	of	platelets	by	the	bone	marrow	in	response	to	stress	(for	example,	after	coronary	

artery bypass surgery), introducing into blood stream newly formed platelets unexposed to aspirin during the 
24-h dose interval (aspirin is given once daily and has only a 20 min half-life)

Genetic polymorphisms
•	 Polymorphisms	involving	platelet	glycoprotein	Ia/IIa,	Ib/V/IX,	and	Iib/IIIa	receptors,	and	collagen	and	von	

Willebrand factor receptors
•	 Polymorphisms	of	cyclooxygenase-1,	cyclooxygenase-2,	thromboxane	A

2
-synthase, or other arachidonate 

metabolism enzymes
•	 Factor	XIII	Val34Leu	polymorphism,	leading	to	variable	inhibition	of	factor	XIII	activation	by	 

low-dose aspirin
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more clearly defined with few, observational studies available. In one study of 7,107 patients dis-
charged on low-dose aspirin (<325 mg/day) after their first hospital admission for CV disease, patients 
taking aspirin plus ibuprofen had an increased risk of all-cause mortality (adjusted hazard ratio: 1.93, 
95% CI: 1.30–2.87, p = 0.0011) and cardiovascular mortality (1.73, 1.05–2.84, p = 0.0305) compared 
with those taking aspirin alone (25). More recent data lend some doubt to the adverse interaction 
between ibuprofen and aspirin (26,27). Among 70,316 patients discharged after admission for an MI 
a similar risk of death was seen in patients discharged on aspirin alone, aspirin and ibuprofen, or on 
aspirin and another NSAID (26). A recent nested case-control study further supports the lack of an 
adverse interaction between ibuprofen, other NSAIDs, and aspirin (27). Due to over-the-counter avail-
ability of these drugs and frequent coexistence of painful conditions such as arthritis in those who may 
use aspirin, it is important to look for such interactions.

The term “aspirin resistance” suffers from a lack of consensus definition and validity. It has been 
varyingly defined as recurrence of coronary heart disease, stroke, and peripheral vascular disease 
despite prescription of a regular therapeutic dose of aspirin (“clinical aspirin resistance”), or persistent 
ex vivo platelet activation, measured by platelet function tests, despite aspirin use (“biochemical” or 
“laboratory aspirin resistance”). A recent meta-analysis showed that patients with laboratory aspirin 
resistance have higher risk of clinical aspirin resistance (28). Laboratory tests to investigate platelet 
function include optical platelet aggregation tests, PFA-100, P-selectin flow cytometry, urinary 
thromboxane excretion analysis, etc. No study has shown a clear benefit from routine screening for 
aspirin resistance. There is some indication that genetic factors like polymorphism PLA1/A2 of the 
gene encoding for glycoprotein IIIa might be associated with altered platelet function and increased 
risk of cardiovascular events. Although unclear from current research, clopidogrel or ticlopidine 
might be effective alternatives for clinical failure of aspirin.

Overall, aspirin remains the most cost-effective drug for secondary prevention of atherothrombotic 
disease; factors like cigarette smoking, compliance, and interactions with NSAIDs should be identified 
and addressed.

RECOMMENDATIONS

Aspirin decreases the incidence of a first CVD event in adults at an increased risk of heart disease. 
The absolute risk reduction is lower than that seen in secondary prevention; however, the incidence 
of gastric side effects is comparable. There are various guidelines for decision making in prescribing 
aspirin for primary prevention of CVD.

Aspirin is clearly indicated for secondary prevention among those with any form of cardiovas-
cular disease. In this setting, it is safe and highly cost effective. For primary prevention, the use 
of aspirin requires a risk assessment. The U.S. Preventive Services Task Force (USPSTF) recom-
mends that overall risk assessment be done before initiating primary prophylaxis with aspirin. 
These risk factors are age, sex, diabetes, elevated total cholesterol, low HDL cholesterol, elevated 
blood pressure, family history of CAD, and smoking (29). Men older than 40 years of age, post-
menopausal women, and younger adults at high risk of CAD might benefit from aspirin therapy; 
the estimated 5-year magnitude of which is shown in Table 3. It is recommended that the risks and 
benefits of aspirin therapy be discussed with the patient at least every 5 years in middle age and 
older people or when other cardiovascular risk factors are detected. According to the USPSTF 
2009 guidelines, there is a grade A recommendation for use of aspirin to prevent MI in men age 
45–79, and ischemic stroke in women age 55–79. There is insufficient evidence to recommend 
aspirin in other age groups.
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The American Heart Association (AHA) guidelines for Primary Prevention of Cardiovascular Diseases 
and Stroke suggest low-dose aspirin (75–160 mg/day) for persons with a 10-year CAD risk of more than 
or equal to 10% (instead of >6% 10-year risk of CAD suggested by USPSTF) (30). The underlying 
rationale for this difference is to improve the risk-benefit ratio. It is also recommended that persons with 
diabetes or with a 10-year CAD risk >20% be considered equivalent to persons with established CAD.

Similar recommendations have been made by the American Diabetes Association. Low-dose aspirin 
(75–162 mg) has been recommended to men and women with type 1 or type 2 diabetes at increased 
cardiovascular risk, including those over 40 years of age or who have additional risk factors (family 
history of CVD, hypertension, smoking, dyslipidemia, albuminuria) (31). Aspirin therapy is not associated 
with an increased risk for retinal or vitreous hemorrhage.

The European Society of Cardiology recommends aspirin prophylaxis in high-risk individuals, such 
as treated hypertensive patients whose blood pressure is well controlled and men at “particularly high” 
CHD risk (32). The Society does not recommend such therapy in all high-risk individuals. The definition 
of “particularly high” risk is not clearly described.

To sum up, we recommend aspirin for primary prophylaxis of CAD in high-risk individuals, as 
defined by USPSTF, after individual evaluation of the patient.
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AbstrAct Antiplatelet agents including aspirin and clopidogrel have an established role in reducing the risk 
of death, stroke and myocardial infarction, and other complications of cardiovascular disease. Aspirin is 
the standard acute and long-term antiplatelet agent, although clopidogrel alone is slightly more effective 
than aspirin alone. Several randomized trials have tested the effects of clopidogrel added to aspirin com-
pared to aspirin alone and beneficial effects in the region of 10–20% proportional reductions in risk have 
been observed in acute coronary syndromes (ST-elevation and non-ST-elevation) and percutaneous coronary 
intervention. In the chronic setting, where there are far more patients who could potentially benefit, there 
has been no proven effect of adding clopidogrel to aspirin compared to aspirin alone. In the CHARISMA 
trial there were trends to benefit in subgroups with pre-existing vascular disease or a prior vascular event. 
The combination of clopidogrel plus aspirin compared to aspirin alone increases the risk of major bleeding 
by about 30%. A simple pooling of published data suggests that the overall benefit of adding clopidogrel 
to aspirin in patients with acute or chronic vascular disease decreases the risk of cardiovascular death, 
myocardial infarction, and stroke by a proportional 10% and an absolute 1% (with greater effects in higher-
risk patients) which is clinically worthwhile. Further work is needed to test the effects of clopidogrel when 
added to aspirin in patients with a prior stroke, myocardial infarction, or peripheral arterial disease as there 
may be worthwhile benefits that were not apparent in the CHARISMA trial.
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INTRODUCTION

Prevention of vascular events such as death, myocardial infarction (MI), and stroke is a key part of 
the management of cardiovascular disease both among patients with a prior history of vascular disease, 
and apparently healthy individuals with cardiovascular risk factors. Emphasis on a healthy lifestyle 
including appropriate eating habits, regular exercise, and avoidance of cigarette smoking is a standard 
approach to prevention of cardiovascular disease, but this approach is time consuming and proving 
efficacy has been difficult (1,2). Thus for patients with established vascular disease there is an emphasis 
on pharmacological therapies with proven benefits including statins, antiplatelet agents, angiotensin-
converting enzyme inhibitors, and beta blockers (3). In addition the careful management of important risk 
factors such as hypertension, diabetes, and hyperlipidemia through pharmacological and nonpharma-
cological methods is essential (4).

Aspirin has clinically useful antiplatelet effects by inhibiting the enzyme cyclooxygenase and 
reducing thromboxane A2 which is involved in platelet activity. Numerous studies have established 
aspirin as a key long-term antithrombotic agent that is well tolerated and effective. In high-risk patients 
it reduces the risk of nonfatal myocardial infarction by 30%, nonfatal stroke by 25% and overall vascular 
death by around 15% (5). Unfortunately, a considerable number of patients suffer a further event despite 
aspirin treatment (6).

The search for new antithrombotic therapies that augment the protective effects of aspirin (or substitute 
in patients with intolerance) has identified several promising agents. These include oral anticoagulants 
(warfarin and the direct thrombin inhibitors), oral glycoprotein IIb/IIIa receptor antagonists (which were 
found to have an adverse effect in spite of good biological rationale) (7), and more recently the oral 
thienopyridine clopidogrel. The latter is slightly more effective than aspirin alone, and in combination 
with aspirin has additional benefits in patients with acute coronary syndromes (ACS).

In this chapter we review data from the larger clinical trials about the potential benefits and risks of 
longer-term thienopyridine treatment in patients with coronary, cerebral, and peripheral vascular disease.

THIENOPYRIDINES

The two main thienopyridines are clopidogrel and prasugrel, but newer agents including short-
acting intravenous compounds are under investigation (8,9). Prasugrel is relatively new and has been 
investigated in patients with ACS with evidence of efficacy and will be discussed in other chapters. 
Both act on the P2Y12 (ADP) receptor on the platelet, decrease platelet reactivity, and provide irre-
versible platelet inhibition. Clopidogrel is a prodrug which is converted to an active metabolite with 
a short half-life in the liver before exerting its antiplatelet effect, whereas prasugrel is immediately 
effective resulting in a quicker onset of action. Clopidogrel is one of the most carefully studied anti-
thrombotic agents, and it is estimated that more than 100,000 patients have been enrolled in randomized 
trials involving clopidogrel.

BRIEF REVIEW OF THIENOPYRIDINE TRIALS

Thienopyridines, mainly clopidogrel, have been studied in several disease areas including 
chronic vascular disease (CAD, cerebrovascular, and PAD either separately or in combination), 
ACS, percutaneous coronary intervention (PCI), and atrial fibrillation (Table 1). The first study to 
show the safety and efficacy of clopidogrel was the CAPRIE trial which randomized 19,185 
patients with a history of prior stroke, prior MI, or PAD to either clopidogrel 75 mg or aspirin 
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325 mg (10). The annual rates of death, stroke, or MI over the average 2 years of follow-up were 
5.3% and 5.8%, respectively (HR: 0.91; 95%: 0.83–0.97; P = 0.04). Although there was a slight 
benefit of clopidogrel over aspirin, there was no change in clinical practice because the cost of 
clopidogrel was much higher than aspirin and the effects size considered small. Importantly 
CAPRIE established the efficacy and safety of clopidogrel as a useful antiplatelet agent and an 
alternative treatment if patients could not tolerate aspirin. The next major trial was the CURE trial, 
discussed in detail in other chapters, which enrolled 12,562 patients with ACS without ST elevation 
on the presenting ECG and randomized patients to a combination of clopidogrel plus aspirin (C+A; 
loading dose of clopidogrel 300 mg followed by 75 mg) or aspirin alone (75–300 mg) for up to 1 
year (mean duration of treatment about 9 months) on top of other standard treatments (Table 1) 
(11). The risk of cardiovascular death, stroke, or MI was 9.3% in the C+A group and 11.4% in the 
aspirin alone group (HR: 0.80; 95%CI: 0.72–0.90; P < 0.001) establishing this as a standard 
approach for the management of ACS without persistent ST elevation. Following the success of the 
CURE trial clopidogrel was investigated for the management of cerebrovascular disease and atrial 
fibrillation as well as ACS with ST elevation.

The CLARITY-TIMI 28 trial (12) and COMMIT CCS-2 (13) studies were complementary trials 
evaluating clopidogrel plus aspirin for the management of ST elevation ACS. CLARITY was an 
angiographic study in patients treated with fibrinolysis as the method of reperfusion and enrolled 
3,491 patients randomized to C+A or aspirin alone. Rates of occluded arteries (TIMI flow grade 0 
or 1) were 11.7% in the C+A group and 18.4% in the aspirin alone group (HR: 0.59; 95% CI: 
0.48–0.72; P < 0.001, Table 6.1) which was the main driver of the primary outcome composite 
assessed at angiography of an occluded infarct related artery, death, or MI. COMMIT was a large 
pragmatic study of 45,852 patients with mainly ST elevation myocardial infarction enrolled in 
China randomized to either C+A (75 mg clopidogrel + 162 mg aspirin) or aspirin alone and treated 
for 4 weeks. The rate of death, stroke, or MI occurred in 9.2% in the C+A group and 10.1% in 
aspirin alone (HR: 0.91; 95% CI: 0.86–0.97; P = 0.002), and there was a significant reduction in all 
cause mortality (HR: 0.93; 95% CI: 0.83–0.99; P = 0.03). These two trials have established clopi-
dogrel as a standard approach for patients with ST elevation ACS treated with fibrinolysis. Previous 
smaller trials had shown benefits of clopidogrel in patients undergoing PCI with stenting, and there-
fore the use of clopidogrel is standard practice for patients with ST elevation MI undergoing pri-
mary PCI (14).

The MATCH trial investigated the effects of clopidogrel in patients with established cerebro-
vascular disease by comparing clopidogrel alone with C+A in 7,599 patients followed for a mean 
of 18 months (15). This study design was different from CURE, CLARITY, and COMMIT as 
the control group was treated with clopidogrel alone, rather than aspirin alone as in the other trials. 
The primary outcome of death, stroke, MI, or cardiovascular hospitalization occurred in 15.7% 
patients in the C+A group compared to 16.7% in the clopidogrel alone group (HR: 0.93; 95%CI: 
0.84–1.05). This trial did not support the routine use of C+A in patients with prior stroke or transient 
ischemic attack, but this combination could be superior to aspirin alone which was not tested in 
MATCH. The ACTIVE-W trial investigated the role of C+A for the management of atrial fibrillation 
(AF) treated with warfarin (16). 6,706 patients with AF and additional risk factors for stroke, MI, or 
death were randomized in an open label design to warfarin or C+A and followed for a mean of 18 
months. The annual risk of stroke, death, or MI was 5·6 in the C+A group compared to 3·9% on 
warfarin (HR: 1·44; 95% CI: 1·18–1.76; P = 0.0003) driven mainly by the excess of nonfatal strokes. 
Overall mortality and major bleeding rates were similar between the two groups. Thus ACTIVE W 
did not support the use of C+A as a replacement treatment for oral anticoagulation for AF, especially 
in those already stabilized on warfarin (most of the ACTIVE-W patients). The ACTIVE trial is also 
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investigating the role of C+A compared to aspirin alone in patients who cannot tolerate warfarin 
(ACTIVE A), and also the role of irbesartan, an angiotensin-II antagonist for vascular protection in 
patients with AF (ACTIVE I) (17).

Other studies have evaluated the longer-term role of clopidogrel in patients undergoing PCI in the 
nonacute setting in particular the CREDO trial which enrolled 2,116 patients who underwent PCI with 
stent placement randomized to C+A (loading dose of 300 mg followed by 75 mg) or aspirin alone 
(with all patients receiving 28 days of open label clopidogrel following the procedure) (18). At 1 year, 
the hazard ratio for the primary outcome of death, stroke, or MI for C+A compared to aspirin alone 
was 0.73 (95% CI: 0.65–0.0.96; P = 0.02) providing support for a loading dose of clopidogrel prior to 
PCI and continuing for up to a year. There is much discussion about the exact role of clopidogrel in 
the context of PCI and stenting (19). There is general agreement that a loading dose of 300 mg is a 
standard approach and higher doses are being investigated in the large CURRENT trial (20). Clinical 
guidelines suggest continuation of clopidogrel therapy (in addition to aspirin) for a minimum of 1 
month (ideally 12) following bare-metal stent insertion and for at least 12 months after drug-eluting 
stent PCI (21). Longer-term use of thienopyridines has been associated with improved outcomes in 
bare metal stents with a relative risk reduction of 65% for the composite of death, MI, and stroke 
comparing 180-day with 30-day treatment (22). Early stopping of dual antiplatelet therapy following 
implantation of drug eluting stents is associated with early and late stent-thrombosis (23,24). 
The main trial that evaluated the role of clopidogrel for longer-term vascular protection in patients at 
risk of vascular events (either with established vascular disease, or with risk factors) was CHARISMA 
which is discussed in more detail as follows (25).

THE CHARISMA TRIAL

The CHARISMA trial set out to answer the question “could a combination of clopidogrel and 
aspirin provide greater vascular protection than aspirin alone in a wide range of stable patients in 
at risk of vascular events” (25). Eligibility criteria for entry were broad – patients could qualify if 
they had a clear diagnosis of coronary, cerebrovascular, or peripheral arterial disease (without a 
definite prior stroke or MI), or if they had a combination of risk factors such as diabetes, hyperc-
holesterolemia, hypertension, or smoking (without a clear prior history of vascular disease). The 
trial enrolled 15,603 patients randomized to C+A or aspirin alone and followed for a median of 28 
months. The primary outcome of cardiovascular death, stroke, or MI occurred in 6.8% of the C+A 
group and 7.3% of the aspirin alone group (relative risk: 0.93; 95%CI: 0.83–1.05; P = 0.22) sug-
gesting a trend in favor of C+A in this broad population (Table 2). A secondary outcome that 
included rates of cardiovascular hospitalization was marginally significant in favor of C+A. Patients 
with no clear history of vascular disease made up about 20% of the total, and in this subgroup there 
was a trend to an adverse effect of C+A on the primary outcome and a higher rate of cardiovascular 
death (3.9% C+A vs. 2.2% on aspirin alone). In contrast, in those patients with clear evidence of 
prior vascular disease rates of the primary outcome were 6.9% vs. 7.9% (P = 0.046) with no appar-
ent difference in rates of death in this subgroup (Table 2, Fig. 2). Overall rates of major bleeding 
in the C+A group were 1.7% compared to 1.3% in the aspirin group (P = 0.09), and there was a 
significant excess of moderate bleeding.

The results of CHARISMA appear disappointing because there is no clear indication for the use 
of clopidogrel in this large population of community-based patients that are at moderate to high risk of 
vascular events. Recent data from the American Heart Association estimate that there may be 15 
million people in the United States with prior stroke, MI, or symptomatic PAD (26). If their annual 
risk of death, stroke, or MI was 3% there would be about 450,000 events each year and just a 1% 
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reduction would avoid 4,500 events. These estimates reinforce the need for trials like CHARISMA 
which can have profound public health benefits even if they show moderate treatment benefits of the 
order of 10–20% proportional reductions.

POOLED ANALYSIS OF LARGE TRIALS OF CLOPIDOGREL PLUS ASPIRIN

Table 1 and Fig. 1 summarize the available published evidence from the large trials of C+A and 
show that about 80,000 patients have been randomized into these studies. The overall hazard ratio for 
death, stroke, and MI is about 0.90 (P < 0.001) with an absolute reduction of 1% in favor of C+A 
compared to aspirin alone. The average increase in the risk of major bleeds requiring hospitalization 
and/or transfusion is about 30%.

Fig. 1. Horizontal box and whiskers plot of the results of the randomized trials of clopidogrel versus placebo on a 
background of aspirin. Squares represent point estimates of the hazard ratio for each trial, and the horizontal lines 
represent the 95% confidence intervals around these estimates. The size of the squares represents the relative amount 
of statistical information in the trial which is influenced by the number of patients and number of events. The overall 
pooled hazard ratio, confidence intervals, and P-value were estimated using a simple proportional formula. Refer to 
Table 1 for details of the trials.

Table 2 
Major subgroups of the CHARISMA trial

Subgroup of interest

N (% ) of total 
CHARISMA  
population  

(total N = 15,603)

CV death,  
MI, stroke 

(Clopidogrel  
plus aspirin)

CV Death, MI, 
stroke (Placebo 

clopidogrel 
plus aspirin) HR 95%CI P

Symptomatic  
vascular disease

12,153 (78%) 6.9% 7.9% 0.88 0.77–1.0 0.05

Prior MI, prior 
stroke, PAD

9,478 (61%) 7.3% 8.8% 0.83 0.72–0.96 0.01

PAD 3,096 (19.8%) 7.6% 8.9% 0.85 0.66–1.08 0.18
Asymptomatic 3,284 (21%) 6.6% 5.5% 1.2 0.91–1.59 0.20
Primary prevention 2,289 (14.7%) 5.7% 4.7% 1.2 0.30
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ADDITIONAL ANALYSES FROM CHARISMA

A number of additional analyses have been undertaken by the CHARISMA investigators and prob-
ably the most important issue is to try and understand if the effects in patients with and without prior 
vascular disease are due to play of chance (i.e., there is no real difference in effect of C+A compared 
to aspirin) or whether there may be a genuine qualitative interaction. In the context of assessing thera-
peutic effects in subgroups of clinical trials, a quantitative interaction is a difference of effect in 
amount or quantity, but still in the same direction (this would be an expected interaction), and a quali-
tative interaction is a difference in direction of effect (evidence of apparent harm one group and apparent 
benefit in another which is usually unexpected) (27).

The CAPRIE trial had already established the benefit and safety of clopidogrel compared to aspirin, 
and therefore it was logical to undertake an analysis of the “CAPRIE like” patients in the CHARISMA 
trial, i.e., those with a prior MI, prior stroke, or symptomatic PAD. There were 9,478 patients who 
met these criteria (61% of the total CHARISMA population and 78% of those with any prior vascular 
disease), and the primary outcome of CV death, stroke, or MI occurred in 7.3% in the C+A group 
versus 8.8% in the aspirin alone group (HR: 0.83; 95% CI: 0.72–0.96; P = 0.01) suggesting that there 
were potentially greater benefits of C+A in these patients than in the CHARISMA group overall 
(Table 2, Fig. 2) (28). The trend for benefit in the CAPRIE-like cohort was also greater than the 
broader group of patients who had evidence of prior vascular disease but not necessarily a prior stroke 
or MI. Additionally, hospitalizations for ischemia were significantly decreased, 11.4% versus 13.2%, 
respectively (HR: 0.86; 95% CI: 0.76–0.96; P = 0.008). There was no significant difference in the rate 
of severe bleeding: 1.7% versus 1.5% (HR: 1.12; 95% CI: 0.81–1.53; P = 0.50) but moderate bleeding 
was significantly increased: 2.0% versus 1.3% (HR: 1.60; 95% CI: 1.16–2.20; P = 0.004). A similar 
trend was found in the PAD subgroup (Table 2, Fig. 2) (29). A more detailed analysis of the asympto-
matic or primary prevention cohort confirmed the original findings in the main report of CHARISMA, 
but it has been difficult to elucidate the mechanism of potential harm in this group (Table 2) (30). One 
hypothesis was that the excess risk is caused by increased bleeding, but rates of fatal bleeds were 
similar to the overall group, and also similar whether patients were on C+A or aspirin alone. About 80% 
of patients in the asymptomatic populations of CHARISMA were diabetic, and there is a possibility 
that these patients may be more prone to plaque hemorrhage and therefore a worse outcome, as a 
result of intensive antiplatelet treatment with C+A, but this remains speculation at present.

Fig. 2. Major subgroups are shown from the CHARISMA trial. Details of the squares and horizontal lines are the same 
as for Fig. 1. The interaction test for heterogeneity between the symptomatic and asymptomatic group was about 
0.045. Refer to Table 2 for more details of these subgroups. MI myocardial infarction; PAD peripheral arterial disease.
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Of greater importance is the potential benefit of C+A in apparently stable patients at high risk of 
vascular events, a clear hypothesis generated by the CHARISMA trial. This hypothesis has a sound 
basis both in the previous CAPRIE results and the subgroup analyses from CHARISMA itself. A clinical 
trial randomizing patients to a combination of a thienopyridine (clopidogrel or prasugrel) in combination 
with aspirin compared to aspirin alone in patients with prior MI, prior stroke, or symptomatic PAD 
would be important, but it seems unlikely that this will be carried by industry as the patent life of 
clopidogrel is running out and the focus for prasugrel at present is still in ACS.

THIENOPYRIDINES IN STABLE CORONARY ARTERY DISEASE

Data on the effects of C+A in the subgroup of patients with CAD have not been published from the 
CHARISMA trial, but presentations of these data and interpretation from the available publications 
suggest that an expected proportional reduction of about 15% for CAD patients is consistent with the 
CAPRIE like cohort subgroup. In the main publication of CHARISMA, subgroup analyses suggest 
that patients with prior MI had a trend to benefit from C+A whereas those without prior MI who 
appeared to have little benefit (25).

SHOULD DUAL ANTIPLATELET TREATMENT  
BE STARTED IN STABLE PATIENTS?

There is little clear evidence to routinely add a thienopyridine to aspirin in patients with stable 
coronary, cerebrovascular, or symptomatic PAD, and no evidence to start this regimen for primary 
prevention in patients without evidence of vascular disease. Clearly clopidogrel is indicated in patients 
who need vascular protection and cannot tolerate aspirin which is supported by the CAPRIE data.

The REACH registry which ran concurrently with the CHARISMA trial with similar eligibility criteria 
in an observational study design, documented characteristics, treatments, and outcomes in 68,000 
patients (31). One important finding of the REACH registry is that patients with vascular disease 
in more than one territory (coronary, cerebrovascular, or peripheral) have a greater risk of adverse 
outcomes than patients with either no documented vascular disease or disease in a single territory. 
Annual average risk of death, stroke, or MI in the REACH registry was between 4% and 5% compared 
to the overall risk in CHARISMA which was 3%. This suggests that future studies of dual antiplatelet 
therapy for the protection of vascular events in an outpatient setting should focus on patients with a 
prior vascular event, symptomatic peripheral arterial disease, or patients with evidence of disease in 
more than one vascular territory.

It is also important to review the findings of giving clopidogrel to patients with stable cerebrovascular 
disease and peripheral arterial disease (PAD). In both situations there is no clear evidence for adding 
clopidogrel to aspirin in spite of a good rationale for more intensive antiplatelet therapy than aspirin 
alone (although in the case of patients with prior stroke, dipyridamole is often added to aspirin). There have 
not been any specific trials in PAD to evaluate the long-term protective effects of a thienopyridine 
added to aspirin and the MATCH trial, one of the largest secondary prevention stroke trials, did not 
confirm the benefits of dual antiplatelet therapy compared to clopidogrel alone (15).

DISCUSSION

Inferences about the potential benefits of adding a thienopyridine to aspirin for secondary prevention 
of vascular events can be drawn from the ACS studies such as CURE and TRITON-TIMI 38 (11,32). 
The pattern of underlying risk and benefit is very similar in these trials indicating the main absolute 
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and proportional benefits are achieved early on (within about a month of the acute event), but careful 
review of later effects (e.g., >1 month after the acute event) also indicates evidence of benefit (32,33). 
This raises the question about the duration of treatment after an acute event in patients, and what level 
of underlying risk do patients need to have to expect benefit from a thienopyridine added to aspirin. 
This in turn leads to the issue of the mechanism of action of antiplatelet therapy, the balance of benefit 
and risk, and the issue of variability of response or “resistance.” A recent position paper from the 
Working Group on Thrombosis of the European Society of Cardiology (1) identifies pharmacody-
namic resistance to clopidogrel (for example potential gene polymorphism in the P2Y12 receptor) and 
pharmacokinetic resistance. The latter includes issues with absorption, inadequate dosage, and 
impaired liver metabolism. Due to the scarcity of prospective trials linking platelet measurements 
with outcome, assessment of platelet function is not currently recommended (34) For research centers 
encountering patients with recurrent vascular events, suggested tests include functional assessment of 
clopidogrel resistance using adenosine diphosphate-induced aggregation and biochemical assessment 
using vasodilator-stimulated phosphoprotein (VASP) assays.

Noncompliance with clopidogrel treatment is also a major concern (35). In a study of 2,360 
patients successfully revascularized with drug-eluting stents, 32.4% had some degree of bleeding, 
predominantly nuisance bleeds (85.7%) but also including internal (13.6%; epistaxis, gastrointestinal, 
hematuria, etc.) and more substantial bleeds (0.7%; intracranial, life-threatening or requiring transfusion) 
(36). In the nuisance bleeding group, 11.1% ceased clopidogrel therapy and 5% stopped aspirin.

Antiplatelet agents reduce the activity of platelets (with variable effects on the traditional model of 
adhesion, activation, and aggregation) imparting a benefit in patients at relatively high risk of arterial 
thrombotic complications, a situation that is particularly evident during ACS or PCI (in the latter case 
there is arterial injury which increases thrombotic risk). Where patients have recovered from the acute 
event (e.g., >6 months later) the evidence for routinely adding a thienopyridine to aspirin is limited. 
However this is where an assessment of ongoing risk is important and the methods to do this either 
rely on traditional scoring systems such as Framingham or SCORE (the latter is a validated European 
risk prediction model) (37,38), or to use simple clinical surrogates as a history of prior MI, stroke, or 
symptomatic vascular disease, or disease in more than one vascular territory. Even with an assessment 
of risk of future vascular events at >5% per annum, the addition of a thienopyridine to aspirin is specu-
lative at present and is not based on solid evidence, especially as there is an ongoing bleeding hazard 
in the region of 1.3 times that of aspirin alone. Further trials to clarify this important question are 
urgently needed.
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AbstrAct The central role of the platelet in the pathophysiology of acute coronary syndromes (ACS) 
has been well established. The significant morbidity and mortality associated with ACS has fostered great 
interest and effort in identifying various antiplatelet and antithrombotic regimens as well as developing 
novel agents in order to abrogate the platelet and its associated prothrombotic effects. Aspirin remains 
the integral component of all therapeutic strategies for ACS. When used in combination with thienopyri-
dines (i.e., clopidogrel), GP IIb/IIIa inhibitors (abciximab, eptifibatide, tirofiban), or both, patients have 
experienced improved outcomes in this setting. However, with more potent antiplatelet regimens comes 
an increased risk of bleeding. Thus, the search for more potent antiplatelet agents with a decreased risk of 
bleeding continues for this patient population.

Key words: Acute coronary syndromes; Aspirin; Clopidogrel; Glycoprotein IIb/IIIa inhibitors; Non-
T-segment-elevation myocardial infarction; Percutaneous coronary intervention; ST segment-elevation 
myocardial infarction; Thienopyridines

INTRODUCTION

Improved understanding of the relationship between inflammation, thrombosis, and acute coronary 
syndromes (ACS) has fostered advances in management which have dramatically altered the approach 
and outcomes related to this disease (1). Although advances in percutaneous coronary intervention 
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(PCI) have improved the ability to restore flow in an infarct related artery, the majority of benefits can 
be attributed to enhanced adjunctive pharmacotherapies.

The inciting events of a non-ST-segment-elevation myocardial infarction (NSTEMI) are, most often, 
erosion and rupture of atherosclerotic plaque(s) within the coronary tree (1). With the rupture of the 
atherosclerotic plaque, the sub-endothelial matrix and lipid core of the plaque are exposed to circulat-
ing pro-thrombotic factors including tissue factor and von Willebrand Factor (vWF). vWF, a key com-
ponent to the initiation of thrombosis, binds to the subendothelial collagen matrix and is then able to 
bind platelets via the combination of shear stress and the glycoprotein (GP) 1b receptor (2,3). The bind-
ing of vWF to the GP 1b receptor has been shown to be important in platelet activation via the P2Y

12
 

ADP receptor (4). Once the initial defect in the endothelium has been covered by platelets, the process 
of further platelet recruitment, activation, and cross-linking with fibrinogen begins. This sequence of 
events forms the basis for understanding the importance of antiplatelet and antithrombotic therapies in 
NSTEMI.

In the minority of cases, NSTEMI is caused by a fixed stenosis leading to a secondary reduction in 
epicardial coronary blood flow such that the oxygen supply cannot meet an increased demand (i.e., 
tachycardia, sepsis, etc). This chapter will expound upon the importance of platelet biology and will 
discuss the present and future of antiplatelet pharmacotherapy for NSTEMI.

PLATELETS: CONNECTING INFLAMMATION AND THROMBOSIS

Despite their size, platelets are complex and display a wide functionality. In the setting of plaque 
rupture, after initial platelet response, activated platelets are then able to attract other platelets to the 
site of injury in a paracrine fashion. This is mediated through platelet-derived factors such as adeno-
sine diphosphate (ADP) and thromboxane A2 (TXA-2). Platelet activation results in a conformational 
change that includes the externalization of glycoprotein IIb/IIIa (GP IIb/IIIa) receptors, essential 
receptors that facilitate the cross-binding of platelets to fibrinogen and the formation of a stable 
thrombus. Since there are several pathways that facilitate platelet activation, different antiplatelet 
therapies are often used in combination to optimize outcomes.

In addition to their prothrombotic properties, platelets can exert potent inflammatory effects 
through a variety of platelet-derived receptors, adhesion molecules, and mediators including CD40L 
and P-selectin. Interactions between these molecules and receptors on the surface of other cell types 
ultimately leads to the recruitment of leukocytes, further release of inflammatory mediators, and the 
perpetuation of a prothrombotic state (5,6).

Clinically, sCD40L has been related to adverse outcomes in patients presenting with ACS (7) and 
following presentation for ACS (8). The use of glycoprotein IIb/IIIa inhibitors, such as abciximab, has 
been shown to be of benefit in those with ACS, especially with elevated levels of sCD40L (7). P-selectin 
has also been shown to predict adverse cardiovascular events in otherwise healthy patients (9).

CURRENT ANTIPLATELET THERAPIES IN NON-ST-SEGMENT  
MYOCARDIAL INFARCTION

Aspirin
The intra-platelet metabolism of arachadonic acid into TXA2 facilitates activation of other plate-

lets. These steps are driven by the action of the enzyme, cyclo-oxygenase-1 (COX-1). Aspirin is a 
well-known irreversible inhibitor of the COX-1 enzyme and, subsequently, of TXA2 production and 
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platelet activation. Because of its potent antithrombotic properties, aspirin use in coronary atheroscle-
rosis has been studied extensively.

The beneficial effects of aspirin in unstable angina/NSTEMI have been demonstrated across broad 
populations of patients, with either short or long-term administration, and in comparison to other anti-
thrombotic therapies. A few landmark trials, conducted prior to the widespread use of clopidogrel, glyco-
protein IIb/IIIa inhibitors, and an early invasive approach, established aspirin as the backbone of therapy 
for patients with an ACS. The Veterans Administration (VA) Cooperative Study was one of the first multi-
center, double-blinded, randomized trials examining the use of 324 mg of aspirin vs. placebo for 12 weeks 
in 1,266 men with unstable angina (10). The use of aspirin was associated with a significant reduction in 
the rate of death or myocardial infarction (p = 0.0005). The beneficial effects of aspirin were shown to be 
durable, despite cessation of aspirin therapy at 12 weeks, with a significantly lower mortality at 1 year in 
those treated with aspirin (p = 0.008). One caveat of this study was the introduction of beta-blocker ther-
apy during the study period and the fact that it was not accounted for in the study protocol.

Cairns et al. reported the results of the Canadian Multicenter Trial in 1985 (11). Five hundred fifty five 
patients with unstable angina were enrolled in this randomized, double-blinded, prospective study and 
received 325 mg of aspirin (4×/day), sulfinpyrazone 200 mg, a combination of both therapies, or placebo 
(11). While enrollment was not limited to men and follow up was over a longer period, the results were 
equally dramatic with a significant reduction in the composite of death and nonfatal myocardial infarction 
over a mean of 18 months (p = 0.008). There was no apparent benefit with sulfinpyrazone.

Aspirin has also been examined in comparison to heparin in patients with NSTEMI. The Research 
Group on Instability in Coronary Artery Disease (RISC) study examined 796 Swedish men with unsta-
ble angina and compared the effects of intravenous heparin therapy for 5 days after presentation, lower 
dose aspirin (75 mg/day oral) for 1 year, both the above, or neither (12). Over a follow-up period of 
3 months, there was a clear reduction in the rate of death or non-fatal myocardial infarction in those 
patients who received aspirin. The use of IV heparin alone did not confer any obvious benefit; however, 
during the first 5 days of the study, the combination of heparin and aspirin together resulted in a signifi-
cant reduction of the primary combined endpoint as compared to heparin or placebo. The benefit of 
heparin in ACS was, however, observed in a study by Theroux et al., examining the benefit of intrave-
nous heparin, aspirin (325 mg oral 2×/daily), the combination, or placebo in patients with ACS (13).

Despite the obvious benefit of aspirin in these patients, many patients do not receive appropriate 
antiplatelet therapy. The Reduction of Atherothrombosis for Continued Health (REACH) Registry 
reported that among 40,450 patients with established CAD, between 10 and 15% of those previously 
revascularized were not on any antiplatelet therapy. Furthermore, of those only on medical therapy for 
atherosclerotic disease, more than 20% did not receive any antiplatelet therapy (14).

Aspirin Dosing

Aspirin is likely to be one of the most widely used drugs in the world. There are many indications 
for its use in cardiovascular disease – it has been shown to be of benefit in the setting of ACS, in 
chronic stable coronary disease, and in high-risk primary prevention. However , the optimal dosing 
strategy for each of these situations is unknown. The studies described above vary in the dosing of 
aspirin used in ACS. The benefit, however, appears to be similar and lasting despite the wide variation 
in dosing. The benefit of aspirin in preventing myocardial infarction and ischemic stroke may be 
countered by an increased risk of bleeding (primarily gastrointestinal) and hemorrhagic stroke 
(15,16). In gastric mucosa, the inhibition of cyclo-oxygenase-1 (COX-1) results in a reduction in 
prostaglandin production. Subsequent studies have documented that long term aspirin use has been 
associated with increased risk of gastric and duodenal ulceration (17). Data from healthy adult volun-
teers suggest that very high doses of aspirin (2,600 mg/day) can lead to gastric mucosal injury 
independent of a prostaglandin-mediated mechanism (18). It has been previously demonstrated 
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that inhibition of platelet-derived thromboxane occurs at considerably lower doses of aspirin (19,20). 
To optimize the dose of aspirin would involve selecting a dose low enough to ensure proper and complete 
platelet inhibition without significantly increasing the risk of bleeding.

The optimal dosing of aspirin in the setting of primary prevention of coronary atherosclerosis has 
been examined. A systematic review examining aspirin use in the prevention of cardiovascular disease 
has concluded that the optimal daily dose of aspirin should be between 75 and 81 mg daily to optimize 
antiplatelet activity without substantially increasing the risk of bleeding complications (21).

In the setting of higher risk patients, aspirin dosing becomes a more critical issue. Often, in these 
patients, antiplatelet agents or antiplatelet and antithrombotic agents in combination are used. The risk 
of bleeding increases substantially with the combination of these agents (22). Furthermore, elderly 
patients appear to be at significantly higher risk of bleeding complications, primarily gastrointestinal 
bleeding, with a combination of agents vs. aspirin alone (23). Data from this same observational 
cohort identified age, renal failure, peptic ulcer disease, diabetes, and bleeding during hospitalization 
for acute MI as risk factors for bleeding in elderly patients.

The Antithrombotic Trialists’ Collaboration (ATC) examined the question of aspirin dosing in 
patients at higher risk of arterial or venous thrombosis, or in those with an acute thrombotic event. 
A meta-analysis of 287 studies examining 135,000 patients was conducted to examine the benefit of 
various types of antiplatelet and antithrombotic therapies in reducing non-fatal myocardial infarction, 
non-fatal stroke, or vascular death. In terms of efficacy, there appeared to be no difference in the pro-
portional reduction in serious vascular events when comparing doses of 75–150 mg (32% ± 6%) to 
higher daily doses such as 160–325 mg (26% ± 3%) or 500–1,500 mg (19% ± 3%). Daily doses less 
than 75 mg/day appeared to have a slightly smaller benefit (24).

In a substudy of the Clopidogrel in Unstable angina to prevent Recurrent Events (CURE) trial, 
investigators examined the question of aspirin dosing (£100 mg, 101–199 mg, and ³199 mg) in the 
setting of clopidogrel vs. placebo ACS (25). In 12,562 patients with ACS, an increasing dose of aspi-
rin resulted in a higher risk of major bleeding, without an increase in efficacy and authors conclude 
that dosing between 75 and 100 mg/day may be optimal, irrespective of clopidogrel use.

The DUTCH TIA Trial Study Group reported that 30 mg of aspirin per day was as effective in 
reducing recurrent events as 283 mg of aspirin per day. In 3,131 patients with a prior TIA, 30 mg of 
aspirin was also associated with fewer side effects, including a significant reduction in minor bleeding 
complications (26).

Despite the data from these studies, it appears that practice trends are quite different. The Can 
Rapid Risk Stratification of Unstable Angina Patients Suppress Adverse Outcomes with Early 
Implementation of the American College of Cardiology/American Heart Association Guidelines 
(CRUSADE) initiative suggested that up to 24.1% of patients hospitalized for ACS did not receive 
aspirin at discharge and of those who did, the majority of patients received 325 mg/day dosing (27).

For post elective PCI or PCI for ACS, the ACC/AHA/ESC guidelines recommend 325 mg of aspi-
rin once daily for those patients with evidence of aspirin resistance. In addition, it is recommended 
that the aspirin be dosed at the 325 mg level for 1 month following bare metal stent implantation, for 
3 months following sirolimus-eluting stent implantation and for 6 months following paclitaxel-eluting 
stent implantation prior to decreasing the dose to 81 mg indefinitely.

ADP Receptor Blockade (Thienopyridines)
Clopidogrel and ticlopidine are the two currently available drugs, which act to inhibit the function 

of the ADP receptor, P2Y
12

. Both of these drugs are present as pro-drugs and require metabolism into 
an active form by the liver. ADP mediated activation of the P2Y

12
 receptor results in further platelet 
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activation in the form of platelet aggregation and response to other platelet stimuli resulting in a 
heightened prothrombotic state. Ticlopidine use has been limited given the association with serious 
side effects including neutropenia and thrombotic thrombocytopenic purpura (28).

Ticlopidine
Ticlodipine has been examined in the context of acute coronary syndromes and in the setting of 

elective percutaneous coronary intervention (PCI). A randomized, multicenter trial examined patients 
with unstable angina randomized to conventional therapy alone (n = 338) vs. conventional therapy 
plus ticlopidine 250 mg b.i.d. (n = 314). The investigators followed patients for 6 months and found 
that those treated with a combination of conventional therapy and ticlopidine had a relative risk reduc-
tion of 46.8% in vascular death whereas a relative risk reduction in non fatal myocardial infarction of 
46.1% was noted in the group treated with combination therapy (29).

Ticlopidine was also examined in the context of acute myocardial infarction following thromboly-
sis in 1,470 patients randomized to either aspirin (160 mg/day) or ticlopidine (500 mg/day). There 
was a similar rate of death, recurrent myocardial infarction, angina or stroke in both of these groups 
(8.0%, p = 0.966). Furthermore there was no significant difference in the rate of adverse reactions 
between the two groups (30).

In the setting of PCI, the use of ticlopidine has been examined (Table 1). A meta-analysis examined 
13,955 patients enrolled in these trials and found that clopidogrel provided an advantage with regard 
to major adverse cardiac events and notably all cause mortality at 30 days (p = 0.001), suggesting 
improved efficacy of clopidogrel over ticlopidine in the setting of PCI (31).

Clopidogrel
The use of clopidogrel in both secondary prevention and ACS been extensively examined. In the 

Clopidogrel vs. Aspirin in Patients at Risk of Ischemic Events (CAPRIE) trial, clopidogrel was com-
pared to aspirin for purposes of secondary prevention. In 19,185 patients, the use of clopidgrel was 
associated with an 8.7% reduction in the risk of ischemic stroke, vascular death, or myocardial infarc-
tion without an increase in adverse events (32).

Given the potential complimentary role of ADP receptor inhibitors to aspirin in platelet inhibition, 
it is no surprise that the combination serves as a potent antithrombotic entity (33). In the setting of 
PCI, the Clopidogrel for Reduction of Events During Observation (CREDO) study examined the 
combination of clopidogrel and aspirin in 2,116 patients undergoing PCI with patients randomized to 
either a 300 mg-loading dose of clopidogrel followed by 75 mg/day for 1 year vs. 75 mg/day for 
28 days (34). At 28 days, the group receiving the loading dose of clopidogrel had an 18.5% relative 
risk reduction in a combined endpoint of death, myocardial infarction, or urgent target vessel revas-
cularization (p = 0.23). At 1 year, there was an observed 26.9% relative risk reduction in the same 
combined endpoint (p = 0.02) and the curves started to separate quite early from randomzation. 
Interestingly, a post-hoc analysis suggested that patients randomized to a loading dose of 300 mg of 
clopidogrel greater than 6 h before PCI experienced a 38.6% relative risk reduction in the combined 
endpoint vs. no benefit in those receiving the loading dose <6 h to PCI.

In the setting of ACS, clopidogrel has been examined in many trials. In acute ST elevation myo-
cardial infarction (STEMI), the use of clopidogrel has been examined in two large trials. The 
Clopidogrel and Metoprolol in Myocardial Infarction Trial (COMMIT) assessed the effect of either 
aspirin or aspirin and clopidogrel in 45,852 patients with AMI. In those receiving both aspirin and 
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clopidogrel, there was a significant reduction in mortality (p = 0.03) and in the risk of death, reinfarc-
tion, and stroke (p = 0.002) (35).

The other large study examining the efficacy of clopidogrel in AMI was the Clopidogrel as 
Adjunctive Reperfusion Therapy Thrombolysis in Myocardial Infarction 28 (CLARITY-TIMI 28) 
Trial, which randomized 3,491 patients with AMI to clopidogrel vs. placebo following fibrinolysis for 
AMI. In those receiving clopidogrel in addition to fibrinolysis and aspirin, there was a 20% risk reduc-
tion of a combined endpoint of 30 day death from cardiovascular causes, myocardial infarction, or 
need for urgent revascularization (36).

In the setting of unstable angina/NSTEMI, the CURE trial examined the question of whether the addi-
tion of clopidogrel to aspirin in the setting of unstable angina or NSTEMI led to a reduction in the first primary 
outcome, a combination of death from cardiovascular causes, non fatal myocardial infarction, or stroke. 
A second primary endpoint consisting of the first primary endpoint or recurrent ischemia was also 
examined. In total 12,562 patients were randomized to either aspirin and placebo or aspirin and clopi-
dogrel (300 mg loading dose and then 75 mg/day). Patients were eligible if they presented within 24 h 
of onset of symptoms (37). Patients randomized to clopidogrel and aspirin were noted to have a 20% 
relative risk reduction in the first primary outcome (p < 0.001). Within this first primary outcome, 
patients receiving clopidogrel and aspirin had a 40% reduction in ST elevation myocardial infarctions. 
Furthermore, the same group had a 14% relative risk reduction in the second primary endpoint. This 
benefit came at the expense of a significant increase in major bleeding in the treatment group 
(p = 0.001), although not in life threatening bleeding (p = 0.13) (37).

The benefit of clopidogrel therapy in ACS was noticeable in the first 24 h following treatment. 
At this time point there was a statistically significant reduction in the combined second primary 
endpoint. Withholding clopidogrel treatment by even 1 day resulted in a significant loss in the benefit 
observed during the first day of treatment. It is unclear if part of the short term benefit is due to the 
possibility of prevention of rebound hypercoagulability following heparin cessation (38). Incremental 
benefit of clopidogrel therapy was noted between 30 days and 12 months from randomization with an 
18% relative risk reduction in the combined primary endpoint (39).

PCI-CURE was a planned prospective substudy of the original CURE trial. This intention to treat 
analysis examined 2,658 patients with UA or NSTEMI who underwent PCI. Patients were pretreated 
with a combination of aspirin and placebo or clopidogrel for a median of 6 days prior to PCI. 
Following PCI, >80% of patients were placed on an “open-label” thienopyridine for 4 weeks, after 
which the original study drug (placebo or clopidogrel) was resumed. The primary combined endpoint 
of cardiovascular death, myocardial infarction, or urgent target-vessel revascularization was seen in 
6.4% of the placebo group vs. 4.5% for the treatment group (p = 0.03) (40). This benefit was observed 
at both 30 days post-PCI and up to 8 months post-PCI for cardiovascular death and myocardial infarction. 
Interestingly, the group randomized to clopidogrel showed less utilization of a glycoprotein IIb/IIIa 
inhibitor. Furthermore, the benefit of clopidogrel was realized regardless of the timing of PCI following 
presentation (41).

In summary, the current data on thienopyridine, primarily clopidogrel, use suggests that their efficacy 
is about equivalent to that of aspirin. Furthermore, the combination of dual antiplatelet therapy (aspirin 
and thienopyridine) provides an incremental benefit beyond either of them alone in elective PCI and 
across the spectrum of ACS (NSTEMI and STEMI). In the setting of elective PCI, early pretreatment 
with a thienopyridine may provide more benefit than starting at or after the time of PCI. It is also impor-
tant to realize that the effects of this therapy begin early after initiation and last up to 1 year.

152



Antiplatelet Therapies in Unstable Angina and Non-ST Segment Elevation Myocardial Infarction

Drug Eluting Stent Thrombosis and Clopidogrel Therapy
Recent enthusiasm for the use of drug eluting stents (DES) in reducing clinical and angiographic 

restenosis seen with bare metal stents has been dampened by the very real and catastrophic risk of 
stent thrombosis. Stent thrombosis, both subacute and late, in DES has been observed following PCI. 
McFadden et al. reported four cases of angiographically confirmed late stent thrombosis following 
PCI with DES (42). Nasser et al. also reported two cases of stent thrombosis occurring in the setting 
of non-cardiac surgery following cessation of all antiplatelet therapy (43).

The Basel Stent Kosten Effektiviats Trial – Late Thrombotic Events (BASKET-LATE) study exam-
ined this question in patients randomized to either bare metal stents or drug eluting stents. Following 
PCI, patients were treated with dual antiplatelet therapy for 6 months and after this time clopidogrel was 
discontinued. The rates of nonfatal myocardial infarction and cardiac death or nonfatal myocardial 
infarction were significantly higher in the group receiving DES after dual antiplatelet therapy was 
stopped. Furthermore, cardiac death or the combination of cardiac death and nonfatal MI were more 
frequently related to thrombosis (44).

However, the issue regarding the true incidence of stent thrombosis remains controversial. This was 
partly driven by the lack of a consistent definition of stent thrombosis, be it angiographic or clinical. 
There have been several studies, including many meta-anlayses of larger clinical trials of drug eluting 
stents, attempting to quantify the risk associated with DES use vs. bare metal stents and they are 
described in Table 2. The rate of DES stent thrombosis after 1 year remains low overall. In some of 
these studies, the rate remains even lower than others. This may, in part, be due to “off label” vs. “on 
label” usage of these coronary devices. “Real world” or increased off-label usage of DES appears to 
confer a higher risk of stent thrombosis as noted in the Swedish Coronary Angioplasty and 
Angiography Registry (SCAAR) study, which used propensity analysis to compare 19,771 patients, 
who had undergone PCI with either BMS or DES (45). They concluded that over a 3-year period the 
risk of death was significantly higher with DES use. Although the specifics relating to duration of 
clopidogrel therapy were not reported, the excess mortality as compared to the large-scale clinical 
trials raises concern. Iakovou and colleagues examined this question of predictors of stent thrombosis 
in a “real world” population and at 9 months follow up found that there was a higher rate of stent 
thrombosis than noted in the clinical trial data and that premature discontinuation of antiplatelet 
therapy, the presence of diabetes, left ventricular dysfunction, renal failure, and bifurcation lesions 
were predictive of stent thrombosis (46).

The role of dual antiplatelet therapy following PCI with DES appears to have meaningful signifi-
cance in reducing clinical events associated with DES. In an observational study of 4,666 patients 
undergoing PCI with either DES (n = 1,501) or BMS (n = 3,165), the ongoing use of clopidogrel 
therapy was associated with lower rates of death up to 1 year and death or MI up to 2 years (47). 
Similar findings were seen in a prospective analysis of 500 patients having received DES for acute 
MI where cessation of thienopyridine therapy by 30 days post PCI was associated with higher mortal-
ity rates (48). These findings are in contrast to clinical trial data, which tested the duration of dual 
antiplatelet therapy for either 3 or 6 months. Currently, the optimal duration of dual antiplatelet 
therapy following PCI with DES is not known. Although recommendations currently call for dual 
antiplatelet therapy for at least 1 year following PCI with DES, the optimal duration of therapy, in 
terms of risks and benefits, is not known.
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Antithrombotic Drug Therapy in Cardiovascular Disease

GLYCOPROTEIN IIB/IIIA INHIBITORS IN ACUTE CORONARY SYNDROMES

The role of the GP IIb/IIIa receptor in platelet aggregation and thrombus stability has led to the use 
of glycoprotein IIb/IIIa inhibitors in the setting of PCI and ACS. The rationale in the use of the inhibi-
tors is to prevent the binding of the GP IIb/IIIa receptor to fibrinogen or circulating vWF, thus prevent-
ing platelet aggregation and formation and stabilization of the thrombus.

There are three forms of intravenous GP IIb/IIIa inhibitiors available and approved for clinical use. 
Those are eptifibatide, abciximab, and tirofiban. There has been investigational work done in the area 
of oral GP IIb/IIIa inhibitors, which have not demonstrated any benefit and will not be expounded 
upon at this time. The intravenous GP IIb/IIIa inhibitors have been assessed in both the context of 
ACS and elective PCI. Table 3 discusses the important studies of glycoprotein IIb/IIIa inhibitors for 
ACS and for elective PCI. It is important to carefully understand the indications and the populations 
studied in each of these large trials as these may account for the noted differences in results. 
Meta-analyses of some of these large trials of GP IIb/IIIa inhibitors have reinforced the benefit of 
these agents in both the UA/NSTEMI (49) and ST STEMI populations (50).

The relative benefits of each of these antiplatelet agents may vary significantly based on the context 
in which the medication is being administered. In the modern era, with the use of aspirin, heparin (or 
LMWH), and clopidogrel in the setting of ACS, the concomitant use of a GP IIb/IIIa inhibitor has 
been questioned. The Intracoronary Stenting and Antithrombotic Regimen: Rapid and Early Action 
for Coronary Treatment 2 (ISAR-REACT-2) examined this question in the setting of PCI for ACS. In 
higher risk patients undergoing PCI for NSTEMI, this study examined the utility of adding abciximab 
to aspirin, IV heparin, and 600 mg of clopidogrel. At total of 2,022 patients were randomized to 
abciximab or placebo and while there were no significant differences between the groups in terms of 
bleeding, there was a significant reduction in the primary composite endpoint of death, myocardial 
infarction, or urgent TVR noted in troponin positive patients in favor of abciximab (51).

GP IIb/IIIa inhibitors have demonstrated utility across the broad spectrum of ACS patients, particu-
larly in the higher risk troponin positive patients, as shown in post-hoc analyses. Furthermore, the 
benefit of this drug is really observed in the context of undergoing PCI while receiving the drug. 
Although no data has demonstrated the benefit of the combination of GP IIb/IIIa inhibitors and 
thienopyridine therapy over either therapy alone in the medical management of ACS patients, the com-
bination of these medications appears to be more potent than a single agent during PCI for ACS.

NOvEL ANTIPLATELET THERAPIES ON THE HORIzON

Many new antiplatelet agents are currently under investigation for use in ACS and elective PCI. 
The hope is to achieve more rapid and more sustained platelet inhibition with less inconsistency than 
with currently available agents. There are several new ADP receptor antagonists currently being 
examined in clinical trials.

Cangrelor is an intravenous ADP P2Y
12

 receptor subtype inhibitor that is direct acting and does not 
require conversion to an active form. Phase II clinical studies in the setting of elective PCI have shown 
cangrelor to be efficacious (100% inhibition of platelet aggregation at 4 mg/kg dose) yet safe when 
compared with standard medical therapies. Furthermore, in addition to achieving rapid and reversible 
inhibition of platelet function, there is a more rapid return to baseline bleeding times in comparison to 
abciximab (52). Phase II clinical studies in the setting of ACS have clearly demonstrated the safety of 
this agent as an adjunct to aspirin and heparin therapy without an increase in serious bleeding events 
(53). The Clinical Trial Comparing Cangrelor to Clopidogrel in Subjects who Require Percutaneous 
Coronary Intervention (CHAMPION-PCI) (54) is a mutli-center clinical trial currently enrolling 
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patients to demonstrate either superiority or non-inferiority of cangrelor to clopidogrel in the setting of 
PCI. The Clinical Trial Comparing Treatment with Cangrelor (In Combination With Usual Care), to 
Usual Care in Subjects Who Require Percutaneous Coronary Intervention (CHAMPION-PLATFORM) 
(55) will measure the composite of all cause mortality, myocardial ischemia, and ischemia driven 
revascularization as an assessment of cangrelor vs. usual care in patients undergoing PCI.

Prasugrel is an ADP P2Y
12

 receptor irreversible antagonist, which like the currently available 
thienopyridines, requires conversion to an active prodrug form. The potential advantage of this ADP 
receptor antagonist is the potent antiplatelet effect (56) and more rapid onset of action demonstrated in 
comparison to currently available thienoyridines (57). These effects are a result of enzymatic transfor-
mation of the prodrug to an active metabolite in the plasma phase – not dependent upon hepatic function. 
Early phase clinical trials have demonstrated the safety and efficacy of prasugrel (58–60). The Phase III 
Trial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition with Prasugrel-
Thrombolysis in Myocardial Infarction 38 (TRITON-TIMI 38) examined the efficacy of prasugrel in 
comparison to clopidogrel in patients with ACS undergoing PCI. A total of 13,608 patients with ACS 
were randomized to loading and maintenance dosing of either prasugrel or clopidogrel. While there was 
a 19% reduction in the primary efficacy end point of cardiovascular death, non fatal myocardial infarc-
tion or nonfatal stroke with prasugrel (p < 0.001), this was counterbalanced by an increase in the rate of 
life threatening bleeding (p = 0.01) (61). Furthermore, among those patients with an initial primary end-
point event, those treated with prasugrel had fewer recurrent events (p = 0.016) and less cardiovascular 
mortality (p = 0.008) when compared to the clopidogrel treatment arm (62). Although the overall clinical 
efficacy appears to favor prasugrel over clopidogrel in ACS, the increased rates of major bleeding events 
with prasugrel are cause for concern. The Prasugrel in Comparison to Clopidogrel for Inhibition of 
Platelet Activation and Aggregation-Thrombolysis in Myocardial Infarction 44 (PRINCIPLE-TIMI 44) 
examined the question of dosing with regard to both prasugrel and clopidogrel (63).

AZD6140 is a novel, non-thienopyridine ADP P2Y
12

 receptor inhibitor. This oral reversible ADP 
receptor inhibitor belongs to a class of agents termed cyclopentyltriazolopyrimidines that do not 
require metabolism to an active state. In a double blind, parallel group study, 200 patients with athero-
sclerosis were randomized to either 50, 100, or 200 mg twice daily, or 400 mg once daily or clopidogrel 
75 mg. Nearly complete platelet inhibition was achieved with AZD6140 doses greater than 100 mg bid. 
At higher dose ranges of AZD6140, there were slightly higher rates of minor/mild bleeding and one 
reported major bleeding event at a dose of 400 mg once daily. Furthermore, there was a slight increase 
in non-heart failure or bronchospasm related symptoms of dyspnea with increasing doses of AZD6140 
(64). The Phase III Platelet Inhibition and Patient Outcomes (PLATO) trial will compare the effective-
ness of AZD6140 against clopidogrel in patients with acute coronary syndromes (65).

CONCLUSION

The ability to modulate platelet activity effectively and safely has proved to be an advantage in many 
different types of cardiovascular disease. Platelet inhibition has improved outcomes in both elective PCI 
and, especially, in ACS. Activated platelets appear to provide a key link between inflammation and 
thrombosis. As such, inhibiting platelet activation by one of many pathways serves not only to inhibit 
thrombus formation, but also appears to temper the inflammatory component in ACS and in the setting 
of PCI. Effective antiplatelet therapy has also been shown to be of primary importance in the prevention 
of stent thrombosis following PCI with drug eluting stents. The goal of newer agents is to improve effi-
cacy, to reduce time to peak platelet inhibition, and to provide a more uniform response among patients. 
There are several new agents, which are currently under investigation to answer questions on efficacy 
and safety. Time will tell whether these agents will significantly alter practice and outcomes. What is 
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certain is that an improved understanding of platelet function will allow for the development of more 
specific therapies that will likely enhance our ability to safely and effectively control platelets.
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AbstrAct Unfractionated heparin (Ufh) and low-molecular-weight heparin (Lmwh) are anti-
thrombin agents used to treat patients with non-st-segment elevation acute coronary syndromes 
(Nste ACs). Among Lmwh agents, enoxaparin has the strongest evidence for use in Nste ACs. 
while heparins were the only antithrombin drugs recommended for Nste ACs treatment during the 
last decade, new developments in antithrombotic drugs – particularly bivalirudin and fondaparinux – have 
broadened the list of agents from which physicians may choose.

this chapter will focus on pharmacology and clinical data for enoxaparin and Ufh in the management 
of patients with Nste ACs, while clinical trials comparing heparins with new antithrombin agents will 
be described in detail in other chapters.
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STRUCTURE AND MECHANISM OF ACTION

Unfractionated heparin (Ufh) is a mixture of heparins, which are highly sulfated, negatively 
charged glycosaminoglycans. the molecules in the mixture are heterogeneous in molecular weight 
ranging from 3,000 to 30,000 Da (1). heparins act as indirect inhibitors of coagulation factors, because 
antithrombin, a natural regulator of the coagulation cascade, is required as a cofactor for the anticoagulant 
effect. Antithrombin and heparins form a complex that inhibits thrombin (factor IIa), factors Xa, IXa, 
XIa, and XIIa (1). Among those factors, thrombin and factor Xa are the most sensitive to antithrombin/
heparin inhibition (1). Ufh has a more potent effect on thrombin than on factor Xa, with an anti-IIa/
anti-Xa activity ratio of approximately ten (1). the weight of the heparin molecules determines the 
capability to inhibit factor IIa and the anti-IIa/anti-Xa ratio. In fact, the inhibitory effect on thrombin 
requires that a heparin molecule binds antithrombin and thrombin simultaneously. this complex can 
be formed only by heparin molecules with at least 18 saccharides (1). the inhibition of factor Xa 
requires a heparin molecule to contain a specific pentasaccharidic sequence (2). the pentasaccharide 
is a heparin sequence that binds antithrombin, producing a high anti-Xa effect without anti-IIa effect. 
therefore, small heparin molecules containing pentasaccharide are highly selective in inhibiting factor 
Xa (2). Approximately 30% of Ufh molecules contain the requisite pentasaccharide (1).

Low-molecular-weight heparins (Lmwhs) are derived from depolymerization of Ufh resulting in 
an average molecular weight that is approximately one-third of Ufh (2,000–9,000 Da) (3). the various 
Lmwh agents commercially available differ in the method adopted to achieve depolymerization. 
enoxaparin is obtained by alkaline depolymerization of heparin benzyl ester. enoxaparin has an average 
molecular weight of approximately 4,500 Da (4). Given their smaller size, Lmwhs are less capable 
of inhibiting thrombin and therefore act more specifically as factor Xa inhibitors (1). the anti-IIa/
anti-Xa ratio for commercially available Lmwh is typically from 1:2 to 1:4, and 1:3 for enoxaparin 
(5). selective factor Xa inhibition has been proposed as a potential pharmacological advantage of 
Lmwh over Ufh because factor Xa is located upstream in the coagulation cascade. however, no 
evidence confirms that anti-Xa activity is clinically superior to anti-IIa activity, or that anti-Xa selectivity 
represents a clinical advantage.

PHARMACOKINETICS

Circulating molecules contained in Ufh mixtures bind to several plasma proteins and only 30% 
bind antithrombin, thus producing an actual anticoagulant effect (1). heparin molecules also bind 
endothelial cells and macrophages. these nonspecific protein- and cell-binding properties of heparin 
render its anticoagulant effect unpredictable (1). the clearance of heparin from plasma occurs in two 
phases. the first, rapid, saturable phase is the consequence of the cell-binding properties of heparin. 
the second, slow, nonsaturable mechanism is mediated by renal clearance. As a consequence of this 
complex elimination, the anticoagulant effect of heparin is not linear at therapeutic doses (1).

the most recognized pharmacologic advantage of Lmwh over Ufh is the pharmacokinetic 
 profile. In fact, the lower molecular size of Lmwh results in limited binding to plasma protein and 
cells (4). this has two main reported consequences. first, the dose–response relationship is more 
predictable for Lmwh, eliminating the need for monitoring in most clinical situations. second, 
because of the lack of a rapid cell-mediated clearance mechanism, Lmwh has a longer half-life and 
therefore can be administered at longer intervals without continuous infusion. moreover, the higher 
subcutaneous bioavailability of Lmwh obviates the need for intravenous infusion. the main elimination 
mechanism for Lmwh is renal, with potential risk of accumulation in patients with renal insufficiency 
and need for dose adjustment (1).
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HEPARIN MONITORING AND DOSING

UFH
Given the unpredictability of the Ufh anticoagulant effect, monitoring is required in clinical practice. 

the most common method for monitoring Ufh therapy is the activated prothrombin time assay 
(aPtt) (6). the activated clotting time (ACt) is used when a higher level of anticoagulation is 
needed, such as in percutaneous coronary intervention (PCI) and coronary artery bypass surgery 
(CABG) (1). the aPtt is sensitive to the inhibitory effects of heparin on thrombin, factor Xa, and 
factor IXa; however, it is most sensitive to factor IIa activity (6).

Despite the almost universal use of aPtt to monitor Ufh therapy, there remains uncertainty about 
the optimal level of anticoagulation in patients with non-st-segment elevation acute coronary syndromes 
(Nste ACs). several studies have investigated the relationship between aPtt, recurrent cardiovascular 
events, and bleeding in patients with ACs treated with Ufh. In the Organization to Assess strategies in 
Ischemic syndromes 2 (OAsIs 2) trial, values of aPtt < 60 s were associated with an increased risk of 
ischemic complication compared with an aPtt > 60 s. At the same time, there was a 7% increase in 
bleeding for each 10-s increase in aPtt (7). Among patients treated with fibrinolysis in the Global Use 
of strategies to Open Occluded Coronary Arteries I (GUstO I) trial, an aPtt between 50 and 70 s at 
12 h was found to be associated with the lowest rate of bleeding and ischemic complication (8). the 
thrombolysis in myocardial Infarction IIIB (tImI IIIB) trial failed to show differences in either aPtt 
values or protamine heparin concentrations among Nste ACs patients with and without ischemic com-
plications. moreover, anticoagulation with heparin to achieve aPtt > 2.0 times control did not appear to 
offer additional clinical benefit (9). the GUstO IIB trial, in which the target aPtt was prespecified at 
50–70 s, showed a significant relationship between increasing 12-h aPtt and increasing rate of 30-day 
death or reinfarction; an aPtt between 50 and 60 s was associated with the lowest risk of bleeding (10). 
findings were similar in an analysis of the relationship of aPtt with ischemic events and bleeding in 
the Platelet IIb/IIIa Antagonism for the Reduction of Acute coronary syndrome events in a Global 
Organization Network (PARAGON), a study, which used blinded, central adjustment of heparin infusion 
rate based on a standard algorithm and a standard device for measuring aPtt (11). Based on these data, 
current guidelines recommend an aPtt range between 50 and 70 s or between 1.5 and 2.0 times the 
laboratory control value for treatment of patients with Nste ACs (12). however, the significant varia-
bility in aPtt reagent sensitivity is a well-known problem (6). In fact, aPtt measures obtained at dif-
ferent laboratories are not directly comparable due to the availability of numerous assays which may 
differ in thromboplastin reagents and coagulometer instruments (13,14). It has been shown that, for a 
known heparin anti-Xa units of 0.3 U/ml, the corresponding aPtt varied from 48 to 108 s depending 
on method of determination used (13,14). In practice, this means that the same patient treated at two 
different hospitals may require two very different heparin doses to achieve the same aPtt effect, resulting 
in two very different plasma heparin levels and possibly in vivo anticoagulant effect. to correct this lack 
of standardization of aPtt measurement, the College of American Pathologists and the American 
College of Chest Physicians recommended against the use of a fixed aPtt therapeutic range in favor of 
establishing a local therapeutic range by determining the aPtt range that, with the local assay, corre-
sponds to heparin anti-Xa activity between 0.3 and 0.7 U/L (or protamine titration heparin levels of 0.2 
to 0.4 U/ml) for the treatment of venous thromboembolism and 0.3–0.6 U/L for coronary indications 
such as Nste ACs. however, the use of such heparin therapeutic levels, particularly in the setting of 
ACs, has never been validated in large outcome studies so the precise relationship between actual heparin 
concentration and outcomes remains unknown. Potential problems may also occur in anti-Xa measure-
ment with the lack of standardization across assays. In addition, the relationship between anti-Xa activity 
and outcomes has not been appropriately examined in large populations.
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Appropriate initial dosing of Ufh is important to increase the likelihood that a patient achieves 
therapeutic anticoagulation levels. Because weight is a major determinant of the antithrombotic effect 
of Ufh, weight-adjusted nomograms have been developed and have been shown to produce a more 
predictable anticoagulant effect and an increased chance of achieving therapeutic anticoagulation 
(10,15–17). moreover, a fixed dose of heparin results in marked initial over-anticoagulation in patients 
with ACs (15) and causes a significant increase in the rate of major bleeding (18,19). thus, American 
College of Cardiology (ACC)/American heart Association (AhA) guidelines recommend an initial 
bolus dose of 60 U/kg (maximum 4,000 U) and an initial infusion of 12 U/kg/h (maximum1,000 U/h) 
(12). the anticoagulant effect should be measured 6 h after the initiation of the therapy.

Enoxaparin
enoxaparin, like other Lmwhs, does not require monitoring in most clinical situations, and a fixed 

weight- and renal-adjusted dosing regimen is used to treat patients with Nste ACs. the recom-
mended dosing regimen of enoxaparin in Nste ACs is 1 mg/kg every 12 h. A single daily dose of 
1 mg/kg is recommended for patients with creatinine clearance <30 ml/min, to avoid drug accumulation 
and bleeding. A recent study in the setting of st-segment elevation myocardial infarction treated with 
fibrinolysis, the enoxaparin and thrombolysis Reperfusion for Acute myocardial Infarction 
treatment, thrombolysis in myocardial Infarction 25 (extRACt-tImI 25) study used a more conser-
vative dosing regimen of enoxaparin in older patients treated with thrombolysis. Patients aged 75 years 
or older received a 0.75 mg/kg subcutaneous dose every 12 h (maximum 75 mg total) (20).

monitoring is not usually clinically required; however, anti-factor Xa assays are available to monitor 
therapy with Lmwh. these anti-Xa assays have been used mostly for research aiming to establish a 
correlation between measures of Lmwh effect and outcomes. Nonetheless, anti-Xa assays are also 
suggested for clinical monitoring of Lmwh therapy in special populations such as patients with obesity 
and/or renal insufficiency (1). some studies have shown increased risk of bleeding with elevated anti-
Xa levels (>0.8 U/ml) (21), whereas others have failed to confirm this association (22–24). Another 
analysis in an unselected Nste ACs population showed that anti-Xa activity <0.5 U/ml with Lmwh 
was associated with an increased risk of recurrent ischemic events at 30 days (25).

An anti-Xa-dependent point-of-care assay (eNOX time) has been developed to monitor enoxaparin 
therapy. In a study evaluating eNOX times in patients undergoing PCI treated with enoxaparin, the test 
showed moderate correlation with laboratory-assessed anti-Xa level and no significant association with 
ischemic complication in the multivariable model, whereas increased eNOX times were associated 
with increased risk of bleeding (26).

the American College of Chest Physicians guidelines recommend a therapeutic anti-Xa range for 
enoxaparin to be between 0.6 and 1.0 U/ml peak values for twice-daily regimens (1).

CLINICAL TRIALS OF UFH IN NSTE ACS

six randomized clinical trials have compared Ufh and aspirin versus aspirin alone and provide the 
foundation of evidence for the use of Ufh in patients with Nste ACs. these trials, however, would 
be considered small by current standards, as none included more than 400 patients (27–32). 
Nonetheless, they showed a relative risk reduction of 50–60% in the incidence of myocardial infarction 
within 1 week. In a systematic overview of these six randomized trials, Ufh was associated with a 
statistically nonsignificant 33% reduction in the risk of death or myocardial infarction (relative risk 
[RR] 0.67; 95% confidence interval [CI] 0.44–1.02) (33).
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CLINICAL TRIALS OF LMWH IN NSTE ACS

Trials of LMWH versus Placebo
Lmwh was clinically tested when therapy with Ufh was already considered the standard of care, 

and therefore most trials with Lmwh were performed against Ufh as the control treatment. two 
large trials, however, compared Lmwh versus placebo: fRagmin during Instability in Coronary 
Artery Disease (fRIsC) and the subsequent fRIsC II trial (34,35). the fRIsC trial compared 6-day 
dalteparin (120 U/kg twice a day) followed by 7,500 U once daily up to 45 days versus placebo in 
1,506 patients with Nste ACs (34). the rate of death or new myocardial infarction at 6 days was 
lower in the dalteparin group than in the placebo group (1.8% vs. 4.8%; RR 0.37; 95% CI 0.20–0.68). 
the benefit persisted at 40 days, although an increased risk of reinfarction was observed following 
dalteparin dose reduction. No differences were observed in the rates of death and myocardial infarction 
4–5 months after the end of treatment.

the fRIsC II trial further investigated the effect of long-term dalteparin in 2,267 patients with 
Nste ACs. After a minimum of 5 days of treatment with open-label dalteparin, patients received 
subcutaneous dalteparin twice daily or placebo for 3 months. similar to the fRIsC trial, fRIsC II 
showed a significant reduction of death or myocardial infarction in the dalteparin group at 30 days 
(3.1% vs. 5.9%; RR 0.53; 95% CI 0.35–0.80), which was no longer significant at 3 months (6.7% vs. 
8.0%; RR 0.81; 95% CI 0.60–1.10).

Trials with LMWH versus UFH
A total of nine randomized clinical trials have compared Lmwh and Ufh, including six evaluating 

enoxaparin (table 1). these trials have been completed over an extended period of time with changing 
patient demographics, concomitant medications, and management strategies.

First Large Randomized Clinical Trials of Enoxaparin versus UFH In NSTE ACS

the first two large randomized clinical trials comparing enoxaparin versus Ufh in the treatment 
of patients with Nste ACs were the efficacy and safety of subcutaneous enoxaparin in Non-Q-wave 
Coronary events (esseNCe) trial and the tImI 11B trial (36,37). the esseNCe trial randomized 
3,171 patients with Nste ACs to receive either subcutaneous enoxaparin (1 mg/kg twice daily) or 
intravenous Ufh, for a minimum of 48 h to a maximum of 8 days. the primary end point was the 
composite of 14-day death, myocardial infarction, or recurrent angina. Patients in the enoxaparin 
group had a significant reduction in the incidence of the primary end point (16.6% vs. 19.8%; odds 
ratio [OR] 0.80; 95% CI 0.67–0.96). Also, at 30 days, the incidence of the composite triple end points 
remained significantly lower in the enoxaparin group (19.8% vs. 23.3%; OR 0.81; 95% CI 0.68–0.96). 
All bleeding was significantly higher in the enoxaparin group (18.4% vs. 14.2%; P = 0.001), although 
major bleeding was not significantly different (6.5% vs. 7.0%; P = 0.57). the 1-year follow up of the 
esseNCe trial showed a sustained benefit of enoxaparin on the triple composite end point (32.0% 
vs. 35.7%; P = 0.022) (38).

the tImI 11B trial included 3,910 patients with Nste ACs who received either enoxaparin (initial 
30 mg intravenous bolus followed by subcutaneous injections of 1.0 mg/kg every 12 h) or 3–8 days 
of Ufh infusion (initial 70 U/kg bolus and initial infusion of 15 U/kg/h; target aPtt 1.5–2.5 times 
the control) (37). the trial also had an outpatient phase during which patients in the enoxaparin group 
continued to receive the drug (40 mg subcutaneously every 12 h for patients weighing <65 kg and 
60 mg for those weighing ³65 kg) for an additional 35 days after hospital discharge, and patients in 
the Ufh group received subcutaneous injections of placebo. the primary end point was the composite 
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of death, myocardial infarction, or urgent revascularization. At 8 days, the primary end point occurred 
in 12.4% of patients in the enoxaparin group and 14.5% of patients in the Ufh group (OR 0.83; 95% 
CI 0.69–1.00). this benefit was sustained in the outpatient phase of the study (17.3% vs. 19.7%; OR 
0.85; 95% CI 0.72–1.00), but there was no further additional benefit of enoxaparin. the rate of major 
bleeding during the inpatient phase was not significantly different between the two groups (1.5% 
enoxaparin vs. 1.0 Ufh; P = 0.143), whereas the rate of minor bleeding was higher in the enoxaparin 
group, mostly due to ecchymosis reported at the injection site (9.5% vs. 2.5%; P < 0.001). In the out-
patient phase, patients treated with enoxaparin had a significantly higher rate of major (2.9% vs. 
1.5%; P = 0.021) and minor (19.3% vs. 5.2%; P < 0.001) bleeding compared with placebo.

the results of the esseNCe and tImI 11B trials were analyzed as part of a prespecified systematic 
overview (39). the meta-analysis estimated that, overall, enoxaparin provided a 20% benefit over 
Ufh in reduction of death and serious cardiac ischemic events. moreover, pooled data demonstrated 
an 18–23% relative risk reduction of the composite of death or myocardial infarction, whereas the two 
trials individually did not show a significant reduction in this combined end point (36,37). the reduction 
of events occurred only in the first days of treatment, although it was sustained through 43 days.  
the drawback was the increase in the rate of minor bleeding associated with enoxaparin treatment 
(OR 2.38; 95% CI 1.98–2.85).

Results of trials with other Lmwhs (dalteparin and nadroparin) have not been consistent with 
those of esseNCe and tImI 11B in showing superiority compared with Ufh, thus negating a “class 
effect” of Lmwhs. the fRIC trial failed to show a significant benefit of subcutaneous dalteparin 
compared with intravenous Ufh during the acute phase of hospitalization in reducing the risk of 
death, myocardial infarction, or recurrent angina (9.3% dalteparin vs. 7.6% Ufh; RR 1.18; 95% CI 
0.84–1.66), with no benefit of dalteparin over placebo during prolonged treatment (up to 45 days) 
(40). similarly, the fRAXiparine in Ischemic syndrome (fRAXIs) trial showed that treatment 
with nadroparin for 6 days was not superior to Ufh and that a more prolonged regimen (14 days) of 
nadroparin did not provide any additional benefit (41). the reason for the heterogeneity of results 
between trials with enoxaparin and those with dalteparin and nadroparin is not clear. Differences in 
Lmwh preparations, anti-Xa/anti-IIa factor ratios, dose regimens, populations studied, and trial 
design have been proposed as possible explanations.

Despite the favorable results achieved by enoxaparin in the esseNCe and tImI 11B trials, there 
were scientific and practical barriers that limited widespread adoption of enoxaparin in clinical prac-
tice during the subsequent years. first, the ACC/AhA guidelines gave only a class IIa recommenda-
tion on the preference of enoxaparin over Ufh (42). second, management of patients with Nste 
ACs continued to evolve with more common use of coronary catheterization and an early invasive 
strategy, and physicians struggled with integration of new pharmacotherapy and invasive approaches. 
third, glycoprotein (GP) IIb/IIIa inhibitors and clopidogrel were also introduced, and the impact of 
these agents on bleeding and efficacy outcomes with enoxaparin had not been studied (42). In the 
pooled esseNCe/tImI 11B populations, only approximately 13% of patients underwent PCI during 
initial hospitalization, and use of clopidogrel and GP IIb/IIIa inhibitors was rare (39). moreover, the 
trials of GP IIb/IIIa receptor antagonists – in both the setting of PCI and medically managed Nste 
ACs patients – were conducted using concomitant antithrombin therapy with Ufh (43,44), and 
esseNCe and tImI 11b mandated that patients received open-label Ufh during coronary procedures 
to achieve ACt greater than 350 s (36,37). As a consequence, Ufh remained the preferred antithrombotic 
drug among patients undergoing an early invasive strategy as did the practice of switching to Ufh 
during PCI for those patients treated with enoxaparin.

A number of subsequent studies have reevaluated enoxaparin in a more contemporary Nste ACs 
treatment setting, including concomitant GP IIb/IIIa receptor inhibition and an early invasive strategy.
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Trials of LMWH versus UFH In Addition to a GP IIb/IIIa Inhibitor

the Antithrombotic Combination Using tirofiban and enoxaparin (ACUte) II trial, which followed 
the pilot ACUte trial, evaluated the safety of adding enoxaparin to tirofiban in patients with Nste ACs 
(45,46). A total of 525 patients treated with tirofiban were randomized to receive enoxaparin (1 mg/kg 
every 12 h) or Ufh (5,000 U initial bolus, 1,000 U/h initial infusion) for 24–96 h (46). the total tImI 
major or minor bleeding rate was not different between the two groups (3.5% vs. 4.8% for enoxaparin 
and Ufh, respectively; OR 1.4; 95% CI 0.6–3.4). Although the trial was not powered to evaluate 
efficacy, no differences in the rate of death or myocardial infarction were observed, but recurrent 
ischemia was less frequent in the enoxaparin group.

the Integrilin and enoxaparin Randomised Assessment of Acute Coronary syndrome treatment 
(INteRACt) trial randomized 746 patients with Nste ACs treated with eptifibatide to receive open-
label enoxaparin (1 mg/kg subcutaneously twice daily) or Ufh (70 U/kg initial bolus, 15 kg/h infu-
sion) for 48 h (47). the primary safety outcome (96-h major non-CABG-related bleeding) was 
significantly lower in the enoxaparin group than in the Ufh group (1.8% vs. 4.6%; P = 0.03), but the 
rate of minor bleeding was higher in the enoxaparin group (30.3% vs. 20.8%; P = 0.003). the trial also 
found lower rates of ischemic episodes detected by continuous electrocardiogram evaluation (primary 
efficacy outcome) and of 30-day death or myocardial infarction in the enoxaparin group.

the largest trial conducted to compare enoxaparin and Ufh on a background therapy with GP IIb/
IIIa inhibition was the prospective, international, open-label, randomized A to Z trial (48). the objective 
of the study was to assess the noninferiority of enoxaparin (1 mg/kg every 12 h) compared with weight-
adjusted intravenous Ufh in patients with Nste ACs treated with tirofiban. the treatment strategy 
(early invasive vs. conservative) was left to the discretion of the treating physician. the primary end 
point of the trial was the composite of death, myocardial infarction, or refractory ischemia at 7 days. 
Among the 3,987 patients randomized in the study, 8.4% experienced a primary end point event in the 
enoxaparin group and 9.4% in the Ufh group (hazard ratio [hR] 0.88; 95% CI 0.71–1.08), meeting the 
prespecified criterion for noninferiority but not the criterion for superiority. Interestingly, the trial 
indicated a trend on the primary end point in favor of enoxaparin among patients who did not receive 
antithrombotic treatment prior to randomization (hR 0.77; 95% CI 0.53–1.11). the rate of any tImI 
bleeding was 3.0% in the enoxaparin group and 2.2% in the Ufh group (P = 0.13).

Trials of LMWH versus UFH In Patients Undergoing an Early Invasive Strategy

the superior Yield of the New strategy of enoxaparin, Revascularization, and Glycoprotein IIb/
IIIa Inhibitors (sYNeRGY) trial was designed to compare enoxaparin with Ufh in patients planned 
to undergo an early invasive strategy (49). there were several reasons why such a trial was needed. 
first, patients undergoing an early invasive strategy are different from those treated conservatively 
with regards to demographic characteristics and risk profiles (50). second, the use of an early invasive 
strategy had been shown to reduce ischemic events in Nste ACs, and therefore it was not clear 
whether therapy with enoxaparin would reproduce the benefit observed in the setting of a conservative 
strategy (51). third, patients undergoing PCI more often receive triple antiplatelet therapy, including 
aspirin, clopidogrel, and a GP IIb/IIIa inhibitor. fourth, interventional cardiologists have been reluctant 
to use enoxaparin during PCI because of a lack of anticoagulant monitoring and also because of 
concerns regarding sheath management. finally, the sYNeRGY trial evaluated enoxaparin and Ufh 
in a high-risk population, whereas previous trials included a broader Nste ACs population, mostly 
at low to moderate risk.

sYNeRGY was a randomized, open-label trial including 10,027 high-risk Nste ACs patients (52). 
Patients received either subcutaneous enoxaparin or weight-adjusted aPtt-titrated intravenous Ufh. 
the primary efficacy outcome was the composite of death or nonfatal myocardial infarction during 
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the first 30 days after randomization. the goal of the trial was primarily to demonstrate the superiority 
of enoxaparin over Ufh, and subsequently to test for noninferiority if superiority was not demon-
strated. the primary end point occurred in 14.0% of patients in the enoxaparin group and 14.5% of 
patients in the Ufh group (OR 0.96; 95% CI 0.86–1.06). thus, enoxaparin failed to demonstrate supe-
riority but met the criterion for noninferiority. Overall, enoxaparin was associated with a significant 
increase in the risk of tImI major bleeding (9.1% vs. 7.6%; P = 0.008) and a nonsignificant trend 
toward increase in the rate of GUstO severe bleeding (2.7% vs. 2.2%; P = 0.08) and transfusions 
(17.0% vs. 16.0%; P = 0.16). the sYNeRGY trial allowed patients to be randomized even if an anti-
thrombin had been started prior to randomization, and a total of 75% of patients had actually received 
either Ufh or Lmwh. the analysis of patients who did not receive any prerandomization therapy or 
who received consistent pre- and postrandomization therapy showed a reduced risk of 30-day death 
or myocardial infarction among those randomized to receive enoxaparin (13.9% vs. 15.9%; hR 0.82; 
95% CI 0.72–0.94) and no differences in blood transfusion (16.9% vs. 17.0%). In subgroup analyses 
specifically addressing the impact of prerandomization treatment, after adjustment for differences in 
baseline characteristics, consistent therapy with enoxaparin was associated with a reduced risk of 
30-day death or myocardial infarction, with a trend toward increased risk of bleeding (53).

OVERVIEW OF TRIALS COMPARING LMWH AND UFH IN NSTE ACS

trials comparing Ufh and enoxaparin in Nste ACs conducted at different times and with different 
concomitant medication and treatment strategies have produced different results. enoxaparin was 
shown to be superior to Ufh in trials where patients were mostly treated with a conservative approach 
and with no use of dual or triple antiplatelet therapy (36,37). trials performed with a background 
therapy of GP IIb/IIIa inhibition and a trial performed in the setting of an early invasive strategy with 
high rates of PCI, clopidogrel, and GP IIb/IIIa inhibitor use have shown substantial equivalency of the 
two treatments on the efficacy side, and some advantage of Ufh in terms of bleeding risk (48,52).

Petersen et al. performed a systematic overview of all six randomized clinical trials comparing 
enoxaparin and Ufh in Nste ACs (including >22,000 patients) to investigate whether differences in 
the relative efficacy and safety exist between the two drugs across time and evolution of Nste ACs 
treatment (54). At 30 days, the rate of death was similar for enoxaparin and Ufh (3.0% vs. 3.0%; OR 
1.00; 95% CI 0.85–1.17), but there was a mild, yet significant, benefit in the composite of death or 
myocardial infarction at 30 days in patients treated with enoxaparin (10.1% vs. 11.0%; OR 0.91; 95% 
CI 0.83–0.99) (fig. 1). the size of effect of enoxaparin on 30-day death or mI was greater among 
patients who did not receive prerandomization antithrombin therapy (8.0% vs. 9.4%; OR 0.81; 95% 
CI 0.70–0.94). No significant difference was found in odds of blood transfusion (OR 1.01; 95% CI 
0.89–1.14) or major bleeding (OR 1.04; 95% CI 0.83–1.30) at 7 days after randomization. similar 
results were found in patients who did not receive prerandomization therapy. the data from this 
meta-analysis seem to support the concept that enoxaparin, when used consistently during the course of 
hospitalization, may be superior to Ufh, without a significant toll in terms of bleeding.

MANAGEMENT OF ANTITHROMBIN THERAPY DURING PCI  
IN NSTE ACS PATIENTS

Ufh historically has been the antithrombin agent of choice during PCI, even after the introduction 
of Lmwh. the main reasons for this preference likely derive from the familiarity of interventional 
cardiologists with the drug and the ability to monitor the anticoagulant effect prior to the procedure 
and to sheath removal. moreover, because of limited experience with Lmwh use, the first trials on 
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enoxaparin mandated the use of open-label Ufh even during PCI (36,37). Consequently, a widely 
adopted strategy in clinical practice for patients treated with enoxaparin and undergoing PCI was to 
“hold” the morning injection of enoxaparin and administer additional Ufh bolus prior to the PCI. the 
practice of “holding then switching” has been also endorsed by previous ACC/AhA guidelines (42).

however, clinical studies published over the years have consistently shown that PCI can be safely 
performed in patients who are receiving standard doses of enoxaparin. In a cohort of 451 consecutive 
Nste ACs patients treated with standard enoxaparin dose for 48 h, Collet et al. showed that, when 
PCI was performed within 8 h of the last dose of enoxaparin, no in-hospital abrupt closures or urgent 
revascularizations occurred after PCI (55). In the National Investigators Collaborating on enoxaparin 
(NICe) 1 study groups, registry patients undergoing PCI received enoxaparin 1.0 mg/kg intravenously 
(without abciximab), whereas those enrolled in the NICe 4 registry received 0.75 mg/kg of enoxaparin 
intravenously in addition to abciximab. Bleeding events and ischemic outcomes assessed in-hospital 
and at 30 days post-PCI were infrequent and not superior to historical control (56).

In the sYNeRGY trial, in patients assigned to enoxaparin and undergoing PCI within 8 h of the 
last subcutaneous injection, no additional anticoagulant (neither enoxaparin nor Ufh) was to be given 
(52). for those who received the last enoxaparin dose 8 or more hours before the PCI, an additional 

Fig. 1. meta-analysis of six randomized clinical trials comparing enoxaparin and Ufh in Nste ACs. Top panel 
shows the odds ratios for 30-day death or myocardial infarction in all patients included in the meta-analysis. Bottom 
panel shows the odds ratios for 30-day death or myocardial infarction among patients who did not receive an anti-
thrombin agent prior to randomization. from Ref. (54) (permission request pending).
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intravenous bolus of 0.3 mg/kg of enoxaparin was to be given before the procedure. the trial found 
no differences in ischemic complication during PCI between patients treated with enoxaparin and those 
treated with Ufh – including abrupt closures, threatened abrupt closures, or emergency CABG – and 
no differences in the rate of 30-day death or myocardial infarction (57). the possibility of safely 
performing PCI under anticoagulation with enoxaparin was specifically investigated and confirmed in 
the safety and efficacy of enoxaparin in Percutaneous Coronary Intervention Patients, an International 
Randomized evaluation (steePLe) trial (58). the trial randomized 3,528 patients undergoing elec-
tive PCI to receive enoxaparin (0.5 mg/kg or 0.75 mg/kg) or ACt-adjusted Ufh dose. the primary 
end point was the incidence of non-CABG-related major or minor bleeding. Patients in the enoxaparin 
0.5 mg/kg group had a significant reduction in the rate of non-CABG-related bleeding compared with 
Ufh (5.9% vs. 8.5%; absolute difference −2.6; 95% CI [−4.7, −0.6]), whereas, among patients in the 
enoxaparin 0.75 mg/kg group, the difference was nonsignificant (6.5% vs. 8.5%; absolute difference 
−2.0; 95% CI −4.0–0.0). the rate of major bleeding was significantly lower in both enoxaparin groups 
compared with Ufh.

Overall, these results have important implications for the management of patients with Nste ACs 
undergoing PCI. In fact, they indicate that Ufh and enoxaparin are both adequate choices for use in 
the performance of PCI in patients with Nste ACs.

CLINICAL PERSPECTIVE AND CURRENT GUIDELINE RECOMMENDATIONS

Despite decades of use in clinical practice, several key issues regarding heparin remain unresolved. 
the first is related to the unpredictability of the pharmacologic effect of Ufh and the need to monitor 
its antithrombotic effect to calculate the dosing. Infusion doses of Ufh are based on complex proto-
cols which are poorly standardized across hospitals, and, as a consequence, the clinical trial results 
may not be observed in routine clinical practice (59). there is also uncertainty about the appropriate 
tool for measuring the anticoagulant effect and the optimal therapeutic range. In fact, the widely used 
aPtt measurement is poorly standardized, making it almost impossible to directly compare the refer-
ence ranges across laboratories (1). the therapeutic aPtt range itself is not well established. Recent 
heparin guidelines recommend using heparin anti-Xa assay to establish the local aPtt, but the thera-
peutic heparin anti-Xa range with Ufh in Nste ACs has never been studied (1). enoxaparin over-
comes some of these limitations of Ufh because of its more predictable pharmacology, the better 
standardization of dosing regimens, and the lack of need for monitoring in most clinical situations.

One clinically important issue with enoxaparin is the need for decreased dose in patients with 
chronic kidney disease. Current dosing guidelines include an increase of the dosing interval from 12 
to 24 h in patients with creatinine clearance <30 ml/min. It is unclear, however, whether a more con-
servative dosing regimen may be warranted in patients with more modest degrees of renal dysfunction 
(60) or with other characteristics such as advanced age.

Clinical experiences suggest that routine switching from enoxaparin to Ufh is common, despite 
data to support continued therapy and the protective effect of enoxaparin on thrombotic complication 
during PCI. for example, sYNeRGY, in which no periprocedural monitoring of enoxaparin therapy 
was used, demonstrated no procedural differences in ischemic events compared with Ufh. Although 
potential confounders complicate the interpretation of the risk of events occurring in postrandomization 
groups, these data, along with the demonstrated comparable efficacy of enoxaparin and Ufh during 
PCI, should discourage the adoption of switching between heparins (49,58).

Currently, physicians may choose from among four different agents for antithrombin therapy in 
Nste ACs: Ufh, enoxaparin, fondaparinux, and bivalirudin. the recently revised ACC/AhA and 
european society of Cardiology guidelines have incorporated the results of clinical trials of bivalirudin 
and fondaparinux and consequently have expanded the list of recommended drugs (12,61–63). 
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the ACC/AhA and esC guidelines interpreted these results differently, however, thereby high-
lighting the complexities and pitfalls in the design of such trials and in inferences from subgroup 
analyses (table 2). the ACC/AhA guidelines have given a class I recommendation to each of the 
four agents. Given the larger number of available randomized clinical trial data, Ufh and enoxaparin 
have a level of evidence A, whereas bivalirudin and fondaparinux – which are supported by only 
one trial in the Nste ACs population – have a level of evidence B. Nonetheless, current guidelines 
do not indicate any preference as to which agent should be chosen in patients undergoing an early 
invasive strategy. In patients undergoing conservative treatment, the guidelines express a preference for 
enoxaparin or fondaparinux (class IIb), with fondaparinux being the agent of choice for patients at risk 
of bleeding (class I).

the esC guidelines indicated a preference for bivalirudin use among patients undergoing an urgent 
early invasive strategy (IB), with Ufh as a possible alternative (IC). enoxaparin has only been attrib-
uted a class IIa, and fondaparinux has not been included as a possible choice in the setting of rapid 
cardiac catheterization. In patients who receive a conservative approach or a delayed catheterization, 
the esC guidelines clearly indicate fondaparinux as the preferred choice (IA), as opposed to enoxaparin 
and Ufh (IIa and B, respectively).

In our view, there are several factors to be taken into account when deciding which antithrombin 
agent should be used. these include the treatment strategy (invasive vs. conservative), the institutional 
standard practice of time to cardiac catheterization (same day vs. next day vs. other), the use of 
upstream GP IIb/IIIa inhibitors, the use of clopidogrel as initial medical therapy, the presence of renal 
disease, and the overall risk of bleeding. however, none of these factors has been clearly proven to be 
critical to predict the benefit/risk of each currently available antithrombotic drug relative to another, 
and they mostly derive from informal evaluation of the populations included in trials, the concomitant 
medication used, and the treatment strategies adopted.

for high-risk patients requiring a GP IIb/IIIa inhibitor who do not undergo cardiac catheterization 
in the first few hours, enoxaparin or Ufh may still represent the first choice, particularly if enoxaparin 
is used consistently. In patients with renal disease, those at higher risk of bleeding, and those who are 
treated conservatively, fondaparinux may be the treatment of choice. finally, bivalirudin may repre-

Table 2 
Class of recommendation and level of evidence regarding NSTE ACS antithrombin therapies in 2007  

ACC/AHA and ESC guidelines

Urgent/early invasive strategy Conservative/non-urgent invasive strategy

Class of recommendation, 
level of evidence esC ACC/AhA esC ACC/AhA

I, A enoxaparin, 
Ufh

fondaparinux enoxaparin, 
Ufh

I, B Bivalirudin Bivalirudin,  
fondaparinux

fondaparinuxa

I, C Ufh
IIa, B enoxaparin enoxaparinb, Lmwh, 

Ufh
enoxaparin,  

fondaparinuxc

afondaparinux preferred if there is an increased risk of bleeding
benoxaparin recommended only if the risk of bleeding is low
cenoxaparin or fondaparinux preferred over Ufh unless CABG is planned <24 h
ACC American College of Cardiology; AHA American heart Association; ESC european society of Cardiology; NSTE 
ACS nNon-st-segment elevation acute coronary syndromes; UFH unfractionated heparin
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sent the optimal choice for those patients undergoing expedited PCI with no planned use of GP IIb/
IIIa inhibitors, in patients not at high risk, or in those pretreated with clopidogrel prior to PCI. As 
stated above, those recommendations should be seen more as general criteria from which to choose, 
rather than as guidelines supported by scientific evidence from specific randomized clinical investiga-
tions. however, rather than deciding on a case-by-case basis, it is recommended that each hospital 
adopt a protocol indicating the antithrombin of choice to be used locally. the protocol should indicate 
specific instructions relative to dosing, timing of administration, monitoring (as needed), and manage-
ment of the therapy in case of catheterization, PCI, or CABG. the protocol should also specify special 
situations in which another agent may be preferable.

A protocol-based approach has several potential advantages. first, it ensures that patients admitted 
to the hospital receive consistent treatment, thereby avoiding changes in therapy within the same 
hospital. for the same reason, patients who come from another hospital and have already received an 
antithrombin drug should continue the treatment started at the first hospital rather than switching to 
accommodate local or personal preferences. second, the adoption of a protocol with a “first-choice” 
drug increases the familiarity of physicians and other health care professionals with the chosen agent. 
Increased familiarity and specific dosing guidelines may decrease the risk of dosing errors and is even 
more critical for those therapies with more complex dosing regimens (64).

In conclusion, despite the developments in new antithrombotic drugs, Ufh and enoxaparin still 
represent valuable choices for the treatment of patients with Nste ACs and retain an ACC/AhA 
guideline recommendation of class I, level of evidence A. Appropriate dosing, consistency of therapy, 
and adequate management of therapy during invasive procedures are critical to optimize the balance 
of efficacy and safety when these drugs are used.
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AbstrAct The acute coronary syndromes (ACS) represent a continuum of athereothrombotic diseases 
that result from near instantaneous platelet activation and the initiation of the coagulation cascade most 
often following plaque erosion/rupture. Due to the central role of thrombin in clot formation, many therapies 
have aimed at inhibiting the action of thrombin to slow or reverse the coagulation cascade and to minimize 
the morbidity of ACS. While unfractionated heparin has been the stalwart agent for the management of 
ACS, several unfavorable characteristics such as the inability to inhibit clot-bound thrombin and a vulner-
ability to circulating inhibitors have prompted the search for alternative agents. Direct thrombin inhibitors 
(DTIs) were developed in an effort to effectively block the prothrombotic effects of thrombin without 
the associated increase in hemorrhagic events seen with the use of heparin. Early trials evaluating the DTI 
hirudin for management of unstable angina (UA) and non-ST-elevation myocardial infarction (NSTEMI) 
were largely disappointing. More recent data has demonstrated significantly lower bleeding rates with a 
similar effect on ischemic endpoints with the use of the DTI, bivalirudin, across the spectrum of ACS.  
As a result, the use of bivalirudin for most patients presenting with UA, NSTEMI, or STEMI is increasing. 
In this chapter, the data regarding the use of DTI in ACS will be presented and suggestions for their use 
in specific clinical scenarios will be given.
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INTRODUCTION

Acute coronary syndromes (ACS) represent a continuum of atherothrombotic disease and include 
unstable angina (UA), non-ST segment elevation myocardial infarction (NSTEMI), and ST-segment-
elevation myocardial infarction (STEMI). Central to the development of an acute coronary syndrome 
is atherosclerotic plaque erosion and/or rupture, the mechanism of which remains poorly understood 
but involves factors that induce plaque vulnerability. With plaque rupture, subendothelial collagen is 
exposed and tissue factor is released resulting in near instantaneous platelet activation and the initia-
tion of the coagulation cascade, respectively.

Once initiated, the coagulation cascade rapidly facilitates the generation of thrombin which in turn 
serves a number of essential functions (Table 1). Thrombin formation induces platelet activation, acti-
vation of factors V, VIII and XI, and the generation of more thrombin. Thrombin triggers  
platelet activation by protease-activated receptors (PARs) which leads to the production of thromboxane, 
serotonin and ADP. Clot formation is further amplified by thrombin-induced activation of the glyco-
protein IIb/IIIa integrin receptor to bind fibrinogen and the von-Willebrand factor resulting in platelet 
aggregation. The intrinsic and extrinsic coagulation cascades unite in the conversion of fibrinogen to 
fibrin and cross-linking fibrin, leading to a stable thrombus. In addition, thrombin also plays a role in 
endothelial vasoconstriction, smooth muscle cell proliferation, and cytokine release (1). The final 
product is a fibrin-platelet clot which limits or obstructs blood flow through a coronary artery and 
results in an acute coronary syndrome.

The central role that thrombin plays in clot formation provides a unique opportunity for therapeutic 
intervention. There are two classes of anticoagulants aimed at inhibiting thrombin, the heparins 
(unfractionated heparin, low molecular weight heparin (LMWH), and fondaparinux, a synthetic 
heparin pentasaccharide) and the direct thrombin inhibitors (DTIs).

Heparins are indirect thrombin inhibitors and require a cofactor, antithrombin (formerly anti-
thrombin III). Upon binding to antithrombin, a conformational change occurs which converts the 
enzyme from a slow to a rapid inhibitor of thrombin. The heparin–antithrombin complex inactivates 
thrombin, as well as factor VII, IX, and X. This in turn inhibits the activation of factor V and VIII, 
and decreases platelet activation and aggregation (Fig. 1).

Notwithstanding the strong anticoagulation properties, there are important intrinsic limitations 
associated with the use of heparin (Table 2) (2–4). Perhaps most significant is that the large heparin–
antithrombin complex cannot inactivate thrombin bound within a clot (2). The thrombin molecule has 
three receptors which regulate its enzymatic activity: the catalytic site and two exosites. Exosite-1 is 
the substrate binding domain for alignment of the peptide bonds to the catalytic site. Exosite 2 is the 
heparin binding site (Fig. 1). Following the attachment of thrombin to fibrin within a clot, exosite 2 
is protected from the heparin–antithrombin complex. Thus, clot bound thrombin continues to exert 
thrombogenic effects despite the use of heparin. Secondly, heparin is vulnerable to suppression by 
circulating inhibitors including platelet factor 4 and heparinase (4). Heparin also exhibits variable 

Table 1 
Effects of thrombin on coagulation

Effect Mechanism of action

Increased platelet activation Activates platelet protease-activated receptor
Activates platelet Gp IIb/IIIa integrin receptor

Increased generation of thrombin Activates autocatalytic feedback loop
Propagates and stabilizes clot formation Catalyzes cross-link of fibrin clot
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bioavailability and non-linear pharmacokinetics. The animal source and manufacturing process 
results in non-uniform sized molecules, approximately only a third of which have the unique pen-
tasaccharide sequence required to effectively activate antithrombin. Heparin binds numerous tissues 
and plasma proteins leading to unpredictable active plasma levels and variable dosing from patient to 
patient. Heparin also appears to have an inherent platelet activating effect (5). In addition, extended 
heparin use may result in heparin-induced thrombocytopenia (HIT) in 2.5–3% of the patients (6). HIT 
is particularly a matter of concern in patients with acute coronary syndrome, as it is results in a pro-
thrombotic state. Lastly, observations from several trials have suggested a potential reactivation of 
thrombin leading to coronary ischemia in the hours following heparin discontinuation. (7,8) Another 
theoretical limitation is that heparin should have limited effectiveness in patients with antithrombin 
deficiency, however, clinically this appears to be irrelevant (9).

Table 2 
Comparison of heparin and direct thrombin inhibitors

Unfractionated heparin Direct thrombin inhibitors

Unable to inhibit thrombin bound to fibrin clot due to  
steric hindrance

Inhibits thrombin bound to fibrin clot

Indirectly inhibits thrombin through antithrombin  
cofactor

Directly inhibits thrombin without cofactor

Reduced potency with antithrombin cofactor deficiency No dependence upon cofactor
Unpredictable bioavailability due to non-specific binding 

 to circulating or vascular proteins
Little or no non-specific binding

Variable potency depending upon distribution  
of molecular size in natural mixture

Consistent potency

Inhibited by platelet factor 4 and other circulating  
inhibitors

No circulating inhibitors

Activates platelets No platelet activation. Inhibits thrombin-mediated 
pathway of platelet activation

Antibody-mediated heparin-induced thrombocytopenia  
syndrome (HITS)

No heparin-induced thrombocytopenia  
or cross-reaction with HITS antibodies

Unfractionated
heparin    

Pentasaccharide
sequence

Antithrombin

Factor Xa

Thrombin

Fig. 1. Schematic representation of the interaction between antithrombin and heparin and its effect on the binding of 
antithrombin with factor Xa and thrombin. Heparin binds with antithrombin via a specific pentasaccharide binding site.
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In an effort to overcome some of the unfavorable pharmacokinetic and pharmacodynamic 
characteristics of UFH, LMWH was developed. LMWHs are approximately 5,000 dalton heparin 
fragments produced through the enzymatic or chemical depolymerization of UFH (10). Whether 
injected IV or SC, LMWHs have a more predictable onset of action than does UFH and LMWHs 
have a decreased propensity to bind to plasma proteins and platelets (11,12). This is believed to 
explain the greater bioavailability and diminished platelet activation and incidence of HIT observed 
with the use of LMWHs as compared to UFH. Like UFH, LMWH binds with AT through a unique 
pentasaccharide segment resulting in the accelerated AT-mediated inactivation of factor Xa, thus 
inhibiting the coagulation cascade. LMWH also inactivates thrombin, however, it does so to a lesser 
degree than does UFH. Different LMWH preparations have varying ratios of polysaccharide chain 
lengths, the majority of which are less than 18 units in length. Because the inactivation of thrombin 
requires the heparin molecule to have at least 18 saccharide units, the anticoagulant effects LMWH 
are predominantly due to its inhibition of factor X and less so to its inhibition of thrombin (13). The 
overall result is a longer and a more predictable anticoagulation effect that does not require frequent 
monitoring or dose adjustment and is feasible for SC delivery (14). Early trials comparing the 
LMWH enoxaparin to UFH among patients with UA/NSTEMI treated with aspirin and conserva-
tive management revealed a decrease in ischemic events with no difference in hemorrhagic compli-
cations (15–17). While these data were promising, they had significant limitations. Most importantly, 
these trials did not employ an early invasive strategy or the adjunctive use of Gp IIbIIIa inhibitors 
in the treatment of ACS and thus, it was not possible to extrapolate these trials to include contem-
porary practice patterns (18). To resolve this, the SYNERGY trial randomized 10,000 high-risk 
patients with ACS to receive either enoxaparin or UFH with concomitant Gp IIbIIIa inhibitor as per 
the physician’s discretion and an early invasive strategy of catheterization and revascularization 
(19,20). There was no statistically-significant difference between the two groups in the primary 
endpoint of death or MI (14.5% vs. 14.0% in the UFH and enoxaparin arms, respectively, p = 0.4); 
however, major bleeding occurred more frequently among patients in the enoxaparin arm (7.6% vs. 
9.1% respectively, p = 0.008). Similarly, multiple studies comparing the use of enoxaparin vs. UFH 
in patients presenting with STEMI and undergoing fibrinolytic therapy were performed (21–23). 
While each of these trials showed enoxaparin to have similar or improved efficacy in reducing death 
and MI when compared to UFH, they also revealed significantly increased risk of hemorrhagic 
complications. The use of enoxaparin compared to UFH in patients with STEMI and primary PCI 
has not been well evaluated.

OVERVIEW OF DIRECT THROMBIN INHIBITORS

The inherent limitations of heparins led to the investigation of alternative strategies to inhibit 
thrombin. DTIs bind directly to the catalytic and/or substrate recognition (exosite 1) sites of thrombin, 
in contrast to heparin which binds antithrombin (1). Hirudin, the prototype DTI, and other recently 
developed synthetic analogues are potent anticoagulants with different pharmacokinetic and pharma-
codynamic properties. Bivalent DTIs bind the catalytic site and the substrate binding site (exosite 1) 
whereas univalent DTIs only bind the catalytic site (Fig. 2). DTIs have several important advantages 
over heparin (Table 2). In contrast to heparin, DTIs are not subject to steric hindrance and are able to 
inactivate thrombin bound within a clot. DTIs do not require a cofactor and there are no circulating 
inhibitors. DTIs have more reliable therapeutic responses as in general they do not bind plasma pro-
teins. They do not cause the immune-mediated syndrome of HIT. Finally, whereas heparin has been 
shown to intrinsically activate platelets (3), DTIs do not share this effect and actually inhibit the 
thrombin-mediated pathway of platelet aggregation (Table 2).
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Initial studies using animal models to compare DTIs to heparin in suppression of arterial and 
venous thrombosis suggested a possible benefit with DTIs. Enthusiasm for their use however was 
tempered by the results of several large trials in the 1990s. It appeared that DTIs, primarily hirudin, 
provided only minimal benefit beyond that of heparin in protection against ischemic events, and yet 
increased hemorrhagic events. More recent evidence has suggested the therapeutic benefit of synthetic 
analogues, in particular bivalirudin, initially in the attenuation of peri-procedural ischemic complica-
tions of percutaneous intervention and later in the treatment of ACS.

SPECIFIC DIRECT THROMBIN INHIBITORS

Hirudin
Hirudin is a naturally occurring molecule originally isolated from the saliva of the medicinal leech 

(Hirudo medicinalis) over 30 years ago (Table 3). It is a 65-amino-acid polypeptide which bivalently 
and irreversibly binds thrombin with high affinity (24). Hirudin can be administered intravenously or 
subcutaneously and is almost exclusively excreted by the kidneys. The half-life of hirudin is approxi-
mately 60 min; however this can be significantly prolonged in the presence of renal dysfunction. Hirudin 
is contraindicated for patients with a creatinine clearance <15 ml/min. Formation of antibodies directed 
against hirudin may occur in up to 40% of patients, and anaphylactic reactions have been reported 
(25,26). Moreover, anti-hirudin antibodies may lead to an increased half-life and subsequent drug 
accumulation (27). Plasma levels of partial thromboplastin times (PTT) increase proportionally with 
dosing over a range of 0.1–0.4 mg/kg. Dosing adjustments should be made until a steady state aPTT 
of 1.5–2.5 times the initial baseline value is achieved. Hirudin is FDA-approved for treatment of HIT. 
Lepirudin is a recombinant form of hirudin derived from yeast cells with virtually the same pharma-
cokinetic and pharmacodynamic properties.

Table 3 
Properties and FDA indications for use of parenteral DTIs : Hirudin, Bivalirudin, and Argatroban

Hirudin Bivalirudin Argatroban

Type of molecule 65 amino acid 
polypeptide

20 amino acid peptide Synthetic arginine  
derivative

Mass (daltons) 7,000 1,980 527
Thrombin binding 

sites
Catalytic, exosite I Catalytic, exosite I Catalytic

Thrombin binding 
kinetics

Irreversible Reversible on proteolytic cleavage Reversible, 
 competitive

Clearance Renal Predominantly endogenous  
circulating peptidases,  
minor renal

Hepatic

Elimination half-life 60 min 25 min 54 min
Produces antibodies? Yes No No
FDA indication(s) Treatment of HIT 1. AC in patients undergoing PCI.

2. ACS (with ASA) undergoing 
PTCA

1. Treatment of HIT
2. During PCI in patients 

who have or are at risk 
for HIT
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Bivalirudin
Bivalirudin is a 20-amino acid synthetic analogue of hirudin. Like hirudin, it bivalently binds with 

high affinity to both the catalytic and exosite-1 recognition sites of thrombin (Fig. 2). Unlike hirudin, 
thrombin inhibition by bivalirudin is reversible (1,28). Upon binding to thrombin, bivalirudin is 
quickly cleaved into two fragments which only weakly interact with thrombin. The half-life of biva-
lirudin is approximately 25 min, a factor which may contribute to the lower rate of bleeding compli-
cations compared with hirudin. Bivalirudin is administered intravenously and plasma levels are 
directly proportional to dosing. For percutaneous coronary intervention, an initial bolus of 0.75 mg/
kg is followed by a continuous infusion of 1.75 mg/kg/h for the duration of the procedure. For man-
agement of ACS outside of percutaneous interventional procedures, the initial dose is 0.1 mg/kg, 
followed by a continuous infusion of 0.25 mg/kg/h. Therapeutic steady state is achieved when the 
PTT is 1.5–2.5 times the baseline value. Bivalirudin fragments are degraded by endogenous pepti-
dases in the blood, and are primarily excreted by the kidneys. Although clearance is only modestly 
effected by decreased renal insufficiency, dose adjustments and careful monitoring is suggested in 
patients with creatinine clearance <30 ml/min (decrease infusion rate to 1 mg/kg/h) and dialysis 
dependent patients (decrease infusion to 0.25 mg/kg/h). Bivalirudin is approved for use as an anti-
coagulant in patients undergoing percutaneous coronary intervention electively or during an acute 
coronary syndrome.

Argatroban
Argatroban is a small synthetic molecule derived from L-arginine, which acts as a reversible uni-

valent thrombin inhibitor. In contrast to bivalirudin or hirudin, argatroban is hepatically metabolized 
through the cytokine P450 pathway, and approximately half of a given intravenous dose is bound by 
plasma proteins. Dosing precautions are advised in patients with hepatic dysfunction, but are not 
required in patients with renal insufficiency (29). Plasma levels are linearly related to intravenous 
dosing, and the half-life of argatroban is approximately 54 min. In percutaneous coronary interven-
tion, an initial bolus dose of 350 mcg/kg is followed by infusion of 25 mcg/kg/min, with additional 
boluses of 150 mcg/kg and increase in infusion as necessary to achieve an activated clotting time 
(ACT) of 300–450 s. When given for treatment of HIT, dose adjustment should be made until a steady 
state aPTT of 1.5–3.0 times the initial baseline value is achieved. Argatroban has not been linked to 
immune-mediated responses. Argatroban is approved for use in the treatment of HIT, and during 
percutaneous coronary intervention in patients who have or are at risk for HIT.

Orally Active Direct Thrombin Inhibitors
Ximelagatran was the first orally-active DTI (Fig. 2). It is a small molecule which requires metabo-

lization after ingestion to melagatran, a univalent inhibitor of the catalytic site on thrombin. Melagatran 
has a half-life of 5 h, and is excreted in the urine. Use of this agent has been limited by an alarming 
number of unpredictable incidents of severe hepatotoxicity. In 2004 the FDA Advisory Committee rec-
ommended against its approval, and the sponsoring company terminated its development 2 years later.

Dabigatran etexilate is another orally active DTI under investigation to determine its safety and 
efficacy in the treatment of venous and arterial thromboembolic disorders (30).

Clinical Use of Direct Thrombin Inhibitors in Unstable Angina and NSTEMI

Thrombus formation at the site of plaque disruption leading to partial or subtotal occlusion of a 
coronary artery is the key step in the pathogenesis of UA and non-transmural myocardial infarction. 
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Coronary artery plaque disruption results in exposure of subendothelial collagen and tissue factor to 
circulating clotting factors. The activation of thrombin is a critical early step in the activation of the 
clotting cascade, platelet activation and ultimately in the formation of a platelet-fibrin clot. Based on 
the limitations of heparins and the advantages of DTIs discussed above, recent investigation has 
focused on using DTI as primary anticoagulant agents in the treatment of ACS.

The use of DTIs in the treatment of ACS has been evaluated by a number of clinical trials. Two 
large trials the Global Utilization of Strategies to Open Occluded Coronary Arteries (GUSTO-II) (31), 
and the Organization to Assess Strategies for Ischemic Syndromes (OASIS-2) trial (32) focused on 
the use of recombinant hirudin in the treatment of ACS. GUSTO IIb was a multicenter international 
trial that compared heparin to low dose hirudin (0.1 mg/kg bolus followed by 0.1 mg/kg/h infusion; 
goal aPTT 60–85 s) in 12,142 patients enrolled in 1994 and 1995 with either ST elevation (4,131 
patients) or non-ST elevation (8,011 patients) myocardial infarctions (33). At 24 h, hirudin therapy 
was associated with a statistically-significant reduction in the incidence of death or recurrent myocar-
dial infarction (1.3% vs. 2.1% with heparin, p = 0.001). By 30 days, however, this difference was only 
marginally significant with 8.9% and 9.8% of patients in the hirudin and heparin arms respectively 
reaching the study’s primary endpoint of death or non-fatal myocardial infarction (p = 0.06). Of those 
patients who presented without ST elevation, the difference in incidence of death or recurrent ischemia 

Hirudin 
Bivalirudin

Argatroban 
Ximelagatran 

Catalytic 
Site 

Substrate 
Recognition Site

Heparin 
Binding 

TThhrroommbbiinn

Fig. 2. Schematic representation of thrombin with substrate recognition sites (exosites 1 and 2) and the active catalytic 
site. Binding patterns of bivalent (hirudin and bivalirudin) and univalent (argatroban and Ximelagatran) are shown.
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was less impressive and statistically insignificant (8.3% for hirudin vs. 9.1% for heparin, p = 0.22). 
The trend toward reduced ischemic events was offset by an increase in the incidence of moderate and 
severe bleeding defined as the need for transfusion with hirudin (9.7%) compared to heparin (8.6%, 
p = 0.04).

A subsequent trial, OASIS II, evaluated a similar hypothesis that hirudin would be a superior anti-
coagulant to heparin in patients with UA or non-ST elevation myocardial infarction (32). In this trial, 
10,141 patients were enrolled from August 1996 to April 1998 and randomized to standard dose UFH 
vs. high dose hirudin (0.4 mg/kg bolus followed by 0.15 mg/kg/h infusion; goal aPTT 60–100 s). At 
7 days, patients treated with hirudin were less likely to develop the primary endpoints of cardiovas-
cular death or new myocardial infarction (3.6% vs. 4.2% with heparin, p = 0.077). Moreover, hirudin 
therapy was associated with a statistically significant reduction in the secondary composite endpoint 
of cardiovascular death, myocardial infarction or refractory angina at 7 days (5.6% vs. 6.7% with 
heparin, p = 0.0125). Differences were particularly apparent in higher risk patients for whom an inter-
vention was eventually required. Similar to GUSTO II, the risk of major bleed was higher in the 
hirudin group than in the heparin treated group (1.2% vs. 0.7%, p = 0.01).

A meta-analysis performed by the Direct Thrombin Inhibitor Trialists’ Collaborative Group com-
pared safety and efficacy of four different DTIs from 11 randomized trials and 35,970 patients who 
presented with UA, NSTEMI, and STEMI (34). Compared with heparin, patients treated with DTIs 
had a significant reduction in the primary efficacy endpoint of death or myocardial infarction (4.3% 
vs. 5.1%) at 30 days. Notably the treatment benefit was seen with bivalent DTIs, hirudin and bivaliru-
din, but not with the univalent DTIs, inogatran or argatroban. This finding held true in the subset of 
patients who presented without ST elevation with primary endpoint occurring in 3.7% with DTIs 
versus 4.6% with heparin (Odds Ratio 0.80 (0.70–0.92)). Perhaps most significant given the results 
of the OASIS II and GUSTO II trials, there was an increase in major bleeding with hirudin but an 
actual reduction in bleeding with bivalirudin.

The finding that improved antithrombotic efficacy may be obtained without an associated increase 
in major bleeding was first demonstrated in the Bivalirudin Angioplasty Trial (BAT). The BAT trial 
enrolled 4,098 patients with either UA or postinfarction angina between March 1993 and July 1994 
(35). Patients were randomly assigned to receive either heparin or bivalirudin prior to angiography. 
Although there was no difference in the primary endpoint of death in the hospital, myocardial infarc-
tion, abrupt vessel closure or cardiac derived clinical decline between bivalirudin and heparin (11.4% 
vs. 12.2%, p = 0.44), there was a significant reduction in incidence of major hemorrhage seen in 
patients treated with bivalirudin compared with heparin (3.8% vs. 9.8%, p < 0.001). Although the 
mechanism is unclear, it has been suggested that the reduction in bleeding seen with bivalirudin is due 
to its reversible binding of thrombin and shorter half-life (35). The results of the BAT trial suggested 
bivalirudin could provide at least equal reduction in ischemic complications without resulting in an 
increased risk of bleeding.

Taken together, the results of the individual trials and the meta-analysis comparing DTIs to heparin 
in the setting of ACS suggest a modest superiority of DTIs over heparin in reducing ischemic events, 
which in the case of hirudin is achieved at the cost of increased bleeding. The meta-analysis demon-
strated heterogeneity of DTIs both in terms of clinical benefit and incidence of major bleeding. The 
greatest benefit in the meta analysis appeared to be derived from patients treated with bivalirudin who 
later underwent percutaneous coronary intervention (34), in whom the BAT trial revealed bivalirudin 
could actually reduce bleeding rates.

The relevance of the results from early studies to current clinical practice is limited. Overall 
management strategies during the majority of these trials were conservative in contrast to current 
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strategies of early angiography and aggressive percutaneous coronary intervention. Additionally, 
when the effectiveness of DTIs could be evaluated in the setting of percutaneous intervention, it 
was in an era prior to the widespread use of coronary stents. Another limitation is that newer anti-
coagulants such as thienopyridines and glycoprotein IIb/IIIa inhibitors which have been shown to 
be clearly beneficial were not yet part of the treatment strategy for ACS at the time of the early 
trials. Moreover, despite the notable benefit of reduced bleeding with bivalirudin noted in the BAT 
trial and the DTI meta-analysis, the majority of the initial investigations were focused on huridin.

Based on its favorable safety profile compared with other DTIs and the results of the BAT trial, 
bivalirudin received approval for use as an anticoagulation strategy in percutaneous intervention. 
However, widespread use of bivalirudin in this setting did not occur until The Randomized Evaluation 
in PCI Linking Angiomax to Reduced Clinical Events (REPLACE-2) trial suggested bivalirudin could 
be used as an alternative anticoagulation strategy instead of heparin and GPIIa/IIIb inhibition (36). 
The REPLACE-2 trial demonstrated bivalirudin to be non-inferior to heparin plus glycoprotein IIb/
IIIa blockade in reducing ischemic complications associated with PCI, while significantly reducing 
rate of major in-hospital bleeding (4.1% in heparin plus GPIIa/IIIb vs. 2.4% in bivalirudin alone, 
p = 0.001).

The intent of the REPLACE-2 trial was to evaluate the use of bivalirudin during elective or urgent 
PCI, and the study did not include patients with acute myocardial infarctions or who were given 
antithrombotic therapy prior to PCI for high-risk acute coronary syndrome (36). Therefore, to assess 
the role of bivalirudin across the spectrum of care from contemporary medical pretreatment through 
early angiography and PCI in the setting of moderate- or high-risk ACS, the Acute Catheterization 
and Urgent Intervention Triage Strategy (ACUITY) trial was performed (37). This trial enrolled 
13,819 patients, all of whom were to receive immediate aspirin and undergo angiography within 72 h 
of presentation; the administration of clopidogrel was at the discretion of the local investigator. 
Patients were assigned to one of three arms for anticoagulation: unfractionated or low molecular 
weight heparin plus a glycoprotein IIb/IIIa inhibitor (heparin plus GpIIb/IIIa inhibitor), bivalirudin 
plus a glycoprotein IIb/IIIa inhibitor (bivalirudin plus GpIIb/IIIa inhibitor), or bivalrudin plus provi-
sional use of a glycoprotein IIb/IIIa inhibitor (per the discretion of the investigator; bivalirudin 
alone). Both bivalirudin alone and with GpIIb/IIIa inhibition, compared to heparin plus a GpIIb/IIIa 
inhibitor, were associated with non-inferior 30 day rates of the primary endpoint of death, myocar-
dial infarction, or unplanned revascularization (Fig. 3). Rates of major hemorrhage were similar for 
the bivalirudin plus GpIIb/IIIa inhibitor arm and the heparin plus GpIIb/IIIa inhibitor arm (5.3% vs. 
5.7%, respectively, p = 0.38), while bivalirudin alone was associated with significantly less major 
bleeding (3.0%, p < 0.001). In a subgroup analysis, it is worth noting that treatment with bivalirudin 
alone without pretreatment with clopidogrel prior to angiography showed a marginally significant 
increase in ischemic events (9.1% vs. 7.1% with heparin plus GpIIb/IIIa inhibition, p = 0.054) 
Subsequent more detailed post hoc analysis suggested that outcomes in the bivalirudin monotherapy 
arm were similar to those in the heparin plus GP IIb/IIIa inhibitor group as long as clopidogrel was 
administered before or within 30 min of completing the PCI procedure (38). Thus, while the data 
from ACUITY were by no means conclusive that bivalirudin monotherapy without clopidogrel pre-
treatment is inferior to treatment with heparin plus a GpIIb/IIIa inhibitor, the apparent relationship 
was noted and led to the recommendation in the ACC/AHA 2007 Guidelines for the Management of 
Unstable Angina/Non-ST Elevation Myocardial Infarction that bivalirudin monotherapy be used 
with clopidogrel loading (39). The results from ACUITY support those from REPLACE-2 in dem-
onstrating that the use of bivalirudin is associated with a similar incidence of ischemic events, yet 
significantly less major bleeding complications when compared to treatment with heparin and a 
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Fig. 3. Kaplan–Meier Time-to-Event Curves for the end points of net clinical outcome (a), composite ischemia (b), 
and major bleeding (c). Outcomes at 30 days in the ACUITY trial comparing bivalirudin with and without glycopro-
tein IIb/IIIa to heparin and glycoprotein IIb/IIIa blockade in the treatment of acute coronary syndromes. The primary 
end points were measured at 30 + 5 days; thus, follow-up is reported to 35 days. The event rate for each curve refers 
to the cumulative rate at 35 days. P values are for comparisons with the control group (unfractionated heparin or 
enoxaparin plus glycoprotein IIb/IIIa inhibitors). GP denotes glycoprotein. The thick solid line represents heparin plus 
GP IIb/IIIa inhibitor; the dotted line, bivalirudin plus GP IIb/IIIa inhibitor; and the thin solid line, bivalirudin alone.
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glycoprotein IIb/IIIa inhibitor, and thus is an acceptable alternative for the management of UA, 
NSTEMI and during elective or urgent PCI (36,37).

Clinical Use of Direct Thrombin Inhibitors in STEMI

In contrast to UA or NSTEMI, the majority of patients with STEMIs have occlusive coronary 
thrombi with little or no blood flow to the effected area of myocardium (40). Therapy for this condi-
tion is therefore focused on immediate reperfusion with either fibrinolysis or percutaneous interven-
tion. Early trials focused on the usefulness of DTIs in conjunction with fibrinolytics in the treatment 
of STEMIs. GUSTO-IIa (31,33) and TIMI-9a (41) assessed hirudin in this setting, but both studies 
were terminated early after initial analysis revealed higher bleeding rates within the hirudin treatment 
arms. Although, the trials were restarted with lower doses of hirudin, treatment with hirudin was 
associated with similar rates of ischemic events compared with heparin (31,33)(42). Moreover, pri-
mary endpoints of death or myocardial re-infarction at 30 days were not significantly different 
between the hirudin and heparin groups in GUSTO-IIb (hirudin 9.9% vs. heparin 11.3%) or TIMI 9b 
(hirudin 9.7% vs. heparin 9.5%). As was the case for patients with UA and NSTEMIs, hirudin treat-
ment was associated with a higher rate of bleeding in patients with STEMI. The Hirulog and Early 
Reperfusion or Occlusion (HERO-2) trial compared the use of bivalirudin to heparin in patients with 
ST elevation myocardial infarctions undergoing fibinolysis with streptokinase (43). The results were 
similarly disappointing with no difference in the primary endpoint of 30 day mortality in patients 
treated with bivalirudin (10.8%) compared to heparin (10.9%), and there were higher rates of bleeding 
in the bivalirudin arm. Taken together, these studies demonstrate that the use of DTIs appear to offer 
no benefit over heparin in the setting of fibrinolysis for treatment of acute STEMI.

The results of these trials evaluating the use of DTIs in the treatment of ST-segment elevation 
myocardial infarctions thus suggested that DTI’s do not provide a net benefit over heparin among 
patients undergoing fibrinolysis. The Harmonizing Outcomes with Revascularization and Stents in 
Acute Myocardial Infarction (HORIZONS-AMI) study was designed to test whether direct thrombin 
inhibition could provide a benefit in patients with ST elevation myocardial infarctions who underwent 
early percutaneous intervention (44). A total of 3,602 patients presenting with STEMI were randomly 
assigned to receive heparin plus glycoprotein IIb/IIIa blockade or bivalirudin alone and then under-
went emergent percutaneous coronary intervention (Fig. 4) (44). All patients were treated with opti-
mal platelet inhibition including aspirin and clopidogrel. At 30 days, those treated with bivalirudin 
monotherapy showed similar rates of major cardiovascular events when compared to heparin plus a 
GpIIa/IIIb inhibitor. However, bivalirudin monotherapy resulted in significantly lower 30 day rates of 
death from cardiovascular causes (1.8% vs. 2.9% with heparin plus GpIIb/IIIa inhibition, p = 0.03) and 
death from all causes (2.1% vs. 3.1% with heparin plus GIIb/IIIa inhibition, p = 0.047). Equally nota-
ble was that bivalirudin monotherapy was associated with significantly less major hemorrhage (5.0% 
vs. 8.4% with heparin plus GpIIb/IIIa inhibition, p < 0.001, Fig. 4). As shown in Fig. 4, there was an 
apparent initial increase in ischemic cardiovascular endpoints (death, reinfarction, target vessel revas-
cularization for ischemia, and stroke) in the bivalirudin arm, however, this difference was no longer 
evident at 30 days when overall rates were similar (5.4% vs. 5.5% with heparin and GpIIb/IIIa inhibi-
tion, respectively, p = 0.95). In addition, the authors note that in the 3,124 patients in whom stents were 
implanted, stent thrombosis occurred in 17 more patients within the first 24 h in the bivalirudin arm. 
However, that trend was later reversed with seven fewer incidents of stent thrombosis in the bivaliru-
din arm during the period from the 24 h to 30 days. At 30 days, there was no significant difference in 
stent thrombosis between the bivalirudin group (2.5%) and the heparin and glycoprotein group (1.9%, 
p = 0.30).
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Safety and Efficacy of Switching Anticoagulant Therapy

Most patients presenting with ACS are currently treated with UFH or LMWH initiated in the ambu-
lance, the emergency department, or in a transferring hospital before PCI. In such patients, it has been 
suggested that switching from UFH to LMWH or vice versa may be associated with an increased rate 
of death or myocardial infarction at 30 days and an increase in the need for blood transfusion (19). 
Thus, the safety of changing antithrombin therapy from a heparin to a DTI once therapy has been initi-
ated has been called into question. The small randomized SWITCH trial among 91 patients with non-
ST elevation ACS treated with enoxaparin demonstrated that subsequent switching to bivalirudin for 
PCI was not associated with increased risk of major bleeding when compared to those who did not 
have a change in antithrombin therapy (45). This finding was independent of the duration of time 
between the last administration of enoxaparin and PCI.

A subsequent analysis of the REPLACE-2 study evaluated the incidence of hemorrhage among 
patients who were pretreated with UFH or LWMH during the 48 h prior to PCI (46). When compared 
to those who did not receive pretreatment, there was no difference in the rates of major or minor bleeding 
nor non-CABG related blood transfusion in patients who received bivalirudin during PCI (Table 6). 
Interestingly, those who received heparin pretreatment and then received heparin and additional glyco-
protein IIb/IIIa inhibition did have a significant increase in bleeding complications when compared to 

Fig. 4. HORIZONS-AMI: Time to event curves through 30 days. Outcomes at 30days in the HORIZONS-AMI trial 
comparing bivalirudin to heparin and glycoprotein IIb/IIIa in the treatment of STEMI.
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Table 5 
Major trials of DTIs in non-ST-elevation acute coronary syndromes

Gusto IIb Oasis-2 Acuity

Number of patients 8,011 10,141 13,819
Direct thrombin inhibitor (DTI) Hirudin Hirudin Bivalirudin
Dose DTI 0.1 mg/kg bolus 0.4 mg/kg bolus 0.1 mg/kg bolus

0.25 mg/kg/h until PCI¶
0.15 mg/kg-h × 3 days0.1 mg/kg-h × 3–5 days

UFH 5,000 U bolus 5,000 U bolus 60 U/kg bolus
1000 U/h × 3–5 days, 

aPTT = 60–85 s
15 U/kg-h × 3 days, 

aPTT = 60–105 s
12 U/kg-h until PCIb, 

aPTT = 50–75 s
LMWH N/A N/A 1 mg/kg q12 ha

Endpoint  
follow-up

30 days 7 days 30 days

Death (%) DTI 3.7 NR 1.6
UFH 3.9 NR 1.3c

Reinfarction (%) DTI 5.6 NR 5.4
UFH 6.4 NR 4.9c

Death or reinfarc-
tion (%)

DTI 8.3 3.6** 7.8
UFH 9.1 4.2** 7.3c

Intracranial  
hemorrhage  
(%, in-hospital)

DTI 0.2* 0 <0.1
UFH 0.02* 0 <0.1c

Major bleeding  
(%, in-hospital)

DTI 1.3* 1.2*** 0.9‡

UFH 0.9* 0.7*** 1.9c,‡

aAdditional 0.3 mg/kg LMWH given if last dose given >8 h. before PCI
bAnticoagulation could be continued past completion of PCI at the discretion of the physician
cNumber represents percentage of patients in whom endpoint occurred while receiving either UFH or LMWH and a 
GpIIbIIa inhibitor in the ACUITY trial
All p = N.S. except *p = 0.06,**p = 0.066, ***p = 0.01, ‡ p £ 0.001
DTI direct thrombin inhibitor, NR not reported, UFH unfractionated heparin

those who received no pretreatment (Table 6). It is worth noting that patients in this study could not 
receive bivalirudin within 8 h of administration of LMWH or 6 h of administration of UFH unless the 
ACT was less than 175 s. Nevertheless, there was no association between time of discontinuation of 
heparin therapy to the time of PCI and incidence of major or minor bleeding (Fig. 5).

More recently, an analysis of patients who received heparin prior to randomization in the ACUITY 
trial assessed the safety of switching from prerandomization UFH or enoxaparin to bivalirudin as 
compared with continuation of their heparin therapy in the setting of non-ST elevation ACS managed 
with an invasive strategy (47). Here the authors found that patients switching to bivalirudin had simi-
lar rates of ischemia (6.9% vs. 7.4%, p = 0.52), less major bleeding (2.8% vs. 5.8%, p < 0.01), and 
improved net clinical outcomes (9.2% vs. 11.9%, p < 0.01) compared with those who had been rand-
omized to continue their prerandomization heparin.

To date, there are no published studies that evaluate the safety and efficacy of switching from 
heparin therapy to a DTI in the setting of STEMI. However, in HORIZONS-AMI, approximately 
two-thirds of patients randomized to treatment with bivalirudin received UFH prior to PCI. There was 
no significant difference in bleeding between those who received preprocedural heparin and those 
who did not (4.8% with preprocedural heparin vs. 5.2% without, p = 0.47). 
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Fig. 5. Time from last dose of antithrombin until PCI in patients who received bivalirudin by incidence of major or 
minor bleeding (a) unfractionated heparin (b) low-molecular-weight heparin.

Interestingly, preprocedural administration of heparin was also associated with a weak trend toward 
reduced major adverse cardiovascular events at 30 days in the bivalirudin group (4.6% vs. 7.2% with-
out preprocedure heparin, p = 0.08)

While these data are not conclusive, they strongly suggest that in patients presenting with both non-ST 
elevation and ST elevation ACS in whom an invasive strategy is planned, it is safe to switch from heparin 
to bivalirudin prior to PCI. Randomized trials designed to better evaluate this are currently underway.

Recommendations for Use of Direct Thrombin Inhibitors in ACS

There are many possible anticoagulation and antiplatelet regimens available. Our recommendations 
for choice of agents are as follows:

UA/NSTEMI

In patients presenting with UA or NSTEMI, we recommend initiation of anticoagulation in addition 
to antiplatelet therapy as soon as possible. The anticoagulant chosen reflects the clinical scenario.

•	 For	patients	in	whom	an	urgent	or	emergent	invasive	strategy	is	planned	(patient	to	be	immediately	taken	to	
the catheterization laboratory), we recommend the use of bivalirudin. UFH is an acceptable alternative.

•	 For	patients	in	whom	an	early	invasive	strategy	is	selected,	we	recommend	the	use	of	bivalirudin.	Enoxaparin,	
UFH, and Fondaparinux are acceptable alternatives.

•	 For	patients	who	are	at	a	high	risk	of	bleeding	in	whom	an	early	invasive	strategy	is	selected,	we	recommend	
the use of bivalirudin. Fondaparinux which is the preferred alternative over UFH or enoxaparin.

•	 For	patients	in	whom	an	early	conservative	strategy	is	planned,	we	recommend	the	use	of	enoxaparin.	UFH	
and fondaparinux are acceptable alternatives.

•	 For	patients	who	are	at	a	high	risk	of	bleeding	in	whom	an	early	conservative	strategy	is	selected,	we	recom-
mend the use of fondaparinux.

STEMI

For patients presenting with STEMI, the choice of agent depends upon whether the planned treat-
ment strategy is primary PCI, thrombolytic therapy, or no reperfusion.

•	 For	patients	with	STEMI	referred	for	primary	PCI,	we	recommend	the	use	of	bivalirudin	(with	provisional	
use of a Gp IIb/IIIa inhibitor) in addition to an oral antiplatelet agent as soon as possible. UFH (plus planned 
use of a GpIIb/IIIa inhibitor) in addition to an oral antiplatelet agent is an acceptable alternative.

•	 For	patients	presenting	with	STEMI	who	are	at	low	risk	for	bleeding	and	are	undergoing	reperfusion	therapy	
with fibrinolytic therapy, we recommend the use of enoxaparin. UFH is an acceptable alternative.
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•	 For	patients	presenting	with	STEMI	who	are	at	high	risk	for	bleeding	and	are	undergoing	reperfusion	therapy	
with fibrinolytic therapy, we recommend the use of fondaparinux.

•	 For	patients	presenting	with	STEMI	in	whom	no	reperfusion	therapy	is	planned,	we	recommend	the	use	of	
enoxaparin or fondaparinux; the latter particularly if the patient is at increased risk of bleeding.

SUMMARy

Millions of people are admitted to hospitals in the united states every year with ACS. The underlying 
pathophyiology involves a complex cascade of clotting factor activation and platelet activation and 
aggregation leading to thrombus formation. Thus, thrombus formation results in impaired coronary 
blood flow and subsequent manifestations of the acute coronary syndrome. Thrombus causing partial 
occlusion of the lumen results in UA or non-STEMI, and complete occlusion typically results in 
STEMI. Thrombin plays a central role in the activation of clotting factor and platelets leading to the 
formation of intracoronary clots and the acute coronary syndrome. While heparin is a beneficial 
therapy in this disease state, patients with ACS continue to have high rates of ischemic and hemor-
rhagic complications (34). DTIs have several important advantages over heparin which may lead to 
reduced ischemic events and hemorrhagic complications.

Early trials involving DTIs focused on the treatment of ACS with the prototypical DTI, hirudin. 
While a modest reduction in ischemic events was reported, the benefits were offset by an increase in 
bleeding complications. Hirudin was found to have a surprisingly narrow therapeutic window, and its 
use has since been limited to treatment of patients with HIT. The synthetic analogue, bivalirudin, has 
a shorter half life and, in contrast to hirudin, binds reversibly to thrombin. Subsequent trials have 
demonstrated bivalirudin as an alternative to heparin with comparable ischemic events and reduced 
bleeding complications. The REPLACE-2 trial showed that the use of bivalirudin during percutaneous 
intervention was associated with significantly less bleeding (36). Later the ACUITY trial (37) and 
HORIZONS-AMI trial (44) demonstrated that bivalirudin as compared to heparin and glycoprotein 
IIb/IIIa blockade was associated with similar rates of recurrent ischemic events and significantly 
lower rates of bleeding in moderate to high risk patients with ACS and STEMIs, respectively. As a 
whole, the evidence over the last 15 years suggests that DTIs are superior anticoagulants in the treat-
ment of all forms of the acute coronary syndrome.
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AbstrAct Over the last decade, several advances in the management of patients with acute coronary 
syndrome have been made. Despite these therapeutic advances, the risk of major adverse cardiovascular 
events related to acute coronary syndrome remains significant. These findings have led to continued efforts 
to find more efficacious antiplatelet agents and anticoagulants to help reduce the risk of recurrent ischemic 
events. This chapter reviews the clinical data pertaining to the novel anticoagulant fondaparinux for the 
treatment of acute coronary syndrome.

Key words: Fondaparinux; Acute coronary syndrome; Anticoagulant

INTRODUCTION

Over the last decade, several advances in the management of patients with acute coronary syn-
dromes (ACs) have been made. specifically, the use of various antiplatelet agents (1–7), anticoagu-
lants (8–12), lipid-lowering agents (13–15), and an invasive strategy in both appropriate clinical 
settings and specific patient subsets (16–18) have been shown to reduce morbidity and mortality 
from ACs. Despite these therapeutic advances, the risk of major adverse cardiovascular events 
(MACE) related to an ACs remains significant: patients presenting with unstable angina (UA) or 
non-sT elevation myocardial infarction (NsEMI) and sT-elevation MI (sTEMI) have a 1-month 
MACE rate of 10–15% and 4–6%, respectively (Fig. 1). These findings have led to continued efforts 
to find more efficacious antiplatelet agents and anticoagulants to help reduce the risk of recurrent 
ischemic events. However, recent data demonstrating a relationship between major bleeding events 
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Fig. 1. Major adverse cardiovascular event (MACE) rates in major cardiovascular clinical trials. In the represented 
trials, MACE was defined as cardiovascular death, myocardial infarction, target vessel revascularization, refractory 
ischemia, and/or stroke.

Fig. 2. Thirty-day and six-month death or myocardial infarction rates by worsening Global strategies for Opening Occluded 
Coronary Arteries (GUsTO) bleeding severity. Adapted from Rao sV et al. (2005) Am J Cardiol 96(9):1200–6.

at the time of an ACs and subsequent morbidity and mortality (19–22) (Fig. 2) underscore the 
importance of improved safety for newer antiplatelet agents and anticoagulants in achieving  maximal 
net clinical benefit.
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In this chapter, we review the clinical data pertaining to the novel anticoagulant Fondaparinux 
(Arixtra – GlaxosmithKline, Middlesex, UK) for the treatment of ACs.

FONDAPARINUX SODIUM – SELECTIVE FACTOR XA INHIBITOR

Fondaparinux sodium is a synthetic pentasaccharide and represents the first commercially available 
selective factor Xa inhibitor (23). Fondaparinux is composed of three d-glucosamine units separated by one 
d-glucuronic acid unit and one l-iduronic acid unit, each with several sulfonate groups in key positions 
(Fig. 3). X-ray crystallography studies have shown that it selectively binds to the heparin binding site on 
antithrombin (24) which induces a permanent conformational change in the antithrombin molecule. This 
conformational change results in antithrombin having an enhanced affinity for factor Xa, resulting in an 
approximate 300-fold increase in the inhibition of factor Xa. Once factor Xa is bound, fondaparinux is 
released from antithrombin, allowing it to consecutively bind several antithrombin molecules (Fig. 4). 
Unlike both unfractionated heparin (UFH) and low-molecular weight heparin (LMWH), fondaparinux 
does not interact with other plasma proteins (including factor IIa). It is this selectivity for factor Xa 
which results in the predictable pharmacologic profile described below.

While fondaparinux contains critical structural features that allow it to tightly bind to antithrombin 
(25,26), a lone methyl group on the end of the molecule prevents it from nonspecifically binding to 
other plasma proteins (27). Because it does not interact with plasma proteins (e.g., thrombin) other 
than antithrombin, fondaparinux exhibits a very predictable dose-response. Pharmacodynamic studies 
in young healthy volunteers reveal that subcutaneously administered fondaparinux has a bioavailability 
of 100%, displays a rapid onset of action (reaching half maximum plasma concentration within 
25 min, and a maximum plasma concentration within 2 h), and has a dose-independent half-life of 
approximately 15 h, making it well suited for a once-daily dosing regimen (28). Intravenous adminis-

Fig. 3. Molecular structure of fondaparinux sodium. Three d-glucosamine units are separated by one d-glucuronic 
acid unit (red) and one l-iduronic acid unit (yellow).

Fig. 4. Mechanism of action of fondaparinux (see associated text for detailed description). ATIII antithrombin III; HBS 
heparin binding site.
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tration of fondaparinux demonstrates a similar pharmacokinetic profile, with peak plasma levels and 
activity area under the curve being linearly related to the dose administered.

When fondaparinux is administered in repeated subcutaneous doses, steady-state plasma concen-
trations are achieved after 3 or 4 days. In addition, the fraction of administered fondaparinux recovered 
in the urine ranges between 64% and 77% (29). Given that the kidneys are the primary route of its 
elimination (there is no evidence thus far in pharmacologic studies that fondaparinux undergoes any 
significant hepatic metabolism) (30), the drug should be used with caution in patients with altered 
renal function and is contraindicated in patients with severe renal impairment (i.e., creatinine clearance 
<30 ml/min).

Multiple dose ranging studies with fondaparinux have been performed. The PENTUA 
(Pentasaccharide in Unstable Angina) (31), PENTALYsE (synthetic PENTasaccharide as an 
Adjunct to fibrinoLYsis in sT-Elevation acute myocardial infarction) (32), and AsPIRE (Arixtra 
study in Percutaneous coronary intervention: a Randomized Evaluation) (33) studies examined 
various fondaparinux doses in patients with ACs, sTEMI, and patients undergoing PCI, respec-
tively. Across all these studies, there did not appear to be a clear dose response with respect to 
clinical efficacy, with lower dosages (2.5–4 mg) achieving similar efficacy to the highest dosages 
(5–12 mg) (31).

FONDAPARINUX IN ACS – CLINICAL TRIALS

With several pilot studies suggesting that fondaparinux may be as effective as LMWH and UFH in 
the treatment of patients with ACs (31,32), two large, randomized clinical trials were performed to 
formally evaluate the safety and efficacy of fondaparinux in the setting of ACs. Prior to these studies, 
the AsPIRE trial was performed to evaluate the optimal dosing of fondaparinux for patients in these 
trials who required PCI.

Percutaneous Coronary Intervention
The Arixtra study in Percutaneous Coronary Intervention: a Randomized Evaluation (AsPIRE) 

trial (33) was a randomized, blinded, phase II trial comparing two doses of intravenous fondaparinux 
(2.5 and 5 mg) with UFH (100 units/kg without concomitant glycoprotein IIb/IIIa antagonist; 65 units/
kg with concomitant glycoprotein IIb/IIIa antagonist) in 350 patients undergoing PCI. The major 
indications for PCI were acute coronary syndrome (79%) or stable angina (20%). This study was a 
necessary prerequisite for the subsequent large OAsIs-5 and -6 trials to help determine the optimal 
dosing of fondaparinux for patients in those trials who would require PCI.

The AsPIRE trial was a safety study, with the primary outcome consisting of the composite of 
major and minor bleeding events 48 h after PCI. Efficacy of fondaparinux was also investigated as a 
secondary outcome consisting of a composite of death, MI, urgent revascularization, and bailout use 
of glycoprotein IIb/IIIa antagonist over the same 48-h study period.

When compared to patients receiving UFH, patients receiving fondaparinux experienced a 
nonsigni ficant trend toward fewer bleeding episodes (7.6% vs. 6%, P = 0.61) (Fig. 5a). In addition, 
there was a nonsignificant trend toward lower rates of bleeding with the lower (2.5 mg) dose of fonda-
parinux (3.4% vs. 9.6%, P = 0.06). These results were similar in patients who received either planned 
or unplanned intravenous glycoprotein IIb/IIIa antagonists. Finally, with regard to efficacy, composite 
efficacy outcomes were equal between the fondaparinux and UFH groups, with no obvious dose 
response noted between the 2.5 and 5 mg fondaparinux dosing groups (Fig. 5b).
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The similar clinical efficacy and trend toward improved safety with the 2.5 mg dosing of fondaparinux 
formed the basis for that dosing recommendation during PCI in the subsequent OAsIs-5 and OAsIs-6 
trials. To date, there are no larger studies supporting the use of fondaparinux in elective PCI.

OASIS-5 – UA/NSTEMI
The Fifth Organization to Assess strategies for Ischemic syndromes (OAsIs-5) trial was a randomized, 

double-blinded, noninferiority trial comparing low-dose fondaparinux (2.5 mg once daily by subcu-
taneous injection) with enoxaparin (1 mg/kg twice daily by subcutaneous injection) in 20,078 patients 
with UA or NsTEMI (34). The study’s primary objective was to determine whether therapy with 

Fig. 5. (a) Total bleeding and (b) major adverse cardiovascular event (MACE) rates with UFH and varying doses of 
fondaparinux in AsPIRE. MACE was defined as death, myocardial infarction, urgent revascularization, and/or bailout 
glycoprotein IIb/IIIa inhibitor use; UFH unfractionated heparin.

207



Antithrombotic Drug Therapy in Cardiovascular Disease

fondaparinux was noninferior to enoxaparin with respect to the occurrence of death, myocardial infarc-
tion (MI), or refractory ischemia at 9 days. In addition, the study’s main safety outcome was the 
occurrence of bleeding at 9 days. secondary outcomes included evaluating these same endpoints at 
predetermined follow-up periods of 30 days and study end (maximum of 180 days).

The results of OAsIs-5 are shown in Table 1. There was no difference in the primary endpoint of 
death, MI, or refractory ischemia at 9 days between the two study groups (5.8% in the fondaparinux 
arm vs. 5.7% in the enoxaparin arm, P = 0.007 for noninferiority). At 30 and 180-days follow-up, 
however, there was a trend toward a lower combined incidence of death, MI, and refractory ischemia 
with fondaparinux compared to enoxaparin. This difference was driven largely by a reduction in mortality 
in the fondaparinux arm, which reached statistical significance at the 30 day time point, and was of 
borderline statistical significance at 180 days. Analysis of the primary safety outcome revealed that 
the rate of major bleeding at 9 days was significantly lower in the fondaparinux group compared to 
the enoxaparin group (2.2% vs. 4.1%; P < 0.0001). specifically, treatment of patients with fonda-
parinux resulted in substantial reductions in both fatal and severe bleeding, with significant reductions 
in retroperitoneal hematoma and major bleeding requiring surgical intervention or transfusions. Major 
bleeding in this study was associated with significantly higher rates of death, recurrent infarction and 
stroke, which may explain the delayed benefit in mortality observed in the fondaparinux arm of this 
study, and underscores the importance of preventing major bleeding episodes during the treatment of 
ACs. A sub-analysis of bleeding outcomes based on baseline renal function demonstrated that the 
largest reduction in major bleeding events occurred in those with the most significant baseline renal 
dysfunction (i.e., GFRs < 71 ml/min per 1.73 cm2) (35).

The results of a prospectively specified analysis of the PCI cohort of the OAsIs-5 study were recently 
published (36). Of the initial cohort of over 20,000 patients, 6,238 patients underwent PCI. The algo-
rithm used to determine the dosing of anticoagulant used at the time of PCI is shown in Fig. 6. At 9 days, 
there was a similar incidence of ischemic events (death, MI, or stroke) in the fondaparinux and enoxa-
parin groups (6.3% vs. 6.2%, P = 0.79), and a significant reduction in the incidence of major bleeding 
(2.4% vs. 5.1%, P < 0.00001). These findings were maintained at the 30-day and 6-month follow-up time 
points. Despite the overall net clinical benefit in the fondaparinux arm of this substudy, the major issue 
of concern that was raised by this analysis involved an increased rate of guide catheter thrombosis in 

Table 1 
Clinic al outcomes in OASIS-5

Time (days) Clinical endpoint
Fondaparinux  

(%)
Enoxaparin 

(%)
P-value 

(Noninferiority)
P-value 

(Superiority)

9 Death, MI, refractory 
ischemia

 5.8  5.7 0.007 –

Major bleeding  2.2  4.1 – < 0.001
Death  1.8  1.9 0.005 –

30 Death, MI, refractory 
ischemia

 8.0  8.6 – 0.13

Major bleeding  3.1  5.0 – < 0.001
Death  2.9  3.5 – 0.02

180 Death, MI, refractory 
ischemia

12.3 13.2 – 0.06

Major bleeding  4.3  5.8 – < 0.001
Death  5.8  6.5 – 0.05
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the fondaparinux arm (0.9% vs. 0.4%). The occurrence of catheter-related thrombus was associated with 
a very high rate of MI and stroke (27% and 5.4%, respectively) underscoring the significant morbidity 
of such an event. An amendment to the OAsIs-5 protocol was made following an interim analysis of 
these events allowing the use of open label UFH at the discretion of the investigator. In the remainder of 
the study, nine of the ten events of catheter-related thrombus in the fondaparinux arm occurred in 
patients who did not receive adjunctive UFH. Despite the fact that overall outcomes in the PCI subset 
with fondaparinux were reassuring in this study, interventional cardiologists will likely be concerned by 
the potential for an uncommon but serious event such as guide catheter thrombosis. This may hamper 
the widespread application of fondaparinux in patients with ACs. The ability to provide a point-of-care 
assay to assess the anticoagulant effect of selective Xa inhibitors, and to correlate this measurement with 
clinical outcomes might be a first step in addressing this important issue. In addition, the efficacy and 
safety of the strategy of upstream fondaparinux with the use of standard UFH at the time of PCI as 
recommended by the study authors needs to be tested in prospective clinical studies.

In summary, OAsIs-5 demonstrated that low-dose fondaparinux was equivalent to enoxaparin in 
its short-term efficacy in preventing ischemic events among high-risk patients with UA or NsTEMI 
and resulted in a substantial reduction in major bleeding, a finding that was associated with a reduction 
in long-term morbidity and mortality. Although there was an overall net clinical benefit in the PCI 
cohort, the issue of guide catheter thrombosis needs to be addressed and effective strategies for its 
prevention in patients receiving fondaparinux therapy are required.

Fig. 6. Drug dosing in the PCI cohort of OAsIs-5. (a) Fondaparinux arm; (b) Enoxaparin arm. GP IIb/IIIa 
Glycoprotein IIb/IIIa inhibitor; UFH Unfractionated heparin.
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OASIS-6 – STEMI
The sixth Organization for the Assessment of strategies for Ischemic syndromes (OAsIs-6) trial 

was a randomized, double-blinded trial comparing fondaparinux to “usual care” in 12,092 patients 
with sTEMI (37). The trial design was complex in that patients were allocated to two separate strata 
based on the need for antithrombotic therapy, as determined by the enrolling physician (Fig. 7). The 
first stratum included patients lacking a strict indication for antithrombotic therapy. Patients in this 
stratum were randomized to fondaparinux or placebo. The second stratum included patients in whom 
antithrombotic therapy was indicated, such as those who received fibin-specific lytic therapy, were 
undergoing PCI, or were managed conservatively with no reperfusion therapy. All patients in this 
stratum were randomized to fondaparinux or UFH. Patients in stratum 2 who underwent PCI were 
prerandomized to one of four possible drug regimens (UFH alone, GpIIb/IIIa inhibitor alone, UFH 
and Gp IIb/IIIa inhibitor, or neither medication). subsequent dosing of the randomized agent (i.e., 
fondaparinux or UFH) was based on the prerandomized regimen.

The study’s primary endpoint was death or recurrent MI at 30 days. secondary outcomes included 
evaluation of these same clinical endpoints at 9 days and at study’s end (3–6 months). The primary 
safety outcome was the incidence of bleeding complications at 9 days.

In the pooled analysis of patients from both strata, treatment with fondaparinux resulted in a 
significant reduction in the composite endpoint of death or MI at 9 and 30 days (primary endpoint), 
and at 3–6 months (Table 2). somewhat surprisingly, treatment with fondaparinux resulted in a 
significant reduction in overall mortality at all three time points. In terms of bleeding complications, 
there was a trend toward fewer severe and major bleeding episodes with fondaparinux at 9 days. 
Overall, the results were consistent for patients in stratum 1 and 2.

The sub-analysis of outcomes in patients from stratum 2, however, revealed some important findings 
that suggested a distinct dichotomy of clinical response to fondaparinux based on the performance of 
primary PCI. At study end, patients who received fondaparinux and did not undergo primary PCI had 
a significantly lower incidence of death or reinfarction (14.9% vs. 19%, P = 0.008) and demonstrated a 
trend toward less major bleeding events at 9 days (Fig. 8). In contrast, patients who received fondaparinux 

Fig. 7. Treatment algorithm for patients in OAsIs-6.
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Table 2 
Clinical outcomes in OASIS-6

Time (days) Clinical endpoint Fondaparinux (%) Placebo or UFH (%)

9 Death or reinfarction  7.4  8.9
severe bleeding  1.0  1.3
Major bleeding  1.8  2.1
Death  6.1  7.0

30 Death or reinfarction  9.7 11.2
Death  7.8  8.9

study end Death or reinfarction 13.4 14.8
Death 10.5 11.6

Fig. 8. Clinical and safety outcomes in patients not undergoing PCI in OAsIs-6. (a) Incidence of death or recurrent 
myocardial infarction (MI); (b) Incidence of bleeding.
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and underwent PCI, derived no mortality benefit at 3–6 months (6.1% vs. 5.9%), and had a trend 
toward an increased incidence of major bleeding episodes at 9 days (Fig. 9). The explanation for this 
dichotomy is not entirely clear. Patients undergoing PCI in stratum 2 were at lower predicted risk and 
received a shorter duration of antithrombotic therapy compared to patients who received thrombolytic 
therapy or no reperfusion therapy. In addition, the specter of guide catheter thrombosis was again 
observed in the fondaparinux arm of this trial, with 22 events in patients treated with fondaparinux and 
no events in the UFH arm. The adverse consequence(s) of guide catheter thrombosis may have contrib-
uted to the overall lack of benefit observed in the PCI cohort. These data underscore how rare catheter 
thrombosis occurs in patients receiving standard treatment with UFH, and will certainly create reluc-
tance on the part of interventional cardiologists to abandon the gold standard of anticoagulation in favor 
of more novel anticoagulants which have not proven the same degree of procedural safety. In a post 
hoc analysis, the investigators did report that among patients who were randomized to the fondaparinux 
arm and who received adjunctive UFH at the time of PCI, clinical event rates were similar to controls. 
This suggests that the addition of UFH at the time of PCI in patients who have received upstream fon-

Fig. 9. Clinical and safety outcomes of patients undergoing PCI in OAsIs-6. (a) Incidence of death or recurrent 
myocardial infarction (MI); (b) Incidence of bleeding.
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daparinux for the treatment of sTEMI may largely prevent adverse complications and may ultimately 
prove to be the best treatment strategy for this subset of patients.

ACC UA/NSTEMI GUIDELINES – UPDATE 2007

The use of fondaparinux is now specifically addressed in the most recent American College of 
Cardiology/American Heart Association (ACC/AHA) guidelines for the management of an unstable 
angina and NsTEMI (38).

Fondaparinux receives a Class I indication for use in patients with UA/NsTEMI in whom a 
conservative strategy is selected. Furthermore, fondaparinux is recommended as the anticoagulant 
agent of choice in patients who have an increased risk of bleeding and in whom a noninvasive strategy 
is selected. In all cases, treatment with fondaparinux should be initiated at a subcutaneous dose of 
2.5 mg administered daily once a conservative strategy has been planned and continued for the duration 
of hospitalization or up to 8 days. Given the concern of guide catheter thrombosis raised in the 
OAsIs-5 and OAsIs-6 trials, the task force also recommends the administration of adjunctive UFH 
(50–60 units/kg) at the time of PCI in patients who receive upstream fondaparinux.

COST-ANALYSIS OF FONDAPARINUX IN ACS

Economic data on the use of fondaparinux are limited to its use in the prevention and treatment of 
venous thromboembolism where it has clearly demonstrated overall cost-efficacy (39,40). Although 
health economic studies on the use of fondaparinux in ACs have yet to be carried out, interpolation of 
existing data suggests that fondaparinux usage may result in an overall health care cost savings for several 
reasons, including lower and uncomplicated administration doses and decreased rates of bleeding when 
compared to traditional antithrombotic therapies in specific patient subsets. Further studies formally 
investigating the cost-effectiveness of this novel antithrombotic agent, however, are required.

CONCLUSION

Fondaparinux is a unique antithrombotic agent that selectively inhibits factor Xa. Until recently, 
the role of fondaparinux in ACs remained undefined. The OAsIs-5 and OAsIs-6 trials, however, 
have demonstrated the overall safety and efficacy of fondaparinux in the treatment of patients presenting 
with UA, NsTEMI, and sTEMI. The major challenge for the more widespread application of this 
agent in these clinical settings is the management of the subset of ACs patients who ultimately require 
PCI. Prospective randomized studies documenting the efficacy and safety of using adjunctive UFH at 
the time of PCI in patients receiving fondaparinux would aid significantly in this regard.
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AbstrAct Platelet adhesion, aggregation, and activation play a key role in initiating and propagating coronary 
thrombosis. This provides opportunities to pharmacologically interfere with platelet function and antiplatelet 
therapies are a central component in the treatment of acute coronary syndromes. Whether the reperfusion strat-
egy for ST-segment elevation myocardial infarction (STEMI) is pharmacologic or catheter-based, the use of 
adjunctive antiplatelet therapy can reduce the rate of death and ischemic complications. Aspirin, an irreversible 
inhibitor of platelet cyclooxygenase 1, provides mortality benefit to STEMI patients and is a cornerstone of 
therapy. Thienopyridines inhibit platelet activation and aggregation by targeting the P2Y

12
 adenosine diphos-

phate (ADP) receptor and have been shown to provide mortality benefit in STEMI patients. Clopidogrel is pre-
ferred over ticlopidine due to a more favorable side effect profile. The Clopidogrel as Adjunctive Reperfusion 
Therapy – Thrombolysis in Myocardial Infarction 28 trial (CLARITY – TIMI 28) and the Clopidogrel and 
Metoprolol Infarction Trial/the Second Chinese Cardiac Study (COMMIT/CCS – 2) are two recent landmark 
trials demonstrating mortality benefit with clopidogrel in patients receiving pharmacologic reperfusion for 
STEMI. The glycoprotein (GP) IIb/IIIa receptor mediates platelet aggregation induced by all physiologic 
agonists and blockade of the receptor, either by monoclonal antibodies (abciximab) or by small molecules 
(eptifibatide and tirofiban), can be used in adjunctive treatment of STEMI, particularly in patients receiving 
primary percutaneous intervention (PCI). Novel antiplatelet agents, which may address issues relating to vari-
ability in response and irreversibility of inhibitor effects, are under active investigation and will better refine the 
role of antiplatelet therapy in this clinical setting and lead to further improvement in patient outcomes.
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BACKGROUND

Platelet adhesion, aggregation, and activation play a key role in initiating and propagating coronary 
thrombosis. In response to vascular injury, platelets interact with components of the subendothelial 
matrix, notably collagen and von Willebrand factor (1). Various local mediators, such as adenosine 
diphosphate (ADP), thromboxane A

2
 (TXA

2
), and thrombin are then produced and amplify platelet 

activation (2). This sequence provides multiple opportunities to pharmacologically interfere with 
platelet activation, and antiplatelet therapies are a central component in the treatment of all acute coronary 
syndromes (ACS).

Whether the reperfusion strategy employed for ST-segment elevation myocardial infarction (STEMI) 
is pharmacologic or catheter-based, the use of adjunctive antiplatelet therapy is crucial to reduce the rate 
of death and ischemic complications. The focus of this chapter will be antiplatelet therapies, including 
aspirin, thienopyridines, and glycoprotein (GP) IIb/IIIa inhibitors, in the management of STEMI.

ASPIRIN

Aspirin irreversibly inhibits platelet cyclooxygenase 1 (COX-1) through acetylation of the amino acid 
serine at position 529, thereby preventing the formation of prostaglandin H

2
 from the precursor arachidonic 

acid. This blocks the subsequent formation of TXA
2
, a potent mediator of platelet aggregation (3).

In 1988, the use of aspirin in the ISIS-2 (Second International Study of Infarct Survival) trial 
conferred a 23% reduction in vascular mortality compared with placebo alone in patients with STEMI (4).  
In this trial, over 17,000 patients were randomized to SK versus placebo and aspirin versus placebo in 
a 2 × 2 factorial design. The mortality benefit for aspirin was similar to the 25% reduction in death 
with SK alone. Furthermore, the combination of aspirin and SK provided additive benefit, with a 42% 
reduction in mortality rate (8.0% for the combination vs. 13.2% for placebo; p < 0.001; Fig. 1).

It has been hypothesized that fibrinolysis may in itself promote platelet aggregation, possibly by 
exposure of the clot’s platelet-rich core or through the release of thrombin. A meta-analysis demon-
strated that aspirin reduced coronary reocclusion and recurrent ischemic events after fibrinolytic 
therapy with either streptokinase or alteplase (5). Long-term follow-up data have demonstrated that 
the early survival advantage of SK and aspirin therapy is maintained over 10 years (6).

Fig. 1. Incidence of vascular death for patients in the ISIS-2 trial randomized to treatment with placebo, aspirin, or a 
combination of streptokinase and aspirin after 5 weeks’ follow-up.
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American Heart Association/American College of Cardiology (AHA/ACC) practice guidelines give 
a Class I (evidence that treatment is beneficial and effective) recommendation for aspirin to be chewed 
by patients who have not taken the medication before presentation with STEMI (7). The initial dose 
should be between 162 and 325 mg and continued indefinitely at a daily dose of 75–162 mg (8). For 
initial dosing, non-enteric-coated formulations are favored due to more rapid buccal absorption (9). The 
main contraindication to aspirin use is a hypersensitivity to salicylate. In patients with true aspirin allergy 
(hives, nasal polyps, bronchospasm, or anaphylaxis), clopidogrel or ticlopidine may be substituted, 
although likely a thienopyridine may already be indicated itself as adjunctive therapy (see below).

Failure to respond to aspirin may be caused by an inadequate primary pharmacological effect, 
known as “aspirin resistance.” Depending on the population studied, the assay used, and the definition 
applied, the prevalence of aspirin resistance has ranged from 5% to 65% (10). Aspirin resistance, as 
defined by an aggregation-based rapid platelet function assay, was associated with an increased risk of 
adverse clinical outcomes in stable patients with coronary artery disease (11). Furthermore, in high-risk 
aspirin-treated patients, urinary concentrations of 11-dehydro thromboxane B2 (a marker of in vivo 
thromboxane generation and therefore aspirin resistance) predicted the future risk of myocardial infarction 
(MI) or cardiovascular death (12). The clinical ramifications of aspirin resistance in STEMI management 
have not yet been clearly defined, although it is unlikely to play a major role (13). Monitoring of 
antiplatelet activity is mainly done for investigational purposes at the present time (14).

THIENOPYRIDINES

As more has become known about the pathogenesis of plaque rupture and clot formation, there has 
been increasing interest in evaluating more potent antiplatelet agents. The thienopyridine derivative 
clopidogrel is an oral antiplatelet agent that inhibits platelet activation and aggregation by targeting 
the P2Y

12
 ADP receptor (15). Ticlopidine, another thienopyridine and quite similar chemically to 

clopidogrel, can cause the adverse effects of neutropenia and thrombotic thrombocytopenic purpura. 
Both agents are prodrugs requiring hepatic metabolism to form their active metabolites that irreversibly 
bind to the P2Y

12
 receptor. Given the fewer side effects, lack of need for laboratory monitoring, and 

once-daily dosing clopidogrel is the preferred agent (16).
Dual antiplatelet treatment, with aspirin and a thienopyridine, decreases the incidence of death or 

ischemic complications in the setting of percutaneous coronary intervention (PCI) (17) and when 
given upstream in patients presenting with non ST-segment elevation (NSTE) ACS (18).

Pharmacologic Reperfusion
The CLARITY-TIMI 28 (Clopidogrel as Adjunctive Reperfusion Therapy – Thrombolysis in 

Myocardial Infarction 28) trial was a placebo-controlled, double blinded trial that enrolled 3,491 
patients worldwide, aged 18–75 years, within 12 h of STEMI symptom onset (19). Patients were 
randomly assigned to receive either clopidogrel (300 mg loading dose, followed by 75 mg once daily) 
or placebo at presentation. All patients were to be treated with aspirin (150–325 mg on the first day 
and 75–162 mg daily thereafter) and a fibrinolytic. Patients who received a fibrin-specific lytic (69% 
of patients) were to receive heparin (unfractionated or low-molecular weight). As per trial protocol, 
all patients were to undergo coronary angiography during the index hospitalization (48–192 h after 
randomization) in order to assess for late patency of the infarct-related artery.

The primary efficacy endpoint was the composite of an occluded infarct-related artery (defined by 
a TIMI flow grade of 0 or 1) at angiography or death or recurrent MI prior to angiography. The last 
two served as surrogate markers for failed reperfusion or reocclusion of the infarct-related artery. The 
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rates of the primary efficacy endpoint were 21.7% in the placebo group and 15.0% in the clopidogrel 
group, representing an absolute risk reduction of 6.7% and an odds reduction of 36% with treatment 
with clopidogrel (p < 0.001; Fig. 2). Among the individual components of the primary endpoint, clopi-
dogrel had the greatest effect on reducing the rate of an occluded infarct-related artery (18.4% to 
11.7%; p < 0.001) and the rate of recurrent MI prior to angiography (3.6% to 2.5%; p = 0.08). The 
benefit of clopidogrel in reducing the risk of the primary endpoint was observed across all prespeci-
fied subgroups including age, sex, type of heparin, type of fibrinolytic, and infarct location. At 30 
days’ follow-up treatment with clopidogrel prior to angiography had significantly reduced the odds of 
cardiovascular death, recurrent MI, or recurrent ischemia leading to urgent revascularization by 20% 
(from 14.1% to 11.6%; p = 0.03; Fig. 3).

The addition of clopidogrel to fibrinolytic therapy did not significantly increase the risk of TIMI 
major bleeding (1.3% with clopidogrel vs. 1.1% with placebo; p = 0.64), including a similar risk of 
intracranial hemorrhage (ICH), (0.5% with clopidogrel vs. 0.7% with placebo; p = 0.38). Importantly, 
of the 136 patients who underwent coronary artery bypass graft (CABG) surgery during their index 

Fig. 3. Cumulative incidence curves in the CLARITY-TIMI 28 trial for the endpoint of death from cardiovascular causes, 
recurrent MI, or recurrent ischemia leading to the need for urgent revascularization through 30 days’ follow-up.

Fig. 2. Incidence of the primary endpoint, a composite of an occluded infarct-related artery (defined as a TIMI flow 
grade of 0 or 1), or death or recurrent MI prior to coronary angiography, in the CLARITY-TIMI 28 trial.
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hospitalization, there was no excess in major bleeding through 30 days (7.5% with clopidogrel vs. 7.2% 
with placebo; p = 1.00), and there was a trend toward reduction in 30-day ischemic events (20).

In the CLARITY-TIMI 28 trial, clopidogrel therapy did not significantly improve the mean degree 
of ST-segment elevation (a non-invasive marker of early reperfusion) at 180 min. However, clopidogrel 
was found to improve late angiographical outcomes, including a 36% increase in the odds of optimal 
epicardial flow (a TIMI flow grade of 3; p < 0.0001), a 21% increase in the odds of optimal microv-
ascular perfusion (a TIMI myocardial perfusion grade of 3; p = 0.008), and a 27% reduction in the 
odds of intracoronary thrombus (p < 0.001), when angiography was performed 2–8 days after randomi-
zation. Furthermore, the largest treatment benefit with clopidogrel was observed in patients who 
achieved initial vessel reperfusion, as suggested by either partial (30–70%) or complete (>70%) 
ST-segment resolution at 90 min, whereas angiographical or clinical benefit with clopidogrel was not 
apparent in patients in the absence of initial ST-segment resolution (p for interaction 0.003) (21). 
These data suggest that clopidogrel appears to improve late coronary patency and clinical outcomes 
by preventing reocclusion of the infarct-related artery rather than by facilitating reperfusion.

The second major trial examining the role of clopidogrel in the setting of pharmacologic reperfusion 
for STEMI was COMMIT/CCS-2 (the Clopidogrel and Metoprolol Infarction Trial/the Second 
Chinese Cardiac Study) (22). This was a randomized trial that used a 2 × 2 factorial design to evaluate 
the addition of clopidogrel (75 mg daily, without a loading dose) and metoprolol, both compared with 
placebo, in patients with a suspected STEMI within 24 h of symptom onset. The trial enrolled 45,852 
patients in China and had two prespecified co-primary endpoints: the composite of death, reinfarction, 
or stroke; and death from any cause. Patients were followed until hospital discharge or day 28, which-
ever occurred sooner. Ninety-three percent of patients had evidence of ST-segment elevation or left 
bundle branch block on their electrocardiogram at the time of randomization. In comparison with the 
CLARITY-TIMI 28 trial, there was no upper age limit to the trial and 26% of enrolled patients were 
greater than 70 years old. All patients were treated with aspirin 162 mg daily; only 54% received a 
fibrinolytic, 75% received an anticoagulant, and less than 5% of patients underwent PCI.

Fig. 4. Cumulative incidence curves for the endpoint of death prior to discharge in COMMIT/CCS-2.

223



Antithrombotic Drug Therapy in Cardiovascular Disease

In COMMIT/CCS-2, treatment with clopidogrel resulted in a significant 9% reduction in the incidence 
of death, reinfarction, or stroke (10.1% vs. 9.2%; p = 0.002) and a significant 7% reduction in the risk of 
death alone (8.1% to 7.5%; p = 0.03; Fig. 4). The benefit of clopidogrel on the incidence of the 
composite primary endpoint was observed independent of age, sex, or the use of fibrinolytic therapy. 
Despite the absence of a loading dose, the clinical benefit of clopidogrel emerged rapidly, with a 
significant 11% reduction in the incidence of death, reinfarction, or stroke by the end of the second 
hospital day (p = 0.014), driven predominantly by an 11% reduction in the risk of death (3.2% vs. 
3.6%; p = 0.019).

The rates of major bleeding (defined as requiring transfusion, fatal, or cerebral) in COMMIT/
CCS-2 were low and similar in the two treatment groups (0.58% with clopidogrel vs. 0.55% with 
placebo; p = 0.59), including participants receiving concomitant fibrinolytic therapy and older patients. 
The rates of ICH were identical across treatment arms (0.2%). Treatment with clopidogrel was associated 
with a higher incidence of minor bleeding, including bruising and dental bleeding (3.6% vs. 3.1%; 
p = 0.005).

The CLARITY-TIMI 28 trial and COMMIT/CCS-2 demonstrate that the addition of clopidogrel to 
aspirin in patients with STEMI receiving fibrinolytic therapy helps to maintain infarct-related artery 
patency and reduce the rate of ischemic complications, including mortality. The trials had several differ-
ences, including the use of a loading dose of clopidogrel and the performance of angiography 
(Table 1), yet both studies support the use of clopidogrel as adjunctive therapy in the setting of phar-
macologic reperfusion for STEMI.

The duration of treatment in these trials was brief (up to and including the day of coronary angi-
ography or day 8/hospital discharge in CLARITY-TIMI 28; until hospital discharge or up to 4 weeks 

Table 1 
Comparison of the CLARITY-TIMI 28 trial and COMMIT/CCS-2

CLARITY-TIMI 28 COMMIT/CCS-2

Number of patients 3,491 45,852
Primary endpoint Occluded infarct-related artery or death or 

recurrent MI before angiography
Death, reinfarction or stroke; mortality

Inclusion STEMI < 12 h, age £ 75 Acute MI < 24 h, no age limit (maxi-
mum age was 99 years)

Trial location International (predominantly North 
America and Europe)

China

Percentage receiving 
fibrinolysis

99% 54% (Predominantly urokinase)

Clopidogrel dosing Loading dose (300 mg), followed  
by 75 mg daily

75 mg Daily (no loading dose)

Angiography Routine (94%) Rare
Percentage  

undergoing PCI
53.4% <5%

Results Clopidogrel improves patency rate  
of infarct-related artery and reduces 
ischemic complications

Clopidogrel reduces mortality and 
major vascular events

Safety No increase in TIMI major bleeding or ICH No increase in major bleeding or ICH

CLARITY-TIMI 28: Clopidogrel as Adjunctive Reperfusion Therapy – Thrombolysis in Myocardial Infarction 28
COMMIT/CCS-2: the Clopidogrel and Metoprolol in Myocardial Infarction Trial/the Second Chinese Cardiac Study
MI myocardial infarction, TIMI thrombolysis in myocardial infarction, ICH intracranial hemorrhage, CABG coronary 
artery bypass grafting
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in the hospital in COMMIT/CCS-2). Thus, there is a lack of long-term data regarding the duration of 
clopidogrel therapy in STEMI patients receiving thrombolysis. However, extrapolation of data from 
patients with NSTE ACS treated with clopidogrel over 12 months (18) and a subset of patients with 
prior MI, ischemic stroke, or symptomatic peripheral arterial disease (PAD) treated with long-term 
therapy (23) indicate that extended treatment can reduce ischemic complications or death.

The most recent iteration of the STEMI practice guidelines (7) is several years old and predates the 
CLARITY-TIMI 28 trial and COMMIT/CCS-2. However, based on those trials, a clopidogrel loading 
dose of 300 mg would be reasonable for patients aged less than 75 years receiving fibrinolytic therapy, 
followed by a daily dose of 75 mg. For patients aged greater than 75 years, the addition of clopidogrel 
75 mg daily (without a loading dose) to fibrinolytic therapy appears to be well tolerated and improves 
clinical outcomes without any significant excess in bleeding. These recommendations are supported 
by the 2007 STEMI focused update (24). Determination of the optimal duration of therapy will 
require further study, although, as noted above, data from other patient populations suggest that 12 
months of therapy may be beneficial.

Mechanical Reperfusion
Although not focused on patients with STEMI, there is data to support the use of thienopyridines 

with PCI. Several initial trials examined the use of ticlopidine in conjunction with aspirin in patients 
treated with PCI (17,25) and demonstrated the synergistic benefit of thienopyridine and aspirin therapy. 
The aspirin–ticlopidine combination, as compared to aspirin–warfarin, demonstrated a decrease in a 
combined primary endpoint of death, MI, angiographically evident thrombosis, or revascularization 
of the target lesion within 30 days (0.5% for aspirin–ticlopidine vs. 2.7% for aspirin–warfarin; 
p < 0.001) (26). Studies have shown clopidogrel to have comparable if not better efficacy and a superior 
safety profile compared with ticlopidine (27,28). Thus, clopidogrel is the preferred thienopyridine and 
the use of clopidogrel is considered the standard of care in patients undergoing primary PCI for 
STEMI (7), despite a lack of clinical trial data specific to this population.

However, a key question is when to initiate clopidogrel therapy relative to the timing of PCI: 
upstream or at the start of PCI. Even when a 300-mg loading dose is used, it requires at least 4–6 h 
for clopidogrel to approach its maximal antiplatelet effect (29). Although CLARITY-TIMI 28 enrolled 
patients receiving pharmacologic reperfusion therapy rather than primary PCI, the upstream initiation 
of clopidogrel and the protocol-mandated coronary angiography 2–8 days thereafter permitted the 
assessment of the benefit of pretreatment in the 53.4% of all randomized patients who underwent PCI, 
who thereafter were to receive open-label clopidogrel (30). In PCI-CLARITY, pretreatment with 
clopidogrel was found to significantly reduce the odds of cardiovascular death, recurrent MI, or stroke 
by 46% following PCI through 30 days from randomization (3.6% vs. 6.2%; adjusted p = 0.008), 
without a significant increase in bleeding rate. The Kaplan-Meier estimated event rate curves for the 
two treatment groups separated soon after PCI and continued to diverge over time (Fig. 5). The ben-
efit of clopidogrel pretreatment was observed across all patient subgroups, including patients who 
received a GP IIb/IIIa receptor inhibitor at the time of PCI (31). Analogously, the benefit of clopidogrel 
pretreatment has also been demonstrated in patients with NSTE ACS undergoing PCI (32). Some 
clinicians are reluctant to administer clopidogrel before angiography because of concerns that the 
patient will be found to have disease requiring coronary artery bypass grafting (CABG). Nonetheless, 
data from both CLARITY-TIMI 28 and CURE suggest that even for patients requiring CABG there 
is a benefit to upstream clopidogrel initiation and minimal risk of bleeding, especially if one waits 5 
days after discontinuing clopidogrel (20,33).
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Determination of the optimal loading dose of clopidogrel with PCI is under active investigation. 
Higher loading doses of clopidogrel have been shown to achieve more rapid and consistent platelet 
inhibition as compared with the standard 300-mg loading dose (29,34–36). In the ARMYDA-2 
(Antiplatelet Therapy for Reduction of Myocardial Damage during Angioplasty) trial, a 600-mg loading 
dose of clopidogrel, as compared to 300 mg, significantly reduced the incidence of periprocedural 
MI by 50% in patients undergoing PCI for indications other than STEMI (p = 0.041) (37). The 600 mg 
loading dose had an acceptable safety profile during short-term follow-up. Data also suggest that a 
600 mg loading dose may improve cardiovascular outcomes at 1 month of follow-up in NSTE ACS 
patients undergoing PCI (38). Whether any additional benefit is gained with the use of loading doses 
higher than 600 mg is yet to be determined as trials have revealed somewhat discordant results 
(29,35). Evidence also suggests that a higher maintenance dose of clopidogrel with 150 mg daily 
provides more effective platelet inhibition than the currently recommended dose of 75 mg daily (39). 
Whether this will reduce complications, including late stent thrombosis, has not yet been determined. 
The clinical effects of higher loading and early maintenance doses of clopidogrel in patients with 
unstable angina and NSTE ACS undergoing early invasive therapy is being evaluated in the 
CURRENT/OASIS 7 (Clopidogrel Optimal Loading Dose Usage to Reduce Recurrent Events/
Optimal Antiplatelet Strategy for Interventions) trial.

For patients with STEMI proceeding directly to primary PCI, the ACC/AHA guidelines recommend 
a clopidogrel loading dose of 300 mg after diagnostic angiography and prior to PCI (7). The 2005 
ACC/AHA/SCAI (Society for Cardiovascular Angiography and Interventions) guidelines recommend 
a 300 mg loading dose of clopidogrel at least 6 h before PCI and support a loading dose of greater than 
300 mg for patients undergoing PCI who need to achieve a greater degree of platelet inhibition more 
rapidly, as would be the case in primary PCI for STEMI (40). Most recently, the 2007 guidelines from 
the European Society of Cardiology suggest a 600-mg loading dose of clopidogrel in patients with 
STEMI undergoing primary PCI (41).

As is the case with pharmacologic reperfusion, the optimal duration of clopidogrel therapy follow-
ing mechanical reperfusion in STEMI remains unknown. Extrapolation of data from patients undergoing 
elective PCI suggests that 12 months of therapy is beneficial (42). The type of stent (bare metal stent 

Fig. 5. Cumulative incidence curves of cardiovascular death, recurrent MI, or stroke following PCI through 30 days’ 
follow-up in the PCI-CLARITY-TIMI 28 study.
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[BMS] or drug eluting stent [DES]) deployed at the time of PCI affects arterial healing by several 
mechanisms (43). Data suggest that premature discontinuation of clopidogrel after DES implantation 
can be associated with an increase in late cardiac death or nonfatal MI, possibly related to late stent 
thrombosis (44). Observational data suggest a benefit of dual antiplatelet therapy for more than 1 year 
following DES placement (45). A current scientific advisory document stresses the importance of 12 
months of dual antiplatelet therapy after placement of a DES, and education of the patient and health 
care provider about hazards of premature discontinuation (46). ACC/AHA/SCAI guidelines recom-
mend daily clopidogrel for at least 1 month following BMS implantation (40).

Similar to aspirin resistance, the concept of “clopidogrel resistance” has been gaining interest. The 
definition of clopidogrel resistance and assay specifications varies from study to study and nonstand-
ardized methods and use of varying doses of ADP makes comparison of study results difficult (10). 
However, it is believed that several factors, typically divided into those intrinsically or extrinsically 
related to the platelet, are responsible for the phenomenon of clopidogrel resistance (47). Intrinsic 
mechanisms include variability of P2Y

12
 receptor affinity for the active metabolite of clopidogrel, 

variable receptor number, and variability in the response to binding (internal signaling, secondary 
messenger release). Several genetic mutations that modulate both P2Y

12
 function and expression have 

been identified (48,49). Extrinsic mechanisms include any factor that affects platelet aggregation 
response other than the direct interaction of the active metabolite of clopidogrel with the P2Y

12
 receptor 

and the subsequent downstream signaling. Examples include noncompliance, drug–drug interactions, 
and variability in absorption or metabolism. Potential for interaction exists with clopidogrel and the 
3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase inhibitors (statins), as in vitro, clopidogrel 
metabolism is inhibited by more than 90% when clopidogrel and atorvastatin are present at equi-
molar concentrations (50). However, there was no evidence of an interaction clinically in a large 
placebo-controlled trial with long-term follow-up (51).

Patient variability in platelet response to clopidogrel has been demonstrated, and resistance portends 
worse clinical outcomes in patients, particularly in those who undergo coronary stenting (52–55). 
Furthermore, incomplete inhibition of ADP-induced platelet aggregation has been demonstrated after 
stent thrombosis has occurred (55).

The optimal management strategy for patients deemed to have response variability to clopidogrel 
is not well defined. The possibility of higher loading or maintenance doses, as discussed previously, 
may be a reasonable treatment strategy. Alternatively, other P2Y

12
 receptor antagonists are under 

development and may provide more predictable levels of ADP inhibition. There are also reports of 
ticlopidine serving as an alternative therapy in cases of clopidogrel resistance (56).

GLYCOPROTEIN (GP) IIB/IIIA RECEPTOR INHIBITORS

The platelet GP IIb/IIIa receptor mediates platelet aggregation induced by all physiologic agonists. 
Activation of intracellular signaling pathways within the platelet causes the resting GP IIb/IIIa receptor 
to undergo a conformational change allowing it to bind to fibrinogen. Platelet aggregation then occurs 
via the cross-linking of two separate platelets by fibrinogen. Blockade of the receptor, either by mono-
clonal antibodies or by small molecules patterned after the arginine glycine-aspartic acid (RGD) cell 
recognition domain, prevents arterial thrombosis in animal models better than aspirin (57).

The first of these inhibitors to be developed was abciximab, a chimeric monoclonal antibody that 
binds nonspecifically to the GP IIb/IIIa receptor (58). With concerns relating to irreversibility, non-
specificity for the GP IIb/IIIa receptor and immunogenicity, small molecule GP IIb/IIIa receptor 
inhibitors were developed, including eptifibatide and tirofiban.
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Pharmacologic Reperfusion
The role of GP IIb/IIIa receptor inhibitors as an adjunct to pharmacologic reperfusion for STEMI 

has been evaluated. Combination therapy of GP IIb/IIIa receptor inhibitors and reduced-dose fibrino-
lytic therapy has been the subject most extensively studied. Early studies showed encouraging findings 
that GP IIb/IIIa receptor inhibition might offer incremental benefit and it was believed that it may 
help to minimize the risk of bleeding by allowing reduction in the dose of the co-administered lytic 
(59–62). The GUSTO-V (Global Utilization of Strategies to Open Occluded Coronary Arteries – V) 
trial was a randomized, open-label trial to compare the effect of reteplase alone with reteplase plus 
abciximab in patients with STEMI (63). A total of 16,588 patients in the first 6 h of evolving STEMI 
were randomly assigned standard-dose reteplase or half-dose reteplase and full-dose abciximab. The 
primary endpoint was 30-day mortality, and secondary endpoints included various complications of 
MI. The combination of reteplase and abciximab did not offer a significant survival benefit (5.6% 
mortality in the combined group vs. 5.9% in the reteplase group; p = 0.43), but it did decrease the risk 
of nonfatal reinfarction, as well as other complications of MI (including ventricular tachycardia and 
fibrillation, high-grade atrioventricular block, and septal or free wall rupture). However, this occurred 
at the cost of twice the rate of major bleeding, including an increased risk of ICH in patients over the 
age of 75 years (2.1% vs. 1.1%; p = 0.069). Furthermore, the ASSENT-3 (Assessment of the Safety 
and Efficacy of a New Thrombolytic Regimen – 3) trial evaluated abciximab and half-dose tenect-
eplase as compared with standard dose thrombolytics. The findings were consistent with GUSTO-V 
as this trial showed reduced MI, but doubled bleeding, and had no effect on mortality (64).

Based on the available data, ACC/AHA practice guidelines provide a Class IIb (usefulness/efficacy 
less well established) recommendation for the consideration of combination pharmacological reper-
fusion with abciximab and half-dose reteplase or tenecteplase for prevention of reinfarction and other 
complications of STEMI in selected patients (anterior location of MI, age less than 75 years, and no 
risk factors for bleeding) (7). Specific mention is given to the lack of a mortality benefit at both 30 
days and 1 year with this treatment strategy. A Class III (evidence that treatment is not effective or 
harmful) recommendation is given to the combination of abciximab and half-dose reteplase or tenect-
eplase in patients aged greater than 75 years, due to the increased risk of ICH (7).

Mechanical Reperfusion
In the management of STEMI, the role of GP IIb/IIIa receptor inhibitors in primary PCI was evaluated 

in the ADMIRAL (Abciximab Before Direct Angioplasty and Stenting in Myocardial Infarction 
Regarding Acute and Long Term Follow-up) trial (65). Of the 300 patients, those randomized to 
abciximab and PCI as compared with PCI alone had a significant 59% reduction in the rate of death, 
recurrent MI, or urgent target vessel revascularization at 30 days (6.0% vs. 14.6%; p = 0.01). At 6 
months, the corresponding figures were 7.4% and 15.9% (p = 0.02; Fig. 6). The better clinical out-
comes in the abciximab group were related to the greater frequency of a TIMI flow grade of 3 before 
the procedure (16.8% vs. 5.4%, p = 0.01), immediately afterward (95.1% vs. 86.7%, p = 0.04), and 6 
months afterward (94.3% vs. 82.8%, p = 0.04). One major bleeding event occurred in the abciximab group 
and none occurred in the placebo group. A significant mortality benefit in the ADMIRAL trial per-
sisted at 3-year follow-up (66).

The beneficial results of the ADMIRAL trial were not replicated in the larger CADILLAC 
(Controlled Abciximab Device Investigation to Lower Late Angioplasty Complications) trial, as 
abciximab did not produce a significant additive benefit to primary stenting (67). However, in a meta-
analysis, in which 11 trials involving 27,115 patients were analyzed, a significant benefit with the use 
of adjunctive abciximab therapy during primary PCI for STEMI was demonstrated, and this was not 
seen when abciximab was used as an adjunct to fibrinolysis (68). When compared with the control 
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group, abciximab was associated with a significant reduction in short-term (30 days) mortality (2.4% 
vs. 3.4%, p = 0.047) and long-term (6–12 months) mortality (4.4% vs. 6.2%; p = 0.01) in patients 
undergoing primary angioplasty but not in those treated with fibrinolysis.

ACC/AHA guidelines state that it is reasonable to start treatment with abciximab as early as 
possible before primary PCI (with or without stenting) in patients with STEMI (Class IIa, weight of 
evidence is in favor of efficacy) (7). The data on eptifibatide and tirofiban are more limited than for 
abciximab, but given the common mode of action and general clinical experience these agents are 
given a Class IIb indication to support primary PCI in STEMI (7).

The timing of adjunctive GP IIb/IIIa receptor inhibitor administration relative to PCI has been an 
area of recent investigation. In the RELAx-AMI (Randomized Early versus Late Abciximab in Acute 
Myocardial Infarction treated with primary coronary intervention) trial early abciximab administration 
improved pre-PCI angiographic findings, post-PCI tissue perfusion, and 1-month left ventricular 
function recovery (69). Furthermore, in the TITAN (Time to Integrilin Therapy in Acute Myocardial 
Infarction) – TIMI 34 trial, initiation of eptifibatide in the emergency department was shown to 
improve myocardial perfusion without a significant increase in major bleeding (70).

However, neither facilitation of PCI with reteplase plus abciximab nor facilitation with abciximab 
alone significantly improved clinical outcomes in the much larger FINESSE (Facilitated Intervention 
with Enhanced Reperfusion Speed to Stop Events) trial (71,72).

Fig. 6. Incidence of death, reinfarction, and urgent target-vessel revascularization at 30 days and at 6 months after 
randomization to abciximab or placebo in patients with acute MI undergoing primary PCI in the ADMIRAL trial.
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FUTURE DIRECTIONS

The issues of variability in response, irreversibility of inhibitor effects and length of time required 
for maximum platelet inhibition has fostered the search for newer antiplatelet agents. The third generation 
oral thienopyridine, prasugrel, was shown to be ten times more potent than clopidogrel in animal studies 
(73). The JUMBO-TIMI 26 (Joint Utilization of Medications to Block Platelets Optimally – TIMI 26) 
trial, was a phase 2, randomized, dose-ranging, double-blinded safety trial of prasugrel versus clopi-
dogrel in 904 patients undergoing elective or urgent percutaneous coronary intervention (74). A loading 
dose followed by 1 month of maintenance therapy with prasugrel was just as safe as clopidogrel. 
Although not specifically designed to assess efficacy, prasugrel-treated patients had a non-significant 
decrease in the incidence of death, MI, stroke, or target vessel thrombosis at 30-day follow-up. The 
TRITON-TIMI 38 (Trial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet 
Inhibition with Prasugrel) trial was a phase III study evaluating prasugrel against clopidogrel in 
patients presenting with ACS with PCI as the planned management strategy (75). In this trial, prasugrel 
therapy was associated with significantly reduced rates of ischemic events, including stent thrombosis, 
but with an increased risk of major bleeding (76).

AZD6140 is an orally active, non-thienopyridine reversible inhibitor of the platelet P2Y
12

 receptor. 
This agent is a cyclopentyl triazolopyrimidine that provides more rapid and complete antiplatelet 
effect than clopidogrel (77). The PLATO (Platelet Inhibition and Patient Outcomes) trial will compare 
the efficacy of AZD6140 and clopidogrel in patients with STEMI and NSTE ACS.

Cangrelor is an intravenous non-thienopyridine reversible inhibitor of the P2Y
12

 receptor. The very 
short half-life of this agent makes it an attractive alternative and it has been shown to be safe and well 
tolerated in patients with acute coronary syndromes (78).

Other novel classes of agents being explored include protease-activated receptor antagonists and 
platelet adhesion antagonists (16).

Adjunctive antiplatelet therapy in pharmacologic or catheter-based reperfusion for STEMI has 
produced improved cardiovascular outcomes, including mortality benefits. The novel agents under 
investigation will likely better refine the role of antiplatelet therapy in this clinical setting and lead to 
further improvement in patient outcomes.
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AbstrAct Thrombus formation at the site of plaque rupture has long been recognized as the inciting event 
in the pathophysiology of ST-segment elevation myocardial infarction (STEMI). Fibrinolysis remains the 
most common mode of revascularization worldwide and has the recognized limitation of creating large 
amounts of activated thrombin as a byproduct of its mechanism of action. Several antithrombin agents 
have been developed as adjuncts to either pharmacologic or mechanical revascularization strategies for this 
patient population. Unfractionated heparin remains a very important agent although low-molecular weight 
heparins and direct thrombin inhibitors have been developed and studied in these patients. How each class 
of antithrombin therapies will be optimally utilized for patients with STEMI remains to be defined. At the 
core of any antithrombin therapy rests the goals of minimizing ischemic complications while simultane-
ously avoiding any bleeding complications.

Key words: Acute myocardial infarction; Direct thrombin inhibitor; Fibrinolysis; Low molecular weight 
heparin; Percutaneous coronary intervention; Revascularization; ST-segment elevation myocardial infarc-
tion; Unfractionated heparin

INTRODUCTION

Acute ST-segment elevation myocardial infarction (STEMI) is associated with substantial morbidity 
and mortality. Estimated to account for almost 8 million annual deaths worldwide, considerable 
research has been conducted to refine both mechanical and pharmacologic reperfusion strategies in 
order to improve outcomes in patients with STEMI (1). While primary percutaneous coronary inter-
vention (PCI) has been shown superior to fibrinolysis in STEMI (2), fibrinolysis remains the primary 
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reperfusion approach worldwide due to lack of timely access to primary PCI. Nevertheless, the benefits 
of antithrombin therapy in the management of patients with STEMI have been demonstrated when 
used as an adjunct to both pharmacologic and mechanical reperfusion with the primary purpose of 
preventing thromboembolic complications (i.e. left ventricular thrombus formation) and maintaining 
patency of the infarct-related artery (IRA).

HEPARINS

Unfractionated heparin is a heterogenous mixture of polysulfated glycosaminoglycans that exert its 
antithrombotic effect through catalysis of antithrombin III mediated inhibition of factor Xa and 
thrombin (3). Unfractionated heparin (UFH) was the first antithrombin therapy tested for the manage-
ment of patients with STEMI. While there are data suggesting a potential benefit as a stand-alone 
therapy in the management of these patients, this is not reflective of current practice standards of 
prompt and complete restoration of IRA patency.

The initial experience with both subcutaneous and intravenous UFH revealed an improvement in 
infarct-related artery patency and prevention of left ventricular thrombus formation when used as an 
adjunct to nonspecific fibrinolytic agents (4,5).

The importance of adjunctive antithrombin therapy as well as the route of administration was more 
clearly demonstrated in a randomized trial comparing nonspecific to fibrin-specific fibrinolytics. The 
Global Use of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary Arteries (GUSTO)-1 
trial enrolled over 41,000 patients and compared streptokinase to accelerated t-PA and included subcuta-
neous and intravenous UFH arms in the SK treatment group (6). When tested in this head-to-head fashion, 
IV UFH was not superior to subcutaneous UFH as an adjunct to streptokinase (7).

Early studies that specifically evaluated strategies of antithrombin therapy with heparin in patients 
undergoing fibrinolysis were individually underpowered to detect differences in their primary outcomes 
and even in aggregate include less than 2000 patients (8–12). Not surprisingly, UFH failed to signifi-
cantly reduce the risk of death or recurrent myocardial infarction and was associated with increased 
bleeding events. Despite these limited data, adjunctive UFH became the standard antithrombin therapy 
for fibrinolysis, especially when using a fibrin-specific agent such as t-PA (13–16).

Throughout the comparisons of UFH to both placebo and low-molecular-weight heparin, investiga-
tors have evaluated differing strategies in the route of administration, timing and dosage in an attempt 
to reduce recurrent ischemic events and simultaneously minimize bleeding complications. While differing 
strategies of UFH have not been compared in a head-to-head fashion, current recommendations have 
arisen through the formation of expert consensus from clinical investigations. Subcutaneous heparin, 
which was evaluated primarily in three large trials, failed to provide sufficient reduction in ischemic 
events to continue as a viable strategy (4,5,17). Concerns over the timing of the initiation of anti-
thrombin therapy arose with the recognition of the prothrombotic state following fibrinolysis. While 
there is ample support for fibrinolysis in the setting of established antithrombotic milieu, a reduction 
of recurrent ischemic events with the concurrent administration of UFH has not definitively been estab-
lished (6). Regardless of these results, simultaneous administration of UFH with fibrinolytics has 
become standard practice. Monitoring the therapeutic effect of UFH dosing through the calculation of 
activated partial thromboplastin time (aPTT) has been prescribed throughout evaluations of UFH as an 
adjunct to fibrinolysis. Therapeutic aPTT limits have varied from trial to trial, observations that patients 
with shorter times were less likely to demonstrate benefit (12) while those with higher times were more 
likely to suffer a morbid bleeding or mortal event (18). Current guideline recommendations incorporate 
these lessons within the recommendation that patients receive weight-based UFH with an IV bolus 
followed by continuous infusion to achieve an aPTT that is 1.5 to 2.0 times the control value (19).
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Low-Molecular-Weight Heparin
Low-molecular weight heparins (LMWH) are derived through the chemical or enzymatic fragmen-

tation of UFH with resultant varying chain lengths and anticoagulant properties. Compared to UFH, 
LMWH have a more predictable response, longer half-life, better bioavailability and dose-independ-
ent clearance (20). (Table 1). These benefits, in addition to obviating the need for laboratory monitor-
ing, led to investigations of LMWH for patients presenting with STEMI in the setting of both 
fibrinolysis and percutaneous intervention.

When compared to placebo in patients receiving fibrinolysis, LMWH has been shown to be supe-
rior in reducing in-hospital and 30-day death and reinfarction. Two small trials conducted shortly after 
the commercial introduction of LMWH evaluated the benefit of dalteparin in patients receiving streptoki-
nase for AMI. After treatment for an average of 9 days, delayed subcutaneous LMWH was associated 
with a 37% decrease in the incidence of left ventricular thrombus formation at the expense of increased 
rates of hemorrhage (21). Subsequently, short-term benefits of upstream LMWH administration were 
assessed utilizing a reduced LMWH dose aimed at minimizing bleeding (22). After two doses of 
dalteparin, rates of TIMI-3 flow within the infarct related artery (IRA) were not significantly different 
24 hours after fibrinolysis but trended toward benefit in the LMWH group without a significant 
difference in bleeding outcomes compared to placebo.

Short-term IRA patency has been evaluated following early administration of intravenous enoxa-
parin with a short-term course of subcutaneous therapy in patients receiving fibrinolysis for STEMI 
(23). After a median treatment duration of five days with enoxaparin or placebo, significant improve-
ments were seen in favor of LMWH for TIMI-3 flow at 8-day follow-up catheterization and in the 
clinical composite of death, myocardial infarction or recurrent angina. The composite was primarily 
driven by a 3-fold reduction in recurrent myocardial infarction.

The Clinical Trial of Reviparin and Metabolic Modulation in Acute Myocardial Infarction 
Treatment Evaluation (CREATE) trial was planned as the definitive evaluation of short-term LMWH 
for patients presenting with STEMI. In this trial of over 15,000 patients LMWH was compared to 
placebo with the reperfusion strategy left to the discretion of the enrolling physician (approximately 
75% fibrinolysis; less than 10% primary PCI). Following 7 days of treatment, patients randomized to 
LMWH showed a 13% relative reduction in death, recurrent MI or stroke with an absolute risk reduction 
of 1.4%, a benefit that was durable through the 30-day follow-up period. In addition to showing supe-
riority in the combined endpoint, preplanned secondary analyses were able to demonstrate significant 
reductions in the individual components of death (NNT=67) and reinfarction (NNT=167).

Table 1 
Properties of low-molecular-weight heparins

Name Dosing
Anti-Xa-IIa 

ratio T
1/2

Mean MW
FDA approved 

for STEMI?

Enoxaparin 30-mg IV bolus and 1 mg/kg SC  
dose q 12° dose adjusted if >75 y

3.8 4.5 4,200 Yes

Reviparin <50 kg – 3436 IU SC q12°;  
<80 kg – 5153 IU SC q 12°;  
>80 kg – 6871 IU SC q12°

3.5 2.5–5.3 4,000 No

Dalteparin 30 IU/kg IV bolus then 90I U/kg  
SC then 120 IU/kg q 12°

2.7 2.3 6,000 No

Nadroparin 86 IU/kg IV then 86 IU/kg SC q 12° 3.6 2.5–5.5 4,500 No
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Following the initial positive results of LMWH in patients receiving fibrinolysis for STEMI, multiple 
comparisons were made in trials of adjunctive unfractionated versus low-molecular-weight heparin. 
Many of these head-to-head comparisons also incorporated assessments of emerging therapies in the 
dynamic field of medical therapies for acute coronary syndromes. (Table 2)

The Assessment of the Safety and Efficacy of a New Thrombolytic Regimen (ASSENT)-3 trial 
compared the use of enoxaparin (until hospital discharge or 7 days) to UFH (48 h) in over 4,000 
patients receiving weight-adjusted tenecteplase for STEMI (24). A third arm of the trial received 
tenecteplase in addition to the glycoprotein IIb/IIIa inhibitor, abciximab. Enoxaparin was associated 
with a significant 26% reduction in the primary endpoint of 30-day mortality, in-hospital refractory 
ischemia or reinfarction (11.4% vs. 15.4%, p = 0.0001). Of significant note, these improvements in 
adverse cardiac events came without significant increases in major bleeding or intracranial hemorrhage 
even with the longer duration of enoxaparin therapy.

Two smaller contemporary trials of ASSENT-3 compared alternate fibrinolytic strategies in the 
setting of either UFH or enoxaparin. The HART II study evaluated early angiographic outcomes in 
400 patients receiving t-PA for STEMI (25). Antithrombin therapy was continued for at least 3 days 
in both arms and patients underwent diagnostic angiography at both 90 minutes and 5-7 days following 
administration of fibrinolysis. Designed to test noninferiority, enoxaparin met its prespecified criteria 
with 80.1% of patients with TIMI-2 or 3 flow compared to 75.1% receiving UFH. Safety and 30-day 
mortality were similar between both groups.

The safety and efficacy of adjunctive LMWH compared with UFH was also demonstrated in a 
“real-world” environment (26). Three hundred patients received one of three fibrinolytics (streptokinase, 
anistreplase or recombinant t-PA) at the discretion of the admitting physician and were then rand-
omized to 4 days of either UFH of enoxaparin unadjusted for weight. At 90 days, enoxaparin-treated 
patients demonstrated significant reductions in death, recurrent myocardial infarction or readmission 
for unstable angina (26% vs. 36%, p = 0.04). There was no observed difference in major bleeding 
between the UFH and LMWH groups.

In a comparison of both antithrombin strategies and adjunctive IIb/IIIa inhibitors, the ENTIRE-
TIMI-23 trial compared LMWH to UFH in patients receiving either full-dose tenecteplase or 
half-dose tenecteplase with abciximab (27). UFH dosing was reduced in the abciximab group and 
allowances were made for patients who underwent PCI. For the primary endpoint of TIMI-3 flow at 
60 min following fibrinolysis, enoxaparin had similar efficacy to UFH. The enoxaparin group did 
show a robust decrease in 30-day ischemic endpoints primarily driven by reductions in nonfatal MI 
in patients receiving full-dose tenecteplase. As was seen in the previous trials, there were no important 
distinctions in safety observed between the UFH or LMWH groups.

In an attempt to improve the short-term outcomes of patients receiving fibrinolysis for STEMI, the 
ASSENT investigators sought to capitalize on the comparative ease of prolonged LMWH administra-
tion in ASSENT-Plus (28). After receiving tenecteplase, 439 patients were randomized to receive 
either 48 hours of UFH or 4-7 days of dalteparin. The primary endpoint was the rate of TIMI 3 flow 
in the infarct related artery as assessed by in-hospital angiography. Dalteparin failed to produce any 
significant difference in TIMI 3 flow rates, but was associated with significantly less TIMI 0-1 flow 
and intraluminal thrombus.

Recognizing the benefits of reducing the time from symptom onset to fibrinolysis the ASSENT 
group conducted a larger trial of pre-hospital therapy in ASSENT-3 PLUS (29). Enrolling over 1600 
patients, they tested whether UFH or LMWH, in addition to tenecteplase administered by first-
responders, would reduce 30-day adverse cardiac endpoints. The modest benefits seen in the patients 
in the enoxaparin failed to achieve significance (14.2% vs. 17.4%, p = 0.08) and were associated with 
higher rates of stroke (2.9% vs. 1.3%, p = 0.026) and intracranial hemorrhage (ICH) (2.2% vs. 0.97%, 
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p = 0.047). The increase in ICH seen with enoxaparin was particularly evident in patients older than 
75 years, with rates more than 5 times that of younger patients.

Synthesizing the lessons learned from these comparisons of LMWH to UFH, the TIMI trialists 
conducted the definitive trial on this issue, ExTRACT-TIMI-25 (30). Enrolling over 20,000 patients, 
they compared a strategy of 48 hours of UFH to enoxaparin for the duration of hospitalization or a 
maximum of 7 days. Dosing adjustments were made for patients over 75 years or with significant 
renal impairment. Choice of fibrinolytic was left to the discretion of the treating physician. For the 
primary endpoint of death or recurrent MI at 30 days, enoxaparin was associated with a very signifi-
cant, clinically relevant 17% reduction (9.9% vs. 12.0%, p < 0.001). Enoxaparin was associated with 
an increase in major bleeding events (2.1% vs. 1.4%, p < 0.001), but as a measure of net clinical 
benefit, it remained superior to UFH in the endpoint of 30-day death, MI or nonfatal ICH (10.1% vs. 
12.2%, p < 0.001).

Concurrent to TIMI-25 was a large Chinese trial of patients with STEMI that convincingly 
demonstrated the benefit of clopidogrel therapy, thus an additional investigation was begun to validate 
both the safety and efficacy of LMWH as part of a more contemporary anti-thrombotic regimen. The 
CLARITY-TIMI-28 trial included 2,860 patients undergoing fibrinolysis who at the discretion of their 
treating physician received LMWH or UFH in addition to clopidogrel or placebo. Heparin therapy 
was administered for 48 hours after which patients underwent coronary angiography to assess the 
primary outcome of an occluded IRA or pre-angiography death or recurrent MI. Treatment with 
LMWH was associated with a 24% reduction in primary endpoint (13.5% vs. 22.5, p = 0.027) and 
32% reduction in 30-day rates of death or recurrent MI (6.9% vs. 11.5%, p = 0.030) without any signal 
for safety concern. Patients randomized to both LMWH and clopidogrel had excellent clinical out-
comes with a primary endpoint composite of 15.3% with a similar rate of major bleeding.

While patients presenting within 12 hours of symptom onset are eligible for reperfusion therapy, a 
significant number present late and are thus left to medical therapy at the discretion of the treating 
physician. It is in this setting that enoxaparin was compared to UFH in over 1,200 patients ineligible 
for reperfusion. The Treatment with Enoxaparin and Tirofiban in Acute Myocardial Infarction 
(TETAMI) trial was a two-by-two randomization to either enoxaparin or UFH and the IIb/IIIa inhibitor, 
tirofiban or placebo (31). There was no observed benefit of enoxaparin over UFH. In addition, adjunctive 
IIb/IIIa inhibition with tirofiban was not effective in improving the primary combined endpoint of 
30-day death, reinfarction or recurrent angina. Enoxaparin did exhibit similar safety to UFH suggesting 
it as a viable strategy in these patients.

These trials of LMWH compared to placebo and UFH have been reported in aggregate (32). 
Compared to placebo, LMWH has been demonstrated to produce significant reductions in both in-
hospital and 30-day reinfarction and death ranging from 10 to 28%. When tested against UFH, 
LMWH was shown to reduce in-hospital (43%) and 30-day reinfarction (35%). These benefits did 
come with some important safety concerns. In the placebo-controlled trials, LMWH was associated with 
significant increases in in-hospital ICH (0.3% vs. 0.1%), major (1.1% vs. 0.4%) and minor bleeding 
(15.1% vs. 5.2%). When compared to UFH, only in-hospital minor bleeding (22.8% vs. 19.4%) 
remained significantly increased for patients receiving LMWH

FONDAPARINUX

Fondaparinux is a synthetic pentasaccharide with daily subcutaneous dosing that selectively increases 
the antithrombin-mediated inactivation of factor Xa and as such shares many beneficial aspects of 
LMWH over UFH in patients with ACS. In an initial dose-finding trial, 333 patients undergoing fibri-
nolysis with alteplase for STEMI were randomized to fondaparinux or UFH (33). Fondaparinux was 
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found to be as safe as UFH with a trend toward improvement of clinical outcomes with observed reduc-
tions in reocclusions and need for revascularization through the 30-day follow-up period.

As part of a planned development effort to evaluate fondaparinux across the spectrum of ACS, a 
trial powered to compare clinical outcomes was conducted in the setting of STEMI. Enrolling over 
12,000 patients, the Organization for the Assessment of Strategies for Ischemic Syndromes (OASIS)-6 
trial compared an initial 2.5mg dose of fondaparinux administered intravenously followed by daily 
subcutaneous injections to UFH or placebo (34). Active therapy was continued for up to 8 days and 
compared to placebo or up to 48 hours of UFH depending on the treating physician’s perceived need 
for adjunctive heparin therapy. Three-quarters of enrolled patients received reperfusion therapy with 
slightly less than 30% undergoing PCI. Powered to assess death and recurrent MI at 30 days, OASIS-6 
demonstrated overall benefit in favor of fondaparinux with a 14% reduction in the primary endpoint 
(9.7% vs. 11.2%, p = 0.008). Similar findings were observed for a preplanned analysis at 9 and 180 days. 
With regard to safety, fondaparinux was equivalent to control therapy with a prespecified subgroup 
analysis suggesting benefit over control in patients receiving fibrinolytics. There was significant heterogeneity 
for the treatment effect based on choice of initial reperfusion strategy. Fondaparinux was associated 
with lower rates of death or MI compared with control in medically treated or thrombolysed patients 
while there was no benefit observed in those who underwent primary PCI. In patients undergoing 
primary PCI fondaparinux was associated with a trend toward worse outcome including problems 
with catheter thrombosis. These concerns with fondaparinux bring into question its widespread 
acceptance in regions where primary PCI is the prevailing mode of reperfusion.

DIRECT THROMBIN INHIBITORS

Encompassing a class of medications that can inactivate thrombin without need for intermediary, 
the direct thrombin inhibitors (DTI) have received much interest in the treatment of STEMI and have 
been investigated as primary treatment in addition to adjuncts for both fibrinolysis and percutaneous 
intervention in this setting (Table 3). These compounds are predominantly polypeptides that achieve 
their activity by binding to catalytic sites on thrombin. During fibrinolysis, a large amount of thrombin 
bound to fibrin is created and since the catalytic center of thrombin is separate from its fibrin-binding 
domain, thrombin bound to fibrin remains enzymatically active (35). Thrombin bound to fibrin has 
been shown resistant to the effects of heparins and other agents that exert their antithrombotic effects 
through an antithrombin -mediated process (36). Thus, the ability of DTI to bind clot-bound thrombin 
generated during fibrinolysis provides a mechanistic benefit over heparins as adjuncts in the pharma-
cologic treatment of STEMI (37).

The first major trials to evaluate DTI in STEMI compared hirudin to UFH in patients undergoing 
fibrinolysis with either streptokinase (SK) or t-PA. Initially begun as large-scale trials with hard clinical 
primary endpoints, the TIMI-9 (38) and GUSTO-II (39) were terminated early due to an excessive rate 
of hemorrhagic stroke in both control and actively treated patients. The trials were restarted after 
adjustments were made in both heparin and hirudin dosing and completed enrollment of just over 7,000 
patients (40,41). Following the dose decreases, neither trial reported an excess of intracranial or major 
bleeding. TIMI-9B evaluated the composite of death, reinfarction, cardiac failure or cardiogenic shock at 
30 days as its primary endpoint and found rates of 11.9% and 12.9% (OR 1.09, p=0.4) for the hirudin and 
UFH groups, respectively. GUSTO-IIB was similarly unable to demonstrate a difference between hirudin 
and UFH for the prevention of death or recurrent myocardial infarction at 30 days (9.9% vs. 11.3%, 
(OR 0.86, p = 0.13)) While the overall trial results were negative, the finding that patients receiving SK 
and hirudin had similar outcomes to patients receiving t-PA provided motivation to test in HERO-2 
whether the effects of DTI might be most beneficial with SK rather than a fibrin-specific agent.
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A contemporary investigation to GUSTOII and TIMI-9 conducted in Europe which studied recom-
binant hirudin as adjunct to alteplase fibrinolysis faced similar challenges. The Hirudin for the 
Improvement of Thrombolysis (HIT)-3 trial utilized UFH as control in an appropriately sized clinical 
event trial, but was halted due to an excessive rate (3.4% vs. 0%) of ICH in the hirudin arm (42). This 
was followed by several years later with HIT-4 which examined a recombinant form of hirudin, 
lepirudin in 1,210 STEMI patients treated with SK and evaluated death, MI, stroke, rescue PCI and 
refractory angina at 30 days as its primary endpoint (43). Lepirudin treated patients were not signifi-
cantly different from those receiving UFH (22.7% vs. 24.3%, p = NS) with regard to the combined 
endpoint. Major bleeding and ICH rates were similar between groups.

Following the benefits of upstream administration of DTI seen in small pilot trials (44–46), a large 
clinical events investigation of the 20 amino acid DTI, bivalirudin, was begun in patients receiving 
SK for STEMI. The Hirulog and Early Reperfusion of Occlusion (HERO)-2 trial enrolled over 17,000 

Table 3 
Major trials of direct thrombin inhibitors in STEMI

Trial n DTI Control
Fibrinolytic 

agent Results

TIMI-9B,  
1996

3,002 Hirudin 0.1 mg/kg IV 
bolus then 0.1 mg/
kg/h gtt for 96°

UFH 50/10 IV 
for 96°

t-PA Equivalence in efficacy and 
safety outcomes between 
agents

GUSTO-IIb, 
1996  
(STEMI  
only)

4,131 Hirudin 0.1 mg/kg IV 
bolus then 0.1 mg/
kg/h gtt for 72°

UFH 50/10 IV 
for 72°

SK or t-PA Similar rates of death or MI 
and no difference in safety 
outcomes

HERO, 1997 412 Hirulog, two regimens 
of bolus + infusion 
for up to 60°

UFH weight-
based for up 
to 60°

SK Absolute TIMI 3 flow improve-
ment of 11–13% with hirulog

HIT-4,  
1999

1,208 Lepirudin 0.2 mg/
kg IV bolus then 
0.5 mg/kg SC BID 
for 5–7 days

UFH IV bolus 
then SC 
BID for 5–7 
days

SK Benefit in favor of lepirudin for 
complete ST resolution at 
90 min

ARGAMI,  
2000

127 Argatroban (100 µg/kg 
bolus then 3 µg/kg/
min gtt) for 72°

UFH 5k/1k for 
72°

Alteplase No significant difference in IRA 
TIMI 2/3 flow at 90 min or 
bleeding outcomes

HERO-2,  
2001

17,073 Bivalirudin (0.25 mg/
kg IV bolus then 
0.5 mg/kg/h for 12° 
then 0.25 mg/kg/h 
to 48°

UFH 5k bolus 
then 1k or 
0.8k gtt

SK No reduction in 30-day mor-
tality, but 30% reduction in 
recurrent MI at 96°

HORIZONS-
AMI,  
2008

3,602 Bivalirudin (0.75 mg/
kg IV bolus then 
1.75 mg/kg/h for the 
duration of PCI

UFH 60 U/kg 
bolus then 
to ACT goal 
of 250–300

n/a In patients undergoing primary 
PCI for STEMI, bivalirudin 
significantly reduced bleed-
ing and adverse clinical 
events

IV intravenous, UFH unfractionated heparin, t-PA tissue type plasminogen activator, SK streptokinase, TIMI thromboly-
sis in myocardial infarction, SC subcutaneous, IRA infarct related artery, PCI percutaneous coronary intervention, ACT 
activated clotting time
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patients who were randomized to a bolus of bivalirudin or UFH followed immediately by an infusion 
of SK (47). Infusion of the assigned antithrombin agent was continued through at least 48 hours to 
evaluate the primary endpoint of 30-day mortality with preplanned secondary analyses of reinfarction 
and safety endpoints. For its primary endpoint, HERO-2 was neutral with no significant difference in 
mortality between groups; however, there was a 30% relative reduction in reinfarction at 96 hours 
seen in favor of the bivalirudin group. There were no reported serious safety concerns with bivalirudin 
in the overall population; however, in patients older than 75, there was a concerning increase in bleed-
ing and intracranial hemorrhage which has restricted its use in this setting. Prior to the publication of 
HERO-2, a pooled reporting of the major trials of DTI in STEMI was included in a meta-analysis of 
DTI in ACS (48). Overall, results similar to HERO-2, with no significant change in mortality and 25% 
reduction in reinfarction were seen.

With the acceptance of an initial strategy of mechanical reperfusion as superior to pharmacologic 
reperfusion in STEMI (2), questions arose regarding the best pharmacologic adjuncts in the setting of 
primary PCI. Building on the lessons learned from investigations of DTI in mechanically reperfused 
patients with non-ST-segment elevation myocardial infarction, in which bivalirudin was compared to 
UFH and a GP IIb/IIIa inhibitor (49,50), a similar trial was conducted in primary PCI for STEMI.

The Harmonizing Outcomes with Revascularization and Stents in Acute Myocardial Infarction 
(HORIZONS-AMI) trial randomized just over 3,600 patients with a planned intervention for STEMI 
to heparin or bivalirudin (51). Both were infused for the duration of the intervention following a bolus 
dose. A glycoprotein IIb/IIIa inhibitor was administered to all patients in the heparin arm and was 
available on a provisional basis for those receiving bivalirudin. At 30 days, bivalirudin was found 
superior at reducing the co-primary endpoints of major bleeding (4.9% vs. 8.3%, RR = 0.60, 95% CI 
0.46–0.77, p < 0.001) and net adverse clinical events which included death, reinfarction, target vessel 
revascularization, stroke and major bleeding (9.2% vs. 12.1%, RR = 0.76, 95% CI 0.63–0.92, p < 0.005). 
In addition to the contribution made by the decrease in bleeding, a significant reduction in cardiac 
mortality contributed to the improved rate of net adverse clinical events seen with bivalirudin. These 
benefits were slightly offset by an 1% absolute increase in acute (£24 hr) stent thrombosis seen in the 
bivalirudin group.

RECOMMENDATIONS

The ACC/AHA practice guidelines currently provide specific instructions regarding the use of 
antithrombin therapy in patients presenting with STEMI (19). UFH receives the strongest support 
with the following class I indications including patients undergoing percutaneous or surgical revascu-
larization. For patients who undergo pharmacologic reperfusion with alteplase, reteplase or tenecteplase, 
IV UFH should be administered as a 60 U/kg bolus (maximum 4000 U) followed by an infusion 
of 12 U/kg/hr (maximum 1000 U/hr) to achieve an activated partial thromboplastin time (aPTT) of 
1.5-2.0 time control (usually 50-70 sec). For patients who receive streptokinase, anistreplase or uroki-
nase, IV UFH should be given to patients at high-risk for embolic complication including those with 
anterior MI, atrial fibrillation or known LV thrombus. Given its increased prothrombotic potential IV 
UFH (or bivalirudin in patients with a history of heparin-induced thrombocytopenia, 0.25 mg/kg IV 
bolus followed by 0.5 mg/kg/h for 12 h then 0.25 mg/kg/h for the subsequent 36 h with reduced dose 
if the aPTT exceeds 75 sec) may be reasonable for all patients undergoing fibrinolysis with streptokinase, 
and receives a class IIb recommendation from the ACC/AHA. With regard to newer therapies, the 
guidelines give a IIb recommendation to consideration of LMWH (enoxaparin, 30mg IV followed by 
1mg/kg SC every 12 h until hospital discharge) as an alternative to patients undergoing fibrinolysis 
provided they are less than 75 years old and have normal renal function. The use of LMWH should 
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be avoided in patients older than 75 years or with significant renal dysfunction (serum creatinine 
clearance < 30 ml/min) undergoing fibrinolysis.

CONCLUSIONS

Thrombus formation at the site of plaque rupture has been long recognized as the inciting event in 
the pathophysiology of STEMI. Fibrinolysis remains the most common mode of revascularization 
worldwide and has the recognized limitation of creating large amounts of activated thrombin as a 
byproduct of it mechanism of action. Antithrombin therapy at the time of fibrinolysis has been exten-
sively evaluated with early trialists adopting UFH as an unproven, yet recognized standard. Subsequent 
evaluations of LMWH, particularly enoxaparin, have demonstrated its superiority in reducing major 
adverse cardiac endpoints following fibrinolysis with some concern over increases in major bleeding 
events. Fondaparinux, a synthetic antithrombin compound was found superior to enoxaparin in reducing 
clinical endpoints with fewer bleeding concerns among patients treated pharmacologically, but does 
not appear to provide sufficient anticoagulation for patients undergoing mechanical percutaneous 
revascularization. Direct thrombin inhibitors, in the setting of fibrinolysis, have been found to have an 
unacceptable safety profile with limited benefit in efficacy when compared to UFH. For patients who 
undergo mechanical reperfusion, bivalirudin has demonstrated yet incipient benefits which will 
require further development. The treatment of STEMI remains a dynamic environment where new 
agents will continue to challenge the validity of proven therapies.
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AbstrAct Early and effective reperfusion is the primary treatment goal in acute myocardial infarction. 
The use of fibrinolytic (lytic) therapy to achieve early infarct vessel patency is well established and rec-
ommended where primary percutaneous coronary intervention (PCI) is not available. Several lytic agents 
are available with differing advantages and disadvantages. Contraindications to lytic therapy are impor-
tant to appreciate as the major complication, intracranial hemorrhage, is potentially devastating. Rescue 
angioplasty is necessary if reperfusion is not achieved by lytic therapy. After lytic therapy, early transfer 
to a PCI-capable facility for angiography may be beneficial in high-risk patients regardless of reperfusion 
status. The routine use of lytics with planned primary PCI is not recommended, however, as adverse out-
comes may result. A strategy of facilitated PCI with half-dose lytics and GP IIb/IIIa is also currently not 
recommended.

Key words Fibrinolytics; Time-to-treatment; Primary PCI; Rescue angioplasty; Facilitated angioplasty

INTRODUCTION

The pathophysiology of the majority of acute myocardial infarctions (MI) is characterized by 
atherosclerotic plaque erosion or rupture with subsequent platelet adhesion and aggregation, and 
simultaneous activation of the coagulation cascade, as described in previous chapters. The end result 
is thrombin generation and fibrin clot formation, partially or completely occluding the infarct artery. 
The major difference between non-ST elevation myocardial infarction (NSTEMI) and ST-elevation 
myocardial infarction (STEMI) is the location of the infarct artery and the degree of arterial occlusion, 
with STEMI usually representing complete occlusion of a major epicardial artery lacking significant 
collateral flow. Stuttering symptoms may represent temporary occlusion.

From: Contemporary Cardiology: Antithrombotic Drug Therapy in Cardiovascular Disease
Edited by: A.T. Askari and A.M. Lincoff (eds.), DOI 10.1007/978-1-60327-235-3_13 

© Humana Press, a part of Springer Science+Business Media, LLC 2010



248 Antithrombotic Drug Therapy in Cardiovascular Disease

Early reperfusion following symptom onset (within 12–24 h) is the primary goal of any acute MI 
therapy as timely patency of the infarct-related artery has been shown to correlate with improved clinical 
outcomes. The primary goal of reperfusion therapy, irrespective of the type (mechanical or pharmaco-
logic) is to restore sufficient blood flow in order to preserve as much myocardium as possible. The 
secondary goal, perhaps better achieved by primary (when timely), rescue or late PCI, is prevention of 
recurrent ischemia and infarction. However, when used appropriately in an early reperfusion strategy, 
lytics have been shown to be safe and effective in select patients where timely primary PCI is not available. 
Early transfer to a PCI-capable facility is then recommended.

The purpose of this chapter is to review the appropriate use of lytic therapy as a primary reperfusion 
strategy, and as a part of a facilitated PCI strategy.

APPROPRIATE DIAGNOSIS AND EARLY TREATMENT OF STEMI

Acute STEMI remains a significant cause of morbidity and mortality. The accurate diagnosis 
of STEMI requires the appropriate clinical scenario in the setting of a diagnostic electrocardio-
gram (Table 1). Assuming the appropriate diagnosis is made, the risk of morbidity and mortality 
depends heavily on the size of the jeopardized myocardium and the duration of occlusion. A 
significant reduction in mortality may be achieved by early and effective restoration of antegrade 
flow in the infarct-related artery. The optimal method used to achieve reperfusion has been a 
matter of some debate. However, the patients treated within the first hour appear to have the high-
est mortality benefit. It has been demonstrated that there is an inverse relationship between time 
to treatment and survival benefit which extends to 12 h when lytic therapy is used (1). Recent 
data indicate that this time dependency may extend beyond 12–24 h in patients who receive pri-
mary PCI (Brave-2) (2). All patients with ST-segment elevation or new left bundle branch block 
MI presenting within this time period from onset of symptoms should be considered for reper-
fusion therapy.

FIBRINOLYSIS VERSUS DIRECT PCI

Following diagnosis, rapid decision-making is necessary to appropriately manage patients 
with STEMI. The assessment of availability of primary PCI and the contraindications to lytic 
therapy are essential factors when choosing a reperfusion strategy. In facilities where coronary 
angiography and PCI are available within 90 min of medical contact, primary PCI has been 

Table 1 
Differential diagnostic considerations for STEMI

Comorbid ischemia ST elevation but no ischemia Chest pain but no ischemia

Aortic dissection Early repolarization Aortic dissection
Systemic arterial embolism Left ventricular hypertrophy Myopericarditis
Hypertensive crisis Left bundle branch block Pleuritis
Aortic stenosis Hyperkalemia Pulmonary embolism
Cocaine use Brugada syndrome Costochondritis
Arteritis GI disorders

Adapted from Christofferson RD (2008) Acute ST-elevation myocardial infarction. In: Shishehbor MH, Wang TH, Askari AT, 
Penn MS, Topol EJ (eds) Management of the patient in the coronary care unit. Lippincott Williams and Wilkins, New York
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deemed to be the preferred therapy (3). Several large, randomized trials have demonstrated a 
pooled 22% short-term mortality reduction for patients treated with primary PCI compared to 
lytic therapy within this early treatment window (4). In addition, significant reductions in death, 
MI, and recurrent ischemia at long-term follow-up have been demonstrated (Fig. 1). However, 
practical limitations often prevent timely administration of primary PCI. An analysis of 21 trials 
showed that the mortality reduction from primary PCI over lytics decreased with each 10 min 
increase in time delay, with the therapies becoming equivalent after a PCI-related delay of 
62 min (5). Therefore, in facilities where PCI is not available and transfer is not likely within the 
appropriate time window [medical contact-to-balloon time > 90 min, lytic therapy is preferred 
unless contraindicated (Table 2)].

The use of primary PCI with prolonged transfer times is controversial. Several trials have addressed 
the question of primary PCI with modest transfer times (DANAMI-2, AIR-PAMI, and PRAGUE) and 
have found favorable outcomes, although these studies have been criticized regarding broad applicability 
due to practical limitations on transfer times in the US, in particular (3). As a result, current guide-
lines emphasize early reperfusion, regardless of the method. If a contraindication to lytic therapy is 
present or in the setting of cardiogenic shock or prior bypass surgery, arrangement should be made for 
immediate transfer for primary PCI.

Fig. 1. Short- and long-term clinical outcomes in patients treated with PTCA versus thrombolytic therapy [From (4)].
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FIBRINOLYTIC AGENTS

Fibrinolysis is mediated by a non-specific protease called plasmin, which exerts its effect by 
degrading clot-associated fibrin and fibrinogen. Lytic agents are all plasminogen activators, leading 
to the direct or indirect conversion of plasminogen to plasmin. There are currently several approved 
lytic agents (Table 3). These agents differ in their fibrin specificity and dosing regimen, with reduced 
bleeding complications from enhanced fibrin specificity, and improved ease of delivery from bolus 
dose agents, allowing prehospital treatment by emergency medical personnel.

Streptokinase is a 415-amino acid bacterial protein. It differs greatly from the newer recombinant 
lytic agents in that it is produced by bacteria, is antigenic, and has little fibrin specificity. It can cause 
substantial systemic lytic effects at clinical doses. Because of the antigenicity, it cannot be administered 
twice in the same patient as antibodies are developed against the protein. The major advantage to strep-
tokinase however is low cost. Much of the data derived for lytic use in MI has been obtained for 
alteplase, the naturally occurring version of human tissue plasminogen activator. The drug, alteplase, 
in clinical use contains no genetic modification but is produced by recombinant DNA technology. The 
most commonly used agent in the United States is tenecteplase (TNK t-PA), a genetically modified 
version of alteplase (t-PA). It contains a triple substitution that allows a longer plasma half-life, better 
fibrin binding, and single-bolus administration. The major limitation to TNK t-PA is high cost.

Data for the Use of Fibrinolytic Agents
The GISSI study was the initial landmark trial to demonstrate mortality benefit for thrombolytics 

in acute MI (6). The GUSTO I (Global Utilization of Streptokinase and Tissue Plasminogen Activator 
for Occluded Coronary Arteries) trial, comparing the use of accelerate alteplase versus streptokinase, 
showed that accelerated alteplase significantly reduced the 30-day mortality rate by 15% relative to 
streptokinase, when used with subcutaneous or intravenous heparin (7). In addition, accelerated 
alteplase afforded significantly higher rates of TIMI (Thrombolysis in Myocardial Infarction) 3 flow 
at 90 min compared with SK (54% vs. 31%, p < 0.001). The accelerated protocol consisted of an 

Table 2 
Decision-making algorithm for acute MI

Step 1: Assess time and risk
 Time since symptom onset
 Risk of STEMI
 Risk of fibrinolysis
 Time required for transport to PCI
Step 2: Determine if fibrinolysis or invasive strategy is preferred
 Fibrinolysis is preferred if:
  Invasive strategy is not an option (lack of access to skilled PCI laboratory)
  Delay present for invasive strategy (prolonged transport > 60 min, or delayed laboratory activation time)
 Invasive strategy is preferred if:
  Skilled PCI laboratory available immediately (door to balloon < 90 min, or transfer < 60 min)
  High risk from STEMI (cardiogenic shock, Killip class ³ 3)
  Contraindications to fibrinolysis (bleeding, ICH)
  Late presentation (symptom onset > 3 h)
  Diagnosis of STEMI in doubt

Adapted from Boden WE, Eagle K, Granger CB (2007) Reperfusion strategies in acute ST-segment elevation myocardial 
infarction: a comprehensive review of contemporary management options. JACC 50:917–929
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intravenous bolus dose of 15 mg followed by 0.75 mg/kg (up to 50 mg) over 30 min followed by 
0.5 mg/kg (up to 35 mg) over 60 min.

The first of the third-generation fibrinolytic agents approved for use in the United States, reteplase is 
less fibrin-specific than alteplase. Also, reteplase has a longer half-life than alteplase and can be admin-
istered in a double bolus (10 U each, 30 min apart). The GUSTO III trial (8), however, failed to show a 
mortality benefit of reteplase over alteplase, although its ease of use was thought to potentially reduce 
time to administration.

Tenecteplase (TNK) is another third-generation fibrinolytic, and is characterized by its improved 
fibrin specificity, enhanced resistance to plasminogen activator inhibitor (PAI-1), and decreased 
plasma clearance, properties allowing it be administered as a single bolus. The ASSENT 2 (Assessment 
of the Safety and Efficacy of a New Thrombolytic) trial found no mortality difference between TNK 
and t-PA at 30 days (9). However, TNK was associated with significantly less non-cerebral bleeding 
and improved mortality in patients treated more than 4 h after symptom onset.

As a result of the various properties, advantages and disadvantages of each lytic, there remains a 
role for each in clinical practice. However, the most commonly used lytic in the United States is TNK, 
likely due to its fibrin specificity, lower bleeding rates, and improved mortality in late presenters. In 
some locations worldwide, cost limits the use of newer agents, and streptokinase still may have a role. 
In addition, the lower ICH rates with streptokinase may make it more attractive in patients at risk for 
this complication.

Complications
Bleeding and Hypersensitivity

The most feared complication of lytic therapy is intracranial hemorrhage (ICH). This complication 
appears to occur at a rate of 0.5–0.7% of patients receiving lytic therapy. The diagnosis of ICH should 
be considered when there is severe headache, acute confusional state, new neurological deficits, or 
seizures. The risk factors for ICH include female gender, age > 75 years, hypertension, low body 
weight, and coagulopathy. When the clinical suspicion of ICH is high, all antithrombotic therapies 
should be held while emergent CT scan is performed. When ICH is present, emergent neurosurgery 
to evacuate the hematoma may be lifesaving, so early diagnosis is paramount. Even with prompt 

Table 3 
Summary of properties of fibrinolytic agents used in clinical practice

Streptokinase t-PA r-PA TNK

Source Group C strep Recombinant Recombinant Recombinant
Fibrin specificity None ++ + +++
Fibrin affinity None +++ + ++++
Antigenic Yes No No No
Allergic reaction Yes No No No
Half-life (minute) 18–23 3–4 14 20–24
Dose Drip Weight-based bolus and drip Bolus X 2 Weight-based bolus
Cost + +++ ++ ++
Rate of ICH (%) ~0.4 ~0.4–0.7 ~0.8–0.9 ~0.9
Advantages Low cost Short half-life, effective Bolus admin Bolus admin

t-PA alteplase, r-PA reteplase, TNK tenecteplase, ICH intracranial hemorrhage
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recognition and treatment, mortality from ICH is as high as 60%. Additional bleeding complications 
may occur in the gastrointestinal tract, retroperitoneum, or at intravenous or intra-arterial access sites. 
Hypersensitivity reaction to lytic agents occurs only with streptokinase, as it is a bacterial protein and 
is antigenic. These events are usually not life threatening if recognized and treated promptly.

Lytic Use in the Elderly
Elderly patients represent a high-risk group for thrombolytic therapy as the rate of ICH is higher 

among patients > 75 years of age and the mortality rate from ICH in these patients is as high as 90%. 
There is controversy in the literature, however, regarding just how much higher the risk is among 
elderly patients, as reports are conflicting. An observational study (10) from the Medicare database 
found patients older than 75 years had an increased risk of death at 30 days with fibrinolytic therapy 
(RR = 1.38, 95% CI: 1.12–1.71, p = 0.003). However, an updated meta-analysis of nine randomized 
trials (11) found the risk reduction with fibrinolysis in patients older than 75 years was 16% 
(OR = 0.84, 95% CI: 0.72–0.98, p < 0.05). The only randomized trial to specifically address manage-
ment of STEMI in the elderly found that elderly patients treated with PCI had significantly lower 
30-day and 1-year mortality rates than elderly patients treated with fibrinolysis (12). However, a 
recent study suggested that fibrinolytic therapy may be safe in the elderly if a reduced dose of enoxa-
parin is used (13). Nevertheless, it appears reasonable to conclude that wherever available, primary 
PCI should be the treatment of choice in the elderly.

Contraindications
Recent cerebrovascular accident (including hemorrhagic stroke), intracranial neoplasm, active 

internal bleeding, and suspected aortic dissection are the only absolute contraindications to lytic 
therapy. There are a number of relative contraindications, including severe hypertension, remote 
ischemic stroke, non-compressible vascular puncture sites, among others (see Table 4). The presence of 
one absolute contraindication or one or more relative contraindications should favor PCI, even if this 
means delaying reperfusion.

Adjunctive Therapies
Antiplatelet Agents

The benefits of aspirin in the treatment of acute MI are well established. Aspirin should be admin-
istered as quickly as possible when the diagnosis of STEMI is made. Aspirin should be given by 
mouth, chewable if possible, and non-enteric coated, in a dose of at least 162–325 mg. The evidence 
for this practice is founded on the landmark ISIS-2 trial (International Studies of Infarct Survival) 
which showed a significant mortality benefit for aspirin (14). Since that study numerous others in 
acute MI and NSTEMI have shown benefit.

More recently, trials have been completed evaluating the use of clopidogrel in addition to aspirin. 
The CLARITY trial compared clopidogrel to placebo in 3,491 patients, finding a 36% reduction in 
a composite endpoint of death, recurrent MI, or occluded infarct artery at early angiography (15). 
The larger COMMIT trial had a similar finding, with 9% reduction in death, reinfarction, or stoke 
with the addition of clopidogrel to aspirin (16). Therefore, early administration of clopidogrel, with 
an oral loading dose of 300 mg except in those older than 75 years of age, is recommended for 
patients with STEMI.
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Antithrombotic Agents

When used as an adjunct to t-PA, intravenous unfractionated heparin (UFH) has been shown to 
improve late patency. This is likely due to its antithrombin effects, as thrombin activity is paradoxi-
cally increased after fibrinolysis. Intravenous heparin was used successfully in conjunction with 
accelerated t-PA in the GUSTO I trial to improve infarct artery patency and outcomes. However, in 
the same trial, there was no benefit to intravenous heparin with streptokinase. The use of unfraction-
ated heparin as adjunctive therapy with reteplase and tenecteplase was validated in the the GUSTO 
III and ASSENT 2 trials, respectively. The dose of heparin recommended in the AHA/ACC guidelines 
is a bolus of 60 U/kg bolus (maximum, 4,000 units), followed by 12 U/kg/h (maximum, 1,000 U/h). 
The goal activated partial thromboplastin time (aPTT) should be adjusted to 50–70 s.

Low-Molecular-Weight Heparins

Low-molecular-weight heparin (LMWH) has recently been shown to improve upon outcomes 
obtained with adjunctive UFH use. Because UFH is neutralized by activated platelets, it cannot inhibit 
clot-bound thrombin. However, enoxaparin, a low-molecular-weight heparin, overcomes this disadvan-
tage due to consistent bioavailability and diminished inhibition by platelet factor 4. In addition, there 
is a reduced incidence of heparin-induced thrombocytopenia with LMWH. Table 5 summarizes the 
observations from trials of anticoagulants in STEMI.

The ASSENT 3 trial (17) found that patients treated with full-dose TNK and enoxaparin had a 
lower 30-day risk of death or MI compared to full-dose TNK and UFH (6.8% vs. 9.1%; p = 0.02). The 
ENTIRE-TIMI 23 (Enoxaparin as Adjunctive Antithrombin Therapy for ST-Elevation Myocardial 
Infarction) demonstrated that patient enoxaparin was superior to UFH in a similar trial design to 

Table 4 
Contraindications and cautions for use of fibrinolytic agents to manage myocardial infarction

Absolute contraindications
 Previous hemorrhagic stroke at any time; ischemic stroke within 3 months
 Known intracranial neoplasm, structural cerebral vascular lesion or closed-head injury within 3 months
 Active bleeding or bleeding diathesis (excluding menses)
 Suspected aortic dissection
Relative contraindications
 Severe, uncontrolled hypertension at presentation (blood pressure > 180/110 mmHg) or history of chronic 

severe hypertension
 History of ischemic stroke > 3 months, dementia, or known intracerebral pathologic condition not covered 

in contraindications
 Current use of anticoagulants, the risk increases with increasing INR
 Traumatic or prolonged (>10 min) CPR or major surgery (<3 wk)
 Noncompressible vascular punctures
 Recent (within 2–4 wk) internal bleeding
 For streptokinase or anistrepeplase: prior exposure (more than 5 days prior) or prior allergic reaction
 Pregnancy
 Active peptic ulcer

CPR cardiopulmonary resuscitation, INR international normalized ratio
Adapted from Antman EM, Anbe DT, Armstrong PW, et al. (2004) ACC/AHA guidelines for the management of patients 
with ST-elevation myocardial infarction: a report of the American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines (Committee to Revise the 1999 Guidelines for the Management of Patients with Acute 
Myocardial Infarction). J Am Coll Cardiol 44:E1–E211
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ASSENT 3. The rate of major hemorrhage was slightly less with adjunctive enoxaparin compared to 
UFH. However, the EXTRACT-TIMI 25 trial showed that the primary benefit of enoxaparin was in 
prevention of reinfarction, rather than in survival. Although the EXTRACT-TIMI 25 trial did not have 
a primary PCI group, among patients who had subsequent PCI after lytics, enoxaparin appeared to be 
superior to UFH without increased bleeding events (13).

Fondaparinux

Fondaparinux is a synthetic factor X inhibitor that has been studied in acute MI. The OASIS-6 trial 
evaluated fondaparinux with fibrinolytics and appeared to demonstrate benefit versus placebo/UFH in 
terms of death and re-infarction at 30 days (9.7% vs. 11.2%; HR = 0.86) without an increased risk  
in bleeding (18). However, in the primary PCI subset, there was no benefit and a significant increase in 
guiding catheter thrombosis was noted which has limited its widespread use.

Glycoprotein IIb/IIIa Inhibitors and Direct Thrombin Inhibitors

Sustained tissue-level reperfusion occurs in only 25% of patients who receive lytics. In addition, 
there is paradoxically increased activity of platelets after lytic therapy, and this activation may be an 
important mediator in vessel reocclusion. Glycoprotein IIb/IIIa (GPIIb/IIIa) inhibitors are potent 
antiplatelet agents which block the final common pathway of platelet aggregation, and so may be 
useful in conjunction with lytics. The GUSTO V trial found that the addition of abciximab to half-
dose r-PA did not reduce mortality, but did reduce the rate of reinfarction and complications after MI 
(19). The ASSENT 3 trial also found similar reduction in reinfarction with abciximab and half-dose 
TNK (17). However, this reduction in reinfarction came at a high cost in the elderly, with almost twice 
the level of ICH among patients receiving combination therapy. Therefore, age > 75 can be considered 
a contraindication to combination GP IIb/IIIa and lytics.

Direct thrombin inhibitors have failed to show a significant benefit over heparin during fibrinolysis 
in acute MI, and outside of the realm of heparin-induced thrombocytopenia, do not appear to play a 
significant role in the treatment of acute MI with lytics.

RESCUE ANGIOPLASTY

The use of PCI in the setting of failed reperfusion with fibrinolytic therapy has been called rescue 
angioplasty. The clinical determination of successful reperfusion can be difficult to determine as reso-
lution of chest pain can occur for reasons other than reperfusion, such as blunting of pain with narcotic 
analgesics. Serial 12-lead ECGs can be a more reliable measure of reperfusion, with resolution of 

Table 5 
Summary of findings from trials of enoxaparin and fondaparinux for STEMI

Pharmacologic agent 30-Day efficacy Safety Use during PCI

Enoxaparin Appears superior to UFH  
with fibrinolysis

Increased risk of 
serious bleeds

Can be used to support 
PCI after fibrinolysis

Fondaparinux Appears superior to placebo/UFH in 
fibrinolysis. Trend toward worse 
outcomes with primary PCI

Trend toward 
decreased risk  
of serious bleeds

Increased risk of cath-
eter thrombosis when 
used alone

PCI percutaneous coronary intervention, UFH unfractionated heparin
Adapted from (3)
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ST-segment elevation by more than 70% correlating with effective tissue level reperfusion and clinical 
outcomes. In a small number of patients, resolution of chest pain with an accompanied run of 
 accelerated idioventricular rhythm (AIVR) indicated successful reperfusion.

Infarct-related artery patency at 90 min following lytic administration has been shown to correlate 
with long-term survival. If reperfusion is not evident after 90 min, a prompt decision should be made 
regarding the use of emergency angiography and PCI. High-risk patients with large infact size, severe 
congestive heart failure, or unstable cardiac rhythms after lytic administration should not await clini-
cal assessment of reperfusion, but instead should be taken to immediate PCI.

The RESCUE (Randomized Evaluation of Salvage Angioplasty with Combined Utilization of 
Endpoints) trial (20) showed that patients with a large anterior MI and unsuccessful thrombolysis 
(TIMI 0 or 1 flow) can benefit from rescue PCI. The REACT trial showed that when lytics fail, 
treatment with rescue PCI is associated with a 50% reduction in death, reinfarction, stroke, and 
severe heart failure (21). Although not technically “rescue angioplasty,” the strategy of early inva-
sive approach among STEMI patients treated with lytic therapy has been evaluated in several 
small trials, including GRACIA I, Capital AMI, and SIAM III (22–24). These trials showed a 
reduction in revascularization events in the early invasive group, and a trend toward fewer deaths 
and reinfarctions.

The conclusion which may be drawn from these trials is that an early angiography strategy (within 
24 h) may be a reasonable approach in all patients who undergo lytic treatment, with emergent PCI 
in those patients where reperfusion at 90 min is not achieved or hemodynamic or electrical instability 
are present.

FACILITATED PCI

Evidence from PCI trials has shown that a patent infarct artery at the time of presentation to the 
catheterization laboratory is associated with improved procedural success and decreased mortality 
(25). The success of lytics in improving infarct artery patency created interest in combining the use 
of lytic therapy with immediate PCI. The combination of an initial pharmacologic regimen with 
planned primary PCI has been termed “facilitated PCI.” The theoretical advantages include earlier 
reperfusion, improved hemodynamic stability, enhanced procedural success, smaller infarct size, and, 
hopefully, improved survival. The disadvantages may include increased bleeding risk when combining 
lytics with PCI. A number of different facilitated PCI strategies have been proposed, including high-dose 
heparin, early glycoprotein IIb/IIIa inhibitor use, full-dose or reduced-dose fibrinolytics, and combi-
nation fibrinolytics and glycoprotein IIb/IIIa inhibitors.

Full-Dose Lytics
Although previously studied in a smaller number of patients, the largest study to date to evaluate 

full-dose fibrinolytic therapy was ASSENT-4 PCI (Assessment of Safety and Efficacy of a New 
Treatment Strategy with PCI). This trial evaluated tenecteplase plus PCI versus primary PCI alone. 
Higher in-hospital mortality (6% vs. 3%; p = 0.01) and higher primary composite endpoints (18.6% 
vs. 13.4% ; p = 0.0045) with full-dose fibrinolytics led to premature termination of this trial (26). As 
a result of this trial the practice of full-dose thrombolytic therapy prior to PCI is not recommended. 
The reason for the excess mortality and other endpoints was appeared to be an excess in stroke and rein-
farction, possibly representing a prothrombotic, post-fibrinolytic milieu.
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Half-Dose Lytics + Glycoprotein IIb/IIIa Inhibitor or Glycoprotein IIb/IIIa  
Inhibitor Alone

The first combination therapy trial, ADVANCE-MI, evaluated eptifibatide, a glycoprotein IIb/
IIIa inhibitor, together with bolus-dose TNK. This trial included 146 patients and evaluated 30-day 
outcomes. The result was better initial TIMI 3 flow with facilitated PCI, but no improvement in 
final ST-segment resolution and a non-significant increase in mortality (27). Subsequently, a large 
meta-analysis of multiple, small randomized trials confirmed that primary PCI is a superior strategy 
to facilitated PCI with respect to the endpoints of death, reinfarction, target vessel revascularization 
(28). This meta-analysis recommended that use of such regimens be limited to the setting of rand-
omized trials.

The most definitive randomized control trial to date designed to answer the questions about facili-
tated PCI was recently published. The FINESSE (Facilitated Intervention with Enhanced Speed to 
Stop Events) (29) trial assessed the effects of half-dose reteplase plus abciximab, abciximab alone, or 
placebo on outcomes in patients undergoing PCI for STEMI. The lytic plus glycoprotein IIb/IIIa arm 
had greater infarct-related artery patency at the time of cardiac catheterization, although the  composite 
primary endpoint of death or complications of MI at 90 days was no different between the three 
 strategies (9.8% half-dose fibrinolytic + GP IIB/IIIA inhibitor, 10.5% GP IIb/IIIa inhibitor alone, and 
10.7% placebo; P = NS). Although the endpoints were similar, bleeding rates were higher with the 
half-dose lytic + IIB/IIIA inhibitor strategy.

Although not technically “facilitated PCI” per se, there is evidence that early administration of a 
glycoprotein IIb/IIIa inhibitor may be beneficial. The On-TIME 2 trial evaluated the prehospital 
initiation of tirofiban in patients with STEMI undergoing primary PCI (30). This trial documented 
improved residual ST-segment elevation at one hour post-PCI. There was also a trend toward improved 
survival at 30 days with early tirofiban but the study was not powered for clinical endpoints.

As a result of the lack of data showing benefit for facilitated PCI regimens, current guidelines 
recommend the use of facilitated PCI only with regimens other than full-dose lytics when patients are 
at high risk but PCI is not immediately available within 90 min and bleeding risk is low (3). The current 
emphasis for research and resources allocation should now be placed on improving transfer times and 
overall door-to-balloon times, as facilitated PCI, although intellectually appealing, has not solved the 
dilemma of prolonged PCI times.
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AbstrAct A comprehensive understanding of periprocedural anticoagulation is an important component 
of interventional cardiovascular medicine. Rapid and ongoing advancement in adjunctive pharmacother-
apy has made percutaneous coronary intervention (PCI) considerably safer, thereby facilitating the rapid 
international growth. Nevertheless, debate regarding the optimal pharmacologic ingredients and potency of 
anticoagulation for PCI persists. This chapter will review the specific value of antiplatelet and anticoagu-
lant therapy to prevent thrombotic complications during PCI, targeting the most contemporary evidence 
available for each. The focus will be on agents that are routinely available and commonly used.

Key words: Antiplatelet; Antithrombotic; Antithrombin; Intervention; Platelets; Stents; Thrombosis

INTRODUCTION

For good reason, there are no universally accepted guidelines for periprocedural anticoagulation. 
Logically a number of variables must be taken into account prior to prescribing an antithrombotic 
regimen for any individual procedure. Patients undergoing PCI in the midst of an acute coronary 
syndrome (ACS) frequently require more aggressive antithrombotic and platelet aggregation inhibition 
than lower-risk patients undergoing elective PCI for stable angina pectoris. Similarly, generalizing 
antithrombotic regimen to a wide spectrum of catheter-based therapeutic devices is unreasonable. A level 
of anticoagulation that is safe and effective for routine angioplasty and stent placement may not be 
sufficient for devices with longer intracoronary dwell times such as brachytherapy or atherectomy 

From: Contemporary Cardiology: Antithrombotic Drug Therapy in Cardiovascular Disease
Edited by: A.T. Askari and A.M. Lincoff (eds.), DOI 10.1007/978-1-60327-235-3_14 

© Humana Press, a part of Springer Science+Business Media, LLC 2010

261



Antithrombotic Drug Therapy in Cardiovascular Disease

catheters. Perhaps most importantly, risk is a relatively subjective metric; different interventional 
cardiologists will have different definitions of high-risk lesions and high-risk patients. Nonetheless, 
the compilation of recently released randomized clinical trial data does provide for several broader 
recommendations.

ANTIPLATELET THERAPY

Aspirin
Aspirin, or acetylsalicylic acid (ASA), is the stalwart antiplatelet therapy for any percutaneous 

catheter-based procedure. Approximately, 35 million patients in the United States take ASA 
chronically (1). The Antithrombotic Trialists meta-analysis (2), which included over 200,000 
ASA-treated patients, confirmed definitively that ASA is protective in patients specifically at risk 
for atheroembolic events, those with a prior history of stable or unstable angina, myocardial inf-
arction, peripheral arterial disease, ischemic stroke, and/or atrial fibrillation. The ISIS-2 study 
affirmed the cardioprotective role of ASA in the setting of acute STEMI; a 23% reduction in 
mortality was observed versus placebo (3). Numerous other randomized controlled trials noted 
decreased mortality rates when ASA (75–325 mg) was given to hospitalized patients with an 
ACS (4–7).

Aspirin exerts its antiplatelet effect by acetylating and inactivating a key moiety of cyclooxygenase-I 
(COX-I), thereby preventing the formation of thromboxane A2 from arachidonic acid (1). In platelets, 
this effect is irreversible and persists for the circulating lifespan of the mature platelet, or roughly 
seven days. Although no trials have been published that specifically compare low dose versus higher 
doses of ASA in the setting of PCI, the ability of ASA to inhibit platelet aggregation and prevent 
thrombotic cardiovascular events makes its administration essential from both risk-benefit and cost-
benefit standpoints. The available studies examining ASA administration in the setting of percutaneous 
coronary intervention are older, frequently included dipyridamole as a comparator or adjunct therapy 
(8), and revealed a significant reduction in their respective primary endpoints (ST-elevation myocardial 
infarction or acute vessel closure) in patients administered ASA. As such, an ASA is and should be 
routinely given to any nonallergic patient undergoing PCI.

Oral ASA achieves an appreciable antiplatelet effect within 60 min of administration (1). Chewed 
nonenteric-coated ASA has a more rapid bioavailability than swallowed tablets (1). While a lower-
dose regimen is entirely effective and appropriate in the chronic condition, in an acute setting at least 
325 mg should be given 2 h before intervention whenever possible (9). For elective PCI, ASA 325 mg 
should be administered at least 24 h before the proposed procedure (9).

The issue of ASA resistance (10,11) has recently confused physicians, specifically regarding 
appropriate dosing and loading time. Data suggest that between 5 and 60% of patients demonstrate 
some ASA antiplatelet resistance. In most of these studies, ASA efficacy was determined by effect on 
bleeding times, or by ability to inhibit platelet aggregation measured by whole blood aggregometry 
or a rapid platelet function assay. A recent study suggests, however, that aspirin resistance in platelets 
may be overestimated by these relatively nonspecific methods (12). Arachidonic-acid-induced light 
transmittance platelet aggregation (LTA) and thromboelastography (TEG) were performed in 223 
patients (n = 203 undergoing PCI; n = 20 with a history of stent thrombosis) reportedly compliant with 
long-term daily ASA therapy. ASA resistance, defined as >20% aggregation by LTA or >50% aggre-
gation by TEG, was noted in only one patient, suggesting that the true incidence may be quite low. 
Until the clinical impact and definition of ASA resistance are better defined, the subject has to be 
considered largely academic (see Chap. 24).
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Thienopyridines
The two thienopyridines FDA-approved for clinical use are ticlopidine (Ticlid) and clopidogrel 

(Plavix) (13). Thienopyridines inhibit the platelet P
2Y12

 type ADP receptor at the adenyl cyclase-
coupled receptor site, leading to attenuation of platelet aggregation in response to ADP excreted by 
activated platelets (13) (Fig. 1). ASA and clopidogrel have been studied in comparison with one 
another, but thienopyridines and ASA most likely exert complementary and synergistic antiplatelet 
effects (13).

Clopidogrel is preferentially prescribed both in and outside of the catheterization laboratory for 
several reasons. First, ticlopidine has a more toxic side effect profile, including agranulocytopenia 
(1% of patients) or thrombotic thrombocytopenic purpura (0.01%) (14). Due to these potential adverse 
effects, white blood cell count monitoring is advisable for patients taking ticlopidine. In addition, 
clopidogrel loading, either with 300 mg or 600 mg oral boluses, is generally better tolerated than 
ticlopidine loading. Finally, ticlopidine is conventionally prescribed as a twice-daily drug, while 
clopidogrel needs to be taken once daily.

Dual antiplatelet therapy utilizing both ASA and a thienopyridine is currently the most effective 
regimen for prevention of acute thrombosis after coronary stent placement. The benefit of dual 
antiplatelet therapy in reducing stent thrombosis was initially demonstrated in a trial of 517 patients 
undergoing acute or elective stenting (15). Patients who received ASA and ticlopidine were significantly 
less likely to experience a primary endpoint (death, MI, CABG or repeat PCI) than those receiving 
ASA, intravenous unfractionated heparin, and phenprocoumon (1.5% vs. 6.2%, respectively). These 
data were confirmed in a subsequent randomized clinical trial that compared ASA alone, ASA and 
ticlopidine, or ASA and coumadin in 1,653 low-risk patients undergoing stent placement (16). The 
primary endpoint, comprising death, target lesion revascularization, subacute stent thrombosis, or MI, 
was only 0.5% in the ASA and ticlopidine group, versus 3.6% in the ASA alone group, and 2.7% in 
the ASA and coumadin group solidifying the role of post-PCI dual antiplatelet therapy

Clopidogrel: Dosing and Timing Prior to PCI
A growing body of evidence indicates that high loading doses of clopidogrel (300–600 mg) given 

two or more hours prior to an interventional procedure may reduce acute ischemic events at the time 

Fig. 1. Mechanism of action of antiplatelet drugs
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of PCI. A 600-mg loading bolus appears to exert a more rapid early in vitro benefit than a 300-mg 
bolus (see later) (17), and is informally being adopted as standard acute therapy in many emergency 
rooms and catheterization laboratories. Of note, the official AHA/ACC loading dose recommendation 
remains 300 mg (9).

The foundation for the use of clopidogrel in ACS patients, the CURE trial (18), randomized 12,562 
patients with NSTEMI to either clopidogrel 300 mg loading bolus in the emergency room, followed by 
75 mg daily for the subsequent year, or matching placebo. The primary endpoint, comprising death, 
MI, and stroke, was decreased by 20% at 1 year for those patients receiving clopidogrel. The effect of 
clopidogrel pretreatment and maintenance therapy on outcomes following stent placement was assessed 
in the PCI-CURE substudy (19). Pretreatment with ASA, and clopidogrel significantly lowered the 
combined endpoint of death, MI, or target vessel revascularization at 30 days compared to matching 
placebo (4.5% vs. 6.4%, respectively) A significant benefit was also conferred in patients who received 
long-term clopidogrel therapy (31% reduction in cardiovascular death or MI was noted at 1 year).

The effect of preprocedural clopidogrel administration and the efficacy of long-term (12 months) 
treatment were examined among patients undergoing elective PCI in CREDO (20) where a 26.9% rela-
tive risk reduction (RRR) (8.5% vs. 11.5%; p < 0.02) in the primary endpoint (composite of death, MI, 
stroke) was seen among patients randomized to receive clopidogrel for 1 year following PCI compared 
with those on placebo. The benefit of clopidogrel was at the expense of a significant increase in the 
number of major bleeding complications. CREDO post hoc subgroup analyses (21) also suggested that 
only those patients pretreated more than 6 h prior to elective PCI derived benefit (RRR 36.8%).

A subsequent series of trials have been published assessing the role of a higher loading dose of clopi-
dogrel in various groups of patients undergoing PCI (22–25). The ISAR-REACT trial (22) randomized 
over 2,000 stable angina patients who received a 600-mg dose of clopidogrel at least 2 h before PCI to 
periprocedural abciximab or placebo. The addition of abciximab to pretreatment with 600 mg of clopi-
dogrel was not associated with any benefit with respect to the primary endpoint of death, myocardial 
infarction, and urgent TVR at 30 days; however, it was associated with a statistically significant increased 
incidence of thrombocytopenia and need of blood transfusions (1.9% vs. 0.7%) compared with placebo.

The first prospective, randomized trial (ARMYDA-2) (23) to evaluate the safety and efficacy of 
pretreatment with a 600-mg versus a 300-mg loading dose of clopidogrel in improving ischemic com-
plications during elective PCI compared these loading doses (given 4–8 h before intervention) in 255 
patients scheduled for PCI. The primary endpoint, death, myocardial infarction (MI), or target vessel 
revascularization at 30 days, occurred in 4% of patients in the high loading dose versus 12% of those in 
the conventional loading dose group (p < 0.041), primarily due to decreased periprocedural MI. The abso-
lute benefit was greatest in those patients taking statins. No difference in bleeding was appreciated.

Given the benefit of a 600-mg loading dose over a 300-mg loading dose, the logical next step was 
to ascertain whether or not even higher loading doses would exert additional or more rapid suppres-
sion of platelet function. The ISAR-CHOICE trial (24) measured the plasma concentrations of the 
active thiol metabolite, unchanged clopidogrel, and the inactive carboxyl metabolite of clopidogrel in 
60 patients randomized to one of three clopidogrel loading doses (300, 600, or 900 mg) undergoing 
coronary angiography. Optical aggregometry, performed before and 4 h after administration, revealed 
that a 600-mg clopipdogrel loading dose was associated with higher plasma concentrations of the 
active metabolite, clopidogrel, and the carboxyl metabolite compared to a 300-mg dose translating 
into more potent inhibition of platelet aggregation 4 h after drug ingestion. No further incremental 
benefit was seen with the 900-mg loading dose. These data were corroborated in a higher-risk popula-
tion as well (26). However, given the modest size of both these trials, the clinical benefit of a 600-mg 
loading dose compared with a 300-mg loading dose remains to be more fully established. Accordingly, 
current guidelines recommend pretreatment with a 300-mg (or 600-mg) loading dose of clopidogrel 
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at least 6 h before the procedure in those undergoing elective intervention, and those presenting with 
ACS whenever possible. In low- to intermediate-risk patients, clopidogrel pretreatment and a mainte-
nance dose of aspirin and clopidogrel for at least 1 year after PCI are supported by the data, although 
the optimal duration of clopidogrel treatment beyond 1 year remains contested. It is reasonable to 
preload appropriately selected patients with clopidogrel prior to transfer for PCI at another facility, or 
if PCI is planned at a future time. If staged PCI is scheduled for a later date, clopidogrel 75 mg daily 
should be initiated least 3–5 days prior to the procedure, in order to ascertain maximal inhibition of 
platelet aggregation. In addition, all patients not at high risk for bleeding complications who undergo 
ad hoc PCI should receive at least a 300-mg loading dose just prior to stent deployment.

Pretreatment has certain clinical risk. For patients who undergo CABG surgery within five days 
after being treated with clopidogrel, there is an increased risk of bleeding, a greater need for transfusions, 
and an increased length of hospital stay (27). Therefore, open heart surgery should be delayed when-
ever possible while clopidogrel is withheld for the recommended 5–7 days.

Thienopyridine Therapy after Stent Deployment. After bare-metal stent (BMS) placement, a minimum 
of 4–6 weeks of thienopyridine therapy in addition to aspirin is recommended. Patients undergoing 
brachytherapy are at particularly high risk of acute and late thrombosis, and should be given a 
thienopyridine daily indefinitely (28).

Drug-eluting stents (DES) have reduced restenosis rates and the need for revascularization, but 
stent thrombosis, specifically subacute and late, remains an important limitation (29). While many of 
the specific clinical and angiographic variables that account for later stent thrombosis have yet to be 
defined, it appears that early termination of dual antiplatelet therapy poses substantial risk (Fig. 2). 
Appropriately, considerable attention has been devoted to defining guidelines for the optimal duration 
of dual antiplatelet therapy for patients receiving DES, specifically within the “vulnerable” period.

While recently published meta-analyses have not shown significant differences in stent thrombosis 
between DES and BMS (30,31), these studies largely incorporated cohorts that had undergone DES 
placement per “on-label” recommendations. However, other multicenter studies (32–34) noted appre-
ciably higher cumulative stent thrombosis rates compared with BMS when DES were implanted in 
unselected patients with more complex coronary stenoses. Virmani et al (35) were among the first to 
suggest that delayed and incomplete endothelialization of DES could account for sudden cardiac 
death in select patients, based on their pathological postmortem examination. Subsequent intravascular 
ultrasound and angioscopic reports have corroborated that late stent thrombosis is likely due to inad-
equate endothelialization.

With the potential, but as of yet poorly defined, risk of late stent thrombosis, current consensus is 
to maintain dual antiplatelet therapy for at least 1 year in the absence of clinical or economic contrain-
dications (9). Operators are advised to preferentially consider BMS in patients who are at increased 
risk of bleeding, have a pending surgical procedure, or have a history of medical nonadherence. If the 
thienopyridine needs to be discontinued before 1 year, a minimum of 3 months is advised after 
sirolimus DES implantation, and a minimum of 6 months after paclitaxel DES implantation (9).

Glycoprotein IIb/IIIa Receptor Inhibitors
Given that ASA and thienopyridines are relatively weak platelet antagonists the development of 

pharmaceuticals targeting the glycoprotein (GP) IIb/IIIa receptor, considered the final and “ultimate” 
pathway for platelet aggregation, logically ensued (36). There are three FDA-approved GP IIb/IIIa 
receptor antagonists available: abciximab (Reopro), eptifibatide (Integrilin), and tirofiban (Aggrastat). 
Abciximab is a chimeric (human/murine) monoclonal antibody (c7E3 Fab) that binds nonselectively 
to the GP IIb/IIIa receptor (37). The remaining two, eptifibatide and tirofiban, are small molecule 
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inhibitors that bind the receptor selectively. As a result, they are associated with lower incidences of 
clinically meaningful thrombocytopenia.

Abciximab
The initial GP IIb/IIIa inhibitor trials tested abciximab, the most thoroughly studied agent in its 

class. The first large clinical trial testing the efficacy of GP IIb/IIIa antagonists was the EPIC trial 
(38), randomized 2,099 high-risk patients to periprocedural abciximab bolus alone (0.25 mg/kg), 
abciximab bolus followed by 12-h infusion (0.1 mcg/min), or placebo. All patients received ASA and 
nonweight-adjusted unfractionated heparin (UFH) (10,000–12,000 IU). The cohort receiving abciximab 
bolus and infusion enjoyed a significant reduction in the combined endpoint of death, nonfatal MI, 
procedural failure, or repeat target vessel revascularization (TVR) (12.8% vs. 8.3% placebo; p < 0.008) 

Before procedure: 

• Aspirin 80-325 mg once daily; first dose at least 2 hours before procedure.  
• Clopidogrel 75 mg once da ily at least 3-5 days before the procedur e*. A 300 mg  

loading dose is currently recommended prior to the procedure.  A 600 mg oral 
bolus at least 2 hour before the procedure may be administered if PCI is planned 
on the same day.

During procedure:

• Unfractionated heparin bolus to achieve activated clotting time (ACT) 250-300
seconds. Give 70 -100 U/kg or 7000U for women and 8000U for men. If ACT 
target is not achieved give extra bolus of 2500-5000 U.  When GP IIb/IIIa  
receptor antagonists are added, the target ACT is reduced to 200-250 seconds; the  
recommended initial bolus is 50 -70 U/kg .

• Enoxaparin may be selected in replacement of UFH. A preprocedural 0.75 mg/kg 
IV bolus is arguably better validated than a 0.5 mg/kg IV bolus .

• Bivalirudin may also be used as a foundation antithrombotic. It is indicated for 
patients with a history of HIT/HITTS.  In addition, it should be considered 
preferentially in elderly patients (especially women), in patients with a history of 
renal failure, and in patients not adequately pretreated with clopidogrel.

• For high -risk patients, high -risk stenosis, or multivessel PCI consider adding a GP  
IIb/IIIa receptor blocker. If indicated, the bolus should be initiated at least 10  
minutes before balloon inflation/stent deployment.  

After procedure:

• Remove femoral sheath as soon as ACT falls below 150-180 seconds.  Heparin 
infusions postprocedure should not be necessary for uncomplicated PCI.

• Bivalirudin may be discontinued at time of procedure completion.
• GP IIb/IIa inhibitor infusions conclude within 12-24 hours. 
• ASA 325 mg should be continued for one month after bare-metal stent  

implantation, and for three months after sirolimus-eluting stent implantation, and 
for 6 months after paclitaxel-eluting stent implantation. Thereafter, 81 mg daily 
should be continued indefinitely .

• Clopidogrel 75 mg daily should be given for at least one month after bare-metal 
stent implantation, and for at least one year after drug-eluting stent implantation. 

* Patients who are clopidogrel intolerant may be preloaded with ticlopidine 500mg orally bid X 48 hours;

PROPOSED ALGORITHM:
PERIPROCEDURAL ANTICOAGULATION - ELECTIVE PC I

Fig. 2. Proposed algorithm: periprocedural anticoagulation – elective PCI
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at 30 days. This benefit was at the expense of increased bleeding complications (39). Compared with 
placebo, the bolus and infusion of abciximab resulted in a doubling in the rates of major bleeding (7% 
vs. 14%, p = 0.001) and red blood cell transfusions (7% vs. 15%, p < 0.001). Adjunctive UFH therapy 
appeared to have played a key role in the pathogenesis of bleeding among these patients. In addition, 
femoral artery vascular access sheaths were left in place for the 12-h abciximab infusion, requiring 
ongoing UFH during that period.

EPILOG (40) addressed the issues of heparin dosing and time to sheath removal that plagued the 
EPIC trial. This trial randomized 2,972 lower-risk patients undergoing PCI to weight-adjusted UFH 
(100 IU/kg with a targeted ACT of 300 s); the same UFH dose with abciximab bolus and infusion, or 
UFH (70 IU/kg with a targeted ACT of 200 s) with abciximab. Again, compared with placebo, the 
30-day composite endpoint (death, MI, urgent revascularization) was significantly lower for those 
patients receiving abciximab. The need for transfusion was significantly lower in the patients receiving 
lower-dose UFH, thereby making this weight-adjusted regimen of UFH the standard of care. All sub-
sequent GP IIb/IIIa inhibitor trials have utilized low-dose weight-adjusted heparin regimens (60–70 U/
kg bolus, adjusted as necessary to maintain ACT > 200–225 s), and the ACC/AHA guidelines (9,41) 
reflect these target doses. Of note, earlier sheath removal was also shown to impact positively on 
bleeding complications.

A wealth of data supports the use of a GP IIb/IIIa antagonist in patients presenting with ACS, 
especially those with high-risk features such as elevated cardiac biomarkers or dynamic electrocardio-
graphic changes. Overall, the use of GP IIb/IIIa inhibitors reduces the incidence of thrombotic compli-
cations following PCI, is associated with a mortality benefit, but has no impact on the risk of restenosis. 
Building on the EPIC results, the CAPTURE investigators (42) assessed the role of periprocedural 
abciximab, given for 24 h prior to and for 1 h after PCI, in patients with refractory unstable angina. The 
rate of MI was significantly lower for those patients receiving abciximab both before and after PCI, as 
was the composite 30-day endpoint of death, MI, or urgent revascularization.

The role of abciximab in the setting of PCI for acute STEMI has been evaluated in several trials 
with conflicting results. The ADMIRAL trial (43) randomized 300 patients to either abciximab or 
placebo with stent deployment for the treatment of STEMI. The most noteworthy finding was that 
prehospital abciximab initiation led to better infarct-related artery patency, left ventricular function, 
and a reduction in reinfarction and recurrent ischemia. Utilizing an intention-to-treat analysis, the 
investigator reported that the cohort receiving abciximab had a 25% relative risk reduction in all-case 
mortality at 3 years. The CADILLAC trial (44) randomized 2,082 patients with STEMI were rand-
omized to undergo balloon angioplasty alone, balloon angioplasty plus abciximab, BMS alone, or 
BMS plus abciximab. At 6 months, the composite primary endpoint of death, recurrent MI, stroke, or 
TVR occurred in 20% after balloon angioplasty, 16.5% balloon angioplasty with abciximab, 11.5% 
BMS alone, and 10.2% BMS with abciximab (p < 0.001). Importantly, there were no significant 
differences in mortality, stroke, or revascularization; the primary endpoint was powered mostly by the 
difference in ischemia-driven TVR. Conceivably, the routine administration of “upstream” abciximab 
in ADMIRAL accounted for the more robust clinical benefit.

Even patients with ACS who are preloaded with a thienopyridine seem to derive benefit from 
periprocedural abciximab. The ISAR-REACT 2 trial (45) randomized 2,022 patients with ACS under-
going PCI and preloaded with clopidogrel (600 mg at least 2 h prior to procedure) to abciximab or 
placebo. Specifically in those patients with elevated troponins, abciximab administration still signifi-
cantly reduced the risk of adverse events at 30 days.

The GUSTO-IV trial (46) randomized 7,800 patients with ACS who were not undergoing rapid 
revascularization to placebo, abciximab bolus plus 24 h infusion, or abciximab bolus plus 48 h infusion. 
No significant clinical benefit was noted in those patients receiving either abciximab regimen com-
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pared to placebo; in fact the incidence of bleeding complications was increased in patients receiving 
abciximab compared with those receiving placebo. Based on these results, abciximab is not recom-
mended in patients with ACS unless PCI is planned within 24 h.

Eptifibatide and Tirofiban
The initial trials to test eptifibatide did not note statistically significant differences in clinical out-

comes when compared to placebo, likely due to inadequate dosing. The PURSUIT investigators (47) 
tested a relatively higher dose in patients with ACS. Specifically, 10,948 patients were randomized 
into one of three arms: eptifibatide180 mcg/kg bolus followed by 1.3 mcg/kg/min infusion, eptifi-
batide 180 mcg/kg bolus followed by 2.0 mcg/kg/min infusion, or placebo. The cohort receiving the 
highest infusion dose of eptifibatide derived the greatest clinical benefit, namely a significant 30-day 
reduction in death or MI when compared to placebo (14.2% vs. 15.7%; p < 0.04). Just as important, 
those patients receiving higher-dose eptifibatide and who underwent rapid revascularization 
(PCI < 72 h) derived an even greater benefit (11.6% vs. 16.7% placebo).

ESPRIT (48) was subsequently designed to test an even more aggressive dose of eptifibatide. In 
this trial, 2,064 patients undergoing PCI were randomized to either eptifibatide, administered in two 
boluses (180 mcg/kg) given 10 min apart followed by an 18–24 h infusion (2.0 mcg/kg), or placebo. 
The primary endpoint, comprising death, MI, or urgent TVR ,at 30 days was lower in the eptifibatide 
arm versus placebo (6.8% vs. 10.5%; p < 0.0035). As a result, this dose and infusion remains the 
recommended and standard regimen to date.

The PRISM-PLUS trial (49) randomized 1,915 patients with ACS to either UFH and tirofiban 
(0.4 mcg/kg/min bolus given over 30 min, followed by 0.1 mg/kg/min infusion) or UFH alone. 
A reduction in the composite endpoint (death, MI, recurrent ischemia) was noted in the tirofiban arm, 
both at 1 week (12.9% vs. 17.9%; p < 0.005) and 6 months (27.7% vs. 32.1%; p = 0.02). Again, the 
greatest clinical benefit was derived in those patients who underwent early revascularization.

In PURSUIT and PRISM-PLUS the majority of patients did not undergo PCI during their initial 
hospitalization. However, these patients still derived clinical benefit from receiving GP IIb/IIIa 
antagonists. A meta-analysis (50) of PRISM-PLUS, PURSUIT, CAPTURE revealed a statistically 
significant absolute risk reduction in death/MI of 1.4% was observed with GP IIb/IIIa inhibition dur-
ing the period of pharmacologic therapy initiated “upstream” before PCI. As a result of these data, 
eptifibatide or tirofiban administration is reasonable for the medical management of high-risk patients 
regardless of whether intervention is planned.

The subset of patients who appear to derive no benefit from GP IIb/IIIa inhibition are those who need 
aortocoronary saphenous vein graft intervention. A pooled analysis of five trials (51) including 627 patients 
undergoing graft intervention did not observe a benefit in terms of adverse event reduction with routine 
administration of GP IIb/IIIa antagonist either at 30 days or at 6 months. Vein graft disease mostly com-
prises friable plaque at specifically high risk for embolization, and platelet inhibition may be of secondary 
importance compared to routine application of distal protection. Instead, these interventions should be 
performed under cover of aggressive boluses of antithrombotic agents (UFH for a target ACT > 300 s).

ANTITHROMBIN THERAPY

Unfractionated Heparin
Unfractionated heparin (UFH) is the most widely used anticoagulant during PCI and has served as 

the backbone anticoagulant for nearly 50 years (52). UFH is a heterogeneous mixture of polysaccha-
ride chains, ranging in size from 5,000 to 40,0000 daltons that potentiate the ability of antithrombin 
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to inactivate thrombin (Factor IIa) and Factor Xa. Although UFH is nearly universally utilized, it has 
several important pharmacokinetic and clinical limitations. Only about 33% of UFH chains have the 
appropriate pentasaccharide antithrombin-binding sequence, and UFH binds unpredictably to differ-
ent plasma proteins, accounting for variable anticoagulation. Additional important limitations, espe-
cially for an interventional cardiologist, include UFH’s ability to paradoxically stimulate platelet 
aggregation and inability to neutralize fibrin-bound thrombus. Also, platelet factor 4 binding may 
blunt its efficacy, and it confers a significant risk of heparin-induced thrombocytopenia (HIT) and/or 
thrombosis syndrome (HITTS) (53).

UFH administration should be carefully monitored, although the ideal level of anticoagulation, as 
determined by activated clotting time (ACT), has yet to be consensually defined (see later). According 
to the guidelines (9) for antithrombotic therapy in patients undergoing PCI recently published by the 
American College of Cardiology and American Heart Association, target ACT values are 250–300 s 
with the HemoTec (Medtronics, Minneapolis, Minn) device and 300–350 s with the Hemachron 
(International Technidyne, Edison, NJ) device (54). A weight-adjusted initial bolus of 60–100 U/kg 
UFH is recommended. When GP IIb/IIIa receptor antagonists are added, the target ACT is reduced to 
200–250 s with either device; the recommended initial bolus is 50–70 U/kg UFH.

Weight-adjusted UFH dosing became the standard after trials utilizing fixed-dose boluses of UFH 
had inconsistent results. Most notably, the landmark EPIC trial (38) observed that routine administration 
of higher-dose boluses (10,000 IU) of UFH was associated with higher rates of hemorrhagic compli-
cations. In contradistinction, several observational series using fixed low-dose UFH have demonstrated 
relatively consistent efficacy and safety (55–59). One group used a conservative bolus, 2,500 IU 
(achieving a mean ACT of 185 s), in a relatively high-risk cohort (>50% had unstable angina) and 
reported a high angiographic success rate (96%) coupled with low in-hospital mortality/myocardial 
infarction (<1%) and abrupt closure (2%) (56). Only 16% of these patients received a GP IIb/IIIa 
inhibitor. A third series administered only 1,000 IU bolus to those patients undergoing PCI, or for 
those patients already on heparin, had the infusion stopped upon arrival in the catheterization labora-
tory (58). All patients received aspirin and a thienopyridine, as well as routine abciximab. Seventy-five 
percent of the 500 patients enrolled had either unstable angina or a history of recent MI. The reported 
procedural success was 99.8%, while the incidence of major bleeding complications was only 0.2%. 
Importantly, none of these series were randomized or controlled, but the results challenge the concept 
that high doses of UFH are routinely necessary to achieve therapeutic benefit.

A recent meta-analysis (60), comprising the CREDO (20), CAPTURE (42), REPLACE-1 (61) and 
2 (62) data, examined the relationship between ACT and ischemic or bleeding complications. Of the 
9,974 patients in the four trials, ACT data were available in 8,369 (84%); all patients received aspirin, 
and pretreatment with clopidogrel was encouraged. Final analysis noted that ACT across all levels did 
not correlate with ischemic complications and had only a modest association with bleeding complica-
tions, mostly driven by minor bleeding. Importantly, lower values, defined as 5,000 U total dose or 
60–90 U/kg, did not compromise efficacy, but were safer. Another analysis (63) of 2,064 patients in 
the ESPRIT trial, all of whom received a stent, noted that an ACT target of 200–250 s was safe and 
effective, regardless of whether or not an adjunctive IIb/IIIa was administered. Approximately 97% 
of ESPRIT patients received a thienopyridine, and the vast majority had a stent deployed, making 
these results particularly applicable to contemporary PCI. As such, in current-day practice, a target 
ACT of 200–250 s may be sufficient, especially if the patient has been appropriately preloaded with 
clopidogrel. A more conservative UFH bolus of 50–70 IU/kg is advised whenever the use of a GP IIb/
IIIa inhibitor is anticipated.

As would be expected, the risk of UFH-associated bleeding increases with dose and with concomitant 
GP IIb/IIIa inhibitor therapy. Because of the evidence that the PTT is related to patient outcomes, and 
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that the predominant variable mediating the effect of UFH is weight, it is important to administer the 
initial dose as a weight-adjusted bolus. One important advantage of UFH is it generally does not require 
dose adjustment for renal dysfunction. In contrast, LMWH, danaparoid sodium, hirudin, and bivalirudin 
all undergo renal clearance and need to be adjusted accordingly in patients with renal failure.

Low Molecular Weight Heparins
LMWHs are derived from UFH through either chemical or enzymatic depolymerization, resulting 

in shorter molecules weighing 4,000–5,000 daltons (64). The LMWHs also bind antithrombin via the 
same pentasaccharide sequence as UFH, but only about 25–50% of the chains are long enough to do so. 
Therefore, the majority of anticoagulant effect is due to Factor X inhibition; the LMWHs have anti-
Xa to anti-IIa ratios between 2:1 and 4:1. The LMWHs bind less strongly to protein, which allows 
for enhanced and relatively predictable bioavailability. They also activate platelets to a lesser extent, 
and are more resistant to platelet factor 4 inhibition. Finally, immune-mediated thrombocytopenia is 
rarely associated with short-term use of LMWH. The relative disadvantages of LMWH compared to 
UFH include cost, lack of an easily interpretable and standardized point-of care-test, and inability to 
rapidly reverse its anticoagulant effect. Protamine sulfate only reverses about 60% of LMWH’s anti-
Xa activity.

A growing body of evidence supports the use of LMWH during PCI, although concerns remain 
regarding bleeding complications, especially with enoxaparin (Lovenox). LMWH has gained particu-
larly wide acceptance in patients with ACS. The larger randomized trials to date have been conducted 
using enoxaparin and, more recently, fondaparinux.

The current ACC/AHA guidelines (9) suggest that enoxaparin may be preferable (Class IIa) to 
UFH in setting of UA/NSTEMI. However, many proceduralists continue to use LMWH reluctantly, 
perhaps because, until recently, the majority of trial evidence included patients who were largely man-
aged conservatively. In contrast, formal guidelines had increasingly advocated an early invasive 
therapy, followed by rapid revascularization whenever possible. Two large, randomized trials recently 
completed addressed the role of LMWH in ACS patients destined for an early invasive strategy; 
SYNERGY (65), comparing UFH versus enoxaparin for high-risk ACS patients undergoing early 
invasive strategy, and the A branch (66) of the A-to- Z, compared UFH versus enoxaparin in the 
context of NSTEMI patients also treated with tirofiban. SYNERGY noted essentially no differences 
in outcomes or bleeding, while the A-to-Z trial investigators reported a 1% absolute risk reduction in 
the risk of death/MI/recurrent ischemia at 7 days with enoxaparin. In SYNERGY, enoxaparin was 
associated with a statistically significant increase in TIMI major bleeding (9.1% vs. 7.6%). In A-to-Z, 
TIMI major or minor bleeding occurred in 3% versus 2.2% in the enoxaparin and UFH groups, 
respectively, a statistically insignificant difference.

An accompanying large meta-analysis (67), incorporating the results of SYNERGY and A-to-Z 
along with four older trials, noted a 0.9% absolute reduction in the combined risk of death/MI at 
30 days. This benefit was completely driven by a reduction in MI; the rate of death after 30 days 
was 3% for both enoxaparin and UFH. No significant difference in major bleeding was appreci-
ated; minor bleeding was increased in the LMWH group. The authors concluded that LMWH 
was an effective substitute for UFH, with a trend toward nonfatal MI with a modest increase in 
bleeding risk.

In the ESSENCE (68) and TIMI-11B (69) trials, LMWH therapy was discontinued before cathe-
terization, and interventional procedures were performed using UFH. Rates of major hemorrhage 
were similar in patients receiving either LMWH or UFH. Perhaps as a result, many interventionalists 
became comfortable with a “crossover” strategy when anticoagulating their own patients. This may 
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explain why, in the SYNERGY trial (65), nearly 800 patients received postrandomization “crossover” 
therapy before PCI. Surprisingly, this group experienced a markedly elevated risk of adverse events; 
the risk of receiving a blood transfusion more than doubled (15.2% vs. 31.5%) while the 30-day inci-
dence of death/ MI increased from 13.9% to 18.5%. GP IIb/IIIa inhibitors may be coadministered 
with LMWH as clinically indicated without concern for increased bleeding. The NICE-3 registry (70) 
specifically examined the safety of enoxaparin in conjunction with GP IIb/IIIa administration in 
patients 661 presenting with ACS. The specific GP IIb/IIIa used was left to the discretion of the opera-
tor. If enoxaparin had been given within the prior 8 h, no additional dose was administered. If a dose 
had been given more than 8 h prior, an additional 0.3 mg/kg IV was intravenously injected. For those 
patients undergoing PCI, the researchers reported an observed primary endpoint (major bleeding) of 
1%, which compared favorably to historical controls. However, event rates for transfusion, minor 
bleeding, or death/MI in PCI patients were not reported.

The role of LMWH in elective PCI is evolving, although support for its utilization is growing. The 
REDUCE trial (71) was a large, randomized trial that compared LMWH and UFH specifically during 
elective cardiac catheterization. In this trial, 612 patients undergoing single vessel PCI were randomly 
assigned to receive either reviparin (7,000 IU IV followed by an 18- to 24-h infusion) or UFH 
(10,000 IU followed by an IV infusion). Reviparin was subsequently continued as a twice-daily SQ 
injection for 28 days, with the UFH-treated group receiving matching placebo injections. In reviparin-
treated patients, the requirement for bailout intervention was significantly reduced (2.0% vs. 6.9% 
with UFH treatment, p = 0.003), as was the occurrence of major ischemic complications during the 
first few days of the trial. At 30 weeks, the composite endpoint of death, MI, or need for repeat inter-
vention was similar in both groups (33% for reviparin vs. 32% for UFH), as was the incidence of 
major hemorrhage (2.5% for reviparin vs. 2.6% for UFH). A small study (72) examined the efficacy 
and safety of a prespecified low dose of intravenous enoxaparin (0.5 mg/kg) in 242 patients undergoing 
elective PCI. They enrolled these patients consecutively, regardless of age, weight, renal function, or 
use of GP IIb/IIIa inhibitors (26%). Sheaths were pulled immediately after the procedure in those 
patients receiving only enoxaparin, and 4 h after the procedure in those also treated with eptifibatide. 
A consistent prespecified anticoagulation level was achieved, regardless of advanced age, renal failure, 
obesity, and eptifibatide use. In addition, the incidence of bleeding complications was relatively low, 
as was the incidence of ischemic complications.

These results paved the road for the STEEPLE trial (73), which enrolled 3,528 patients undergo-
ing nonurgent PCI and randomized to one of two doses of IV weight-adjusted enoxaparin (0.5 or 
0.75 mg/kg) or ACT-directed UFH. The concomitant use of GP IIb/IIIa inhibitors was left to the 
discretion of the operators; sheaths were removed immediately after the procedure. The primary 
endpoint of the trial was the incidence of major and minor bleeding at 48 h after the index PCI 
(excluding bypass graft [CABG] bleeding). The main secondary endpoint was the achievement of 
therapeutic anticoagulation at the beginning and end of the procedure. Enoxaparin was associated 
with reduced bleeding. The incidence of major and minor bleeding (primary endpoint) was 31% 
lower in the enoxaparin 0.5-mg/kg group (5.9% vs. 8.5%, p = 0.01), which was statistically signifi-
cant for superiority, while the enoxaparin 0.75-mg/kg group was noninferior to UFH (6.5% vs. 8.5%, 
p = 0.051). Major bleeding was also reduced by 57% in both enoxaparin groups versus UFH. The 
study also showed that enoxaparin is associated with a fourfold increase in the rate of patients 
achieving target anticoagulation levels compared with UFH (79% for enoxaparin 0.5 mg/kg and 92% 
for enoxaparin 0.75 mg/kg versus 20% for UFH [p < 0.001]). Based on the available data, LMWH 
appear at least as safe and efficacious as UFH for patients undergoing elective PCI (74), although the 
STEEPLE trial was not adequately powered to demonstrate noninferiority of low-dose enoxaparin 
regimens with UFH with regard to ischemic endpoints.
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In short, LMWHs have a more predictable anticoagulant effect than UFH and may be preferred in 
NSTEMI/UA patients. Factor Xa levels are effectively inhibited within 30 min and remain so for at 
least 8 h after injection of a single 1 mg/kg subcutaneous dose of enoxaparin. Therefore, in ACS 
patients who have received enoxaparin, PCI may be safely performed within this 8-h window without 
additional dosing. If the procedure takes place within 8–12 h, an additional 0.3 mg/kg intravenous 
injection is advised. “Crossover” anticoagulation from UFH to LMWH or vice versa should be 
avoided; the anticoagulant that the patient received prior arriving in the catheterization laboratory 
should be continued (Fig. 3). Elderly patients, or patients with impaired renal function, should pref-
erentially receive UFH or bivalirudin. Elective PCI with LMWH anticoagulation appears to be safe 
and effective. However the available data have yet to conclusively demonstrate a clinical advantage for 
LMWH over UFH.

FONDAPARINUX

Fondaparinux (Arixtra) binds specifically to antithrombin, giving a very specific inhibition of Xa 
without interfering with other clotting factors, and is already established as an effective therapy in the 
prevention of asymptomatic and symptomatic venous thromboembolic events (75). The OASIS 5 trial 
(76) was a large, randomized, double-blind, multicenter study designed to evaluate the safety and 
efficacy of fondaparinux compared with enoxaparin in patients with ACS. The study included 20,078 
patients enrolled from 576 sites in 41 countries and randomized them to either fondaparinux 2.5 mg 
(n = 10,057) or enoxaparin 1 mg/kg twice daily (n = 10,021). Fondaparinux was associated with a 
significant reduction in 30-day mortality as well as a decreased incidence of major bleeding compared 
with enoxaparin. Furthermore, the beneficial effect of fondaparinux appeared to be durable with a 9% 
reduction in the risk of death or MI and a 13% reduction in the risk of death, MI, refractory ischemia, 
or major bleeding at 6 months. Despite the apparent benefit of fondaparinux, it currently cannot be 
endorsed as an adequate antithrombin therapy for the contemporary management of patients with 
ACS because of the increased incidence of catheter thrombosis seen in patients undergoing PCI.

In the OASIS-6 trial (77), 12,092 patients with STEMI were randomized to receive fondaparinux 
(2.5 mg daily) or usual care for up to 8 days. Usual care was PTT-directed IV UFH for up to 48 h 
followed by placebo, or just placebo when UFH was not indicated. Of the entire cohort, 45% received 
fibrinolysis (mostly streptokinase), 29% underwent primary PCI, and 24% did not receive reperfusion 
therapy. The incidence of death or reinfarction at 30 days was significantly lower with fondaparinux 
than with usual care (9.7% vs. 11.2%), with significant benefits also at 9 days and at final follow up 
(3–6 months). Fondaparinux recipients also had significantly lower mortality rates throughout the 
study and a trend toward less major bleeding. Notably, the benefits of fondaparinux did not extend 
specifically to patients who underwent primary PCI secondary to significantly more catheter throm-
boses in this subgroup (1.2% vs. 0%).

Fig. 3. Enoxaparin dose transition algorithm
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Bivalirudin
Direct-acting thrombin inhibitors, namely hirudin and its analogs, have several important concep-

tual advantages over heparin. These agents bind specifically and reversibly to both fibrin-bound and 
unbound thrombin, do not require a cofactor such as antithrombin III, and have no known natural 
inhibitors, such as platelet factor 4, thereby allowing for a more predictable and uniform anticoagula-
tion (78). Bivalirudin (Angiox, Angiomax) is a synthetic 20-amino acid peptide analog of hirudin. 
The drug demonstrates linear pharmacokinetics, allowing for a direct correlation between dose 
and anticoagulation activity, and is cleared through a combination of proteolytic cleavage and renal 
elimination. Bivalirudin is dialyzable; approximately 25% is cleared by hemodialysis. Accordingly, 
dosage adjustments are recommended in patients with moderate-to-severe renal impairment and in 
dialysis-dependent patients.

It has been approved in Europe for use as an anticoagulant in patients undergoing PCI. In the 
United States, bivalirudin is approved in patients undergoing PCI in conjunction with ASA administra-
tion and has recently been approved for use with provisional GP IIb/IIIa inhibition. To date, bivalirudin 
has been tested in large elective PCI, ACS, and STEMI cohorts.

REPLACE-2 (62), a randomized, double-blinded study, sought to determine whether the use of 
bivalirudin plus provisional GPIIb/IIIa use (n = 2,994) during elective or urgent PCI would reduce the 
incidence of major adverse ischemic complications compared with UFH and GP IIb/IIIa inhibitors. A 
total of 6,010 patients (6,002 for follow-up) were recruited in 233 hospitals in 9 countries; the study’s 
primary endpoint consisted of a quadruple composite measure of death, MI, urgent revascularization, 
and major hemorrhage at 30 days. All patients were treated with aspirin therapy, and more than 85% 
received pretreatment with a thienopyridine. For bivalirudin, dosing was a 0.75-mg/kg bolus before 
PCI, then a 1.75-mg/kg-h infusion for the duration of PCI; the pre-PCI bolus of UFH was 65 U/kg. 
The anticoagulation strategy of bivalirudin and provisional GP IIb/IIIa inhibitor resulted in a numerically 
reduced incidence of the composite endpoint compared to UFH and routine GP IIb/IIIa inhibition, 
while the incidence of NSTEMI was higher in the former group. Neither of these differences reached 
statistical significance. The incidence of major bleeding, need for transfusion, and thrombocytopenia 
was significantly lower in the bivalirudin cohort however. At 1 year follow-up, the death rate was 
numerically, but not significantly, lower in the bivalirudin group.

In the ACUITY trial (79), the largest study yet performed in patients with ACS undergoing an 
invasive strategy, 13,819 patients with ACS (randomized at 448 centers in 17 countries) were prospec-
tively randomized to UFH or enoxaparin plus GPIIb/IIIa inhibition, versus bivalirudin plus GPIIb/IIIa 
inhibition, versus bivalirudin and provisional GPIIb/IIIa inhibition. All patients underwent cardiac 
catheterization within 72 h, followed by percutaneous or surgical revascularization when appropriate. 
In a second random assignment, patients assigned to receive IIb/IIIa inhibitors were subrandomized 
to upstream drug initiation versus GPIIb/IIIa inhibitor administration during angioplasty only. The 
primary study endpoint was the composite of death, myocardial infarction, unplanned revasculariza-
tion for ischemia, and major bleeding at 30 days.

Compared with the UFH/enoxaparin plus GPIIb/IIIa inhibition, treatment with bivalirudin alone 
was associated with a significant reduction in the 30-day clinical outcome from 11.7% to 10.1% 
(p = 0.015). However, the bivalirudin plus GPIIb/IIIa inhibitor group was only noninferior to UFH/
enoxaparin plus GPIIb/IIIa inhibition at 11.8%. The 30-day composite ischemic outcome was similar 
in all three groups at approximately 7.5%. Major bleeding was significantly lower in the bivalirudin 
alone group at 3% compared with 5.7% in the UFH or enoxaparin plus GPIIb/IIIa inhibitor group. 
Patients given bivalirudin plus a GPIIb/IIIa inhibitor had a 5.3% rate of major bleeding, which was 
noninferior to the rate seen in the UFH or enoxaparin plus a GPIIb/IIIa inhibitor.
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ACUITY-PCI (80) was made up of the 7,789 patients from the ACUITY trial who underwent 
PCI during the trial. Drug-eluting-stent use in these patients was roughly 60% in all three groups: 
those receiving UFH/enoxaparin plus GP IIb/IIIa inhibitors; those receiving bivalirudin plus GP 
IIb/IIIa inhibitors; and those receiving bivalirudin monotherapy, with randomization roughly 
equal among the three groups. In an intention-to-treat analysis, the 30-day primary endpoints – 
composite ischemia (death, MI, or unplanned revascularization for ischemia), major bleeding or 
net clinical outcomes (major bleeding or composite ischemia) –were not significantly different 
between the groups receiving bivalirudin plus GP IIb/IIIa inhibitor or a heparin plus GP IIb/IIIa 
inhibitors. Composite ischemia rates were similar between the two groups; however, major 
bleeding was significantly lower in the bivalirudin-only group at 30 days, as compared with the 
group receiving either heparin plus GP IIb/IIIa inhibitors. Unlike the main ACUITY trial, the net 
clinical benefit (combining ischemic and bleeding events) was no different between the UFH/enoxa-
parin plus GP-IIb/IIIa-inhibitor and the bivalirudin-only groups. However, in troponin-positive 
patients, and in patients who received clopidogrel pretreatment, rates of composite ischemic 
events tended to be higher in the bivalirudin-only group versus the UFH/enoxaparin plus GP-IIb/
IIIa-inhibitor group.

HORIZONS AMI (81) randomized more than 3,600 patients (123 centers in 11 countries) with 
STEMI with symptom onset  < 12 h in a 1:1 fashion to UFH 60 U/kg IV, with subsequent boluses 
titrated by nomogram to ACT of 200–250 s, plus a GP IIb/IIIa inhibitor (abciximab or eptifibatide), 
or to bivalirudin monotherapy (0.75 mg/kg bolus; infusion 1.75 mg/kg per h), stopped at the end of 
the procedure, plus provisional GP IIb/IIIa inhibitors for large thrombus or refractory no-flow. Only 
7.2% of patients in the bivalirudin-treated group received provisional GP IIb/IIIa inhibitors in the cath 
lab. Bivalirudin significantly reduced net adverse clinical events by 24% at 30 days (a composite of 
major bleeding and MACE) as well as major bleeding alone by 40%, as compared with UFH plus a 
GP IIb/IIIa inhibitor.

Bivalirudin has not consistently demonstrated superiority to heparins in providing protection 
against cardiovascular ischemic events, but it has reduced bleeding complications. In fact, a recent 
meta-analysis (82) incorporating five randomized controlled trials comparing bivalirudin to the 
heparins in 25,457 patients with ACS, including those patients undergoing PCI, demonstrated a 
significantly lower risk of major bleeding (defined as intracranial, intraocular, or retroperitoneal 
hemorrhage; clinically overt blood loss leading to a hemoglobin drop exceeding 3 g/dL or transfu-
sion of 2 or more units of whole blood or packed red blood cells) with bivalirudin. Compared to the 
heparins, the risk of death, MI, revascularization, and composite ischemic endpoints were similar 
with bivalirudin monotherapy.

Bivalirudin may be particularly appropriate in higher-risk populations, specifically women, the 
elderly (>65 years), and in patients with renal impairment (serum creatinine  > 1.2 mg/dL). It may be 
an alternative to heparin plus planned GP IIb/IIIa inhibition in any patient undergoing urgent or elec-
tive PCI, especially in any patient with a high risk of bleeding complications. In addition, bivalirudin 
is usually the anticoagulant of choice in patients with a history of HIT/HITTS (83). Up to 5% of 
patients administered UFH develop HIT/HITTS, which is associated with a dramatic increase in mor-
bidity and mortality (52). The ATBAT trial (84) evaluated the safety and efficacy of direct thrombin 
inhibition with bivalirudin during PCI in patients with HIT or HITTS. Over 4 years, this multicenter 
trial recruited 52 patients; the investigators reported a low incidence of major (1 patient) and minor 
(7 patients) bleeding complications. None of the patients developed thrombocytopenia. In December 
2005 the U.S. Food and Drug Administration (FDA) approved the use of bivalirudin in patients with 
or at risk of HIT/HITTS undergoing PCI (83).
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SPECIAL POPULATIONS

Women
Even though more women than men die each year from heart disease (85), women tend to be 

referred less frequently for diagnostic cardiac catheterization (86). As a result, only about one-third of 
the 1.2 million patients undergoing PCIs annually in the United States are women (87). More worrisome 
yet, women tend to have higher rates of complications and in-hospital mortality after PCI (88), both 
elective and emergent, albeit much of this difference is attributable to higher-risk clinical characteris-
tics. Fortunately, once beyond the acute hospitalization, adjusted long-term mortality rates after PCI 
are roughly equivalent (89–91).

Compared to men, women have a twofold to fourfold increased risk of vascular complications such 
as arteriotomy-associated hematomas, retroperitoneal bleeds, and need for blood transfusions (92). 
Proceduralists are generally aware of this discrepancy and attempt to attenuate bleeding risk by whatever 
means possible. Paradoxically, in an effort to prevent major bleeding, especially intracranial hemorrhage, 
women might receive subtherapeutic antiplatelet and antithrombotic dosing, thereby increasing their 
risk for ischemic complications.

The ACC/AHA guidelines (9) advise that lower doses of UFH should be used in patients undergo-
ing PCI at high risk of bleeding, including women and older adults. Although LMWH and UFH have 
not been formally compared in an exclusively female population, about 30% of the patients enrolled 
in the SYNERGY (65) and A-to-Z (66) ACS trials were female. Again, neither study noted a benefit 
for either therapy in either men or women, but LMWH was associated with a small increase in risk 
of bleeding.

Similarly, bivalirudin has not been evaluated in an exclusively female cohort, but about 26% of the 
patients in the REPLACE-2 trial (62) were women. The use of bivalirudin was associated with a signifi-
cant reduction in major bleeding complications in women. Both major and minor bleeding was signifi-
cantly reduced (p < 0.0001) from 34.1% with UFH plus GP IIb/IIIa inhibitor to 19.7% with bivalirudin.

Antiplatelet therapy should not be specifically modified for women undergoing PCI. The CREDO 
trial (20) (n = 2,116, 29% female) which treated patients undergoing PCI with clopidogrel for up to 
1 year noted a nonsignificant 32% relative risk reduction in the combined endpoint of stroke, MI, or 
death in women. In the ISAR-REACT trial (22) (n = 2,159, 24% women), no additional benefit for the 
GP IIb/IIIa inhibitor abciximab was found among low-risk PCI patients pretreated with a 600-mg 
loading dose of clopidogrel. The combined endpoint, comprising of death, MI, and target vessel revas-
cularization at 30 days, did not differ between the two groups in either the entire cohort or specifically 
in the female subset.

As in the general population, GP IIb/IIIa inhibitor administration is usually beneficial in women 
undergoing PCI. A meta-analysis (93) of ten randomized, placebo-controlled trials of GP IIb/IIIa 
inhibitors as periprocedural antiplatelet therapy (n = 13 166, 26% women) noted a significant reduc-
tion in the combined endpoint of death or nonfatal MI 6 months after PCI. Importantly higher-risk 
patients, including elderly women, appeared to derive the greatest benefit. Contrary to conventional 
belief, GP IIb/IIIa inhibitors are not associated with an increase in major bleeding or vascular com-
plications in women (94,95). They do confer increased risk for minor bleeding, however.

Renal Failure
Patients with renal failure are at increased risk of both thrombotic and bleeding complications 

(96–98). Whenever these patients undergo primary PCI in the setting of an acute MI, they incur an 
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increased risk of acute reocclusion and major hemorrhage, thereby increasing their risk of mortality 
significantly. As such, a creatinine clearance should be calculated as a matter of routine for every 
patient who presents for a catheterization laboratory procedure. Estimation of renal function is needed 
when prescribing certain drugs to any patient with renal dysfunction. Specifically, dose adjustment of 
many anticoagulants is indicated when the creatinine clearance falls below 30 mL/min. While dosing 
is usually appropriately made in patient with elevated serum creatinine, elderly patients, due to age-
related renal dysfunction and smaller body mass index, often have reduced creatinine clearance and 
may be inadvertently overlooked.

UFH generally does not require dose adjustment. Careful monitoring of ACT level is recom-
mended, however, because these patients are vulnerable to bleeding complications with higher levels 
of anticoagulation. By contrast, LMWH, danaparoid sodium, hirudins, and bivalirudin all undergo 
renal clearance. Conservative dosing is advised whenever these agents are used in patients with renal 
failure. LMWHs are excreted nearly completely via the kidneys. The serum half-life of LMWH aver-
ages about 2–4 h after IV injection, and 3–6 h following a SC injection. Dosing of the subcutaneous 
LMWH enoxaparin in ACS patients undergoing coronary angiogram and coronary angioplasty should 
be reduced by at least 50% (1 mg/kg per 24 h) in patients with severe renal failure (99).

A modestly sized (n = 170) single hospital pharmacokinetic study (100) attempted to adjust enoxaparin 
dosing in response to serum anti-Xa levels. After a bolus of enoxaparin 1 mg/kg SC, patients with a 
creatinine clearance of 30–60 mL received subsequent boluses of 0.75 mg/kg SC every 12 h, while those 
with a creatinine clearance < or  = 30 mL/min received a 0.50 mg/kg per dose SC every 12 h. The investiga-
tors noted that about 80% of percent of patients with moderate renal failure and 60% of the patients with 
severe renal failure were in the therapeutic anti-Xa range after the third dose. A dose-adjustment ratio 
New dose = [(Current dose) × (Goal anti-Xa level)]/(Current anti-Xa level) was used to adjust doses in 
patients whose levels were outside the therapeutic range. This formulation reliably placed patients in the 
therapeutic range established by consensus guidelines; the incidence of bleeding was noted to be equiva-
lent to normal controls. Obviously, this cleverly designed protocol will need to be validated in larger 
studies, but the concept of pharmacokinetic-based adjustments based on renal failure seems logical.

Clinical trials specifically addressing the efficacy of aspirin among patients with renal failure under-
going PCI have not been performed. Aspirin is largely hepatically metabolized, but a fraction is also 
renally excreted (1). Given aspirin’s proven track record, however, one should refrain from adjusting 
the dose in renally impaired patients. Importantly, ASA is dialyzed significantly. Postdialysis dosing is 
recommended in patient acutely requiring consistent aspirin therapy (i.e., recent stent placement). 
Clopidogrel and ticlopidine are hepatically metabolized; dose adjustment is not required (13).

There exist few data supporting the efficacy and safety of GP IIb/IIIa inhibitors use in patients with 
significant renal failure. The small molecule agents (i.e., tirofiban and eptifibatide) are excreted 
predominantly via the kidneys, and randomized trials have largely excluded patients with renal dys-
function. In contrast, abciximab, a monoclonal antibody fragment, undergoes almost no renal excretion 
and is eliminated through platelet degradation by the reticuloendothelial system. In the EPIC (38) and 
EPISTENT (101) trials, abciximab therapy did not confer a significant bleeding risk for patients with 
mild renal dysfunction; however, safety data among patients with marked reductions in creatinine 
clearance are not available from these trials. A retrospective analysis of the TARGET trial (102) noted 
that both ischemic and bleeding complications are highest in the lowest creatinine clearance quartile of 
patients treated with either tirofiban or abciximab. Of particular interest, no interaction between these 
GP IIb/IIIa inhibitors and creatinine clearance on ischemic or bleeding events was appreciated.

Bivalirudin undergoes partial elimination through renal excretion; dose adjustment is required in 
patients with moderate-to-severe renal failure (creatinine clearance < 60 mL/dL) (78). The half-life of 
bivalirudin is about 25 min in patients with normal renal function, about 34 min in those with moderate 
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renal failure, and 57 min in those with severe renal failure. Clinical support for the use of bivalirudin 
in patients with renal failure may be derived from a retrospective analysis of the Bivalirudin 
Angioplasty Trial (BAT) (103) in which bivalirudin was compared with UFH therapy among 4,312 
patients undergoing angioplasty. Nearly 75% of the enrolled patients had some degree of renal failure. 
No matter the degree, bivalirudin-treated patients experienced both fewer bleeding complications and 
fewer ischemic complications than patients treated with UFH. Considering the pathological derange-
ments associated with renal impairment, including evidence of ongoing thrombin generation, a 
particular emphasis on direct thrombin inhibition seems justified in the renal failure patient.

FUTURE DIRECTIONS

The last decade has seen a remarkable increase in the clinical evaluation and therapeutic applica-
tion of varied platelet inhibitor pharmaceuticals. Prasugrel is a novel platelet inhibitor that has been 
tested in patients with ACS planned for PCI. The TRITON-TIMI 38 study (104) randomized 13,608 
patients with moderate-to-high-risk ACS and planned PCI to receive prasugrel (a 60-mg loading dose 
and a 10-mg daily maintenance dose) or clopidogrel (a 300-mg loading dose and a 75-mg daily main-
tenance dose), for 6–15 months. The primary efficacy endpoint was death from cardiovascular causes, 
nonfatal myocardial infarction, or nonfatal stroke. The key safety endpoint was major bleeding. The 
investigators found that, as a more potent antiplatelet agent, prasugrel reduced the combined rate of 
death from cardiovascular causes, acute stent thrombosis, nonfatal myocardial infarction, or nonfatal 
stroke (12.1% for clopidogrel vs. 9.9% for prasugrel); however, this was at the expense of increased 
major (1.4%, vs. 0.9% in the clopidogrel group) and fatal bleeding (0.4% vs. 0.1%). Overall, a net 
clinical benefit in favor of prasugrel remained. Nonetheless, uncertainty remains about the optimal 
duration and dosing of this agent.

Cangrelor (AR-C69931MX) is a potent, selective, reversible inhibitor of ADP-induced platelet aggrega-
tion (105). It is being studied for ACS as an ultrafast acting IV antithrombotic agent. A distinct theoretical 
advantage is the agent’s short plasma half-life, which yields a rapid loss of activity following discontinua-
tion of the infusion and may allow for a significant safety advantage. Phase II trials have shown safety and 
a greater inhibition of platelet aggregation over clopidogrel. Phase III trials should provide more definitive 
information on clinical efficacy and safety; preliminary results are due in late 2008.

In the antithrombotic arena, there is intense interest in the development and application of newer 
antithrombotics that inhibit upstream targets in the coagulation cascade. A number of direct factor Xa 
inhibitors (DX-9065a and otamixiban), as well as other novel antithrombin inhibitors, are in clinical 
development; whether or not they will lend themselves to periprocedural anticoagulation remains to 
be seen (106–108).
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AbstrAct Peripheral arterial disease is a spectrum of disease processes involving the non-coronary arterial 
system that is primarily the result of atherothrombosis. Although the field of peripheral intervention is older 
than coronary intervention, the evolution of this field has lagged behind that of its coronary counterpart. 
Adjunctive therapies demonstrated to be beneficial in the realm of percutaneous coronary interventions (PCI) 
have not been as systematically assessed within the peripheral arena. Nevertheless, current opinion rests with 
the belief that adjunctive antiplatelet and antithrombotic agents improve outcomes for patients undergoing 
peripheral interventional procedures. Future studies will foster a better understanding of the idiosyncrasies 
related to peripheral interventions and the optimal utilization of currently available and developing antithrom-
botic agents in order to further advance this field.

Key words: Antiplatelet; Antithrombin; Carotid; Intervention; Peripheral; Renals

INTRODUCTION

Peripheral arterial disease is a spectrum of disease processes involving the non-coronary arterial 
system that is primarily the result of atherothrombosis. In 1964, Dotter and Judkins pioneered “trans-
luminal angioplasty” for the treatment of peripheral arterial disease (1). Early procedures were fraught 
with complications (distal emboli and puncture site hematomas). After a decade of growing skepticism 
and mounting complications Andreas Gruentzig was able to refine the multiple catheter system of 
Dotter to a single double-lumen catheter with a low compliance balloon. This new system allowed for 
smaller bore catheters and thus reduced the number of puncture site hematomas prompting the emer-
gence of percutaneous intervention (2). Although reasonably successful at the time (initial patency rate 
of 86%), there were still many problems with reocclusions and embolic complications (2). The catheters 
were felt to be thrombogenic and it was speculated that anticoagulation might improve outcomes.
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PERIPHERAL INTERVENTION (NON-CAROTID)

Anticoagulation

Indirect Thrombin Inhibitors
Heparin

Since its discovery in 1916, heparin’s ability to inhibit blood coagulation has led to a variety of clinical 
uses (3). Heparin is naturally found intracellular in mast cells and is released into the circulation by mast 
cell degranulation. Under normal circumstances heparin’s anti-thrombotic effects are not detectable 
because it is immediately taken up and degraded by macrophages. Heparin sulfate molecules can be found 
in vivo on the surface of vascular endothelial cells as well as in the subendothelial extracellular matrix. 
Through a series of complex interactions heparin functions as a cofactor to accelerate anti-thrombin III 
inhibition of thrombin (factor IIa) thus playing a pivotal role in maintaining coagulation homeostasis 
primarily via the intrinsic pathway.

Heparin’s ability to inhibit clot formation and its rapid reversibility has made it the mainstay of 
anticoagulation for coronary and non-coronary intervention since the inception of coronary angioplasty 
(4). Heparin is used to prevent catheter-related thromboses and clot formation at iatrogenic sites of 
vascular injury during cardiac catheterization (5). To date, there have been no randomized placebo-
controlled trials demonstrating heparin’s effectiveness in this setting; however, it would now be 
considered unethical for such a study to take place. Although heparin has been used as the benchmark 
to which many new therapies are compared, the data supporting its use in peripheral intervention are 
sparse and primarily based on outcomes with coronary intervention.

Early retrospective studies demonstrated improved procedural success and decreased post-procedure 
abrupt vessel closure with pre-procedural intravenous heparin administration in patients with acute 
coronary syndromes (6). Improved outcomes in acute coronary syndromes led to the widespread use 
of heparin in percutaneous interventions. There are no standardized dosing guidelines for the use of 
intravenous heparin during peripheral arterial interventions; however, at our institution dosing proto-
cols are modeled after those of coronary intervention. An initial bolus of 40–60 IUs/kg (maximum 
5,000 IU) is given intravenously prior to intervention with periodic monitoring of ACT. Based on the 
response to the initial bolus dose an additional 1,000–3,000 IUs heparin may be given to achieve an 
ACT of 300–400 s. The duration of anticoagulation is tailored to the underlying disease process, that 
is, patients presenting with acute limb ischemia are anticoagulated immediately with therapeutic 
doses of intravenous unfractionated heparin and transitioned to oral warfarin indefinitely (if the etiology 
of embolism cannot be corrected).

Warfarin

Routine use of long-term anticoagulation with warfarin has not been shown to reduce the risk of 
adverse cardiovascular events in patients with chronic peripheral arterial disease. The American Heart 
Association/American College of Cardiology (AHA/ACC) guidelines on peripheral arterial disease 
currently give warfarin a class III indication for the prevention of future adverse cardiovascular events 
in patients with peripheral arterial disease, in the absence of atrial fibrillation. There are limited data 
for the use of warfarin following peripheral intervention but may be useful in select situations. Post-
procedural anticoagulation with warfarin is frequently used for arterial revascularization in patients 
with HIT (7), recanalization of closed peripheral arterial bypass grafts (8,9), and percutaneous interven-
tion of the superior vena cava (SVC) for SVC syndrome (especially if pacer wires are present) (10).
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Low-Molecular Weight Heparins

Low-molecular weight heparins (LMWH) are smaller molecules that primarily act within the 
coagulation cascade at the factor Xa level to accelerate the anti-thrombin III inhibition of thrombin 
thus are considered indirect thrombin inhibitors. LMWHs do have varying degrees of selectivity for 
factor Xa depending on the drug formulation; however, as a group they have several obvious advantages 
over unfractionated heparin: (1) more predictable dose response and clearance (2) longer half-lives 
(3) better bioavailability (4) uniform dosing strategy. Many LMWHs exist; however, enoxaparin is 
the only one studied extensively for percutaneous intervention.

Enoxaparin

Enoxaparin binds preferentially to factor Xa giving it more predictable levels of anticoagulation 
and in most circumstances, it does not require monitoring.

Favorable pharmacokinetics of enoxaparin evoked interest in using it for percutaneous coronary and 
non-coronary interventions. The use of LMWHs in percutaneous interventions today are largely driven 
by data from several studies demonstrating superiority of LMWHs (18–20% reductions in death and 
nonfatal myocardial infarction) compared to unfractionated heparin in the medical management of acute 
coronary syndromes (11–16). However, LMWHs have not proven to be superior to unfractionated heparin 
in the catheterization laboratory. Four large randomized trials enrolled over 12,000 patients to compare 
outcomes with enoxaparin versus unfractionated heparin in patients with non-ST elevation acute coronary 
syndromes (NSTE-ACS) (13–16). The largest of these trials is the SYNERGY (Superior Yield of the New 
strategy of Enoxaparin, Revascularization and GlYcoprotein IIb/IIIa inhibitors) trial, which enrolled 
10,027 patients with high-risk NSTE-ACS with an intended early invasive strategy to receive intravenous 
unfractionated heparin (60 IU/kg bolus followed by 12 IU/kg/h infusion) or enoxaparin (1 mg/kg subcu-
taneous twice daily) plus a glycoprotein IIb/IIIa inhibitor. Patients who were treated with percutaneous 
coronary intervention were randomly assigned to receive either intravenous unfractionated heparin or 
subcutaneous enoxaparin prior to intervention. If patients had previously received enoxparin within 8 h 
of coronary intervention then no additional enoxaparin was given during the procedure; however, if more 
than 8 h elapsed since the last dose, a bolus of 0.3 mg/kg intravenous enoxaparin was given prior to 
balloon inflation. The primary end point (composite of all-cause death or nonfatal myocardial infarction 
at 30 days after) occurred in 14% of patients treated with enoxaparin compared to 14.5% of patients 
treated with unfractionated heparin (odds ratio [OR] = 0.96, 95% confidence interval [CI] 0.86–1.06). In 
this setting enoxaparin was neither inferior nor superior to unfractionated heparin. The enoxaparin group 
experienced a significant increase in TIMI (Thrombolysis in Myocardial Infarction) major bleeding 9.1% 
compared to the unfractionated heparin group 7.6%, p = 0.008 (16).

It is difficult to translate these outcomes to peripheral interventions and the role of LMWH in 
peripheral intervention remains ill defined. In one small group of 56 patients who underwent 93 
procedures, intravenous enoxaparin (0.75 mg/kg) plus eptifibatide (180 mcg/kg bolus followed by 
2 mcg/kg) appears to have similar efficacy and safety as unfractionated heparin when used for elective 
non-carotid coronary and peripheral vascular interventions. Procedural success was achieved in 99% 
of patients with no vascular complications and a 2% incidence of major bleeding (17). Enoxaparin 
dosing for non-coronary intervention has not been standardized, although this strategy seems to have 
demonstrated reasonable results. At our institution the use of LMWH for peripheral intervention is 
uncommon; however, data from coronary literature suggest that a dosing strategy of 1 mg/kg subcu-
taneous twice daily would be a rational choice if one were inclined to use LMWH.
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Other studies have suggested lower rates of major bleeding with similar ischemic outcomes for 
patients treated with LMWHs (18,19), but noted an increased incidence of catheter-related thrombosis 
when fondaparinaux was compared to enoxaparin (20). Moreover, patients treated with fondaparinaux 
prior to percutaneous intervention should also be given intravenous unfractionated heparin prior to 
balloon inflation to reduce the likelihood of this untoward outcome.

Direct Thrombin Inhibitors

Heparin has been the dominant anticoagulant used since the inception of peripheral vascular inter-
vention. However, even when performed with therapeutic doses of heparin complications of peripheral 
intervention remain relatively frequent: early occlusion 3.1%, limb loss 1.9%, death 1.6%, and major 
bleeding 2.1% (21). Direct thrombin inhibitors have the potential to reduce such complications. There 
are currently four direct thrombin inhibitors available for clinical use: bivalirudin, lepirudin, arga-
troban, and ximelagatran. Only bivalirudin and argatroban (in the setting of HIT) have been approved 
for angioplasty. Approved indications for the currently available direct thrombin inhibitors are 
outlined in Table 1.

Bivalirudin

Bivalirudin is a 21 amino acid synthetic peptide that directly binds thrombin to exert its very predict-
able anticoagulant effects. The half-life of bivalirudin is approximately 25 min and it is renally elimi-
nated. Although it has a very short half-life there is no specific antidote for bivalirudin or any of the 
direct thrombin inhibitors. Initially this raised concern for a higher incidence of bleeding complications 
but this has not been demonstrated in clinical trials. The largest study using bivalirudin as the sole 
anticoagulant was the Angiomax Peripheral Procedure Registry of Vascular Events (APPROVE) reg-
istry (22). The APPROVE registry was an open label study that enrolled 505 patients from 26 centers 
undergoing peripheral intervention to be treated with 0.75 mg/kg bolus of bivalirudin followed by a 
1.75 mg/kg/h infusion. Procedural success (defined as a residual stenosis less than 20%) was achieved 
in 95% of patients. Thirty-day event rates were low: zero deaths, amputation rate 0.4%, unplanned, 
revascularization 0.8%, and major bleeding 2.2%. Concomitant use of glycoprotein inhibitors (4.4% of 
patients) was found to be a predictor of bleeding complications. Neither activated clotting time nor the 
degree of renal impairment was associated with increased bleeding complications.

From the coronary literature, the Randomized Evaluation of PCI Linking Angiomax to Reduced 
Clinical Events (REPLACE) (23), REPLACE-2 (24), and Harmonizing Outcomes with Revascularization 
and Stents In Acute Myocardial Infarction (HORIZONS-AMI) (25) trials have demonstrated the efficacy 
of bivalirudin in both the ST elevation and non-ST elevation acute coronary syndromes. Of note, there 

Table 1 
Pharmacokinetics and indications for direct thrombin inhibitors (103)

Drug Half-life (minutes) Metabolism Approved indications

Lepirudin 60 Renal HIT
Argatroban 53 Hepatic HIT or PCI with HIT
Bivalirudin 25 Renal/enzymatic PCI with/without UA or HIT
Ximelegatran 240–300 Renal None

HIT heparin-induced thrombocytopenia; PCI percutaneous coronary intervention; UA unstable angina
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was an increased incidence of acute stent thrombosis in the bivalirudin group (1.3% vs. 0.3%, 
p = 0.0009) of the HORIZONS-AMI trial. Several small single center studies have shown similarly 
low rates of complications and major bleeding with the use of bivalirudin (26–29). Although bivalirudin 
appears to be a promising anticoagulant for use in peripheral intervention; randomized controlled 
trials comparing it to unfractionated heparin are needed.

The other direct thrombin inhibitors, argatroban, lepirudin, have been used in patients with heparin-
induced thrombocytopenia (HIT) but they have not been adequately studied for use in the treatment 
of occlusive peripheral arterial disease in the absence of HIT.

Thrombolytics
Acute thrombotic limb ischemia is the abrupt loss of arterial perfusion to a limb typically as a result 

of an embolic event, either spontaneous or iatrogenic. Early outcomes with surgical thrombectomy 
were dismal. In 1978, Blaisdell and colleagues reported amputation and mortality rates of more than 
25% each in patients undergoing surgical thrombectomy for acute limb ischemia (30). These less than 
desirable outcomes sparked interest in new treatment strategies. Two strategies emerged (pharmacologic 
with thrombolytics/anti-thrombotics and percutaneous intervention) to the forefront and eventually 
merged to improve outcomes in this typically very ill population.

Streptokinase

Streptokinase was the first thrombolytic agent to be discovered and approved for clinical use. 
In 1933, Tillet and Garner discovered fibrinolytic activity of ß-hemolytic streptococci, although it was 
not until 1956 that Cliffton and Grunett reported the intravenous use of streptokinase in humans (31). 
Streptokinase remains the only FDA-approved fibrinolytic drug for the treatment of peripheral arterial 
occlusions (Table 2) (32).

Table 2 
Approved indications and suggested doses for fibrinolytics in PAOD

Drug Dosea 104 Approved indications (46)

Streptokinase N/A AMI, PE, DVT, Arterial thrombosis or 
embolism, Arterial-venous fistulae 
thrombosis

Urokinase 240,000 IU/h UK for 4 h, then 120,000 IU/h  
up to 48 h`

PE

Prourokinase N/A None
Reteplase 0.25–1.0 IU/h AMI

Total dose and infusion time should not  
exceed 20 U and 24 h, respectively

Alteplase 0.001–0.02 mg/kg/h or a non–weight-adjusted 
dose of 0.12–2.0 mg/h

AMI, PE, ischemic stroke

Total dose should not exceed 40 mg for  
catheter-directed administration

Tenecteplase N/A AMI
Staphylokinase N/A None

PAOD peripheral arterial occlusive disease; AMI acute myocardial infarction; PE pulmonary embolism; DVT deep 
venous thrombosis; N/A no recommendation available from the current guidelines
a Dosage recommendations for acute limb ischemia only
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Although intravenous administration of fibrinolytics was used initially, today this strategy has been 
replaced by catheter facilitated intra-arterial injection of the fibrinolytic directly into the thrombus. 
Early studies with streptokinase demonstrated initial success rates ranging from 70% to 90% and 
2 year cumulative patency rates of 81% after treatment with low-dose intra-arterial catheter-directed 
thrombolytic therapy (33–35). Moreover, these studies and others from the coronary literature alluded 
to potential serious complications related to the antigenicity of streptokinase with allergic reactions 
(urticaria, bronchospasm, periorbital edema) in approximately 2% of the treated population (31,36–38). 
True anaphylaxis with streptokinase is extremely rare, less than 0.1% (36–38) and the greatest 
concern with the administration of streptokinase is similar to that of any thrombolytic agent, that is, major 
bleeding (approximately 3.7%, with intravenous heparin as the only adjunctive anticoagulant) (35). 
Accordingly, patients should be screened diligently for contraindications to thrombolysis (Table 3) 
and appropriate dosing guidelines should be followed.

Dosing regimens for thrombolytics vary widely depending on the route of administration and the 
drug used. The initial studies with streptokinase for peripheral arterial thrombolysis used 1,000–
3,000 IUs with a stepwise infusion (drug was directly injected into the thrombus every 5 min with 
catheter advancement every 15 min between injections) until successful thrombolysis. Heparin 
(2,500 IU) was given intermittently to prevent catheter thrombosis during lengthy procedures (34,35). 
The stepwise method of thrombolytic therapy was quickly replaced by continuous infusion, which 
remains the most commonly used method. Continuous infusions required that 5,000–10,000 IUs/h of 
streptokinase for varying lengths of time (11 h to 8 days), tailored to the clinical response (Table 4). 
Infusions were stopped if most of the thrombi had been lysed by angiogram, a significant complication 
occurred, or no significant change was noted at 24 h (39,40). Given the limitations (resistance, anti-
genicity, non-standardized dosing) of streptokinase, its use has largely been abandoned.

Urokinase

Concurrently with the development of streptokinase, was the discovery of urokinase. Sobel and 
colleagues first isolated urokinase (UK) from human urine in 1952 and its clinical use followed soon 
after (41). In the United States, urokinase was originally used for the treatment of pulmonary embo-
lism and it was not the until the 1970s with publication of the Urokinase Pulmonary Embolism Trial 
(UPET) and Urokinase-Streptokinase Pulmonary Embolism Trial (USPET) that its relative safety 
compared to streptokinase became obvious (42,43). These trials led to the FDA approval of urokinase 
for the treatment of pulmonary embolism and the widespread use of urokinase for thrombolytic 

Table 3 
Contraindications to thrombolysis (31,40)

Absolute Relative

Active bleeding SBP > 180 mmHg or DBP > 110 mmHg
Recent GI bleed (<10 days) Major nonvascular surgery (<10 days)
Intracranial or spinal surgery (<3 months) Recent major trauma (<10 days)
Intracranial trauma (3 months) CPR (<10 days)
Intracranial aneurysm or AVM Intracranial tumor
Recent stroke or TIA (2 months) Non-compressible arterial puncture (<2 days)

Recent eye surgery
Pregnancy
Liver failure
Hemorrhagic diabetic retinopathy

GI gastrointestinal; SBP systolic blood pressure; DBP diastolic blood pressure; TIA transient ischemic attack
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therapy in the United States. Ironically, in 1999 the FDA issued a warning regarding the safety of 
urokinase. Urokinase was being produced by human kidney cells harvested from post-mortem 
neonates, and the FDA was concerned that a less than rigorous screening process may have allowed 
contamination of the cells with viral and other infectious diseases that could be transmitted during 
drug administration (32). Although this was only a theoretical concern, the manufacturer temporarily 
suspended urokinase production until these issues could be corrected and returned the agent safely to 
the market in October 2002. Recombinant urokinase (r-UK), which has a shorter half-life than urokinase, 
was also being investigated at this time and was subsequently found to have little clinical difference 
when compared to urokinase. Another member of the urokinase family of thrombolytics is prourokinase. 
Prourokinase is a relatively fibrin-specific precursor of urokinase that is derived using recombinant 
Escherichia coli technology. The fibrin specificity of prourokinase allows it to preferentially activate 
fibrin bound plasminogen in thrombus giving it a higher specificity for formed thrombus. Despite 
hopes of higher success rates and lower bleeding complications the only proven advantage of prourok-
inase over urokinase is its non-human origin (44).

At present, the only FDA-approved indication for the use of urokinase is the treatment of massive 
pulmonary embolism; however, there is considerable descriptive literature supporting its use in periph-
eral arterial thrombolysis. One trial sought to prove the efficacy of r-UK in peripheral thrombolysis 
compared to surgical revascularization in an effort to obtain FDA approval. The Thrombolysis or 
Peripheral Arterial Surgery (TOPAS) trial was a multicenter randomized study that enrolled 548 patients 
to be treated initially with r-UK or surgery (Table 3) (45). Unlike prior studies TOPAS did not demon-
strate a significant advantage for thrombolytic therapy with regards to limb salvage or survival in patients 
with acute ischemic limbs (symptoms <14 days) at average follow-up of 1 year. Amputation-free sur-
vival was 61% and 71% (p = 0.1) for the thrombolytic and surgery groups respectively in patients with 
native peripheral arterial disease versus 68% and 69% (p = 0.91) for patients with bypass graft occlusions 
at one year. One-year mortality rates were not significantly different among the groups: 24.6% for r-UK 
versus 19.6% for surgery with native peripheral arterial disease and 16.2% for r-UK versus 15% for 
surgery in patients bypass graft occlusions. One important lesson learned from TOPAS was that full-
dose anticoagulation with heparin plus r-UK is associated with significantly higher major bleeding rates 
(19%) versus sub-therapeutic heparin (9%), p = 0.02. The overall rate of major bleeding for the trial was 
12.5% for the thrombolytic group versus 5.5% for the surgical group, p = 0.005. Although TOPAS dem-
onstrated a significant reduction in the combined endpoint of open surgical procedures, death, and 
amputation during the index hospitalization (54% vs. 91%), p = 0.005 for patients treated with thrombo-
lytics, r-UK was never approved for use in peripheral arterial thrombolysis (45). This outcome was 
obviously driven by the reduction in the number of open surgical procedures, which remained impres-
sive at 1 year, 39% versus 65% in favor of the thrombolytics group.

Alteplase

While the manufacturer was working on the purification of urokinase, a fibrin-specific thrombolytic 
began to dominate the US market (46). Endogenous tissue plasminogen activator (t-PA) is synthesized 
by endothelial cells and has little effect on free plasminogen. Because t-PA preferentially binds fibrin, 
it works at the site of thrombus formation to facilitate conversion of fibrin bound plasmin to plasmino-
gen thus activating the endogenous fibrinolytic system. Recombinant tissue plasminogen activator 
(rt-PA), also known as alteplase, is derived from hamster ovarian cells and was first produced in 
the 1980s. Like reteplase, alteplase utilization for peripheral vascular indications increased during 
the urokinase shortage and was ultimately approved for systemic thrombolysis in acute myocardial 
infarctions, stroke, and pulmonary embolism (32,47). Although it does not carry FDA approval for the 
treatment of peripheral arterial thrombosis, many studies have demonstrated its efficacy and safety. 
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Semba et al. reviewed the literature pertaining to the use of alteplase for peripheral arterial occlusive 
disease. After reviewing 46 studies, the authors found a paucity of prospective randomized trials to 
define treatment protocols, although they concluded that alteplase may be beneficial in the treatment of 
acute limb ischemia (<14 days) to reduce the need for surgical or percutaneous intervention. For patients 
with chronic limb ischemia (>14 days), advanced diabetic arteriopathy or irreversible acute limb 
ischemia, the data seemed less convincing, suggesting that thrombolytic therapy with alteplase may not 
be a viable treatment strategy in this cohort (48). Major bleeding rates were similar (5.1%) to those of 
urokinase, although the lack of standardized dosing protocols and event definitions induce uncertainty 
in the reporting of complications (48). Dosing strategies for alteplase were quite variable ranging from 
0.05 to 0.1 mg/kg/h or 0.25–10 mg/h for continuous infusion (40). Overall, the higher dose regimens 
have not been found to be more beneficial and today the most commonly used regimen for catheter 
directed thrombolysis with alteplase is 0.05mg/kg/h or 1mg/h with or without a bolus (40).

The literature comparing the efficacy among thrombolytics is sparse. Early small open-label rand-
omized studies suggested a trend toward higher rates of initial angiographic success with rt-PA 
compared to SK or UK. One study with 60 patients compared intra-arterial and intravenous rt-PA to 
intra-arterial SK for the treatment of acute or subacute limb ischemia and demonstrated an initial 
success rate of 100% for intra-arterial rt-PA versus 80% with intra-arterial SK (p < 0.04). Intravenous 
rt-PA was inferior to both intra-arterial rt-PA and intra-arterial SK with initial success rates of only 45% 
(p < 0.01) (49). Thirty-day limb salvage rates were also better for intra-arterial rt-PA and SK than with 
intravenous rt-PA at 80%, 60%, and 45%, respectively (49). Another small-randomized open-label study 
of 32 patients also suggested higher rates of early angiographic success (<8 h) for rt-PA compared to UK; 
however, at 24 h there was no significant difference among the groups. Similarly, the 30-day outcomes 
of death, limb salvage, surgery, or bleeding complications were not significantly different (50).

The largest randomized trial to date comparing the strategies of catheter-directed thrombolysis and 
surgical revascularization is the Surgery versus Thrombolysis for Ischemia of the Lower Extremity 
(STILE) trial (Table 15.3) (51). The STILE trial was a multicenter open-label trial of 393 patients rand-
omized to one of three arms: rt-PA, UK, or surgical revascularization. The initial 30-day results suggested 
that surgical revascularization was superior to thrombolytic therapy (p < 0.001). Once stratified by duration 
of ischemic symptoms, patients with greater than 14 days of symptoms did better with surgical revas-
cularization in regards to ongoing/recurrent ischemia (p < 0.001) and major amputation (p < 0.01) with a 
trend to lower morbidity (p < 0.1). Patients with less than 14 days of symptoms had lower rates of amputa-
tion and shorter hospital stays with thrombolysis. Major bleed was significantly higher in the thrombolytic 
group (5.6%) but similar (0.7%) among the agents (52). One-year follow-up for patients with native 
peripheral arterial disease revealed higher rates of recurrent ischemia (64% vs. 35%; p < 0.0001) and 
major amputation (10% vs. 0%; p = 0.0024) for patients randomized to thrombolytic therapy. Superficial 
femoral-popliteal disease, diabetes, and critical ischemia were factors associated with a poor response 
to fibrinolytics. Mortality was not different among the groups at 1 year. Both thrombolytic agents had 
similar efficacy and safety, reducing the extent of the surgical procedure in more than 50% of patients. 
Alteplase had shorter times to thrombolysis than UK at 8 and 24 h, respectively (51).

STILE also prospectively looked at 124 patients with occluded lower extremity bypass grafts 
randomized to fibrinolytics or surgical revascularization. The primary outcome was a composite of death, 
amputation, ongoing/recurrent ischemia, and major morbidity. Catheter placement failed in approxi-
mately 40% of patients randomized to fibrinolytics and subsequently required surgical revascularization. 
Intention-to-treat analysis demonstrated a significant advantage for surgical revascularization with 
respect to the primary composite outcome at 1 year with an incidence of 61% for the surgical group 
compared to 78% for the fibrinolytic group (p = 0.04). Again, ischemic time was a factor in response 
to therapy. Patients with ischemic symptoms of less than 14 days duration had lower rates of major 
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amputation 48% versus 20% (p = 0.026) at 1 year (p = 0.074) and 1 year (p = 0.026) when treated with 
fibrinolytics. For those with ischemic symptoms greater than 14 days, thrombolytic therapy was associ-
ated with higher rates of ongoing/recurrent ischemia (41% vs. 81%, p = 0.001) (53).

Reteplase

The shortage of urokinase, which had dominated the market in 1990s, spawned the use of many 
alternative fibrinolytics. Reteplase is a single chain recombinant fibrin-specific plasminogen activator 
that is derived from Escherichia coli and is non-glycosolated mutant of rt-PA. Reteplase (r-PA) has 
the advantage of a longer half-life (13–16 min) with both hepatic and renal clearance (54). The original 
intent in the development of r-PA was to prove that the relatively long half-life may obviate the need 
for a continuous infusion but this would never be proven (31). As such reteplase is currently only 
approved for use in acute myocardial infarction.

Davidian and colleagues drew inspiration from successful coronary fibrinolytics and demonstrated 
the feasibility of using catheter-directed r-PA for peripheral arterial thrombolysis. This small study of 
15 patients demonstrated successful thrombolysis in 73% of the patients with comparable rates of 
major bleeding (6%) (55). Similarly, a pilot study by Ouriel et al. involving five centers in the United 
States evaluated 26 patients with peripheral arterial occlusions treated t-PA at doses ranging from 0.5 
to 2.0 U/h for a total average dose of 20.5 U and a mean duration of infusion of 19 h. Complete 
dissolution of the thrombus occurred in 88.5% and major bleeding complications in 19.2% (56). One 
of the largest r-PA studies to date, in peripheral arterial disease, prospectively enrolled 87 patients 
with a 101 lower extremity arterial occlusions for thrombolysis using one of three dosing strategies 
of r-PA (0.5 U/h, 0.25 U/h, 0.125 U/h) in addition to low-dose intravenous heparin (400–500 IU/h). 
Successful thrombolysis was achieved in 86.7%, 83.8%, and 85.3% of patients in the 0.5U/h, 
0.25 U/h, and 0.125 U/h groups with major bleeding and transfusion rates of 13.3%, 5.4%, and 2.9% 
in the respective groups. The authors concluded that all three dosing regimens were equally efficacious; 
however, more major bleeding was seen in the 0.5 U/h cohort and longer infusion times (42 vs. 30 h) 
necessary for the 0.125 U/h group. Unfortunately, large studies demonstrating the safety and efficacy 
of r-PA for peripheral arterial thrombolysis are non-existent, although it has been studied extensively 
for acute myocardial infarction and appears to be safe and efficacious when compared to streptokinase 
and alteplase in this setting (57–60).

Tenecteplase

Tenecteplase (TNK-t-PA), like reteplase, is a mutant of t-PA and was developed with the goal of 
eliminating continuous infusion therapy for acute myocardial infarction (31).

TNK-t-PA has increased fibrin specificity and less systemic degradation compared to t-PA thus 
is similarly efficacious with lower rates of bleeding complications when used for acute myocardial infarction. 
Since the vast majority of the data for TNK-t-PA are in the setting of acute myocardial infarction, this 
remains the only approved indication. There are minimal data for its use in peripheral arterial throm-
bolysis. Burkart et al. published their experience in 13 patients treated with TNK-t-PA infusions of 
0.25 mg/h for peripheral arterial occlusions and 5 patients for venous thrombosis (Table 15.3) (61). 
Clinical success was achieved in 85% and 80% of patients treated for arterial and venous thrombosis, 
respectively. The mean duration of treatment was 21.5 h. Major bleeding occurred in one patient (61). 
Further details regarding TNK-t-PA will be discussed elsewhere.

Staphylokinase

Recombinant staphylokinase (r-Sak) is also a fibrin-specific thrombolytic that consists of a 136 
amino acid protein secreted by S. aureus and linked to polyethylene glycol to reduce its immunogenicity 
(46). Staphylokinase is an indirect plasminogen activator that is deactivated by a2-antiplasmin in the 
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absence of fibrin. In the presence of thrombus, the staphylokinase-plasminogen complex binds to 
the clot to induce local thrombolysis. The deactivation of staphylokinase by a2-antiplasmin prevents 
systemic fibrinolysis (Fig. 1) (46).

There are very little data with regards to the use of r-Sak in either acute myocardial infarction or 
peripheral arterial thrombolysis. Heymans et al. published their experience in 191 patients with an 
occlusion (thrombotic or embolic) of either a native peripheral artery or bypass graft of less than 
120 days duration using a 2 mg intra-arterial bolus of r-Sak followed by a 1 mg/h infusion overnight 
(Table 15.3) (62). Alternatively, patients receiving concomitant heparin were treated with an infusion 
dose of 0.5 mg/h after a 2 mg intra-arterial bolus of r-Sak. The majority of patients (99) had acute/suba-
cute ischemia or severe claudication (57). The remainder of patients had either gangrene or chronic rest 
pain. Failure of revascularization occurred in 4% of the treated patients and 83% had successful revas-
cularization. Mortality rates at 1 and 12 months were 3.1% and 6.9%, respectively. Major bleeding 
occurred in 12% with a 2.1% incidence of intracranial hemorrhage. Therapy was discontinued in 2.1% 
of patients for a suspected allergic reaction (62). R-Sak is not approved for use in the United States.

Antiplatelet Therapy

Aspirin

There are no definitive data from large randomized trials to know if aspirin will prevent the pro-
gression of atherosclerotic vascular disease. One small angiographic study did demonstrate a delay in 
progression of atherosclerotic vascular disease (by serial angiography) in patients treated with aspirin 
alone versus aspirin plus dipyridamole (63). The most likely mechanism by which aspirin delays the 
progression of atherothrombosis is by prevention of platelet thrombogenesis on the surface of athero-
sclerotic plaques (64). The clinical relevance of aspirin’s beneficial effects are significant when one 
examines the data from the Antiplatelet Trialists Collaboration meta-analysis of over 100,000 patients 
from 145 randomized trials, which showed significant reductions (~23%) in the risk of nonfatal 
stroke, nonfatal myocardial infarction, and vascular death in high-risk patients treated with long-term 

Pre-thrombectomy Post-thrombectomy

Fig. 1. Iliac thrombus
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aspirin therapy (65). In subgroup analyses of 9,214 patients with peripheral arterial occlusive disease, 
the beneficial effects of aspirin were demonstrated to a similar degree in those with claudication 
(23%) as well as those with prior peripheral arterial bypass grafts (22%) or angioplasty (29%). In 
patients with acute limb ischemia, there are no trials to quantify the effects of aspirin therapy and the 
AHA/ACC guidelines give a class I indication for aspirin (75–325 mg) in the prevention of death, myo-
cardial infarction, and ischemic stroke in patients with peripheral arterial disease (66). For these rea-
sons aspirin is started prior to percutaneous coronary intervention and continued life-long thereafter. 
Although early randomized trials suggested benefit for percutaneous coronary angioplasty compared 
to standard medical therapy (67–69), no such data exist for peripheral arterial intervention.

Thienopyridines

Clopidogrel and its predecessor ticlopidine are thienopyridine derivatives that irreversibly inhibit 
platelet activation and aggregation by blocking the adenosine diphosphate-induced activation of 
the glycoprotein IIb-IIIa receptors. Although both drugs are prodrugs and are hepatically cleared, 
clopidogrel has replaced ticlopidine because of a more favorable side effect profile and once daily 
administration. Studies supporting the use of clopidogrel or ticlopidine in acute leg ischemia are 
sparse and most recommendations regarding their use in this arena stem from the long-term beneficial 
cardiovascular effects in chronic peripheral arterial disease patients.

The efficacy of clopidogrel for reducing future cardiovascular events has been evaluated in several 
large randomized trials. The first was Clopidogrel versus Aspirin in Patients at Risk of Ischemic 
Events (CAPRIE), a 19,185 patient study that randomized patients with a recent vascular event to 
receive aspirin 325 mg daily or clopidogrel 75 mg daily with 1–3 years of follow-up (70). Subgroup 
analysis suggests that patients with peripheral arterial disease derive the greatest benefit from clopidogrel 
therapy; this group had 24% relative risk reduction (p = 0.0028) for myocardial infarction, ischemic 
stroke, or vascular death. The most frequent side effects with clopidogrel therapy were rash and 
diarrhea. The incidence of neutropenia with clopidogrel was 0.1% (severe neutropenia 0.05%), simi-
lar to that of aspirin.

The ACC/AHA guidelines give a class I recommendation for clopidogrel as an “effective” alterna-
tive to aspirin in patients with peripheral arterial disease to reduce the risk of ischemic vascular events 
(66). Clopidogrel and Acetyl Salicylic Acid in bypass Surgery for Peripheral ARterial disease 
(CASPAR) is large randomized controlled trial of over 1,400 patients investigating dual antiplatelet 
therapy (aspirin plus clopidogrel) in patients with peripheral arterial disease undergoing peripheral 
arterial bypass surgery that was recently completed. A second trial, Clopidogrel and Aspirin in the 
Management of Peripheral Endovascular Revascularization (CAMPER), is a large randomized trial of 
2,000 patients with peripheral arterial disease undergoing percutaneous peripheral intervention which 
is currently ongoing (71,72). These two trials once published should provide further insight on the 
utility of dual antiplatelet therapy in this population. Although data regarding dual antiplatelet therapy 
are still forthcoming, most patients are treated with aspirin indefinitely and clopidogrel for at least 
1 month after percutaneous peripheral vascular intervention. For patients who receive a drug eluting 
stent during a peripheral vascular intervention, clopidogrel is continued for at least 6 months. Prior to 
the peripheral intervention, patients are typically loaded with 300–600 mg of clopidogrel.

Glycoprotein IIb-IIIa Inhibitors

It has been postulated that the addition of antiplatelet therapy, specifically glycoprotein IIb-IIIa 
inhibitors, may inhibit new thrombus and accelerate thrombus dissolution when used in conjunction 
with fibrinolytics in patients with atherothrombotic peripheral arterial disease (73). Pathophysiologically, 
using a combination of fibrinolytics and anti-platelet agents makes sense. Treating a thrombus with 
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fibrinolytics causes the release of thrombin, which enhances platelet aggregation thus leading to more 
thrombotic occlusions. In vitro, the addition of glycoprotein IIb-IIIa inhibitors interrupts the process 
of platelet aggregation and prevents thrombus formation. A number of small studies have suggested 
that glycoprotein IIb-IIIa inhibitors increase the efficacy of peripheral arterial thrombolysis without 
substantially increasing the risk of major bleeding or death. The largest study randomized 70 patients 
to either abciximab plus urokinase or urokinase alone. At 90 days of follow-up the abciximab plus 
urokinase group had an amputation free survival rate of 96% compared to 80% in the urokinase mono-
therapy group. This benefit came at an 8% increased risk of nonfatal bleeding (74). Similarly, the 
reteplase alone versus abciximab plus reteplase (RELAX) study enrolled 74 patients in a non-
randomized dose-escalating study to evaluate the safety and efficacy of a glycoprotein IIb-IIIa inhibitor 
in the treatment of occlusive peripheral arterial disease (75). Major bleeding was not significantly 
different between the groups, 15% in the reteplase only group versus 20% in the reteplase plus abcixi-
mab group and there were no intracranial hemorrhages in the study. There was a trend toward 
improvement in complete thrombus resolution and patency rates as well as a significant reduction (5% 
vs. 31%) in distal embolic events, p = 0.014. These and other smaller studies suggest that glycoprotein 
IIb-IIIa inhibitors may have potential benefit in the treatment of occlusive peripheral arterial disease; 
however, larger randomized trials are needed to demonstrate safety and efficacy (76,77).

Mechanical Thrombectomy
Just prior to the publication of Judkins and Dotter’s use of percutaneous transluminal angioplasty in 

1964 (1), Fogarty et al. described a new method of extraction of arterial and venous thrombus (78). Since 
the 1960s many thrombectomy devices have been developed for the purpose of eliminating the need for 
thrombolysis. Instead of antiquating thrombolysis, these thrombectomy devices have helped demon-
strate the complementary nature of both treatment modalities. The two most common indications for 
thrombectomy are in the management of thrombosed arteriovenous dialysis fistulae and acute limb 
ischemia, although other indications exist (Table 5). Data directly comparing pharmacologic to mechani-
cal thrombectomy are few and primarily limited to case series and non-randomized studies. Limitations 
of thrombectomy include a propensity for distal embolization and vascular injury. These shortcomings 
have not been very problematic for the treatment of dialysis fistulae but are limiting in the treatment of 
peripheral arterial disease. Unlike with dialysis fistulae, the microemboli are not absorbed by the venous 
system and often result in damage to the microvasculature and prolonged ischemia (79).

The appropriate treatment strategy should be individualized based on the characteristics of the 
thrombotic occlusion (i.e., location, age of thrombus, thrombus burden), as well as the operative and 

Table 5 
Indications for mechanical thrombectomy (109)

Non-carotid
Iatrogenic or traumatic native vessel thrombotic occlusion
Iatrogenic or traumatic arterial graft thrombotic occlusion
Acute thrombotic occlusion of the SVC, IVC, or ileofemoral system
Massive pulmonary embolus
Thrombotic occlusion of a dialysis arteriovenous fistulae
Carotid
Acute ischemic stroke with contraindications to thrombolysis

SVC superior vena cava; IVC inferior vena cava
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bleeding risks. Mechanical thrombectomy may be attempted if the lesion can be crossed with a 
guidewire; this is also an important step for local delivery of fibrinolytics. Alternatively, open surgical 
thrombectomy may be the treatment of choice. Incomplete mechanical thrombectomy or distal 
embolization are two situations where local fibrinolytics may be a beneficial adjunctive therapy. 
Mechanical thrombectomy does not eliminate the need for thrombolytic therapy and is not tremen-
dously effective for chronic adherent thrombus. In patients with acute limb ischemia, mechanical 
thrombectomy alone does not treat the culprit lesion, often requiring adjunctive endovascular or surgi-
cal treatment. The majority of patients with acute limb ischemia require a combination of mechanical 
and pharmacologic therapies. Mechanical thrombectomy is often used to debulk the thrombus with or 
without balloon angioplasty to allow the lesion to be crossed with a wire to facilitate intra-thrombus 
administration of a fibrinolytic. The Angiojet (Possis Medical, Minneapolis, MN) is currently the only 
device FDA approved for thrombus aspiration in peripheral arterial thrombolysis. This device and 
others allow for a pulse-spray administration of the thrombolytic agent, this type of therapy is postu-
lated to decrease the lengthy thrombolytic administration times and subsequent hemorrhagic 
complications.

Carotid Intervention
Stroke is the third leading cause of death in the United States and more than 85% of all strokes are 

ischemic in etiology (80,81). Stroke risk is coincident with severity and instability of the stenotic 
lesion. An asymptomatic mild internal carotid stenosis has less than a 1% per year stroke risk whereas 
a symptomatic severe internal carotid stenosis (70–90%) carries a one year stroke risk as high as 11% 
(82). Many strokes arise in arterial territories that are approachable with percutaneous intervention. 
The approach to reducing stroke risk is multi-factorial including risk factor modification and revascu-
larization. At present the mainstay of carotid revascularization remains carotid endarterectomy, and 
carotid stenting is reserved for patients enrolled in clinical trials or with a high-surgical risk. Irrespective 
of the modality of revascularization, patients should receive aggressive atherosclerotic risk factor 
reduction, in addition to antiplatelet therapy.

Anticoagulation

Indirect Thrombin Inhibitors
Heparin

There are sparse data supporting the use of heparin for acute ischemic strokes and there are no 
randomized trials to support or refute the use of heparin in percutaneous carotid intervention. 
Current guidelines recommended the use of heparin for carotid stenting with a targeted activated 
clotting time of 250–300 s, initiated after sheath insertion for elective carotid stenting. Heparin is 
usually discontinued immediately after the completion of the procedure (80). There are no data 
with regards to the use of direct thrombin inhibitors or low-molecular weight heparins in carotid 
intervention.

In the setting of an acute stroke the utilization of intravenous heparin remains controversial 
because of the risk of hemorrhagic transformation. The International Stroke Trial enrolled 19,436 
patients with an acute ischemic stroke with symptoms less than 48 h duration to be randomized to 
high (12,500 IU) or low dose (5,000 IU) subcutaneous heparin bid versus placebo. Both groups 
were also randomized to aspirin 300 mg daily or placebo in a factorial design (83). At 14 days there 
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was a non-significant reduction in deaths (9.0%) in the heparin-treated group compared to the 
“avoid heparin” group (9.3%). Patients allocated to heparin did experience a significant reduction 
in stroke at 14 days, 2.9% versus 3.8% for the placebo group. However, this reduction in ischemic 
stroke was offset by an increase in hemorrhagic stroke of similar magnitude (1.2% for heparin vs. 
0.4% for the placebo). The transformation risk was the highest in the 12, 500 IU group and neither 
group demonstrated a significant clinical advantage at 6 months. Patients receiving aspirin also had 
a significant reduction in ischemic strokes at 14 days (2.8% vs. 3.9%) without the incremental risk 
of hemorrhagic stroke. In the aspirin-treated group, the risk of death or nonfatal stroke was also 
significantly reduced (11.3% vs. 12.4%) at 14 days. At 6 months the aspirin-treated group demon-
strated a small non-significant reduction in the primary endpoint of death or dependency (62.2% 
vs. 63.5%, p = 0.07). After adjusting for baseline prognosis this benefit was statistically significant 
(p = 0.03).

Warfarin

As with many instances in carotid intervention there are no data with regards to outcomes in 
patients treated with warfarin after carotid stenting. There are trials from which we can draw some 
inferences, albeit not in this population. The Warfarin-Aspirin Symptomatic Intracranial Disease 
(WASID) was a retrospective multicenter study that enrolled 151 symptomatic patients with a 50–99% 
carotid stenosis to evaluate the efficacy of aspirin versus warfarin for the prevention of myocardial 
infarction, ischemic stroke, or sudden death (84). There was a suggestion of benefit in the warfarin-
treated group; however, no sound conclusions could be drawn because of its retrospective nature. The 
Warfarin Aspirin Recurrent Stroke Study (WARSS) was a prospective randomized trial of 2,206 
patients with a recent ischemic non-cardioembolic stroke that compared aspirin to warfarin for the 
prevention of death or recurrent stroke (85). WARSS failed to show any significant difference in 
stroke, death or, major bleeding between the groups at 2 years; however, the study may have been 
underpowered to detect excess harm in the warfarin-treated group (86). Another large open-label 
controlled trial of 2,161 patients, warfarin antiplatelet vascular events (WAVE), randomized patients 
to antiplatelet therapy (aspirin, ticlopidine, or clopidogrel) alone or antiplatelet therapy plus oral anti-
coagulation (warfarin) with a targeted INR of 2–3. At a mean of 35 months of follow-up there was no 
significant difference in the composite outcome of death, myocardial infarction, or stroke between the 
groups; however, there was an increased risk of life-threatening bleeding (4% vs. 1.2%, p < 0.001) in 
the warfarin group (87).

Direct Thrombin Inhibitors
Bivalrudin

No randomized trial data exist for the use of bivalirudin in carotid stenting and there is very little 
evidence of its safety or efficacy in this population. One group of investigators reported their experi-
ence using bivalirudin as the sole anticoagulant (1.75 mg/kg bolus followed by 1.75 mg/kg/h drip) in 
more than 150 patients receiving carotid stents. These patients did receive adjunctive clopidogrel and 
aspirin as part of the treatment protocol. The investigators reported no major neurologic sequelae or 
hemorrhagic complications requiring transfusion or surgical procedures (88). Bivalirudin has also 
been used successfully in a patient with heparin-induced thrombocytopenia undergoing carotid endar-
terectomy (89).

Although bivalirudin has been used successfully in percutaneous carotid intervention and endarter-
ectomy, concerns for intracranial hemorrhage with an irreversible drug still exist.
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FIBRINOLYTICS

Fibrinolytic therapy has no role in elective carotid interventions but may have utility in carotid 
interventions for acute ischemic or iatrogenic embolic stroke (Fig. 2). Fibrinolytic therapy with intra-
venous t-PA for reperfusion in acute ischemic stroke has been shown to improve neurologic out-
comes at 3 months (patients were 30% more likely to have minimal or no disability) in the National 
Institute of Neurological Disorders and Stroke (NINDS) trial (90). The benefit of intravenous t-PA for 
acute ischemic strokes comes at the cost of a 6.4% risk of a symptomatic intracranial hemorrhage 
within 36 h of administration, compared to a 0.6% risk in the placebo. This risk is even greater when 
fibrinolytic therapy is used inappropriately (i.e., >3 h from the onset of symptoms).

Intra-arterial fibrinolytic therapy for the treatment of acute ischemic stroke was evaluated in the 
Prolyse in Acute Cerebral Thromboembolism Trial (PROACT)-II (91). PROACT-II randomized 180 
patients with acute angiographically proven acute middle cerebral artery occlusions to intra-arterial 

Fig. 2. (a) Carotid stent thrombosis-pre-fibrinolytic. (b) Carotid stent thrombosis-post-fibrinolytic.
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prourokinase plus heparin or heparin only within 6 h of the onset of symptoms. Neurological out-
comes were improved at 90 days (15% increase in patients with a modified Rankin score less than 2, 
p = 0.04); however, there was an 8% increase in the risk of intracranial hemorrhage (p = 0.06). The 
overall mortality was high and not significantly different among the groups, 25% and 27%, respec-
tively for the prourokinase and control groups (91).

Combination therapy with intravenous and intra-arterial fibrinolytics has been looked at in two 
small trials. The Emergency Management of Stroke (EMS) was a 35 patient trial where patients were 
randomized to reduced dose intra-arterial t-PA (0.6 mg/kg) plus intravenous t-PA or intra-arterial t-PA 
alone within 3 h of symptom onset (92). There was no difference in clinical neurologic outcomes at 90 
days between the groups, although there was a higher rate of recanalization in the intra-arterial plus intra-
venous group (54%) compared to the intra-arterial only group (10%). The 90-day mortality rate was higher 
in the intra-arterial plus intravenous group (29%) compared to the intra-arterial only group (6%), p = 0.06. 
Similarly, the Interventional Management of Stroke (IMS) study enrolled 80 patients in a non-rand-
omized fashion to be treated with intravenous t-PA followed by intra-arterial t-PA if residual thrombus 
was visualized on angiogram (93). Unlike EMS, IMS demonstrated significantly better clinical 
neurologic outcomes at 90 days compared to those obtained in the NINDS trial with similar rates of 
intracranial hemorrhage (6.3% vs. 6.6%, p = 0.91) and death (16% vs. 21%, p = 0.33) (90,93). IMS-III 
is an ongoing clinical trial to evaluate the efficacy of combined intra-arterial t-PA delivered via an 
ultrasonic EKOS catheter plus intravenous thrombolysis in acute ischemic stroke (94).

Antiplatelet Therapy
Aspirin

Aspirin has been the mainstay of antiplatelet therapy for both primary and secondary prevention of 
adverse cardiovascular events for many years. For secondary prevention aspirin decreases the risk of 
recurrent nonfatal stroke by 22% irrespective of gender (65). Based on the available data from rand-
omized trials aspirin alone is superior to carotid revascularization for symptomatic carotid stenoses 
of less than 50% and for asymptomatic carotid stenosis greater than 60% for secondary prevention 
(80). The AHA/ACC consensus recommends aspirin 81–325 mg daily for patients with carotid artery 
occlusive disease, especially those undergoing carotid stenting. Aspirin is typically started 3–4 days 
prior to the procedure and continued indefinitely at doses of 75–325 mg daily. Higher doses of aspirin 
650 mg or 1,300 mg daily have been associated with higher rates of death, myocardial infarction, or 
stroke with 1–3 months of carotid endarterectomy (80).

Thienopyridines

Clopidogrel and ticlopidine have been proven to reduce future cardiovascular events for secondary 
prevention but have not been evaluated for use in primary prevention. The Ticlopidine Aspirin Stroke 
Study (TASS) was a 3,069 patient study that randomized patients with a recent ischemic stroke or 
transient ischemic attack to aspirin 1,300 mg daily versus ticlopidine 500 mg daily with up to 5 years 
of follow-up (95).

Ticlopidine was superior to aspirin in reducing death, nonfatal strokes, and reversible ischemic 
events with a relative risk reduction of 23% and 12% at 1 and 5 years, respectively. The most frequent 
side effect of ticlopidine was diarrhea, which occurred in approximately 20% of the treated popula-
tion; however, the more clinically worrisome side effect of neutropenia was seen in 2% (0.9% severe 
neutropenia) of the ticlopidine group.

Since data from CAPRIE suggest that clopidogrel is superior to aspirin for secondary prevention of 
cardiovascular events (70), the Management of Atherothrombosis with Clopidogrel in High Risk Patients 
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with Recent Transient Ischemic Attack or Ischemic Stroke (MATCH) trail was designed to evaluate com-
bination therapy (aspirin plus clopidogrel) compared to clopidogrel alone (96). MATCH enrolled 7,599 
patients with recent transient ischemic attacks or ischemic stroke to aspirin 75 mg daily versus aspirin 
75 mg daily plus clopidogrel 75 mg daily. Data analysis demonstrated a non-significant relative risk 
reduction of 5.9% (p = 0.360) for myocardial infarction, ischemic stroke, or vascular death; however, there 
was an increased risk of life-threatening bleeding with dual antiplatelet therapy (1% vs. 3%), p = 0.0001.

There are no carotid stent trials comparing aspirin plus clopidogrel versus aspirin or clopidogrel 
alone. Based on the aforementioned data pertaining to cardiovascular event reduction seen with clopi-
dogrel, specifically in patients with symptomatic carotid occlusive disease, we recommend aspirin 
81–325 mg daily starting 3–4 days prior to carotid stenting (if not started at the time of the ischemic 
event) and plus a loading dose of clopidogrel (300–600 mg) on the day of the procedure. Aspirin 
should be continued indefinitely and clopidogrel for 4 weeks. Because the carotid vessels are large 
caliber and most strokes after carotid stenting seem to occur in the peri-procedural period, it seems 
unlikely that a longer duration of dual antiplatelet therapy would be beneficial.

Glycoprotein IIb-IIIa Inhibitors

Currently glycoprotein IIb-IIIa inhibitors are not used in elective carotid interventions because of 
concerns of increased intracranial hemorrhage, which have been born out in trials with acute ischemic 
stroke. The Abciximab in Emergency Treatment of Stroke Trial (AbESTT-II) was a large phase III 
trial that randomized patients who present within 5–6 h of symptom onset (i.e., outside the 3 h window 
for fibrinolytics) or with signs of stroke upon awakening (presentation must be less than 3 h from 
awakening) to abciximab versus placebo (97). Patients were treated with abciximab 0.25 mg/kg bolus 
followed by a drip at 0.125 mcg/kg/min for 12 h. After 808 of the planned 1,900 patients were 
enrolled, the trial was stopped secondary to an excess intracranial hemorrhage (symptomatic fatal 
intracranial hemorrhage 6.5% versus 0.5% at 90 days, p < 0.001) in the abcixmab-treated group and 
no detectable benefit in any of the cohorts studied. One small non-randomized prospective study of 
300 patients compared the use of embolic protection devices to adjunctive glycoprotein IIb-IIIa 
inhibitors for the prevention of neurologic death, nonfatal stroke, and major bleeding (including 
intracranial hemorrhage) in patients undergoing elective carotid stenting. Embolic protection demon-
strated a favorable decrease in the incidence of the composite outcome (0% vs. 5.1%, p = 0.02) (98). A 
second small prospective study compared 128 high-surgical risk patients with severe carotid stenosis 
undergoing carotid stenting with abciximab to historic controls. Abciximab decreased the risk of peri-
procedural stroke (1.6%) compared to the controls (8%, p = 0.05), without increasing the risk of intrac-
ranial hemorrhage (99). Today, carotid stenting is performed exclusively with embolic protection and 
the combination of glycoprotein IIb-IIIa inhibitors with embolic protection has not been studied.

Other studies using perfusion brain imaging to guide patient selection for combination of intrave-
nous and intra-arterial t-PA, Reperfusion Of Stroke Imaging Evaluation (ROSIE), and Combination 
Approach to Thrombolysis Utilizing Eptifibatide and rt-PA (CLEAR) are ongoing (100,101).

Mechanical Thrombectomy
Mechanical thrombectomy for carotid intervention was developed with the intent of improving 

outcomes in acute ischemic stroke and its use remains limited to this population. The Mechanical 
Embolus Removal in Cerebral Ischemia (MERCI) trial was a non-randomized study that enrolled 151 
patients who presented within 8 h of an acute ischemic that were not candidates for thrombolysis to 
be treated with the Merci Retriever device (Concentric Medical, Mountain View, CA) to open an 
occluded intracranial carotid, vertebrobasilar or middle cerebral artery (102). Adjunctive fibrinolytic 
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therapy was allowed for incomplete thrombectomy but was considered separate in the final analysis. 
Mechanical thrombectomy was successful in 46% of patients and was associated with improved neu-
rologic outcomes (modified Rankin < 2) in 46% of patients who had recanalization (compared to 10% 
with unsuccessful recanalization). Mortality rates at 90 days were also improved with successful 
recanalization (32% vs. 54%). This device was subsequently FDA approved for the use in patients 
who present with an acute ischemic stroke and are ineligible for fibrinolytic therapy.

references

 1. Dotter CT, Judkins MP (1964) Transluminal treatment of arteriosclerotic obstruction. Description of a new technic and 
a preliminary report of its application. Circulation 30:654–670

 2. Myler R (2005) Coronary and peripheral angioplasty: a historical perspective. In: Topol EJ (ed) Textbook of interven-
tional cardiology, 4th edn. Saunders, Philadelphia, PA, pp 141–157

 3. Mc LJ (1959) The discovery of heparin. Circulation 19(1):75–78
 4. Gruntzig A (1978) Transluminal dilatation of coronary-artery stenosis. Lancet 1:263
 5. Grayburn PA, Willard JE, Brickner ME et al (1991) In vivo thrombus formation on a guidewire during intravascular 

ultrasound imaging: evidence for inadequate heparinization. Cathet Cardiovasc Diagn 23(2):141–143
 6. Laskey MA, Deutsch E, Barnathan E et al (1990) Influence of heparin therapy on percutaneous transluminal coronary 

angioplasty outcome in unstable angina pectoris. Am J Cardiol 65(22):1425–1429
 7. Ahmed I, Majeed A, Powell R (2007) Heparin induced thrombocytopenia: diagnosis and management update. Postgrad 

Med J 83(983):575–582
 8. Brumberg RS, Back MR, Armstrong PA et al (2007) The relative importance of graft surveillance and warfarin therapy 

in infrainguinal prosthetic bypass failure. J Vasc Surg 46(6):1160–1166
 9. LeCroy CJ, Patterson MA, Taylor SM et al (2005) Effect of warfarin anticoagulation on below-knee polytetrafluoro ethylene 

graft patency. Ann Vasc Surg 19(2):192–198
 10. Kalra M, Gloviczki P, Andrews JC et al (2003) Open surgical and endovascular treatment of superior vena cava 

syndrome caused by nonmalignant disease. J Vasc Surg 38(2):215–223
 11. Goodman SG, Fitchett D, Armstrong PW et al (2003) Randomized evaluation of the safety and efficacy of enoxaparin 

versus unfractionated heparin in high-risk patients with non-ST-segment elevation acute coronary syndromes receiving 
the glycoprotein IIb/IIIa inhibitor eptifibatide. Circulation 107(2):238–244

 12. (1999) Invasive compared with non-invasive treatment in unstable coronary-artery disease: FRISC II prospective 
randomised multicentre study. FRagmin and Fast Revascularisation during InStability in Coronary artery disease 
Investigators. Lancet 354(9180):708–715

 13. Blazing MA, de Lemos JA, White HD et al (2004) Safety and efficacy of enoxaparin vs unfractionated heparin in 
patients with non-ST-segment elevation acute coronary syndromes who receive tirofiban and aspirin: a randomized 
controlled trial. JAMA 292(1):55–64

 14. Antman EM, McCabe CH, Gurfinkel EP et al (1999) Enoxaparin prevents death and cardiac ischemic events in unstable 
angina/non-Q-wave myocardial infarction. Results of the thrombolysis in myocardial infarction (TIMI) 11B trial. 
Circulation 100(15):1593–1601

 15. Cohen M, Demers C, Gurfinkel EP et al (1997) A comparison of low-molecular-weight heparin with unfractionated 
heparin for unstable coronary artery disease. Efficacy and Safety of Subcutaneous Enoxaparin in Non-Q-Wave Coronary 
Events Study Group. N Engl J Med 337(7):447–452

 16. Ferguson JJ, Califf RM, Antman EM et al (2004) Enoxaparin vs unfractionated heparin in high-risk patients with non-
ST-segment elevation acute coronary syndromes managed with an intended early invasive strategy: primary results of 
the SYNERGY randomized trial. JAMA 292(1):45–54

 17. Khosla S, Kunjummen B, Guerrero M et al (2002) Safety and efficacy of combined use of low molecular weight heparin 
(enoxaparin, lovenox) and glycoprotein IIb/IIIa receptor antagonist (eptifibatide, integrelin) during nonemergent coro-
nary and peripheral vascular intervention. Am J Ther 9(6):488–491

 18. Klein W, Buchwald A, Hillis SE et al (1997) Comparison of low-molecular-weight heparin with unfractionated heparin 
acutely and with placebo for 6 weeks in the management of unstable coronary artery disease. Fragmin in unstable coro-
nary artery disease study (FRIC). Circulation 96(1):61–68

 19. (1999) Long-term low-molecular-mass heparin in unstable coronary-artery disease: FRISC II prospective randomised 
multicentre study. FRagmin and Fast Revascularisation during InStability in Coronary artery disease. Investigators. 
Lancet 354(9180):701–707

301



Antithrombotic Drug Therapy in Cardiovascular Disease

 20. Mehta SR, Granger CB, Eikelboom JW et al (2007) Efficacy and safety of fondaparinux versus enoxaparin in patients 
with acute coronary syndromes undergoing percutaneous coronary intervention: results from the OASIS-5 trial. J Am 
Coll Cardiol 50(18):1742–1751

 21. Shammas NW (2005) Complications in peripheral vascular interventions: emerging role of direct thrombin inhibitors. 
J Vasc Interv Radiol 16(2 Pt 1):165–171

 22. Allie DE, Hall P, Shammas NW et al (2004) The Angiomax Peripheral Procedure Registry of Vascular Events Trial 
(APPROVE): in-hospital and 30-day results. J Invasive Cardiol 16(11):651–656

 23. Lincoff AM, Bittl JA, Kleiman NS et al (2004) Comparison of bivalirudin versus heparin during percutaneous coronary 
intervention (the Randomized Evaluation of PCI Linking Angiomax to Reduced Clinical Events [REPLACE]-1 trial). 
Am J Cardiol 93(9):1092–1096

 24. Lincoff AM, Kleiman NS, Kereiakes DJ et al (2004) Long-term efficacy of bivalirudin and provisional glycoprotein IIb/
IIIa blockade vs heparin and planned glycoprotein IIb/IIIa blockade during percutaneous coronary revascularization: 
REPLACE-2 randomized trial. JAMA 292(6):696–703

 25. HORIZONS AMI (2008) http://www.cardiosource.com/img/horizonsami01.ppt. Accessed 23 Feb 2008
 26. Shammas NW, Lemke JH, Dippel EJ et al (2003) Bivalirudin in peripheral vascular interventions: a single center experi-

ence. J Invasive Cardiol 15(7):401–404
 27. Shammas NW, Lemke JH, Dippel EJ et al (2003) In-hospital complications of peripheral vascular interventions using 

unfractionated heparin as the primary anticoagulant. J Invasive Cardiol 15(5):242–246
 28. Grubbs G (2003) Single center experience with bivalirudin anticoagulation in peripheral vascular interventions: possible 

benefits over unfractionated heparin. Poster presented at: Cardiovascular Revascularization Therapy Conference, Washington, 
DC, 26–29 Jan, 2003

 29. Knopf W, St. Joseph’s Hospital experience (2003) Direct thrombin inhibitors in ACS and PCI: the case for bivalirudin 
replacing unfractionated heparin in PCI. Paper presented at Transcatheter Cardiovascular Therapeutics 14th Annual 
Scientific Symposium, Washington, DC, 24–28 Sept, 2003

 30. Blaisdell FW, Steele M, Allen RE (1978) Management of acute lower extremity arterial ischemia due to embolism and 
thrombosis. Surgery 84(6):822–834

 31. Ouriel K (2005) Peripheral arterial thrombolysis. In: Yadav J (ed) Manual of peripheral vascular intervention. Lippincott 
Williams & Wilkins, Philadelphia, PA, pp 56–68

 32. Zoon K (2007) Important drug warning: safety information regarding the use of abbokinase (urokinase). http://www.fda.
gov/cder/biologics/ltr/abb012599.htm. Accessed 10 Dec 2007

 33. Katzen BT, van Breda A (1981) Low dose streptokinase in the treatment of arterial occlusions. AJR Am J Roentgenol 
136(6):1171–1178

 34. Lammer J, Pilger E, Justich E et al (1985) Fibrinolysis in chronic arteriosclerotic occlusions: intrathrombotic injections 
of streptokinase. Work in progress. Radiology 157(1):45–50

 35. Lammer J, Pilger E, Neumayer K et al (1986) Intraarterial fibrinolysis: long-term results. Radiology 161(1):159–163
 36. (1998) Randomised trial of intravenous streptokinase, oral aspirin, both, or neither among 17,187 cases of suspected 

acute myocardial infarction: ISIS-2. ISIS-2 (Second International Study of Infarct Survival) Collaborative Group.
Lancet 2(8607):349–360

 37. (1986) Effectiveness of intravenous thrombolytic treatment in acute myocardial infarction. Gruppo Italiano per lo Studio 
della Streptochinasi nell’Infarto Miocardico (GISSI). Lancet 1(8478):397–402

 38. (1986) A prospective trial of intravenous streptokinase in acute myocardial infarction (I.S.A.M.). Mortality, morbidity, 
and infarct size at 21 days. The I.S.A.M. Study Group. N Engl J Med 314(23):1465–1471

 39. Totty WG, Gilula LA, McClennan BL et al (1982) Low-dose intravascular fibrinolytic therapy. Radiology 143(1):59–69
 40. (2003) Thrombolysis in the management of lower limb peripheral arterial occlusion – a consensus document. J Vasc 

Interv Radiol 14(9 Pt 2):S337–S349.
 41. MS SGW, Jones NW et al (1952) Urokinase: an activator of plasma fribinolysin extracted from urine. Am J Physiol 

171:768–769
 42. (1973) The urokinase pulmonary embolism trial. A national cooperative study. Circulation 47(2 Suppl):II1–108.
 43. (1974) Urokinase–streptokinase embolism trial. Phase 2 results. A cooperative study. JAMA 229(12):1606–1613
 44. Ouriel K, Kandarpa K, Schuerr DM et al (1999) Prourokinase versus urokinase for recanalization of peripheral occlu-

sions, safety and efficacy: the PURPOSE trial. J Vasc Interv Radiol 10(8):1083–1091
 45. Ouriel K, Veith FJ, Sasahara AA (1998) A comparison of recombinant urokinase with vascular surgery as initial treat-

ment for acute arterial occlusion of the legs. Thrombolysis or Peripheral Arterial Surgery (TOPAS) Investigators. N Engl 
J Med 338(16):1105–1111

 46. Comerota AJ, Carman TL (2005) Thrombolytic agents and their actions. In: Rutherford R (ed) Vasculary surgery, vol 1, 
Sixth edth edn. Elsevier Saunders, Philadelphia, PA, pp 530–545

302



Antithrombotic Therapy in Carotid and Peripheral Intervention

 47. Semba CP, Bakal CW, Calis KA et al (2000) Alteplase as an alternative to urokinase. Advisory Panel on Catheter-
Directed Thrombolytic Therapy. J Vasc Interv Radiol 11(3):279–287

 48. Semba CP, Murphy TP, Bakal CW et al (2000) Thrombolytic therapy with use of alteplase (rt-PA) in peripheral arterial 
occlusive disease: review of the clinical literature. The Advisory Panel. J Vasc Interv Radiol 11(2 Pt 1):149–161

 49. Berridge DC, Gregson RH, Hopkinson BR et al (1991) Randomized trial of intra-arterial recombinant tissue plasmino-
gen activator, intravenous recombinant tissue plasminogen activator and intra-arterial streptokinase in peripheral arterial 
thrombolysis. Br J Surg 78(8):988–995

 50. Meyerovitz MF, Goldhaber SZ, Reagan K et al (1990) Recombinant tissue-type plasminogen activator versus urokinase 
in peripheral arterial and graft occlusions: a randomized trial. Radiology 175(1):75–78

 51. Weaver FA, Comerota AJ, Youngblood M et al (1996) Surgical revascularization versus thrombolysis for nonembolic 
lower extremity native artery occlusions: results of a prospective randomized trial. The STILE Investigators. Surgery 
versus Thrombolysis for Ischemia of the Lower Extremity. J Vasc Surg 24(4):513–521 (discussion 521–513)

 52. (1994) Results of a prospective randomized trial evaluating surgery versus thrombolysis for ischemia of the lower 
extremity. The STILE trial. Ann Surg 220(3):251–266; discussion 266–258

 53. Comerota AJ, Weaver FA, Hosking JD et al (1996) Results of a prospective, randomized trial of surgery versus throm-
bolysis for occluded lower extremity bypass grafts. Am J Surg 172(2):105–112

 54. (2007) Retavase: clinical pharmacology. http://www.rxlist.com/cgi/generic/reteplase_cp.htm. Accessed 31 Dec 2007
 55. Davidian MM, Powell A, Benenati JF et al (2000) Initial results of reteplase in the treatment of acute lower extremity 

arterial occlusions. J Vasc Interv Radiol 11(3):289–294
 56. Ouriel K, Katzen B, Mewissen M, 7 et al (2000) Reteplase in the treatment of peripheral arterial and venous occlusions: 

a pilot study. J Vasc Interv Radiol 11:849–854
 57. (1995) Randomised, double-blind comparison of reteplase double-bolus administration with streptokinase in acute myo-

cardial infarction (INJECT): trial to investigate equivalence. International Joint Efficacy Comparison of Thrombolytics. 
Lancet 346(8971):329–336

 58. Smalling RW, Bode C, Kalbfleisch J et al (1995) More rapid, complete, and stable coronary thrombolysis with bolus 
administration of reteplase compared with alteplase infusion in acute myocardial infarction. RAPID Investigators. 
Circulation 91(11):2725–2732

 59. Bode C, Smalling RW, Berg G et al (1996) Randomized comparison of coronary thrombolysis achieved with double-bolus 
reteplase (recombinant plasminogen activator) and front-loaded, accelerated alteplase (recombinant tissue plasminogen 
activator) in patients with acute myocardial infarction. The RAPID II Investigators. Circulation 94(5):891–898

 60. (1997) A comparison of reteplase with alteplase for acute myocardial infarction. The Global Use of Strategies to Open 
Occluded Coronary Arteries (GUSTO III) Investigators. N Engl J Med 337(16):1118–1123

 61. Burkart DJ, Borsa JJ, Anthony JP et al (2002) Thrombolysis of occluded peripheral arteries and veins with tenecteplase: 
a pilot study. J Vasc Interv Radiol 13(11):1099–1102

 62. Heymans S, Vanderschueren S, Verhaeghe R et al (2000) Outcome and one year follow-up of intra-arterial staphyloki-
nase in 191 patients with peripheral arterial occlusion. Thromb Haemost 83(5):666–671

 63. Hess H, Mietaschk A, Deichsel G (1985) Drug-induced inhibition of platelet function delays progression of peripheral 
occlusive arterial disease. A prospective double-blind arteriographically controlled trial. Lancet 1(8426):415–419

 64. Clagett GP, Sobel M, Jackson MR et al (2004) Antithrombotic therapy in peripheral arterial occlusive disease: the 
Seventh ACCP Conference on Antithrombotic and Thrombolytic Therapy. Chest 126(3 Suppl):609S–626S

 65. (2002) Collaborative meta-analysis of randomised trials of antiplatelet therapy for prevention of death, myocardial 
infarction, and stroke in high risk patients. BMJ 324(7329):71–86

 66. Hirsch AT, Haskal ZJ, Hertzer NR et al (2006) ACC/AHA 2005 Practice Guidelines for the management of patients with 
peripheral arterial disease (lower extremity, renal, mesenteric, and abdominal aortic): a collaborative report from the 
American Association for Vascular Surgery/Society for Vascular Surgery, Society for Cardiovascular Angiography and 
Interventions, Society for Vascular Medicine and Biology, Society of Interventional Radiology, and the ACC/AHA Task 
Force on Practice Guidelines (Writing Committee to Develop Guidelines for the Management of Patients With Peripheral 
Arterial Disease): endorsed by the American Association of Cardiovascular and Pulmonary Rehabilitation; National 
Heart, Lung, and Blood Institute; Society for Vascular Nursing; TransAtlantic Inter-Society Consensus; and Vascular 
Disease Foundation. Circulation 113(11):e463–e654

 67. Davies RF, Goldberg AD, Forman S et al (1997) Asymptomatic Cardiac Ischemia Pilot (ACIP) study two-year follow-
up: outcomes of patients randomized to initial strategies of medical therapy versus revascularization. Circulation 95(8): 
2037–2043

 68. Hueb WA, Bellotti G, de Oliveira SA et al (1995) The Medicine, Angioplasty or Surgery Study (MASS): a prospective, 
randomized trial of medical therapy, balloon angioplasty or bypass surgery for single proximal left anterior descending 
artery stenoses. J Am Coll Cardiol 26(7):1600–1605

303



Antithrombotic Drug Therapy in Cardiovascular Disease

 69. (1997) Coronary angioplasty versus medical therapy for angina: the second Randomised Intervention Treatment of 
Angina (RITA-2) trial. RITA-2 trial participants. Lancet 350(9076):461–468

 70. (1996) A randomised, blinded, trial of clopidogrel versus aspirin in patients at risk of ischaemic events (CAPRIE). 
CAPRIE Steering Committee. Lancet 348(9038):1329–1339

 71. (2008) CASPAR: Clopidogrel and Acetyl Salicylic Acid in Bypass Surgery for Peripheral ARterial Disease. http://www.
clinicaltrials.gov/ct2/show/NCT00174759?term=clopidogrel+and+aspirin&rank=41. Accessed 8 Feb 2008.

 72. (2008) Clopidogrel studied in one of the largest clinical trial programs in the fight against atherothrombosis. 
http://investor.bms.com/phoenix.zhtml?c=106664&p=irol-newsArticle_print&ID=396544&highlight=. Accessed 
8 Feb 2008

 73. Ouriel K (2004) Use of concomitant glycoprotein IIb/IIIa inhibitors with catheter-directed peripheral arterial thrombolysis. 
J Vasc Interv Radiol 15(6):543–546

 74. Duda SH, Tepe G, Luz O et al (2001) Peripheral artery occlusion: treatment with abciximab plus urokinase versus with 
urokinase alone – a randomized pilot trial (the PROMPT Study). Platelet Receptor Antibodies in Order to Manage 
Peripheral Artery Thrombosis. Radiology 221(3):689–696

 75. Ouriel K, Castaneda F, McNamara T et al (2004) Reteplase monotherapy and reteplase/abciximab combination therapy 
in peripheral arterial occlusive disease: results from the RELAX trial. J Vasc Interv Radiol 15(3):229–238

 76. Tepe G, Schott U, Erley CM et al (1999) Platelet glycoprotein IIb/IIIa receptor antagonist used in conjunction with 
thrombolysis for peripheral arterial thrombosis. AJR Am J Roentgenol 172(5):1343–1346

 77. Drescher P, Crain MR, Rilling WS (2002) Initial experience with the combination of reteplase and abciximab for throm-
bolytic therapy in peripheral arterial occlusive disease: a pilot study. J Vasc Interv Radiol 13(1):37–43

 78. Fogarty TJ, Cranley JJ, Krause RJ et al (1963) A method for extraction of arterial emboli and thrombi. Surg Gynecol 
Obstet. 116:241–244

 79. Kasirajan K, Haskal ZJ, Ouriel K (2001) The use of mechanical thrombectomy devices in the management of acute 
peripheral arterial occlusive disease. J Vasc Interv Radiol 12(4):405–411

 80. Bates ER, Babb JD, Casey DE et al (2007) ACCF/SCAI/SVMB/SIR/ASITN 2007 clinical expert consensus document 
on carotid stenting: a report of the American College of Cardiology Foundation Task Force on Clinical Expert Consensus 
Documents (ACCF/SCAI/SVMB/SIR/ASITN Clinical Expert Consensus Document Committee on Carotid Stenting). 
J Am Coll Cardiol 49(1):126–170

81. (2008) Heart Disease and Stroke Statistics; 2008 update. http://www.americanheart.org/downloadable/heart/ 
1200078608862HS_Stats%202008.final.pdf. Accessed 23 Feb 2008.

 82. (1991) North American Symptomatic Carotid Endarterectomy Trial Collaborators. Beneficial effect of carotid endart-
erectomy in symptomatic patients with high-grade carotid stenosis. N Engl J Med 325(7):445–453

 83. (1997) The International Stroke Trial (IST): a randomised trial of aspirin, subcutaneous heparin, both, or neither among 
19435 patients with acute ischaemic stroke. International Stroke Trial Collaborative Group. Lancet 349(9065):1569

 84. Chimowitz MI, Kokkinos J, Strong J et al (1995) The Warfarin-Aspirin Symptomatic Intracranial Disease Study. 
Neurology 45(8):1488–1493

 85. Mohr JP, Thompson JL, Lazar RM et al (2001) A comparison of warfarin and aspirin for the prevention of recurrent 
ischemic stroke. N Engl J Med 345(20):1444–1451

 86. Lewis SC, Sandercock PA (2002) Warfarin or aspirin for recurrent ischemic stroke. N Engl J Med 346(15):1169–1171
 87. Anand S, Yusuf S, Xie C et al (2007) Oral anticoagulant and antiplatelet therapy and peripheral arterial disease. N Engl 

J Med 357(3):217–227
 88. Bush RL, Lin PH, Mureebe L et al (2005) Routine bivalirudin use in percutaneous carotid interventions. J Endovasc 

Ther 12(4):521–522
 89. Finks SW (2006) Bivalirudin use in carotid endarterectomy in a patient with heparin-induced thrombocytopenia. Ann 

Pharmacother 40(2):340–343
 90. (1995) Tissue plasminogen activator for acute ischemic stroke. The National Institute of Neurological Disorders and 

Stroke rt-PA Stroke Study Group. N Engl J Med 333(24):1581–1587
 91. Furlan A, Higashida R, Wechsler L et al (1999) Intra-arterial prourokinase for acute ischemic stroke. The PROACT II 

study: a randomized controlled trial. Prolyse in Acute Cerebral Thromboembolism. JAMA 282(21):2003–2011
 92. Lewandowski CA, Frankel M, Tomsick TA et al (1999) Combined intravenous and intra-arterial r-TPA versus intra-arterial 

therapy of acute ischemic stroke: Emergency Management of Stroke (EMS) Bridging Trial. Stroke 30(12):2598–2605
 93. (2004) Combined intravenous and intra-arterial recanalization for acute ischemic stroke: the Interventional Management 

of Stroke Study. Stroke 35(4):904–911
 94. (2008) Interventional management of stroke – III. http://www.strokecenter.org/trials/TrialDetail.aspx?tid=747. Accessed 

8 Feb 2008.

304



Antithrombotic Therapy in Carotid and Peripheral Intervention

 95. Bellavance A (1993) Efficacy of ticlopidine and aspirin for prevention of reversible cerebrovascular ischemic events. 
The Ticlopidine Aspirin Stroke Study. Stroke 24(10):1452–1457

 96. Diener HC, Bogousslavsky J, Brass LM et al (2004) Aspirin and clopidogrel compared with clopidogrel alone after 
recent ischaemic stroke or transient ischaemic attack in high-risk patients (MATCH): randomised, double-blind, pla-
cebo-controlled trial. Lancet. 364(9431):331–337

 97. Adams HP Jr, Effron MB, Torner J et al (2008) Emergency administration of abciximab for treatment of patients with 
acute ischemic stroke: results of an international phase III trial: Abciximab in Emergency Treatment of Stroke Trial 
(AbESTT-II). Stroke 39(1):87–99

 98. Chan AW, Yadav JS, Bhatt DL et al (2005) Comparison of the safety and efficacy of emboli prevention devices versus 
platelet glycoprotein IIb/IIIa inhibition during carotid stenting. Am J Cardiol 95(6):791–795

 99. Kapadia SR, Bajzer CT, Ziada KM et al (2001) Initial experience of platelet glycoprotein IIb/IIIa inhibition with abcix-
imab during carotid stenting: a safe and effective adjunctive therapy. Stroke 32(10):2328–2332

 100. (2008) ReoPro Retavase Reperfusion of Stroke Safety Study – Imaging Evaluation. http://www.strokecenter.org/trials/
TrialDetail.aspx?tid=462. Accessed 8 Feb 2008

 101. (2008) Combined Approach to Lysis Utilizing Eptifibatide and rt-PA in Acute Ischemic Stroke. http://www.strokecen-
ter.org/trials/TrialDetail.aspx?tid=478. Accessed 8 Feb 2008

 102. Smith WS, Sung G, Starkman S et al (2005) Safety and efficacy of mechanical embolectomy in acute ischemic stroke: 
results of the MERCI trial. Stroke 36(7):1432–1438

 103. Stringer KA, Lindenfeld J (1992) Hirudins: antithrombin anticoagulants. Ann Pharmacother 26(12):1535–1540
 104. Rajan DK, Patel NH, Valji K et al (2005) Quality improvement guidelines for percutaneous management of acute limb 

ischemia. J Vasc Interv Radiol 16(5):585–595
 105. Pilger E, Lammer J, Bertuch H et al (1986) Intraarterial fibrinolysis: in vitro and prospective clinical evaluation of three 

thrombolytic agents. Radiology 161(3):597–599
 106. Arepally A, Hofmann LV, Kim HS et al (2002) Weight-based rt-PA thrombolysis protocol for acute native arterial and 

bypass graft occlusions. J Vasc Interv Radiol 13(1):45–50
 107. Tepe G, Hopfenzitz C, Dietz K et al (2006) Peripheral arteries: treatment with antibodies of platelet receptors and 

reteplase for thrombolysis – APART trial. Radiology 239(3):892–900
 108. Burkart DJ, Borsa JJ, Anthony JP et al (2003) Thrombolysis of acute peripheral arterial and venous occlusions with 

tenecteplase and eptifibatide: a pilot study. J Vasc Interv Radiol 14(6):729–733
 109. Kapadia SR, Ramee S (2005) Percutaneous mechanical thrombectomy for arterial thrombus. In: Yadav J (ed) Manual 

of peripheral vascular intervention. Lippincott Williams & Wilkins, Philadelphia, PA, pp 69–82

305



 16 Monitoring of Antithrombotic Therapies  
in Interventional Cardiology

Kristofer Dosh and Steven Steinhubl

Contents

Introduction
Platelet Monitoring
Anticoagulant Monitoring
Conclusions
Bibliography

AbstrAct Percutaneous coronary intervention causes rupture of atherosclerotic plaque, which leads to 
platelet aggregation and thrombus formation. Antiplatelet and antithrombotic therapies are routine in the 
catheterization laboratory, but the optimal use of these agents during PCI continues to evolve. Central to 
the performance of procedures in the catheterization laboratory is the goal of decreasing ischemic compli-
cations while simultaneously minimizing bleeding complications. Dosing of medications for most disease 
processes involves some assessment of physiologic response to the medication. Despite the availability of 
multiple simple, point-of-care methods to monitor antiplatelet and anticoagulant therapies the utilization 
of these methods is almost never routinely performed and most anticoagulants are no longer monitored 
except for unfractionated heparin (UFH). As the use of more unique combinations of antithrombotic agents 
becomes commonplace, the need for effective monitoring will become even more important, making a 
thorough understanding of the limitations and benefits of present-day monitoring in the cath lab crucial.

Key words: ACT(ACTIVATED clotting time); APTT (activated partial thromboplastin time); Platelet; 
Aggregation; Monitoring

 INTRODUCTION

It is clear that there is a delicate balance between the antithrombotic efficacy of an agent and its propensity 
to cause bleeding. While the complications associated with thrombotic events in the cath lab have been well 
appreciated for decades, it is only recently that the long-term detrimental impact of bleeding events has 
become better understood. Through the monitoring of antithrombotic therapies it is possible to improve 
clinical efficacy while minimizing bleeding events. Multiple simple, point-of-care methods are now avail-
able to monitor antiplatelet and anticoagulant therapies, but there is no single proven best test for any one 
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agent and much less for the cocktail of antithrombotics most frequently used today. This chapter will 
summarize currently available tests and their current and potential future role in interventional cardiology.

PLATELET MONITORING

Platelet Function Tests
Since the initial description of bleeding time in 1901 (1), multiple tests have been devised to assess 

platelet function. The following is a description of several testing modalities that have been studied in 
the cardiac catheterization laboratory. A review of their utility in interventional cardiology will follow.

Bleeding Time

Bleeding time provides a crude assessment of primary hemostasis and the ability of platelets to 
form a thrombus. In the traditional Ivy method (2), a sphygmomanometer is inflated to 40 mmHg on 
the upper arm, and a standardized superficial incision is made on the volar surface of the forearm. 
Blood is then blotted gently with filter paper every 30 s until bleeding ceases. Although bleeding time is 
a point-of-care test, its utility is limited by the need for a dedicated technologist and results demonstrate 
significant inter- and intraobserver variability (3). The test also lacks data supporting its ability to 
accurately predict response to antiplatelet therapy (4).

Turbidimetric Aggregometry

Conventional turbidimetric aggregometry is a commonly used platelet function assay and has long 
been considered the gold standard of platelet function testing. As will be described later, turbidimetric 
aggregometry was used in early trials that led to the current dosing of GPIIb/IIIa inhibitors (5–7). The 
test is performed by centrifuging whole blood to obtain platelet-rich plasma (PRP). A platelet agonist 
such as adenosine diphosphate (ADP), collagen, epinephrine, or thrombin receptor-activating peptide 
(TRAP) is added to the PRP causing platelet aggregation. The device is calibrated by defining the 
transfer of light through platelet poor plasma (PPP) as 100% aggregation and through preagonist 
treated PRP as 0% aggregation. As platelets aggregate, the optical density of the solution decreases 
and transmitted light increases (Fig. 1). Inhibitors of platelet activation or aggregation reduce or 
eliminate the decrease in optical density, and results are expressed as a percent reduction in light 
transmission compared to baseline aggregation.

Although turbidimetric aggregometry has remained a gold standard for comparison of newer testing 
modalities, there are several challenges limiting its clinical use. First, the test has been criticized as 
being nonphysiologic because platelets aggregate under low shear conditions and in the absence of 
erythrocytes and leukocytes which poorly replicates in vivo stimulation of platelet aggregation (8). 
In addition, since some platelets sediment with red blood cells during centrifugation, a percentage of 
platelets that would otherwise contribute to aggregation are lost. The test is also labor intensive, 
requiring performance in a central laboratory by a specially trained individual. Finally, various challenges 
in performing the test make it difficult to compare results between different laboratories (3).

Impedance Whole Blood Aggregometry (WBA)

Electrical impedance aggregometry was developed with the goal of allowing aggregometry to be 
performed on whole blood (9), hence overcoming several of the problems with turbidimetric 
aggregometry. The test is performed by placing two electrodes in a solution of PRP or whole blood. 
Electrical impedance is measured before and after agonist-stimulated platelet aggregation. During 
aggregation, impedance increases with platelet accretion to the electrodes (Fig. 1). Impedance 
aggregometry can also be performed on PRP, but whole blood has several advantages including use 
of smaller sample volumes, reduced time to perform the test, and avoiding potential problems associated 
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with centrifugation as described earlier for turbidimetric aggregometry. Fully computerized instruments 
are available, reducing the need for specialized training to perform the test. Potential problems with 
impedance WBA include a dilution step in preparing the whole blood sample, which may affect test 
results while monitoring low-molecular-weight agents such as tirofiban and eptifibatide that have 
high dissociation constants (10). Other potential challenges include difficulty in cleaning the elec-
trodes and less reliability of the test at lower hemoglobin concentrations. Impedance WBA has been 
compared to turbidimetric aggregometry in patients undergoing PTCA with abciximab treatment (11). 
Comparable results were found between the two tests for degree of platelet inhibition as well as close 
correlation with GPIIb/IIIa receptor blockade by radioimmune assay.

Flow Cytometry

Whole blood flow cytometry uses fluorescently labeled monoclonal antibodies to detect activation-
dependent changes in the platelet surface proteins. The test is performed by passing fluorescently 
labeled platelets through a flow chamber at a rate of 1,000 to 10,000 cells per minute (12). As cells 
pass through the flow chamber they are exposed to a laser beam that activates the fluorophore, and 
the emitted fluorescence and light scattering properties of each cell are detected. Performing the test 
on whole blood avoids some potential downfalls of washed platelets or PRP that are susceptible to 
artifactual platelet activation resulting from the separation process. Use of flow cytometry has been 
primarily used as a research tool because the high level of technical expertise required to run the test 
limits its use to specialized laboratories.

The flow cytometry-based vasodilator-stimulated phosphoprotein (VASP) assay (BioCytex, Marseille, 
France) is designed to evaluate the effect of clopidogrel on platelet function (13,14). In this test, inhi-
bition of the P2Y12 receptor by clopidogrel in the presence of prostaglandin E1 induces phosphoryla-
tion of vasodilator-stimulated phosphoprotein (VASP). Increased levels of VASP phosphorylation 

Fig. 1. Diagram comparing conventional turbidimetric aggregometry and electrical impedance aggregometry. The left 
panel demonstrates conventional aggregometry: (a) A light source shines through a glass cuvette and transmitted light 
is monitored by a photocell. (b) As platelets aggregate in response to an agonist, the amount of transmitted light 
increases. The right panel demonstrates electrical impedance aggregometry: (a) Electrodes are placed into the sample 
of PRP or whole blood. (b) Impedance between the electrodes increases as addition of an agonist causes platelet 
aggregation and accretion to the electrodes. Reprinted with permission from (9).
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therefore reflect P2Y12 inhibition. Platelets are activated using the agonist ADP, and then using flow 
cytometry, the difference in VASP fluorescence intensity between resting and activated platelets is 
expressed as the platelet reactivity index (PRI). While the test is thought to be the most specific for 
platelet P2Y12 receptor inhibition, it is limited currently by its expense, need for sample preparation, 
and the requirement for an experienced technician (15).

Platelet Function Analyzer (PFA-100)

The PFA-100 (Dade Behring, Deerfield, IL) is an automated instrument that evaluates primary 
hemostasis in whole blood flowing in a high shear environment. The instrument uses a disposable test 
cartridge that includes a sample reservoir, capillary, and membrane with a 150-mm central aperture. 
The membrane is precoated with either collagen and epinephrine (CEPI) or collagen and ADP 
(CADP) (Fig. 16.2). A sample of citrated whole blood is drawn through the capillary under constant 
vacuum and is hence exposed to the membrane and aperture. As platelets adhere and aggregate at the 
membrane, the aperture eventually closes causing cessation of flow. The test takes about 10 min to 
complete and the result is reported as closure time (CT). A normal CT has been defined as 60–130 s (16).  
Maximal CT is defined as 300 s, which indicates nonclosure of the membrane aperture at 300 s. 
Benefits of the PFA-100 include the ability to use whole blood, simplicity of performing the test, and 
short time required to obtain results.

The PFA-100 has been compared to turbidimetric aggregometry and receptor occupancy for 
 monitoring GPIIb/IIIa therapy in patients treated with PCI and adjunctive abciximab therapy (16). 
Results in 27 enrolled patients demonstrated a maximal achieved CT of 300 s for the majority of 
patients at 10 min, 4 h, and 12 h (96, 100, and 86% respectively). At 24 h, 72% of patients had CT 
return to normal (£130 s). Since the majority of patients achieved CT >300 s initially, the results sug-
gest that the PFA-100 may be too sensitive to detect quantitative differences in high levels of platelet 
inhibition.

Fig. 2. Diagram of the PFA-100 test principle. Citrated whole blood is drawn through the capillary under a constant 
vacuum. Platelets aggregate as they are exposed to the membrane and aperture. Cessation of flow occurs when the 
aperture closes and the instrument records this time as the closure time. Reprinted with permission from (16).
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VerifyNow Rapid Platelet Function Assay (RPFA)

The VerifyNow RPFA (formerly known as Ultegra, Accumetrics, San Diego, CA) was initially 
designed as a point-of-care assay to monitor patients treated with GPIIb/IIIa antagonists (17). The assay 
is based on the ability of platelets to bind fibrinogen. The test is performed using self-contained car-
tridges with the contents of the cartridge dependent upon the antiplatelet agent being monitored. For 
GPIIb/IIIa monitoring, the cartridge contains the platelet activator iso-TRAP (a modified form of 
thrombin receptor activating peptide) and fibrinogen-coated polystyrene beads (18). A sample of whole 
blood is collected into a tube containing either citrate or PPACK (Phe-Pro-Arg chloromethyl ketone). 
The instrument draws the blood into two sample chambers that contain iso-TRAP and the poly-
styrene beads. The sample is mixed for 70 s by movement of a steel ball in the chamber. As the poly-
styrene beads agglutinate, they fall out of solution causing an increase in light transmission (Fig. 3). 
Light absorbance is recorded 16 times per second, allowing the rate of agglutination to be quantified 
as the slope of change in absorbance over time and is reported as millivolts per 10 s (mV/10s). 
Following treatment with GPIIb/IIIa antagonist, the test is repeated on a new sample and results are 
compared to the baseline measurement. The result is reported as raw Platelet Aggregation Units (PAU) 
and also as a percentage of the baseline PAU. The use of citrate containing tubes has been shown to 
cause overestimation of the degree of platelet inhibition with the small molecule GPIIb/IIIa inhibitors 
tirofiban and eptifibatide (19). This can be avoided by use of collection tubes containing PPACK 
instead of citrate. Benefits of the RPFA include rapid results, simplicity of performing the test, and abil-
ity to use whole blood. One disadvantage is the need to obtain a baseline comparison sample.

The VerifyNow was validated as a test for monitoring GPIIb/IIIa antagonists in an early study 
comparing it to turbidimetric aggregometry (18). Whole-blood RPFA was performed on samples of 
in vitro treatment with abciximab and correlated well with percentage inhibition by PRP turbidimetric 
aggregometry (r2 = 0.98) and with receptor occupancy by radiolabeled receptor-binding assay 
(r2 = 0.96). There was no difference in sensitivity of RPFA to the effect of abciximab when either 
aspirin or heparin was used.

Fig. 3. Diagram of the rapid platelet function assay test principle. The instrument draws a sample of whole blood into 
two sample chambers that contain iso-TRAP and polystyrene beads. As the sample is mixed, the polystyrene beads 
agglutinate and fall out of solution causing an increase in light transmission. Reprinted with permission from (10).
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Another study compared the VerifyNow to conventional turbidimetric aggregometry and 
receptor-binding assay in 192 enrolled patients undergoing PCI with adjunctive abciximab ther-
apy (20). Abciximab was administered as a 0.25 mg/kg bolus followed by 0.125 mg/kg/min drip 
for 12 h. Blood samples were taken at baseline before abciximab administration, within 1 h of 
abciximab bolus, and 24 h after the abciximab bolus. In the 120 patients able to be evaluated, the 
Ultegra RPFA correlated well with aggregometry (r = 0.89) and with the receptor-binding 
assay (r = 0.89). The degree of correlation was similar to that between conventional aggregom-
etry and receptor-binding assay (r = 0.87). The study also demonstrated good correlation between 
values obtained by point-of-care users and laboratory scientists (r = 0.80).

The VerifyNow has more recently been adapted with specialized cartridges containing different 
platelet agonists to measure the antiplatelet effects of aspirin (VerifyNow Aspirin) and clopidogrel 
(VerifyNow P2Y12). The VerifyNow Aspirin assay uses arachidonic acid to stimulate platelets. The test 
is specific for aspirin because arachidonic-acid-induced platelet aggregation requires cyclooxygenase-1 
activity, which is directly blocked by aspirin (15). Light transmittance changes as platelets aggregate 
in response to arachidonic acid, and the change is reported as Aspirin Reaction Units (ARU). A cutoff 
ARU of ³550 has a reported sensitivity and specificity of 91.4 and 100%, respectively, for the 
presence of aspirin (VerifyNow Aspirin package insert). The VerifyNow P2Y12 assay uses ADP as 
the agonist, which stimulates both P2Y1 and P2Y12 receptors. As with the VASP assay, in order to 
isolate the effect of clopidogrel on the P2Y12 receptor, prostaglandin E1 is added to block the contri-
bution of ADP binding to the P2Y1 receptor (15). The change in light transmittance from ADP-stimulated 
platelet aggregation in this assay is reported as P2Y12 Reaction Units (PRU). Since a baseline sample 
cannot always be taken, a separate channel is tested using the agonist iso-TRAP, which is unaffected 
by theinopyridine treatment. Final results are reported as raw PRU and as percentage of baseline PRU 
based on the iso-TRAP sample (21).

Thromboelastography

Thromboelastography (TEG, Haemoscope, Niles, IL) measures mechanical properties of a developing 
clot including time to initial fibrin formation, kinetics of initial fibrin clot to reach maximum strength, 
and the peak strength and stability of the fibrin clot (22). The test is performed on 0.35 ml of whole 
blood that is placed in a heated cup. The cup oscillates 4° 45¢ in each direction every 4.5 s (Fig. 4). 
A pin is suspended in the cup from a torsion wire that is connected to a chart recorder or computer. 
As the clot forms, the torque of the rotating cup is transmitted to the pin, and a tracing is recorded (23). 
Several characteristics of clot formation can be determined from the tracing. Five that are commonly 
reported include reaction time (R time), K time, alpha angle, maximum amplitude (MA), and clot 
lysis index (A60) (23,24) (Fig. 5). The R time is the time of latency between placing blood in the cup 
and initial clot formation and indicates plasma clotting factor and inhibitor activity. The K time is the 
time for the blood to achieve an assigned fixed level of viscoelasticity and assesses the rapidity of 
fibrin clot linking. Alpha angle is the angle formed by the gradient of the initial trace and demonstrates 
the speed of clot formation. MA is the largest vertical amplitude of the tracing and represents the 
maximal clot-shear elasticity. The whole blood clot lysis index (A60) is the amplitude 60 min after 
the MA and is a measure of rapidity of fibrinolysis. One limitation of conventional TEG was that 
thrombin generation made it impossible to assess the effects of milder platelet inhibitors such as aspirin 
and clopidogrel. A modified TEG assay has been developed that uses reptilase (batroxobin) and factor 
XIIIa to form clot without thrombin generation, thus overcoming this limitation. This modified TEG 
has been shown to correlate closely with optical aggregation for evaluating the antiplatelet effects of 
clopidogrel and aspirin (25). The test is available as a point-of-care assay and has the benefits of using 
whole blood and providing information on clot formation and clot lysis.
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Fig. 4. Diagram of the TEG assay. A pin is suspended in a cup containing heated whole blood. As clot forms, torque in 
the oscillating cup is transmitted to the pin and a tracing is recorded. Reprinted with permission from (24).

Fig. 5. Schematic showing a thromboelastograph (TEG) tracing. Characteristics of the TEG curve including r time, 
K time, alpha angle, MA, and A60 are described in the text. Reprinted with permission from (23).
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Cone and Plate(let) Analyzer

The cone and plate(let) analyzer (CPA) exposes whole blood to simulated physiologic shear forces 
using a rotating Teflon cone in a polystyrene well (26). One early method used 200 µL of citrated whole 
blood placed in a polystyrene well (27). Constant fluid shear stress was induced by a Teflon cone rotating 
at 1,875 s−1 for 2 min. The well was then washed, stained, and analyzed with an inverted-light microscope 
connected to a computer analysis system. Results are expressed as the percentage of the well surface 
covered by platelets (SC) and the average size of the aggregates (AS in mm2). The instrument has since 
been automated for use as a point-of-care device (Impact®, DiaMed, Cressier sur Morat, Switzerland) 
and uses a slightly smaller quantity of blood (120 µL). Benefits include simple operation, fast results 
(~6 min) (8), lack of need for a baseline platelet function value (27), and the ability to use whole blood. 
The test may also provide a more relevant physiologic analysis of platelet function in the arterial system 
because of the high shear forces used as compared to modalities such as platelet aggregometry.

One small trial compared CPA, turbidimetric aggregometry, and the VerifyNow RPFA against 
receptor occupancy by flow cytometry for monitoring platelet response to abciximab in PCI (27). 
Results demonstrated that CPA was a better predictor of free GPIIb/IIIa receptors than RPFA when 
RPFA was expressed in absolute values (p = 0.0015), but there was no advantage to CPA when RPFA 
was expressed as a ratio of baseline PAU. CPA also demonstrated a greater sensitivity to low levels of 
platelet inhibition as it did not return to baseline between 7 and 30 days post-PCI while patients 
remained on aspirin and clopidogrel, whereas turbidimetric aggregometry was no different from baseline 
during this time frame. Other studies have reviewed the CPA for monitoring aspirin and clopidogrel 
therapy, but additional data are needed to determine its appropriate use in this setting (28). Further 
studies are also needed to assess the utility of CPA for use in coronary interventions.

Platelet Count Ratios (Plateletworks®)

The ICHOR Plateletworks® (Helena Laboratories, Beaumont, TX) test is a point-of-care, whole 
blood assay that is based on platelet aggregation. The test is performed by measuring a standard platelet 
count from a baseline whole blood sample in which aggregation has been prevented by ethylenedi-
amine tetra-acetic acid (EDTA). A citrated sample is then run after stimulating platelet aggregation 
with ADP. The clumped platelets exceed threshold limitations for platelet size and will not be counted 
as platelets when a platelet count is performed on the sample (29). The results are reported as a ratio 
of the test sample platelet count to the baseline platelet count. The primary advantages of platelet 
count ratios include the use of whole blood and ability to perform the test at the bedside if the auto-
mated ICHOR Plateletworks instrument is used. However, if the instrument is not available, the test 
requires reagent additions and sample manipulations in a central laboratory.

The Plateletworks assay has been shown to correlate well with conventional turbidimetric 
aggregometry for evaluating platelet inhibition by clopidogrel (30). A recent trial has also demon-
strated a close correlation between the automated ICHOR Plateletworks assay and turbidimetric 
aggregometry for monitoring platelet inhibition by GPIIb/IIIa inhibitors (31). In this study, blood 
samples collected in PPACK were treated with increasing concentrations of eptifibatide, tirofiban, or 
abciximab. Platelet inhibition was measured using conventional turbidimetric aggregometry, 
VerifyNow, and Plateletworks. This trial notably demonstrated a close correlation between 
Plateletworks and turbidimetric aggregometry when platelet inhibition levels were <90%. In con-
trast, the VerifyNow was found to overestimate platelet inhibition at levels <90% as measured by 
turbidimetric aggregometry (see Figs. 6, 7 and 8). The overall correlation between turbidimetric 
aggregometry and the Plateletworks was found to be very strong (r2 = 0.922) while VerifyNow less 
closely correlated (r2 = 0.828). Other recent trials have evaluated the platelet count ratio-based 
Sysmex K4500 (Sysmex Corp, Kobe, Japan) to evaluate platelet inhibition during PCI with adjunc-
tive GPIIb/IIIa therapy (32,33). These studies will be described later.
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Fig. 6. In vitro comparison of platelet inhibition with increasing concentrations of eptifibatide using light transmission 
aggregometry, Ultegra RPFA (VerifyNow), and Plateletworks. Reprinted with permission from (31).

Fig. 7. In vitro comparison of platelet inhibition with increasing concentrations of tirofiban using light transmission 
aggregometry, Ultegra RPFA (VerifyNow), and Plateletworks. Reprinted with permission from (31).

Fig. 8. In vitro comparison of platelet inhibition with increasing concentrations of abciximab using light transmission 
aggregometry, Ultegra RPFA (VerifyNow), and Plateletworks. Reprinted with permission from (31).

Trials of GPIIb/IIIa Antagonist Monitoring
Initial animal studies helped to establish the necessary level of platelet inhibition required to 

 prevent acute coronary thrombosis. One canine model addressing degree of platelet inhibition used 
the monoclonal antiplatelet GPIIb/IIIa antibody 7E3 to prevent coronary artery reocclusion following 
thrombolysis in dogs (34). In this study, coronary reocclusion was prevented only at the highest dose 
of 7E3 administered (0.8 mg/kg). Using light transmission aggregometry, the authors determined that 
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>80% of the GPIIb/IIIa receptors on the platelet surface were blocked at this dose. Other studies on 
animal models also supported that this level of GPIIb/IIIa blockade prevents acute thrombosis in 
severe coronary stenosis (35,36).

Based on the findings in animal studies, Tcheng et al. performed clinical dosing studies of chimeric 
monoclonal 7E3 Fab (c7E3 Fab), now called abciximab (Reopro, Centocor, Inc.), in high-risk coronary 
angioplasty (5). At a dose of 0.25 mg/kg bolus followed by 10 mg/min they were able to block >80% 
of GPIIb/IIIa receptors and reduce ADP-induced platelet aggregation to £20% of baseline, inhibit ex 
vivo platelet aggregation, and prolong bleeding times throughout infusions up to 24 h. Additional 
early clinical trials with different GPIIb/IIIa inhibitors continued to use the goal of reducing platelet 
aggregation to £20% of baseline (6,7).

Clinical support for this level of receptor inhibition was provided through a series of clinical trials. 
The EPIC (Evaluation of 7E3 for the Prevention of Ischemic Complications) (37), EPILOG 
(Evaluation of PTCA to Improve Long-term Outcome with Abciximab GPIIb/IIIa Blockade) (38), 
and the EPISTENT (Evaluation of Platelet IIb/IIIa Inhibitor for Stenting) (39) trials all demonstrated 
significant reductions in periprocedural MIs in patients randomized to doses of abciximab expected 
to achieve >80% IIb/IIIa receptor blockade compared with placebo.

While the same dose of abciximab was used in all the mentioned trials, indirect evidence regarding 
the importance of achieving an adequate level of inhibition comes from the comparison of outcomes 
in the IMPACT-II (40) and ESPRIT (41) trials. Each of these randomized, controlled trials evaluated 
the use of eptifibatide during percutaneous coronary intervention but evaluated different dosing regimens. 
The IMPACT-II (Integrilin to Minimize Platelet Aggregation and Coronary Thrombosis) trial com-
pared eptifibatide 135 mg/kg bolus followed by 0.5 mg/kg/min infusion or 135 mg/kg bolus followed 
by 0.75 mg/kg/min infusion to placebo. Although a treatment-received analysis showed a 22% relative 
reduction in the 30-day composite event endpoint, the primary intention-to-treat analysis demon-
strated no statistically significant difference in the treatment groups when compared to placebo 
(11.4% vs. 9.2% for 135/0.5 group, p = 0.063; 11.4% vs. 9.9% for 135/0.75 group, p = 0.22). This dos-
ing of eptifibatide was later shown to inhibit aggregation by <30% and approach only approximately 
50% receptor occupancy (42). By contrast, the ESPRIT (Enhanced Suppression of Platelet Receptor 
IIb/IIIa Using Integrilin Therapy) trial used two 180 mg/kg boluses with a 2 mg/kg/min infusion and 
compared to placebo. The trial was terminated early after finding a significant 35% reduction in the 
30-day composite event endpoint (10.5% vs. 6.8%, p = 0.0034). This higher dosing used in ESPRIT 
was found to reduce platelet aggregation by 20 mM ADP to <10% and to achieve >80% GPIIb/IIIa 
receptor blockade (43).

The compilation of these studies seemed to validate the initial study results recommending a goal 
of >80% receptor blockade or reduction in ADP-induced platelet aggregation to £20% of baseline. 
Subsequent studies began to assess the optimal level of GPIIb/IIIa blockade during coronary intervention 
to optimize clinical endpoints. The GOLD (from the chemical symbol for gold, AU – Assessing 
Ultegra) trial was the first prospective study comparing clinical outcomes in PCI to levels of platelet 
inhibition by GPIIb/IIIa inhibitors (44). In this trial, 485 patients undergoing PCI with GPIIb/IIIa 
inhibitor use had platelet inhibition measured by VerifyNow at 10 min, 1 h, 8 h, and 24 h after initia-
tion of therapy. The majority of patients received abciximab (84%), while 9% received tirofiban and 
7% eptifibatide. MACE (including death, MI, or urgent target vessel revascularization) were followed 
through hospitalization or within 1 week of the PCI and were correlated with the level of platelet 
inhibition at each time point. Overall, the mean level of platelet inhibition at 10 min was 96 ± 9%, at 
1 h was 95 ± 8%, 8 h was 91 ± 11%, and 24 h was 73 ± 20%. The 125 patients who achieved <95% 
inhibition at 10 min had a significantly higher incidence of an in-hospital MACE compared to those 
inhibited ³95% (14.4% vs. 6.4%, p = 0.006). Data obtained 8 h after the bolus also showed a significant 

316



Monitoring of Antithrombotic Therapies in Interventional Cardiology

relationship between level of platelet inhibition and occurrence of MACE, with patients having <70% 
platelet function inhibition experiencing three times the MACE rate compared to those with ³70% 
inhibition (25% vs. 8.1%, p = 0.009) (Fig. 9). The relationship between MACE and level of platelet 
inhibition was similar for patients treated with tirofiban and eptifibatide as compared to abciximab. 
There was no correlation between levels of platelet inhibition and bleeding complications. The GOLD 
trial was the first to demonstrate that the level of platelet inhibition in patients undergoing PCI with 
adjunctive GPIIb/IIIa inhibitors is significantly associated with the risk of MACE. However, the study was 
not designed to assess the effect of titrating therapy based on measured levels of platelet inhibition.

Given the finding of the GOLD trial showing lower MACE in patients with ³95% early platelet 
inhibition, a recent trial sought to determine the extent of platelet inhibition during and after PCI with 
the use of current dosing schemes for abciximab, eptifibatide, and tirofiban (45). The authors dosed 
abciximab as a 0.25 mg/kg bolus followed by 0.125 mg/kg/min infusion for 12 h; eptifibatide was 
given as 2 boluses of 180 mg/kg followed by a 2 mg/kg/min infusion for 24 h; and tirofiban was dosed 
as a 25 mg/kg bolus followed by 0.15 mg/kg/min infusion for 18 h. The VerifyNow was used to meas-
ure platelet inhibition in 114 patients at baseline, 10 min after bolus administration, and 8 h after start 
of the infusion. As has been noted in various other trials, considerable variability was noted in the 
degree of platelet inhibition between different patients at a standard weight-based dosing of GPIIb/
IIIa inhibitor. At the 10-min collection, mean inhibition of platelet inhibition was 86 ± 9% for abciximab, 
92 ± 6% for eptifibatide, and 95 ± 5% for tirofiban (p < 0.001). Furthermore, ³95% platelet inhibition was 
achieved in only 29% of patients treated with abciximab, 44% of those treated with eptifibatide, and 
68% of patients treated with tirofiban (p = 0.02). No difference was found in 30-day MACE for the 
three groups according to GPIIb/IIIa agent received. Furthermore, no difference was noted in the extent 
of 10 min or 8 h platelet inhibition in the MACE or non-MACE groups. Although the study is limited 
by its small sample size and nonrandomized design, it demonstrates the significant variability in inter-
individual response to GPIIb/IIIa inhibitors.

As compared to the 80% cutoff for platelet inhibition determined in early trials, the ³95% level of 
platelet inhibition required to reduce MACE in the GOLD trial has been suggested to result from 
overestimation of platelet inhibition by the VerifyNow assay (31). Based on data presented earlier 
from White et al., £90% platelet inhibition by the VerifyNow correlated poorly with turbidimetric aggregom-
etry, while levels >90% roughly correlated to ³75% inhibition as measured by turbidimetric 
aggregometry and ICHOR plateletworks. A related platelet count ratio-based test, the Sysmex K4500, 
was recently used to assess platelet inhibition during PCI for ST-segment elevation myocardial 

Fig. 9. Incidence of MACE in relation to VerifyNow measured platelet inhibition 8 h following GPIIb/IIIa bolus. 
Reprinted with permission from (44).

317



Antithrombotic Drug Therapy in Cardiovascular Disease

infarction (STEMI) patients treated with GPIIb/IIIa inhibitors (32). Platelet aggregation inhibition 
was measured immediately before and after PCI, and 1 and 6 h afterward. Patients were randomized 
to treatment with abciximab 0.25 mg/kg bolus followed by 0.125 mg/kg/min drip, tirofiban 10 mg/kg 
bolus followed by 0.15 mg/kg/min drip, tirofiban 25 mg/kg bolus followed by 0.15 mg/kg/min drip, or 
no GPIIb/IIIa inhibitor. Results on 112 patients demonstrated significant variability in interindividual 
response and suboptimal platelet inhibition for all agents. Only patients in the high-dose tirofiban 
group achieved >80% periprocedural platelet inhibition. No relationship was found between the level 
of platelet aggregation and measures of PCI success, including Thrombolysis in Myocardial Infarction 
(TIMI) flow grade, myocardial blush grade, or TIMI frame count. Another trial using the Sysmex 
K4500 attempted to compare platelet inhibition with angiographic and clinical endpoints for STEMI 
patients undergoing PCI with adjunctive tirofiban (33). Results on 412 patients demonstrated no cor-
relation between level of platelet inhibition and angiographic or clinical outcomes. However, even the 
highest quartile of mean inhibition in the study was less than 80%, suggesting that platelet inhibition 
may not have been sufficient to demonstrate the benefit of higher levels of inhibition.

Limited other data exist regarding clinical endpoints with other testing modalities. One recent trial 
evaluating TEG showed an association between high MA and short R time following PCI and 6 month 
risk of ischemic events (46). The PFA-100 has been evaluated in PCI using GPIIb/IIIa inhibitors and 
demonstrated that failure to achieve nonclosure following PCI may be associated with an increased 
incidence of MACE at 6 months (47). Studies have not yet been published evaluating the effect of 
titrating GPIIb/IIIa inhibitors during PCI based on levels of platelet inhibition.

Aspirin and Clopidogrel Variability in Response
The use of aspirin and clopidogrel in the periprocedural period and subsequent to PCI has been 

well established to reduce ischemic complications (48–50). Over the last several years, variability in 
interindividual responses to aspirin and clopidogrel has been observed and is sometimes referred to 
as a phenomenon of “resistance.” Although the exact definition and significance of aspirin and clopi-
dogrel resistance has not been determined, it has been suggested that the term “resistance” should be 
reserved for the specific scenario when a drug is unable to reach its pharmacological target (50). An 
individual who experiences an adverse ischemic event following PCI that was not prevented by aspirin 
or clopidogrel may or may not be “resistant” to either medication, and the definition of resistance 
should probably not be based on clinical outcomes. Several of the platelet assays described have been 
evaluated for monitoring the ability of aspirin and clopidogrel to inhibit platelet aggregation (51). 
Most of the assays are not specific for the action of either aspirin or clopidogrel and may, therefore, 
not be suitable tests to define threshold levels of “resistance” to these medications. Nevertheless, an 
assessment of platelet inhibition by aspirin and clopidogrel will provide some measurement of indi-
vidual response to the medications and allows the opportunity to correlate aspirin and clopidogrel 
response to clinical outcomes surrounding PCI. A full discussion of aspirin and clopidogrel resistance 
is out of the scope of this chapter. The following is a brief review of some studies looking at  monitoring 
the antiplatelet effects of aspirin and clopidogrel in the setting of PCI.

Aspirin

A recent trial using the VerifyNow Aspirin assay evaluated 151 patients undergoing nonurgent PCI 
(52). All patients were pretreated with clopidogrel 300 mg between 12 and 24 h before PCI and 
treated with 80 to 325 mg of aspirin for ³1 week preprocedure. Using a cutoff ARU ³ 550 to define 
aspirin resistance, a significantly higher rate of myonecrosis following PCI was noted in patients who 
were aspirin resistant. An additional study from the same investigators using the VerifyNow Aspirin 
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assay demonstrated reduced coronary flow reserve after elective PCI in aspirin-resistant patients com-
pared to aspirin-sensitive patients (53). In contrast to these results, a separate recent trial reviewed 330 
low-risk patients undergoing elective PCI and found no correlation between post-procedural myonecrosis 
and aspirin or clopidogrel resistance as measured by the VerifyNow Aspirin and P2Y12 assays (54). 
Suggested reasons for the different findings between these studies include interindividual variability 
in platelet response to aspirin and clopidogrel with the same dose, differences in  compliance, or 
underdosing.

The PFA-100 has also been used in trials of aspirin resistance and PCI. One trial prospectively 
studied 146 patients with acute myocardial infarction who underwent primary PCI (55). PFA-100 
closure time was measured 12 to 15 h after revascularization. A cutoff of <203 s was used to define 
aspirin resistance. After 1 year of follow up, the incidence of MACE was found to be significantly 
higher in the aspirin-resistant vs. aspirin-sensitive group (39.1 vs. 23.2%, p < 0.05). Another recent 
trial followed 135 patients who had undergone elective PCI and were on aspirin and clopidogrel for 
³1 month (56). Aspirin resistance was assessed by PFA-100 closure time and patients were assessed 
for platelet aggregation and activation by turbidimetric aggregometry and flow cytometry. Results 
demonstrated that aspirin resistance was associated with increased platelet reactivity in spite of long-
term dual antiplatelet treatment. The PFA-100 has been criticized as an imperfect test for monitoring 
aspirin-induced platelet inhibition because the closure time is affected by multiple other variables that 
are not affected by aspirin (50), including von Willebrand Factor (VWF), platelet count and  hematocrit, 
among others (57).

Limited data exist regarding other point-of-care tests for measuring aspirin resistance in the setting 
of PCI. Both the cone and plate(let) analyzer using arachidonic acid as an agonist (28) and the 
 modified TEG (25) have been shown to correlate well with turbidimetric aggregometry for testing 
platelet inhibition by aspirin, but further studies are needed to determine their potential role in 
 monitoring aspirin therapy.

Clopidogrel

Testing modalities specific to the effects of clopidogrel are limited and many point-of-care instru-
ments are still in the early stages of determining appropriate use surrounding PCI. As outlined previ-
ously, the VerifyNow P2Y12 assay was designed to isolate the effect of the agonist ADP to the activity 
of P2Y12, which is blocked by clopidogrel. The Verify Thrombosis Risk Assessment (VERITAS) 
(58) study demonstrated the assay to be sensitive for measuring platelet inhibition with clopidogrel, 
but VERITAS was not a PCI study. The ongoing Research Evaluation to Study Individuals Who Show 
Thromboxane or P2Y12 Receptor Resistance (RESISTOR) trial is a double-blind, multicenter trial 
that will use the VerifyNow P2Y12 and Aspirin assays to determine whether modifying antiplatelet 
regimens in aspirin and clopidogrel resistance will prevent myonecrosis after PCI.

Although not a point-of-care test, the VASP phosphorylation assay is also specific for the effects of 
clopidogrel on platelet aggregation, as described earlier. The assay has been shown to identify a greater 
extent of thienopyridine-induced platelet inhibition than turbidimetric aggregometry (14). This is most 
likely a result of residual stimulation of ADP-induced aggregation through the P2Y1 receptor in turbi-
dimetry. Two trials using the VASP assay found an increased rate of subacute stent thrombosis in 
patients with high platelet reactivity despite clopidogrel therapy (59,60). As noted previously, some 
limitations of the VASP assay include its expense and the need for an experienced technician.

As with aspirin, limited data exist regarding other testing modalities for clopidogrel resistance. The 
PFA-100 is not recommended as a test for monitoring clopidogrel therapy (61,62). Both the CPA and 
TEG assays have been shown to correlate well with turbidimetric aggregometry for monitoring clopi-
dogrel therapy (25,28). One trial comparing MACE after stenting for STEMI found an increased risk 
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of MACE in patients with the lowest quartile of aggregate size by CPA (63). Using TEG, high platelet 
reactivity despite chronic clopidogrel therapy has been shown to correlate with an increased risk of 
postprocedural ischemic events for patients undergoing nonemergent PCI (64). Further studies are 
needed to better assess the role of CPA and TEG in monitoring clopidogrel therapy.

ANTICOAGULANT MONITORING

Unfractionated Heparin
Unfractionated heparin has continued to be the most commonly used anticoagulant during PCI as 

a result of its low price, easy reversibility, and ability to monitor at the bedside. Initial dosing of 
heparin during PCI used fixed-dose boluses of 10,000 U followed by repeat boluses depending on the 
length of the procedure (65). Subsequent use of heparin during PCI has shifted toward improving 
outcomes by using weight-based boluses and monitoring heparin-induced anticoagulation during the 
procedure. Although the traditional means of monitoring heparin was the activated partial thrombo-
plastin time (APTT), at high doses of heparin the APTT is nonlinear, prolonged, and poorly sensitive 
to heparin level changes (66). The activated clotting time (ACT) performs better at high doses of 
heparin and has been the primary test used to monitor heparin during PCI.

The ACT was first described by Hattersley in 1966 (67). The test was performed by drawing  samples 
of whole blood into glass tubes containing diatomaceous earth and tilting them back and forth by hand 
until clot appeared. The applications of ACT for monitoring anticoagulation grew with the develop-
ment of extracorporeal bypass support for cardiovascular surgery (68). This created a need for rapid, 
point-of-care, automated devices to measure the ACT. In 1977, Verska described an automated ACT 
device that was used successfully to direct heparin therapy in open-heart surgery (69). A number of 
automated devices to measure ACT have since been developed, most of which are also able to monitor 
other tests of anticoagulation including APTT and prothrombin time (PT), depending on the cartridge 
used with the instrument. Several current point-of-care ACT devices are outlined in Table 1.

The ACT test is generally performed using the following steps (70): A discard tube of blood is 
drawn prior to obtaining the test sample. The sample is then drawn and added to a contact activator, 

Table 1 
List of several point-of-care devices available for monitoring coagulation. Reprinted with permission  

from (104)

Instrument Vendor Test menu Clot detection

i-Stat® 1 Abbott PT/INR, ACT Amperometry
Actalyte XL Helena ACT, Max ACT Magnet position
Actalyte Mini II Helena ACT, Max ACT Magnet position
GEM PCL Plus Instrumentation laboratory PT, PTT, ACT Fluid movement
Hemochron 

Signature
ITC PT, PTT, PTT, ACT Fluid movement

Hemochron 
Response

ITC PT, PTT, PTT, ACT, TT, 
Protamine dose assay

Magnet displacement

HMS Plus Medtronic ACT, Heparin dose response, 
HeparinProtamine titration

Plunger motion

ACT Plus Medtronic ACT Plunger motion

PT prothrombin time, PTT partial thromboplastin time, ACT activated clotting time, INR international normalized ratio
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most often celite, silica, kaolin, or glass particles. The ACT is then recorded upon the initiation of clot 
formation which is detected in different ways depending on the instrument used. Although several 
instruments are available, the two most commonly cited in PCI literature and specifically mentioned 
in the 2005 ACC/AHA/SCAI guidelines for PCI include the Hemochron (International Technidyne 
Corporation, Edison, NJ) and HemoTec (current instrument named ACT Plus) (Medtronic, Minneapolis, 
MN) instruments. The Hemochron device detects initiation of coagulation by either monitoring for 
displacement of a magnet in a rotating tube (Hemochron Response) or monitoring for a change in 
light transmission through blood moving back and forth through a capillary test channel (Hemochron 
Jr Signature+, Hemochron Signature Elite). The HemoTec instrument uses a mechanical plunger that 
dips in and out of the activated blood sample and detects a rate change in the movement of the plunger 
by optical photocells when the fibrin clot begins to form.

The optimal ACT goal during PCI varies depending on the measuring instrument used and concomitant 
drug therapy. The different methods of measuring ACT are not standardized and so results from 
different methods cannot be compared (68). The Hemochron device, for example, has been demon-
strated to provide ACT values approximately 30% higher than those measured by the HemoTec 
device (71). Even different devices from the same manufacturer may yield somewhat different results 
(72). Randomized controlled trials comparing heparin dosing in PCI have not been performed, and 
current dosing schemes have evolved from the findings of early observational trials. One study 
reviewed ACTs during PTCA using the HemoTec device and found that ischemic complications 
occurred in 61% of patients with an ACT <250 s as compared to only 0.3% with an ACT >300 s (73). 
Another trial comparing ACTs using the Hemochron device found a significant inverse relationship 
between ACT and abrupt vessel closure following PTCA (74). The rate of abrupt closure fell from 7.9 
to 4.5% when comparing the 25th percentile of ACT (324 s) to the 75th percentile (413 s). A pooled 
analysis of six randomized controlled trials of antithrombotic use in PCI evaluated the control 
heparin-only groups and found that the lowest rate of ischemic endpoints occurred at an ACT of 
350–375 s when using a Hemochron device (75). In the same study, individual analysis of ACTs 
measured by the HemoTec device identified the most benefit at a range of 300–325 s. The ideal ACT 
level for PCI remains a matter of debate, but current ACC/AHA/SCAI guidelines recommend a goal 
of 250–300 s with the HemoTec device and 300–350 s with the Hemochron device.

Lower ACTs are recommended when using the GP IIb/IIIa inhibitors, although the extent of the effect 
on ACT and the optimal ACT goal with these agents is still a matter of debate. Earlier trials demon-
strated a 30–60 s increase in the ACT when abciximab was added to heparin therapy during PCI (76–78). 
More recent studies found a similar increase in the ACT when either abciximab or tirofiban was used in 
addition to heparin during PCI (79,80). Alternatively, eptifibatide use with heparin during PCI has been 
shown to have no significant effect on the ACT (81). Clinical efficacy of lower ACT goals during PCI 
was first demonstrated in the previously described EPILOG trial, where a goal ACT of 200 s with 
adjunctive abciximab was associated with no increase in ischemic events while reducing bleeding 
complications (38). This finding resulted in the recommendation for an ACT goal of 200 s in patients 
receiving GPIIb/IIIa inhibitor therapy in addition to heparin during PCI. However, a more recent 
substudy of the TACTICS TIMI-18 (Treat Angina with Aggrestat and Determine Cost of Therapy with 
an Invasive or Conservative Strategy-Thrombolysis in Myocardial Infarction) trial compared heparin 
with adjunctive tirofiban for UA and NSTEMI and found that patients with an ACT £250 s had an 
increased risk of thrombotic complications after PCI (82). Based on this finding, the authors recom-
mended a higher goal of 250–300 s when using adjunctive tirofiban for PCI. Current AHA/ACC/SCAI 
guidelines advise a reduced heparin bolus when GPIIb/IIIa inhibitors are given to achieve a target goal 
of 200 s with either the HemoTec or Hemochron device. They also specify that the recommended ACT 
for tirofiban or eptifibatide should be less than 300 s during coronary angioplasty.
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Low-Molecular-Weight Heparins
The low-molecular-weight heparins (LMWH) have been increasingly used as an acceptable alter-

native to UFH in PCI. The most studied LMWH in PCI has been enoxaparin. Several trials evaluating 
its use in PCI have shown comparable ischemic and bleeding outcomes to UFH (83). Current AHA/
ACC/SCAI guidelines allow the use of enoxaparin as an alternative to UFH for patients with NSTEMI 
who undergo intervention.

The anticoagulant effect of LMWH results primarily from its anti-factor Xa activity, although it has a 
small inhibitory effect on factor IIa. Studies examining the level of anti-Xa inhibition by enoxaparin in 
PCI have suggested a target anti-Xa level of 0.6–1.8 IU/ml (84–87). Central laboratory anti-Xa activity 
tests are available but have poor turnaround time which precludes their use in elective or urgent PCI.

Part of the reluctance of providers to use enoxaparin in the catheterization laboratory has resulted 
from the lack of a rapid means to assess its anticoagulant activity (88). The ACT has been evaluated 
as a possible point-of-care test for monitoring LMWH with variable results. In a substudy of the 
Thrombolysis in Myocardial Infarction (TIMI) 11A trial, peak and trough anti-Xa levels and ACTs 
were evaluated in patients with UA/NSTEMI who were treated with subcutaneous enoxaparin (89). 
Results demonstrated that in spite of mean doses of 89 ± 19 mg every 12 h and significant increases 
in the anti-Xa levels, no change was observed in the ACT measured by the HemoTec device and only 
small changes were observed in the Hemochron-measured ACT. In contrast, more recent studies 
evaluating intravenous dosing of enoxaparin and dalteparin during PCI have demonstrated a more 
significant impact on the ACT. One trial reviewed 67 patients undergoing PCI and compared 1 mg/
kg intravenous enoxaparin alone or 0.75 mg/kg intravenous enoxaparin administered with eptifibatide 
bolus and infusion (90). The ACT was measured just before and 5 min after enoxaparin administra-
tion. The mean increase in ACT was 77 ± 26 s for the 1 mg/kg enoxaparin group and 69 ± 23 s in the 
enoxaparin plus eptifibatide group (p < 0.0001 for both groups). A good correlation was noted in this 
study between the ACT and the ENOX test (r = 0.86; p < 0.0001), which was a recently designed 
point-of-care method for monitoring enoxaparin anticoagulant activity that correlated well with anti-
Xa activity (91) but never became commercially available. None of the patients in this trial developed 
complications of transient abrupt closure, thrombus formation, major bleeding, or required urgent 
revascularization. Additional trials of intravenous enoxaparin have also demonstrated mean increases 
of ACT in the range of 60–70 s when measured 5 min after 1 mg/kg intravenous enoxaparin (92,93), 
suggesting that the ACT may have some role in monitoring enoxaparin at the higher intravenous doses 
used during PCI. Limited data are also available on the effect of dalteparin on ACT. An observational 
trial using dalteparin found a mean increase in the ACT from 125 to 184 s when measured with a 
Hemochron device 5 min after patients received an 80 IU/kg bolus (94). A more recent randomized, 
controlled pilot study compared intravenous dalteparin with UFH using each anticoagulant with and 
without GPIIb/IIIa inhibitors (95). Dosing for each drug with GPIIb/IIIa inhibitor was 70 U/kg intra-
venous UFH or 70 IU/kg intravenous dalteparin. In the absence of GPIIb/IIIa inhibitor, 100 U/kg UFH 
or 100 IU/kg dalteparin was used. Hemochron ACTs were measured 30 min after the bolus and found 
to be lower and less widely distributed with dalteparin compared to heparin (234 s vs. 344 s, 
p < 0.0001). Mean change from baseline cannot be compared in this study as no baseline samples were 
measured. Studies have not been reported comparing ACT levels with clinical outcomes for patients 
treated with LMWH during PCI. Current ACC/AHA/SCAI guidelines for PCI do not recommend 
using ACT for monitoring LMWH, but further studies are needed.

Direct Thrombin Inhibitors
The direct thrombin inhibitors (DTI) exert their anticoagulant effect by directly blocking the action 

of thrombin on fibrinogen and also inhibit thrombin-induced platelet activation. While several DTIs 
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are available, the most studied in PCI has been bivalirudin, which has been shown to be equivalent to 
heparin plus a GPIIb/IIIa receptor antagonist in preventing acute ischemic events while causing fewer 
bleeding complications (96,97).

A full review of clinical trials on the utility of the DTIs is out of the scope of this chapter, but two 
recent larger trials that have expanded the use of these agents in PCI include REPLACE-2 and 
ACUITY. The REPLACE-2 (Randomized Evaluation in PCI Linking Angiomax to Reduced Clinical 
Events) trial demonstrated noninferiority of bivalirudin to UFH when used with provisional GPIIb/
IIIa inhibitor for urgent or elective PCI (96). The ACUITY (Acute Catheterization and Urgent 
Intervention Triage Strategy) trial evaluated the use of bivalirudin in moderate-to-high-risk ACS 
patients who were undergoing an early invasive approach (97). Results suggested noninferiority of 
bivalirudin to UFH or enoxaparin with a lower rate of bleeding complications for the bivalirudin alone 
group as compared to the group treated with heparin and GPIIb/IIIa inhibitor.

Studies reviewing bivalirudin and other DTI monitoring have not established clear guidelines on 
how to manage these medications based on monitoring results. The APTT is not considered a useful 
test for DTI monitoring as the DTI hirudin has been shown to have a linear correlation with APTT 
only for concentrations in the low to normal therapeutic range (up to 1 mg/L) (98). The ACT has also 
been evaluated for monitoring DTIs, but poor correlation between hirudin plasma levels and ACT has 
been observed, with levels >2 mg/L increasing the ACT above the detection limit (99). More recent 
data have supported such limited utility of the ACT for monitoring DTIs. One recent retrospective 
analysis assessed 495 patients who underwent PCI using bivalirudin at doses used in the REPLACE-2 
trial and compared procedural ACTs (by Hemochron instrument) to clinical endpoints (100). Unlike 
the relationship between ACT and clinical events with UFH as outlined earlier, no correlation was 
found between ischemic events or bleeding complications and the periprocedural ACT.

The ecarin clotting time (ECT) was designed to be a more accurate measure of DTI activity. 
Clotting in the ECT is initiated by a purified metalloprotease from the venom of the saw-scaled viper 
Echis carinatus that specifically activates prothrombin (101). The direct cleavage of prothrombin 
generates an intermediate serine proteinase called meizothrombin which has procoagulant properties 
of thrombin but to a lesser degree. Hirudin and other synthetic DTIs are able to inhibit the formation 
of meizothrombin, while the heparin-antithrombin III complex cannot as a result of steric hindrance. 
As opposed to the APTT or ACT, ECT-based tests have demonstrated linear relationships throughout 
a broad range of DTI plasma concentrations (101–103). Two point-of-care monitoring devices for 
bivalirudin using ECT have been reported, both of which demonstrated good correlation with plasma 
bivalirudin levels (102,103). One instrument, the thrombin inhibitor management ecarin clotting time 
(TIM-ECT; PharmaNetics, Morrisville, NC) (103), did not continue commercial development. The 
other uses thromboelastography, which was described earlier, focusing on the reaction time (R time) 
to initial clot formation using ECT (102). Further studies are needed to establish the appropriate use 
of point-of-care ECT tests to monitor or adjust DTI therapy in the catheterization laboratory.

CONCLUSIONS

The inherent variations in how an individual patient responds to treatment with one or, more typi-
cally, multiple antithrombotic agents have the potential to mean the difference between life-threaten-
ing bleeding or recurrent thrombosis in the PCI patient. The polygenetic and polyenvironment 
influences on thrombosis make predicting an individual’s response to pharmacologic interventions 
nearly impossible. Therefore the ability to rapidly and effectively monitor a patient’s response to treat-
ment with a variety of anticoagulant and antiplatelet agents is critical to optimizing outcomes. 
Unfortunately, despite the large number of studies and observations highlighted in this chapter there 
remains no ideal monitoring system. At this time, despite well-proven variability in response to 
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antiplatelet agents no study has yet to show that acting upon those results improves outcomes. Even 
for something as routine as the ACT, which has been used to monitor UFH in the cath lab for 3 dec-
ades, recent studies have found it to have little bearing on thrombotic outcomes.

There are a number of monitoring devices currently available for use in the cath lab and that 
number continues to grow; a testament to the lack of an accepted standard. At the same time the number 
of novel antithrombotic agent choices also continues to expand with literally dozens more in advanced 
clinical testing. As the use of more unique combinations of antithrombotic agents becomes commonplace, 
the need for effective monitoring will become even more important, making a thorough understanding 
of the limitations and benefits of present-day monitoring in the cath lab crucial.
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AbstrAct Venous thromboembolism, a clinical entity which includes deep vein thrombosis (DVT) and 
pulmonary embolism (PE), is a common, lethal disease that affects both hospitalized and non-hospitalized 
patients, recurs frequently, is often overlooked, and results in long-term complications. The currently avail-
able antithrombin agents, including unfractionated heparin, low molecular weight heparin, direct thrombin 
inhibitors, vitamin K antagonists, and factor Xa antagonists are employed to prevent and treat this clinical 
entity. Improved understanding of the optimal dosing, timing of administration, and duration of therapy of 
the currently available antithrombotic therapies to treat venous thromboembolism will hopefully translate 
into improved outcomes for these patients.

Key words: Deep vein thrombosis; Pulmonary embolism; Venous; Thromboembolism; Treatment; 
Prophylaxis 

EPIDEMIOLOGY AND PATHOGENESIS

Venous thromboembolism (VTE), a clinical entity which includes deep vein thrombosis (DVT) 
and pulmonary embolism (PE), is a common, lethal disease that affects both hospitalized and non-
hospitalized patients, recurs frequently, is often overlooked, and results in long-term complications 
including chronic thromboembolic pulmonary hypertension (CTPH) and the post-thrombotic 
syndrome (PTS). While VTE affects 7.1 persons per 10,000 person-years among community 
residents (1), two-thirds of all VTE events are related to hospitalization, and most hospitalized 
patients have at least one or more risk factors for VTE (Table 1).
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Rudolph Virchow’s triad, formulated in 1856, still forms the best framework for understanding the 
pathogenesis of VTE. The triad includes stasis, hypercoagulability, and injury to the vessel wall. 
There are both inherited and acquired risk factors for hypercoagulability. The most common inherited 
risk factors include: factor V Leiden (activated protein C resistance), the prothrombin gene mutation 
20210A, deficiency of the natural anticoagulants proteins C, S, and antithrombin, hyperhomocystinemia, 
and elevated factor VIII levels. Acquired risk factors are listed in Table 1 and include immobilization, 
surgery, trauma, pregnancy, use of oral contraceptives or hormone replacement therapy, malignancy, 
antiphospholipid antibody syndrome (lupus anticoagulant and/or anticardiolipin antibodies) heparin-
induced thrombocytopenia (HIT), myeloproliferative disorders, obesity (BMI > 30), inflammatory 
bowel disease, central venous catheters or pacemakers, and the nephrotic syndrome. Other emerging 
risk factors include increasing age, gender, persistence of an elevated D-dimer level, and the contin-
ued presence of venous thrombosis on compression ultrasonography once anticoagulation treatment 
is completed. Older patients are at higher risk for VTE (2) as are men treated for an idiopathic VTE 
(compared to women) after cessation of anticoagulation therapy (3). There is also recent evidence 
linking atherosclerotic arterial disease and VTE (4).

Without appropriate prophylaxis, the incidence of hospital-acquired DVT is 10–20% among 
medical patients and even higher among surgical patients (15–40%) (5). Surprisingly, while PE is the 
third most common cause of hospital-related death in the United States [10% of hospital deaths are 
attributed to PE (6,7) and the in-hospital fatality rate for VTE is 12% (8)], only 58.5% of surgical 

Table 1 
Risk factors for VTE

Surgery
Trauma (major or lower extremity)
Immobility, paresis
Malignancy
Cancer therapy (hormonal, chemotherapy, or radiotherapy)
Previous VTE
Increasing age
Pregnancy and the postpartum period
Estrogen-containing oral contraception or hormone replacement therapy
Selective estrogen receptor modulators
Acute medical illness
Heart or respiratory failure
Inflammatory bowel disease
Nephrotic syndrome
Myeloproliferative disorders
Paroxysmal nocturnal hemoglobinuria
Heparin-induced thrombocytopenia
Antiphospholipid antibody syndrome
Obesity
Smoking
Varicose veins
Central venous catheterization
Inherited or acquired thrombophilia

Geerts et al. (5) Copyright©2004 by Am College of Chest Physicians. 
Reproduced with permission of Am College of Chest Physicians in the format 
Textbook via Copyright Clearance Center
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patients and 39.5% of hospitalized medical patients at risk for VTE receive ACCP guideline-
recommended prophylaxis (9).

PREVENTION OF VENOUS THROMBOEMBOLISM

Primary thromboprophylaxis has been shown in numerous studies to be effective in the prevention of 
VTE (10–14) and is recommended for all patients at risk for VTE (15). Monitoring for signs or symptoms 
of DVT is unreliable as a method for prevention as PE can be the first manifestation of VTE. The primary 
methods of thromboprophylaxis include mechanical compression devices (graduated compression 
stockings, intermittent pneumatic compression devices, and venous foot pumps) and/or antithrombotic 
medications including low-dose unfractionated heparin, low molecular weight heparins, fondaparinux, 
and vitamin K antagonists.

Full recommendations for the prevention of VTE in a wide variety of medical and surgical 
patients can be found in the report of the Eigth American College of Chest Physicians Conference 
on Antithrombotic and Thrombolytic Therapy (5). Seventy to eighty percent of fatal PEs occur in 
non-surgical patients (16), and risk factors for VTE in hospitalized medical patients include (in 
addition to those outlined in Table 1) advanced heart failure (NYHA Class III or IV), COPD 
exacerbations, sepsis, and bed rest. The ACCP recommends the use of low-dose unfractionated 
heparin or low molecular weight heparin in these individuals or those who have one or more 
additional risk factors (5). The recommended dose of UFH for prophylaxis in medical and most 
surgical patients is 5,000 units administered subcutaneously every 8–12 h and the recommended 
dose of the LMWH, enoxaparin, is 40 mg subcutaneously given once daily unless the patient has a 
creatinine clearance under 30 mL/min (Table 2). Mechanical prophylaxis with graduated compression 
stockings or intermittent pneumatic compression is recommended in those medical (5) or surgical 
patients for whome there is a contraindication to anticoagulation.

NON-FATAL COMPLICATIONS OF VTE

While prevention of fatal PE is a major goal of VTE prophylaxis and treatment, prevention 
of the long-term sequelae of VTE is also imperative. These major complications include recur-
rent VTE, chronic thromboembolic pulmonary hypertension (CTPH), and the post-thrombotic 
syndrome (PTS).

Table 2 
Pharmacotherapy for the prevention of DVT in medical patients

Patient characteristics Medication Options Contraindications to Anticoagulatior

Acutely ill medical patients with 
any of the following:

–  Unfractionated heparin 
5,000 units SC q8–12 h

–  Enoxaparin (Lovenox®) 
40 mg SC daily

–  Enoxaparin (Lovenox®) 
30 mg SC daily for 
patients with severe renal 
disease and creatinine 
clearance < 30 mL/min

–  Dalteparin (Fragmin®) 
5,000 units SC daily

– Severe active or major bleeding
– Severe thrombocytopenia
–  Heparin induced thrombocytopenia 

(HIT)
–  Hypersensitivity to Heparin or Low 

Molecular Weight Preparations

– Congestive heart failure
– Severe respiratory disease
–  Bedridden with risk factors for 

development of VTE
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Recurrent VTE
Recurrence rates of VTE were investigated in a retrospective cohort study of 1,719 patients with 

DVT or PE who were followed for a first recurrence. Overall, 404 patients developed a recurrent 
event during 10,198 person-years of follow-up. The overall cumulative incidence rates of probable or 
definite recurrence were 1.4% at 1 month, 4.1% at 6 months, 5.6% at 1 year, and 17.6% at 10 years. 
The greatest risk for recurrence was in the first 6 months to 1 year, and the hazard rate for recurrence 
never fell to zero during the median follow-up times of 7.4 years for DVT and 6.1 years for PE (17). 
Potential risk factors for recurrence of VTE include male gender, increasing age, increased 
BMI, neurologic disease with associated extremity paresis, active malignancy, lupus anticoagulant, 
antithrombin deficiency, protein C or S deficiency, elevated D-dimer and factor VIII levels, persistent 
residual DVT on ultrasound, institutionalization, inflammatory bowel disease, previous central venous 
catheter or permanent pacemaker placement, and the presence of an IVC filter.

Chronic Thromboembolic Pulmonary Hypertension
Chronic thromboembolic pulmonary hypertension results from an unresolved vascular obstruction 

due to pulmonary embolism and is associated with significant morbidity and mortality. The severity 
of pulmonary hypertension is determined, in part, by the extent of vascular obstruction and in most 
patients with CTPH, more than 40% of the vasculature is involved (18). Patients can remain asymp-
tomatic for years after their initial PE event, but the incidence of CTPH after PE without a known 
prior DVT has been shown to be as high as 1.0% at 6 months, 3.1% at 1 year, and 3.8 % at 2 years 
(19). Progression to CTPH may be due to recurrent VTE but similar to other forms of pulmonary 
hypertension, pulmonary vascular remodeling and subsequent hypertensive arteriopathy also play a 
role (20,21). The rate of survival appears to be related to the degree of pulmonary hypertension at the 
time of diagnosis and survival is poor when the mean pulmonary artery pressure is >30 mmHg, or 
when there is evidence of right heart failure. One observational study of 76 patients with pulmonary 
thromboembolic disease found that the survival rate over a mean of 5 years of follow-up was 30% if 
the initial mean pulmonary artery pressure was >40 mmHg and only 10% if it was >50 mmHg (22).

Post-thrombotic Syndrome
Post-thrombotic syndrome is caused by venous valvular incompetence due to previous DVT. It is 

a cause of substantial morbidity (23) and usually occurs within the first 2 years after DVT with a 
reported incidence of 17% at 1 year and up to 28% by 5 years (24). PTS is characterized by a cluster 
of signs and symptoms including extremity pain, dependent edema, and cramping which is often 
worse at the end of the day. Severe manifestations of PTS (Fig. 1) are stasis hyperpigmentation, 
venous ulceration, and venous claudication. One treatment modality which drastically reduces the 
incidence of PTS is the use of graduated compression stockings and current ACCP guidelines recom-
mend their use at a pressure of 30–40 mmHg (at the ankle) for 2 years after an acute DVT (25).

DEEP VENOUS THROMBOSIS

Physical Examination
DVT most commonly occurs in the lower extremities but other affected sites include the upper 

extremities, cerebral, mesenteric, portal, renal, and pelvic veins. Untreated proximal lower-extremity 
DVTs (popliteal vein and above) have an estimated 50% risk for PE, while about 25% of calf vein 
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thrombi propagate (in the absence of treatment) to involve a more proximal vein. Patients with DVT may 
complain of pain and swelling and physical examination may reveal warmth, tenderness, edema, or the 
presence of dilated veins (collaterals). In extreme situations, cyanosis or gangrene of the limb may be 
present. Phlegmasia cerulea dolens (a limb-threatening manifestation of DVT in which the thrombus 
completely occludes venous outflow resulting in severe limb swelling, capillary bed hypertension, and 
eventually ischemia and necrosis) occurs most frequently in patients with underlying malignancy, 
heparin-induced thrombocytopenia (HIT), or other hypercoagulable conditions. It is a vascular emer-
gency and treatment includes leg elevation, anticoagulation, and in refractory cases, thrombolysis or 
mechanical thrombectomy. If present, an associated compartment syndrome requires fasciotomy.

Homans’ sign (dorsiflexion of the ankle with knee at 30° flexion causing calf pain), Louvel’s sign 
(worsening of pain with coughing or sneezing), and Lowenberg’s sign (pain on the affected leg after 
inflation of a sphygmomanometer around each calf) may be present in patients with DVT. In general, 
these signs and clinical examination are unreliable in the diagnosis of DVT (26) because they are often 
insensitive and nonspecific. Pretest probability scores have been developed to aid in the diagnosis of 
DVT. For example, patients with a low pretest probability using the Wells score (27,28) (Table 3) have 
a 96% negative predictive value for DVT (99% if the D-dimer is negative as well). For patients with high 
pretest probability, however, the Wells score confers a positive predictive value of less than 75%, 
supporting the need for further diagnostic testing to identify patients with thrombosis (29,30).

Diagnosis
While venography has been the gold standard for the diagnosis of DVT, it is an invasive test which 

requires the use of intravenous contrast agents. For these reasons, it has largely been replaced as a first-line 
diagnostic tool by other noninvasive tests such as duplex ultrasonography. When utilized, the presence of 
DVT on venography is confirmed by the presence of an intraluminal filling defect, although several 
other clues to the presence of thrombus include an abrupt cutoff, nonfilling of the deep venous sys-
tem, and/or the demonstration of collateral flow.

Duplex compression ultrasonography is a highly sensitive and specific test for the detection of 
DVT in symptomatic patients (sensitivity 95% and specificity 98%); however, it is operator dependent 
and is less sensitive in asymptomatic individuals and for detection of DVT in the calf veins (31,32). 

Fig. 1. Venous ulceration is a severe manifestation of the post-thrombotic syndrome. There is associated stasis hyper-
pigmentation, edema, and lipodermatosclerosis. Venous ulcers usually occur around the medial malleolus where 
venous pressure is greatest due to the presence of large perforating veins.
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There are two major assessments performed during duplex ultrasonography for the diagnosis: venous 
compression using the ultrasound transducer during gray-scale imaging and Doppler assessment of 
respirophasic flow in the proximal deep veins. Venous incompressibility is diagnostic for DVT (Fig. 2) 
while venous distension or absent or monophasic venous flow detected by Doppler are suggestive for 
DVT. The diagnosis of a recurrent DVT is more challenging as veins can remain persistently 
noncompressible after an initial event. Compression ultrasonography is also limited in its ability to 
detect isolated thrombi in the iliac veins or superficial femoral veins within the abductor canal. False 
positives may occur when pelvic abscesses or neoplasms result in isolated noncompressibility of the 
common femoral veins (33).

Plasma D-dimer is a very sensitive marker for thrombosis but is non-specific. It can be elevated in 
a variety of conditions including infection, malignancy, trauma, pregnancy, myocardial infarction, and 
hemorrhage. While a positive D-dimer is of limited clinical utility in the diagnosis of DVT, the com-
bination of a low pretest probability and a negative D-dimer has an extremely high negative predictive 
value (approximately 99%) (30).

Treatment
Prevention of PE, CTPH, PTS, and recurrent VTE is the goal of therapy in the management of DVT. It 

is important to emphasize that once a DVT is suspected, anticoagulation should be started immediately and 
continued once the diagnosis has been confirmed. Unless there is a contraindication to anticoagulation, 
initial therapy includes unfractionated heparin, low molecular weight heparin (LMWH), or fondaparinux 
(Table 4). Oral anticoagulation with a vitamin K antagonist is initiated for long-term therapy.

Weight-based regimens of heparin (80 units/kg bolus followed by 18 units/kg/h IV infusion) 
achieve a therapeutic activated partial thromboplastin time (aPTT) more rapidly than fixed-dose 
regimens. A therapeutic aPTT corresponds to a heparin level of 0.3–0.7 IU/mL determined by factor 

Table 3 
Pretest probability of deep venous thrombosis (Wells score)

Clinical featurea Score

Active cancer (treatment ongoing or within previous 6 months of palliative treatment) 1
Paralysis, paresis, or recent plaster immobilization of the lower extremities 1
Recently bedridden for more than 3 days or major surgery, within 4 weeks 1
Localized tenderness along the distribution of the deep venous system 1
Entire leg swollen 1
Calf swelling by more than 3 cm when compared with the asymptomatic leg (measured 10 cm 

below tibial tuberosity)
1

Pitting edema (greater in the symptomatic leg) 1
Collateral superficial veins (non-varicose) 1
Alternative diagnosis as likely or greater than that of deep-vein thrombosis −2

Score
High 3 or more
Moderate 1 or 2
Low 0 or less
aIn patients with symptoms in both legs, the more symptomatic leg is used
Reproduced from (27) (Copyright©1997 with permission from Elsevier) and (28) (Copyright©2003 Massachusetts 
Medical Society. All rights reserved)
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Xa inhibition (anti-factor Xa assay) and should be determined by each hospitals’ laboratory. The use 
of the aPTT ratio (1.5–2.5 times the control) is no longer recommended for monitoring treatment. 
The aPTT is unreliable in patients with an abnormal baseline aPTT (e.g., in patients with a lupus 
anticoagulant) and in patients who require unusually high doses of heparin, otherwise known as 
heparin resistance. This can occur in patients with antithrombin deficiency, medications including 
nitroglycerin and aprotinin, in patients with HIT, an underlying malignancy, or during pregnancy. 
The anti-factor Xa assay should be used in lieu of the aPTT in these situations.

Subcutaneously administered unfractionated heparin is an alternative to intravenous administration. 
A 5,000 unit intravenous bolus followed by a subcutaneous dose of 17,500 units twice daily on the 
first day is the usual recommended starting dose. Subsequent subcutaneous doses are based on the 
aPTT and adjusted accordingly to achieve an anti-Xa level as reported above. The first aPTT should 
be drawn 6 h after the initiation dose. A simpler regimen developed recently eliminates the need for 
aPTT monitoring and uses a nomogram with a subcutaneous loading dose of 333 units/kg followed 
by fixed doses of 250 units/kg subcutaneously every 12 h (34).

LMWHs are easier to administer, have once or twice daily dosing, no monitoring is required 
(in most patients), are associated with fewer cases of HIT, and cause less osteoclast activation and 
bone density loss than UFH. There is also evidence that long-term LMWH is more effective in 

Fig. 2. (a) Normal venous ultrasound of the right leg at the level of the common femoral vein (CFV) (Panel A). 
Compression image (Panel B) shows normal compressibility of the CFV and greater saphenous vein (GSV). Doppler 
imaging (Panel C) of the same CFV shows normal respirophasic flow and augmentation. SFA superficial femoral 
artery; Prof profunda femoris artery. (b) Venous ultrasound of the right leg at the level of the common femoral vein 
(CFV) showing acute DVT. There is lack of compressibility (Panel B), and color Doppler (Panel C) of the CFV in 
long shows lack of blood flow through the vessel. SFA superficial femoral artery; Prof profunda femoris artery.
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preventing recurrent VTE than long-term warfarin therapy in patients with cancer (35). Enoxaparin 
is the most commonly used LMWH in the United States and is administered as a daily injection (1.5 
mg/kg/day) or twice per day (1 mg/kg/q12 h). No monitoring is required except in the obese, pediat-
ric, renal insufficiency, or pregnant patients. The anti-Xa level using LMWH as a reference should be 
measured 4 h after an injection and the therapeutic range is 0.5–1.0 IU/mL for the 12 h regimen and 
³1.0 IU/mL for the daily dose. LMWH is renally cleared and contraindicated in patients requiring 
dialysis but can be used in patients with renal insufficiency after dose adjustment.

Table 4 
Pharmacotherapy for the treatment of DVT/PE

Medication Monitoring Contraindications

Unfractionated heparin 80 units/
kg bolus then 18 units/kg/h IV 
infusion

Unfractionated heparin 5,000 unit 
IV bolus then 17,500 units SC 
BID on day 1

Adjust based on aPTT
Unfractionated heparin 333 units/kg 

SC loading dose then 250 units/kg 
SC q12 hours

Activated Partial 
Thromboplastin Time 
(aPTT)

Heparin level of 0.3–0.7 IU/
mL determined by factor Xa 
inhibition (anti-factor Xa 
assay)

No monitoring necessary

Active major bleeding
Hypersensitivity to heparin 

or Heparin induced 
thrombocytopenia

Severe thrombocytopenia
Situations where monitoring 

parameters cannot be 
obtained

Enoxaparin 1.5 mg/kg SC daily (Not required except in obese, 
pediatric, renal insufficiency, 
or pregnant patients)

Active major bleeding
Enoxaparin 1 mg/kg SC q12 h
Enoxaparin 1 mg/kg SC daily
For patients with severe renal 

impairment (creatinine clearance 
<30 mL/min)

Thrombocytopenia or Heparin 
induced thrombocytopenia

Hypersensitivity to enoxaparin, 
heparin, or pork products

Anti-Xa level 0.5–1.0 IU/mL 
for q12 h dosing

Anti-Xa level ³ 1.0 IU/mL for 
daily dosing

Fondaparinux (Arixtra®) 5 mg SC 
daily (weight < 50 kg)

Not required for most patients Active major bleeding
Severe renal impairment 

(creatinine clearance 
<30 mL/min)

Fondaparinux (Arixtra®) 7.5 mg SC 
daily (weight 50–100 kg)

Fondaparinux (Arixtra®) 10 mg SC 
daily(weight > 100 kg)

Bacterial endocarditis
Weight <50 kg undergoing 

hip fracture, hip or knee 
replacement, or abdominal 
surgery

Thrombocytopenia associated 
with a positive in vitro test 
for anti-platelet antibody in 
the presence  
of fondaparinux sodium

Hypersensitivity to 
fondaparinux sodium
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There have been several randomized-controlled trials which have demonstrated the safety and efficacy 
of LMWH without monitoring in comparison to intravenous unfractionated heparin with monitoring in 
patients with acute DVT (36,37). Additionally, outpatient LMWH for the treatment of symptomatic 
proximal vein DVT has been shown to be safe and efficacious when compared to unfractionated heparin 
administered in the hospital setting (38,39). As a result of these and other studies, it is recommended that 
patients with an acute DVT be treated with subcutaneous LMWH as an outpatient if possible, or as an 
inpatient if necessary without routine monitoring of anti-factor Xa levels. Unfractionated heparin is 
recommended over LMWH in patients with severe renal failure (25). For patients with DVT and cancer, 
LMWH is recommended for at least the first 3–6 months of long-term treatment (25).

Vitamin K antagonists are initiated simultaneously with either IV UFH or LMWH. An overlap in 
therapies should be maintained for a minimum of 5 days and until the international normalized ratio 
(INR) is ³2.0–3.0 to permit adequate depletion of vitamin K-dependent coagulation factors (25). The 
duration of treatment is dependent on the risk of recurrence. Patients with an idiopathic DVT and 
individuals with persistent risk factors such as select thrombophilias and malignancy require longer 
therapy. The risk of recurrence decreases with longer durations of anticoagulation; however, clinicians 
must weigh the risk of bleeding against the risk of new thrombosis.

Current guidelines (25) recommend 3 months of anticoagulation with a vitamin K antagonist tar-
geting an INR between 2 and 3 for patients with a first episode of DVT or PE secondary to a transient 
cause. Anticoagulation with a VKA for at least 3 months is recommended for patients with a first 
episode of an idiopathic DVT or PE, although consideration should also be given for indefinite anti-
coagulation in this situation. Long-term (indefinite) anticoagulation is recommended in patients with 

3 months

Review at 3 months and
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3 months, or until
risk factors resolve

Indefinite, until  
risk factors 
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If cancer 3- 6
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Fig. 3. Long-term treatment algorithm for deep venous thrombosis based on the 8th ACCP Guidelines for 
Antithrombotic Therapy for Venous Thromboembolic Disease (25).
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malignancy as long as the cancer remains active and in select patients with recurrent DVT or PE (25) 
(Fig. 3). Patients with a family history of clotting disorders who have their first VTE event before the 
age of 50, have thrombosis at unusual locations, have resistance to anticoagulation, or experience 
recurrent thromboses should be considered for evaluation of an underlying hypercoagulable 
condition.

Approximately 25% of calf vein DVTs will propagate to involve the proximal (popliteal vein and 
above) deep veins. Three months of treatment with a VKA is also recommended for patients with a 
first episode of symptomatic DVT confined to the calf veins secondary to a transient cause (25). 
Monitoring calf vein thrombosis for propagation into the proximal veins with serial ultrasonography 
without anticoagulation represents an alternative approach for those individuals with a contraindication 
to anticoagulation.

Fondaparinux is a synthetic factor Xa inhibitor which has been shown to be efficacious and safe 
when compared to LMWH for the treatment of acute DVT (40) and compared to IV UFH for the treat-
ment of PE (41). It is approved in the United States as treatment for acute DVT and PE when used in 
combination with oral anticoagulation (administered for at least 5 days and until the INR is >2.0). 
Fondaparinux is also FDA approved for use as DVT prophylaxis in patients undergoing orthopedic 
procedures (total hip and knee arthroplasty) and abdominal surgery. It is administered as a once daily 
subcutaneous injection of 2.5 mg for DVT prophylaxis and 5 mg, 7.5 mg, or 10 mg based on body 
weight (<50 kg, 50–100 kg, >100 kg, respectively) for the treatment of DVT or PE. Fondaparinux is 
contraindicated in patients with severe renal impairment (creatinine clearance < 30 mL/min) and bacte-
rial endocarditis. Fondaparinux is also contraindicated in patients with a body weight < 50 kg who are 
undergoing hip fracture, hip or knee replacement surgery, and abdominal surgery (42).

The role of thrombolytics in the acute treatment of DVT in the absence of a threatened limb is still 
unclear. Thrombolytics may promote early recanalization and minimize the incidence of the PTS; 
however, current ACCP guidelines recommend against their routine use except for patients with a 
massive ilefemoral DVT at risk of limb gangrene secondary to venous occlusion despite adequate 
heparin therapy in select patients with acute proximal out (25). For those individuals who qualify, 
thrombolytic therapy is best administered or under catheter directed therapy. This route carries an 
increased risk of systemic hemorrhage compared to standard anticoagulation alone.

Inferior Vena Cava Filters
Inferior vena cava (IVC) filters are a mechanical treatment option for the prevention of pulmonary 

embolism in patients with DVT who have a contraindication or suffer a complication of anticoagula-
tion therapy. Current guidelines recommend against the routine insertion of an IVC filter for the treat-
ment of DVT. IVC filters are also indicated in patients who have experienced recurrent thromboem - 
bolization despite adequate anticoagulant therapy (25). Relative indications for IVC filters include: 
massive PE, iliocaval or free floating proximal DVT, cardiac or pulmonary insufficiency, high risk of 
complications from anticoagulation (frequent falls, ataxia), or poor compliance.

Complications of IVC filters include migration, organ penetration, recurrent VTE, formation of 
thrombus above the filter, and caval obstruction. The use of nonpermanent, temporary, or retrievable 
IVC filters may help to prevent complications. Retrievable filters are removed percutaneously under 
fluoroscopic guidance within a device-specific window of time and those devices which are not 
removed can function as permanent filters. Convertible filters are permanent devices which can be 
structurally altered under fluoroscopic guidance to no longer function as a filter. There are currently 
no evidence-based recommendations on the use of retrievable filters; however, published consensus 
guidelines (43) advise that their indications are the same as the permanent filters. They should also be 
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considered where anticoagulation is temporarily contraindicated, or there is a short duration of PE risk 
(43). An IVC filter alone is not effective therapy for DVT alone (as many as 20% of patients with an 
IVC filter develop a new DVT over a 2-year period) and resumption of anticoagulation as soon as 
possible after placement of an IVC filter is recommended.

Upper Extremity DVT
– Upper extremity DVT is most often related to central venous catheter placement and/or pace-

maker devices. Other less common causes include the thoracic outlet syndrome, Paget–von Schröetter 
(effort thrombosis), and hypercoagulable conditions. Patients may be asymptomatic but more 
frequently complain of arm swelling and pain. Anticoagulation is indicated if there are no contrain-
dications. Thrombolysis can be considered in younger patients with low risk of bleeding and symp-
toms of acute onset (25). The duration of oral anticoagulation should be determined using the same 
processes described for acute lower extremity DVTs.

Superficial Venous Thrombosis
Superficial venous thrombosis frequently occurs as a complication of an intravenous line, but may 

occur spontaneously (25). Anticoagulation is generally not required due to the lower risk of pulmo-
nary embolization unless the thrombosis propagates into the deep venous system or if the event is 
spontaneous. Guidelines recommend intermediate dosages of heparin or LMWH for at least 4 weeks 
for spontaneous superficial thrombophlebitis (25).

PULMONARY EMBOLISM

Pulmonary embolism is the most common preventable cause of hospital death. Furthermore, an 
alarming 25% of patients with PE present with sudden death (44). In those patients who do not present 
with sudden death, the majority of deaths occur due to failure of diagnosis rather than inadequate 
therapy. Important prognostic variables for mortality after PE as described by the International 
Cooperative Pulmonary Embolism Registry (ICOPER) (2,454 patients diagnosed with acute PE, over-
all 3-month mortality 15.3%) are age over 70 years (hazard ratio 1.6 [95% CI 1.1–2.3]), cancer (2.3 
[1.5–3.5]), congestive heart failure (2.4 [1.5–3.7]), chronic obstructive pulmonary disease (1.8 [1.2–
2.7]), systolic arterial hypotension (2.9 [1.7–5.0]), tachypnea (2.0 [1.2–3.2]), and right ventricular 
hypokinesis on echocardiography (2.0 [1.3–2.9]) (45).

Physical Examination
In the International Cooperative Pulmonary Embolism Registry (ICOPER), which consists of 

2,454 patients diagnosed with acute PE, the most common signs and symptoms were dyspnea (82%), 
chest pain (49%), cough (20%), syncope (14%), and hemoptysis (7%) (45). Acute cor pulmonale 
presents with the sudden development of dyspnea, cyanosis, shock, or syncope and signals the pres-
ence of a massive PE causing cardiovascular collapse. Physiologically, acute cor pulmonale results 
from the combination of thrombotic obstruction of the pulmonary vasculature and vasoconstriction 
due to hypoxia and inflammatory mediators leading to right heart failure, decreased preload, and 
finally, reduced cardiac output causing hemodynamic collapse. In order to overcome an obstruction 
of 75% and maintain pulmonary perfusion, the right ventricle must generate a systolic pressure in 
excess of 50 mmHg and a mean pulmonary artery pressure greater than 40 mmHg (46). A normal 
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right ventricle is unable to generate these pressures and right heart failure and cardiac collapse ensues. 
Additionally, elevated right ventricular wall tension can lead to decreased right coronary artery flow 
and ischemia. Cardiopulmonary collapse from pulmonary embolism is more common in patients with 
coexisting coronary artery disease or underlying cardiopulmonary disease (47).

Diagnosis
Clinical decision rules also known as the wells score have also been developed to determine the 

pretest probability of PE based on signs and symptoms of a DVT, the presence of tachycardia, hemoptysis, 
malignancy, or immobilization, a history of previous DVT or PE, and clinical suspicion of PE (48).  
In a validation study of this clinical decision rule, only 0.5% of patients who were unlikely to have 
PE and had a negative D-dimer went on to have subsequent nonfatal VTE (49).

The gold standard diagnostic test for PE is pulmonary angiography, but it is not universally avail-
able and has in large part been replaced by the use of multi-slice spiral computed tomography. 
Pulmonary angiography involves the injection of contrast into the pulmonary arteries to assess for 
intraluminal filling defects. Its major disadvantages include the invasiveness of the procedure, radia-
tion exposure, and the use of potentially nephrotoxic contrast. In experienced centers, associated 
morbidity and mortality is low.

Computed tomography imaging is widely available and has become the standard imaging tech-
nique for the diagnosis of acute PE. It has been especially useful in evaluating patients with a 
central PE, and with the advent of multislice CT scanners, subsegmental PE can also be detected. 
Other advantages include the ability to directly image other structures, including the inferior vena 
cava and lower extremities as well as detect other pathologies which may be mimicking an acute 
PE. Based on the results of the PIOPED II study (50), CT arteriography (CTA) has a sensitivity of 
83% and specificity of 96%. When combined with clinical probability for PE by using the Wells 
score described above (48), the positive predictive value of CTA is 96% for patients who have high 
clinical probability but only 58% for those patients with a low clinical probability (i.e., the false 
positive rate for CTA to diagnose PE in a patient with low clinical probability is 42%). Conversely, 
the negative predictive value of CTA to exclude PE is 96% in patients with a low clinical probabil-
ity for PE, but for patients with a high clinical probability and a negative CTA, the false negative 
rate is 40%. The test is considered nondiagnostic if the results are discordant to the clinical prob-
ability (50). Of note, approximately 6% of studies in PIOPED II were inconclusive due to poor 
image quality.

The safety of withholding anticoagulation in patients with a suspected PE but a negative pulmonary 
CTA was investigated in a meta-analysis of 23 studies involving 4,657 patients. Only 1.4% of patients 
with a suspected PE and a normal CTA went on to develop VTE and only 0.51% developed a fatal 
PE by 3 months (51). These rates are similar to those in patients who had suspected PE but were found 
to have normal pulmonary angiograms (52). The major disadvantages of CT are its cost, radiation 
exposure, and the possibility of contrast-induced nephrotoxicity. A diagnostic algorithm based on the 
results of the PIOPED II study (53) is presented in Fig. 4.

Magnetic resonance angiography (MRA) may be an alternative to CT for the diagnosis of PE in 
patients who have a contrast allergy or for whom avoidance of radiation exposure is desired. Reports 
of sensitivity and specificity are varied but compared to CT, MRA has been reported to be both less 
sensitive and specific and limited by inter-observer variability (54).

Ventilation-perfusion (V/Q) scanning remains useful for the diagnosis of PE, but with the increas-
ing availability of spiral CT, it is now a second line imaging modality. A V/Q scan is particularly 
useful, however, in patients who have normal chest radiography and a contraindication to CT, such as 
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those with renal insufficiency, contrast allergy, or pregnancy. The diagnostic ability of V/Q scanning 
for the detection of PE was evaluated in the original PIOPED study (55). This landmark report showed 
that while V/Q scanning is helpful if the test is normal or high-probability (87% of patients with high-
probability scans had PE but only 4% of patients with normal scans had PE), an intermediate- or 
low-probability scan was the most common finding and not helpful in making the diagnosis. It is also 
important to note that the patients in PIOPED who had low-probability scans but for whom there was 
a high or intermediate clinical suspicion for PE still had a 40 and 16% rate, respectively, of PE diag-
nosed by pulmonary angiography(55). Thus, for patients with a low-probability V/Q scan but for 
whom there is a high or intermediate clinical suspicion for PE, additional testing should be performed 
to confirm or refute the diagnosis.

The major utility of chest radiography is to exclude other diagnoses which could mimic PE and to 
aid in the interpretation of ventilation-perfusion scans. Findings are generally nonspecific and include 

Fig. 4. Diagnostic algorithm for the diagnosis of acute pulmonary embolism: Recommendations of PIOPED II 
Investigators. Adapted from (53) (Copyright©2006 with permission from Elsevier).
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cardiomegaly, pleural effusion, an elevated hemidiaphragm, pulmonary artery enlargement, atelectasis, 
and consolidation. Normal chest radiographs were the second most common finding after cardiomegaly 
in patients with acute PE in ICOPER (56). Classic signs such as the Westermark sign (regional 
oligemia), Hampton’s hump (pleural based, wedge-shaped shadow), and Palla’s sign (enlarged right 
descending pulmonary artery) are uncommon and have low sensitivity for the diagnosis (57).

Like chest radiography, the major utility of electrocardiography is to exclude other major 
diagnoses such as acute myocardial infarction. The classic finding on electrocardiogram is the 
S

1
Q

3
T

3
 pattern, but the most common findings are nonspecific ST-segment and T-wave changes (58). 

Sinus tachycardia, atrial fibrillation, and right bundle-branch block may also be present. In a study 
of electrocardiograms in patients with acute PE, increased right ventricular end-diastolic dimension, 
and tricuspid regurgitation, three or more of the following abnormalities were seen in more than 
three fourths of the patients: (a) incomplete or complete right bundle-branch block; (b) S 
waves > 1.5 mm in lead I and aVL; (c) shift in transition zone to V

5
; (d) Q waves in leads III and aVF 

but not II; (e) right axis deviation greater than 90 or indeterminate axis; (f) low-voltage QRS in limb 
leads; and (g) T-wave inversion in leads III and aVF or leads V

1
 through V

4
 (59). In a study of 90 

patients with angiographically proven massive or submassive PE, 6% and 23% of ECGs were normal 
in these patients, respectively (58).

Transthoracic echocardiography (TTE) can provide rapid bedside assessment for hemodynami-
cally significant PE in the critically ill patient (53). The sensitivity for a massive PE is 97% and the 
negative predictive value is 98% if any two of the following three findings are present: high clinical 
probability for PE, echocardiographic evidence of acute right ventricular overload, or positive finding 
on ultrasonography. Signs of acute cor pulmonale indicative of a massive PE include right ventricular 
dilatation, right ventricular hypokinesis, tricuspid regurgitation, septal flattening, paradoxical septal 
motion, diastolic left ventricular impairment secondary to septal displacement, pulmonary artery 
hypertension, lack of inspiratory collapse of the inferior vena cava, and occasionally direct visualiza-
tion of the thrombus. McConnel’s sign, apical sparing in the setting of moderate or severe right 
ventricular free-wall hypokinesis, has a specificity of 94% and a positive predictive value of 71% (60). 
Due to its specificity, McConnel’s sign is a useful discriminator for right ventricular dysfunction due 
to PE versus other causes of right heart dysfunction.

While TTE may be a useful diagnostic tool in the evaluation of the hemodynamically unstable 
patient with suspected PE, its usefulness as a diagnostic tool has not been as well established in the 
hemodynamically stable patient as over 60% will not have evidence of right ventricular dysfunction (61). 
TTE has important prognostic uses, however, in both the hemodynamically stable and unstable patient 
with PE. Multiple studies using TTE have shown that patients with signs of right ventricular strain 
have both higher in-hospital and long-term mortalities (61–64). For the 745 patients with acute PE 
who had TTE performed in ICOPER, right ventricular hypokinesis was associated with a twofold 
increase in mortality over 3 months (45).

Biomarkers, such as D-dimer, cardiac troponins, and brain natriuretic peptide drawn at the time of 
diagnosis, can be useful prognostic tools. Elevated cardiac troponins in this setting are associated with 
echocardiographically confirmed right ventricular dysfunction and are also associated with complicated 
in-hospital course and overall mortality (65,66). In patients with both right ventricular dysfunction and 
elevated cardiac troponins, the incidence of death 30 days after diagnosis is as high as 38%. This rate is 
higher than seen in patients with elevated cardiac troponins or right ventricular dysfunction alone (67). 
Cardiac troponins can also predict an uncomplicated course as well; cardiac troponins (cTnI and cTnT) 
have a 92–93% negative predictive value for a complicated in-hospital course following acute PE (65). 
Similar to cardiac troponins, an elevated BNP can indicate right ventricular dysfunction in patients with 
PE and similar to elevated troponin levels is a predictor of adverse outcomes (68).
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Treatment
The ACCP guidelines (25) advocate the initiation of anticoagulation for patients for whom there is 

a strong suspicion of PE while awaiting the results of diagnostic testing. The mainstays of manage-
ment for a nonmassive acute PE are initial anticoagulation with heparin, LMWH, or fondaparinux 
followed by the addition of vitamin K antagonists (Table 4). Unlike the use of LMWH which is 
approved for the treatment of acute proximal vein DVT on an outpatient basis, the initial treatment of 
acute PE using these agents should be done in the hospital. The LMWHs are recommended over UFH 
for the treatment of acute nonmassive PE in patients without renal failure (25). These agents have 
been shown in several studies to be at least as safe and effective as UFH for the initial treatment of 
acute nonmassive PE (37,69,70). The initiation of vitamin K antagonists on the first treatment day 
together with LMWH or UFH is recommended, and overlap treatment should continue for at least  
5 days and until the INR is ³2.0 (25).

Fondaparinux, an indirect factor Xa inhibitor, has been shown to be at least as safe and effective as IV 
UFH for the treatment of acute nonmassive PE. The Matisse PE Study (41) randomized 2,213 hemody-
namically stable patients to either IV UFH or once daily subcutaneously administered fondaparinux and 
followed them for the 3-month composite endpoint of symptomatic, recurrent PE and new or recurrent 
DVT. The composite endpoint developed in 3.8% of the fondaparinux group compared to 5.0% of the 
UFH group, and major bleeding rates were similar in the two groups (1.3% in the fondaparinux and 1.1% 
in the UFH groups, respectively). Fondaparinux is FDA approved for the treatment of acute PE when 
initial treatment is started in the hospital and when used in conjunction with warfarin sodium (71).

While thrombolytics have been shown to be better than heparin alone for the lysis of pulmonary 
emboli and improvement in hemodynamic parameters, the risk of major bleeding and the lack of 
conclusive data showing a mortality benefit have limited its use in patients without massive PE. The 
first large trial comparing thrombolytics to heparin alone for the treatment of PE was the UPET 
(Urokinase in Pulmonary Embolism Trial) which included 160 patients with angiographically proven 
pulmonary embolism (72). Patients were randomly assigned to a 12-h infusion of urokinase followed 
by heparin treatment versus heparin treatment alone. The results showed that while the urokinase 
group had improved thrombus resolution on angiography and significant improvement in hemody-
namics compared to the heparin group at 24 h, there was no lasting improvement in V/Q scan results 
or mortality. There was also more bleeding in the urokinase group.

A follow-up study to UPET, USPET (The Urokinase–Streptokinase Pulmonary Embolism Trial) (73) 
randomized 167 patients with acute PE to a 24-h streptokinase infusion or a 12- or 24-h urokinase 
infusion. All three regimens led to improvement in angiographic and V/Q scan abnormalities as well as 
improvement in hemodynamic parameters when compared to the heparin only group in UPET with no 
significant difference among the three regimens in efficacy, mortality, or bleeding. The greatest 
hemodynamic benefit of thrombolytic therapy was seen in patients with massive pulmonary embolism.

Recombinant tissue-type plasminogen activator (rt-PA) is the third thrombolytic agent studied for 
the acute treatment of PE. A comparison study of rt-PA and urokinase therapy (74), each followed by 
heparin therapy, showed greater improvement in angiographic abnormalities and hemodynamic 
parameters in the rt-PA group after 2 h of therapy, but there was no difference in V/Q scan results 
between the two groups at 24 h. Similarly, when 50 patients with massive PE were randomized to 
treatment with rt-PA or streptokinase, each followed by heparin treatment, there was more rapid 
thrombolysis with rt-PA but no difference between the two regimens in hemodynamic parameters 
including total pulmonary resistance and right ventricular ejection fraction (75).

Thrombolytic therapy has not been shown to have a clear short-term mortality benefit in patients 
with PE perhaps largely due to the large number of patients required for a study with mortality as a 
primary outcome. The all-cause mortality at 3 months of patients who suffer from a PE and who are 
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treated with anticoagulation alone is <10% while the mortality directly due to PE after proper treatment 
with anticoagulation is 2% (25). A review of thrombolytic therapy for the treatment of acute PE esti-
mates that with a 6.7% death rate from treatment with heparin therapy alone, a study sample of 1,000 
patients is needed to have an 80% power to detect a 50% reduction in mortality (76). There have been 
no large randomized controlled trials on this subject to date, but a recent Cochrane meta-analysis (77) 
including 679 patients in eight trials comparing thrombolytic agents (streptokinase, urokinase, or rt-PA) 
followed by heparin to heparin alone or heparin plus placebo for the treatment of PE showed no 
statistically significant difference in overall mortality (OR 0.89; 95% CI 0.45–1.78), recurrence of PE 
(OR 0.63, 95% CI 0.33–1.20), major hemorrhagic events (OR 1.61; 95% CI 0.91–2.86), or minor 
hemorrhagic events (OR 1.98; 95% CI 0.68–5.75). Patients who received thrombolytics did have 
improved hemodynamic, echocardiographic, V/Q scan, and angiographic outcomes compared to patients 
who received heparin alone, but this did not translate to improved mortality. Similarly, of 108 
patients in ICOPER with massive PE, 33 patients who received thrombolysis received no mortality 
benefit at 90 days (HR 0.79 [95% CI 0.44–1.43]). The overall 90-day mortality rates were 46.3% 
(95% CI 31.0–64.8%) with thrombolysis, 55.1% (95% CI 44.3–66.7%) without thrombolysis (78).

Very few studies have been performed regarding the use of thrombolytics in patients with submas-
sive PE who have evidence of right ventricular dysfunction but who are hemodynamically stable. 
There has been one such randomized controlled trial of 101 hemodynamically stable patients who 
were given rt-PA followed by heparin or heparin alone and followed with echocardiography at 3 and 
24 h after administration. There was a statistically significant improvement in right ventricular wall 
motion at both 3 and 24 h in the rt-PA group compared to the heparin only group (OR 2.90, 95% CI 
0.98–8.6 at 3 h; OR 3.20, 95% CI 1.20–8.57 at 24 h). Worsening of right ventricular motion was seen 
in 2% of patients in the rt-PA group and 17% of patients in the heparin only group at 24 h (p = 0.005). 
There was also a significant decrease in right ventricular end-diastolic area in the rt-PA group but not 
in the heparin only group (79).

Only one study has investigated the effect of systemic versus intrapulmonary thrombolytic therapy 
for the treatment of PE (80). This multicenter study included 34 patients with angiographically proven 
PE who were randomly assigned to intravenous or intrapulmonary rt-PA in addition to heparin therapy. 
There were similar decreases in the severity of embolism determined by angiography and in mean 
pulmonary artery pressures among the two groups leading the authors to conclude that inpulmonary 
infusion of rt-PA has no benefit over intravenous injection of rt-PA for the treatment of acute PE.

Based on the data available, the 8th ACCP guidelines (25) recommend against the use of systemic 
thrombolytic therapy in most patients with PE (Grade 1B), but suggest the use of systemic thrombo-
lytic therapy in patients who are hemodynamically unstable (Grade 1B). The guidelines further  
suggest that catheter-directed local thrombolytic therapy not be administered (Grade 1C). The  
recommended dose for streptokinase for the treatment of PE is 250,000 IU as a loading dose followed 
by a 100,000 IU/h infusion for 24 h. The dose of rt-PA is a 100 mg infusion given over 2 h (Table 5). 
Urokinase is not available in the United States. Heparin therapy should be started following the infu-
sion of thrombolytic therapy.

Pulmonary thromboembolectomy is a complex surgical procedure with an associated mortality of 
5–24% (81–84). It is generally offered to symptomatic patients with hemodynamic or ventilatory 
defects at rest or exercise who have thrombotic material in the main, lobar, or proximal segmental 
arteries. The only absolute contraindication to the procedure is severe underlying lung disease, and 
the major complications after surgery are bleeding, reperfusion pulmonary edema, and persistent 
pulmonary hypertension. Most patients have improvement in NYHA functional class (III or IV before 
surgery to I or II after surgery) (85) and in their hemodynamic parameters including mean pulmonary 
artery pressure and pulmonary vascular resistance (86). A recent retrospective study involving 47 
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patients described outcomes of surgical pulmonary embolectomy performed for massive PE (hypoten-
sion present) and submassive PE (right ventricular dysfunction but normal blood pressure) (n = 15). 
The operative mortality was 6%, and overall survival was 86% at 1 year and 83% at 3 years (81). A 
similar study involving 13 patients, 9 with submassive PE, described an 8% in-hospital mortality (87). 
Thus, with progressively decreasing operative morality rates, surgical pulmonary embolectomy may 
become a viable option for submassive PE to prevent future right ventricular failure, but randomized 
controlled studies are needed to determine the benefit of surgery over contemporary medical therapy. 
Currently, pulmonary embolectomy is not recommended for most patients with PE. It is generally 
reserved for patients with massive PE who are hemodynamically unstable despite maximal medical 
therapy, including anticoagulation and thrombolytic therapy, or for patients who have a contraindica-
tion to thrombolytic therapy or whose critical status does not allow for sufficient time for infusion of 
thrombolytics (25). The ACCP guidelines recommend lifelong treatment with a vitamin K antagonist 
(VKA) following surgery, and IVC filter placement before or at the time of pulmonary thromboem-
bolectomy is also suggested (25).
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Abstract Morbidity and mortality associated with pulmonary embolism (PE) remain high despite 
important advances in cardiovascular diagnosis and treatment. It is generally estimated that 10% 
of all patients with PE die during the acute phase of the disease. Overall, 1% of patients admitted 
to the hospital die of acute PE, and 10% of all hospital deaths are PE-related. Fibrinolytic therapy 
remains the treatment of choice for those patients at the highest risk of mortality without obvious 
contraindications. While a consensus opinion exists regarding the management of patients with 
PE and associated hypotension, controversy surrounds the use of fibrinolysis for the management 
of normotensive patients with non-massive PE. There is increasing awareness of the need for risk 
stratification of normotensive patients and the search for an intermediate-risk group. The use of 
imaging methods to assess for right ventricular dysfunction and the use of cardiac biomarkers may 
identify the patient with non-massive PE who will benefit from fibrinolysis. Ongoing investiga-
tion will hopefully facilitate further risk stratification of patients with PE in order to provide them 
with optimal therapies which will improve their overall outcome.
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Morbidity and mortality associated with pulmonary embolism (PE) remain high despite important 
advances in cardiovascular diagnosis and treatment. The annual incidence rate of venous thromboem-
bolism has been estimated at 100–150 cases per 100,000 population per year, with approximately one 
third of these patients presenting with acute PE and two thirds with deep vein thrombosis (1). It is gener-
ally estimated that 10% of all patients with PE die during the acute phase of the disease. Overall, 1% of 
patients admitted to the hospital die of acute PE, and 10% of all hospital deaths are PE-related (2–4).

Acute PE covers a wide spectrum of clinical severity, and the mortality rates during the acute, in-
hospital phase vary from less than 1% to well over 50% in different studies (5–9). It is now widely 
acknowledged that the principal clinical factor which determines disease severity, and thus the diagnostic 
and therapeutic approach to a patient with suspected acute PE, is the presence or absence of acute right 
ventricular (RV) dysfunction (10). Increased pulmonary artery pressure occurs in 60–70% of patients who 
have PE and roughly correlates with the anatomic severity of thromboembolic obstruction (11,12). In 
addition, vasoconstrictive factors released from the thrombus and reaction to hypoxia contribute to the 
increase in pulmonary vascular resistance. Moreover, pre-existing cardiac or pulmonary disease may 
exacerbate the hemodynamic impact of an acute thromboembolic event. RV dysfunction, i.e., dilation and 
hypokinesis, results from the interplay of these factors and may initiate a vicious circle of increased myo-
cardial oxygen demand, myocardial ischemia or infarction, and left ventricular preload reduction (13).

According to the current definition, high-risk, clinically massive PE indicates overt RV failure 
which results in refractory arterial hypotension and shock (commonly defined as systolic blood pres-
sure <90 mmHg, or a pressure drop ³40 mmHg from baseline for at least 15 min). This condition 
accounts for almost 5% of all cases of acute PE and is associated with a high risk of in-hospital death, 
particularly during the first few hours after admission. On the other hand, in the absence of overt 
hemodynamic instability (non-high-risk or non-massive PE), patients are generally thought to have a 
favorable clinical outcome provided that the disease is diagnosed correctly and anticoagulation can 
be instituted without delay. While consensus exists that fibrinolysis is the treatment of choice in hypo-
tensive patients with high-risk PE, controversy persists regarding the potential clinical benefits of this 
therapy in selected normotensive patients. Registry data suggests that subclinical RV dysfunction in 
a normotensive patient with acute PE might indicate an elevated risk of death in the acute phase 
(5,6,14) and therefore, possibly the need for early fibrinolytic treatment (15). These observations were 
supported by the results of a large multicenter trial (16).

This chapter summarizes our current state of knowledge on the benefits and risks of fibrinolysis in 
acute PE. It particularly focuses on the recent attempts at risk stratification of normotensive patients 
with acute PE and the emerging strategies of severity-adjusted treatment beyond arterial hypotension 
and cardiogenic shock.

ANGIOGRAPHIC AND HEMODYNAMIC BENEFITS OF FIBRINOLYSIS

In 1971, Miller et al. observed that streptokinase infusion over 72 h resulted in a significant reduc-
tion of systolic pulmonary artery pressure, total pulmonary resistance, and the angiographic index of 
PE severity. In comparison, conventional heparin anticoagulation had no appreciable effect on these 
parameters during the first 3 days. Subsequently, a number of randomized trials performed since the 
early 1970s (17–24) confirmed that fibrinolytic therapy rapidly resolves thromboembolic obstruction 
and exerts beneficial effects on hemodynamic indicators of cardiac function. For example, in the 
Urokinase Pulmonary Embolism Trial (UPET), which enrolled 160 patients and still remains one of 
the largest randomized fibrinolysis trials in acute PE, urokinase (bolus injection followed by infusion 
over 24 h) was superior to heparin alone in resolving pulmonary artery thrombi, and in some patients 
this effect appeared to result in clinical stabilization and reversal of cardiogenic shock (17). Another 
early study reported an 80% increase in cardiac index and a 40% decrease in pulmonary artery pressure 
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(PAP) after 72 h of streptokinase (SK) treatment (18). In a more recent trial, follow-up angiograms 
revealed that 100 mg of recombinant tissue plasminogen activator (alteplase; rtPA) induced a 12% 
decrease in vascular obstruction at the end of the 2-h infusion period, whereas no change was observed 
in patients receiving heparin (23). The effect of rtPA was associated with a 30% reduction in mean PAP 
and a 15% increase in cardiac index. Goldhaber et al. demonstrated a rapid improvement in RV func-
tion (on 24-h echocardiographic follow-up) and an absence of PE recurrence in patients with echocar-
diographic indicators of RV pressure overload and dysfunction who received alteplase (100 mg 
infusion over 2 h) compared to those who received heparin alone (24). Pathognomonic echocardio-
graphic findings were present in 54% of the patients and patients with a normally functioning right 
ventricle were not excluded. Registry data suggest that as many as 92% of treated patients can be clas-
sified as responders to fibrinolysis on the basis of clinical and echocardiographic improvement within 
the first 36 h (25). The greatest benefit is observed when treatment is initiated within 48 h of symptom 
onset (19), but fibrinolysis can still be useful in patients who have had symptoms for 6–14 days (26).

The hemodynamic benefits of fibrinolysis are prompt and significant compared to those of heparin, 
but they do not extend beyond the first few days after the initiation of treatment. In an early observation 
study, Dalen et al. reported that heparin anticoagulation alone (without fibrinolysis) was capable of 
reversing pulmonary artery hypertension in most patients, even though improvement required 3 
weeks or even longer (27). Trials which directly compared fibrinolytic and heparin treatment and 
included follow-up studies indeed showed that, 1 week after treatment, the improvement in the sever-
ity of vascular obstruction (17,23) and the reversal of RV dysfunction (28) no longer differed between 
fibrinolysis-treated and heparin-treated patients. It thus follows that fibrinolysis needs to be consid-
ered only in those cases in which a high risk of early (i.e., within the first few hours or days after 
presentation) PE-related death is anticipated.

FIBRINOLYTIC AGENTS AND REGIMENS FOR PE

Validated regimens of the approved fibrinolytic agents SK, UK, and rtPA are shown in Table 1. 
Heparin should not be infused concurrently with streptokinase or urokinase, while its use during 
alteplase administration is optional.

It is frequently debated whether all fibrinolytic agents and regimens are equally effective. In this 
regard, the USPET study documented comparable efficacy of urokinase (UK) and SK infused over a 
period of 12–24 h (29). In more recent randomized comparison trials (30,31), 100 mg of rtPA infused 
over 2 h led to faster angiographic and hemodynamic improvement compared to UK infused over 12 
or 24 h at the rate of 4,400 U/kg/h. However, the results no longer differed at the end of the UK infusion. 
Similarly, the 2-h infusion of rtPA appeared to be superior over a 12-h SK infusion (at 100,000 U/h), 

Table 1 
Validated and approved fibrinolytic regimens for pulmonary embolism

Streptokinase 250,000 IU as a loading dose over 30 min, followed by 100,000 IU/h over 
12–24 ha

Alternative dosing: 1.5 million IU over 2 h
Urokinase 4,400 IU/kg as a loading dose over 10 min, followed by 4,400 IU/Kg/h over 

12–24 ha, b

Alternative dosing: three million IU over 2 h
rtPA 100 mg over 2 ha

Accelerated dosing: 0.6 mg/kg over 15 min
aFDA-approved regimen
bUrokinase available in European countries, not in the United States
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but no difference was observed when the same SK dosage was given over 2 h (32,33). Furthermore, 
two trials that compared the 2-h, 100-mg rtPA regimen with a short infusion (over 15 min) of 0.6 mg/
kg rtPA reported a slightly faster improvement with the 2-h regimen at the cost of slightly (non-sig-
nificantly) higher bleeding rates (34,35).

In summary, it can be stated that the fibrinolytic regimens tested to date are more or less comparable 
with regard to efficacy (Fig. 1), but long infusion periods of SK or UK should generally be avoided.

Recently, satisfactory hemodynamic results were obtained with double-bolus reteplase given as 
two injections (10 U) 30 min apart (36), although this agent has not yet officially been approved for 
PE. Preliminary uncontrolled data also appear to support the efficacy and safety of tenecteplase, an 
agent given by one single rapid bolus injection, in acute PE (37). Tenecteplase is currently being 
tested in a large randomized multinational trial. On the other hand, direct infusion of a fibrinolytic 
agent (e.g., rtPA) via a catheter in the pulmonary artery does not offer any advantages over systemic 
intravenous fibrinolysis (38). This latter approach may be considered in combination with interventional 
recanalization procedures such as catheter aspiration of thrombi in the pulmonary vessels, but is oth-
erwise not recommended, as it also carries an increased risk of bleeding at the puncture site.

HEMORRHAGIC COMPLICATIONS AND CONTRAINDICATIONS TO 
FIBRINOLYSIS

Fibrinolytic therapy carries a significant bleeding risk. Data from controlled trials (16,17,21,23,29–
31,35,38–40) indicate a 13% cumulative rate of major bleeding and a 1.8% rate of intracranial/fatal 
hemorrhage (41). Despite this, major hemorrhage has been uncommon in the most recent (and largest) 
trials (16,24), a fact which is in agreement with the observation that fibrinolysis-related bleeding rates 
are lower when non-invasive imaging methods are used to diagnose PE (42). Non-invasive diagnostic 
strategies have increasingly been adopted over the past 10 years thanks to the technical advances in 
computed tomographic (CT) pulmonary angiography. On the other hand, data from retrospective 
cohort studies and registries suggest a 36% incidence of major bleeding events and a 4% rate of intrac-
ranial/fatal hemorrhage (5,6,43,44). These rates may be exaggerated, as registries include patients who 
received fibrinolysis despite the presence of formal contraindications (Table 2). At the same time however, 
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Fig. 1. Reduction of total pulmonary vascular resistance in response to different fibrinolytic regimens evaluated in 
prospective randomized studies. (Adapted from (68).) TPR total pulmonary resistance; tPA tissue type plasminogen 
activator; SK streptokinase; UK urokinase.
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it can be argued that registry data are more realistic (and thus more alarming) with regard to the true 
risks of fibrinolytic treatment, as they reflect everyday clinical practice. In any case, these results highlight 
the critical importance of carefully defining the indications for fibrinolysis in acute PE, particularly 
in patients who appear hemodynamically stable at presentation.

CLINICAL BENEFITS OF FIBRINOLYSIS IN PE: NEED FOR SEVERITY-ADJUSTED 
MANAGEMENT STRATEGIES

Despite its unequivocal angiographic and hemodynamic benefits, at least during the first days after 
initiation of treatment, the (presumed) favorable effects of fibrinolysis on the clinical outcome of 
patients with PE could not be convincingly demonstrated. This partly relies on the fact that the vast 
majority of fibrinolysis trials in PE neither were designed nor had the statistical power to address 
clinical end points. Even the most recent and largest of these trials failed to show a survival benefit 
(16,24), possibly because they included “low-risk” patients whose mortality rate in the acute phase 
could not (and did not need to) be further reduced by immediate recanalization.

In weighing the risks against the benefits of fibrinolysis and thus the indications for this type of 
treatment in PE, it is necessary to distinguish between hypotensive, hemodynamically unstable 
patients with clinically massive PE, and normotensive patients with non-massive PE. Furthermore, 
within the latter group, the crucial issue is to determine which, if any, patients necessitate prompt 
relief of pulmonary vascular obstruction and reversal of RV dysfunction.

FIBRINOLYSIS INDICATED IN HIGH-RISK, CLINICALLY MASSIVE PE

Patients with clinically massive PE are those presenting with cardiogenic shock and/or persistent 
arterial hypotension, generally defined as systolic blood pressure <90 mmHg or a pressure drop of at 
least 40 mmHg for at least 15 min. This patient group with overt RV failure, representing almost 5% 

Table 2 
Formal contraindications to fibrinolytic therapy as defined by the 

European Society of Cardiology, Task Force on the Management of 
Acute Myocardial Infarction (67)

Absolute contraindications
•	 Hemorrhagic	stroke	or	stroke	of	unknown	origin	at	any	time
•	 Ischemic	stroke	in	preceding	6	months
•	 Central	nervous	system	damage	or	neoplasms
•	 Recent	major	trauma/surgery/head	injury	(within	preceding	3	weeks)
•	 Gastro-intestinal	bleeding	within	the	last	month
•	 Known	bleeding
Relative contraindications
•	 Transient	ischemic	attack	in	preceding	6	months
•	 Oral	anticoagulant	therapy
•	 Pregnancy	or	within	1	week	post	partum
•	 Non-compressible	punctures
•	 Traumatic	resuscitation
•	 Refractory	hypertension	(systolic	blood	pressure	>180	mmHg)
•	 Advanced	liver	disease
•	 Infective	endocarditis
•	 Active	peptic	ulcer
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of all patients with acute PE, is clearly at high risk of in-hospital death (6,45), particularly during the 
first few hours after admission (46). To date, only one small randomized trial specifically focused on 
the benefits of fibrinolysis (SK vs. heparin) in massive PE (47). This trial was terminated after only 
eight patients because of excessively high mortality in the heparin-only group. Overall, meta-analyzed 
data from five trials which included patients with massive PE appear to suggest a significant reduction 
of death or PE recurrence after fibrinolysis (48). Despite this weak body of evidence, there is consen-
sus among experts, and in guidelines (49,50), that fibrinolysis should be administered to patients with 
massive PE in the absence of absolute contraindications (Table 18.2). Uncontrolled data also suggest 
that fibrinolysis may be a safe and effective alternative to surgery in patients with PE and free-floating 
thrombi in the right heart (51,52).

FIBRINOLYSIS GENERALLY NOT INDICATED IN NON-HIGH-RISK,  
NON-MASSIVE PE

A meta-analysis of randomized trials which excluded hypotensive patients with high-risk PE sug-
gested that heparin anticoagulation is sufficient as the initial treatment of PE, and that fibrinolysis 
may have no clinical benefits in this setting (48). Nevertheless, several years ago, registry data gener-
ated the hypothesis that the detection of subclinical RV dysfunction in a normotensive patient with 
acute PE may help define an elevated, intermediate death risk in the acute phase (5,6). It was further 
postulated that these patients may benefit from early fibrinolytic treatment (15).

IDENTIFYING AN INTERMEDIATE-RISK GROUP AMONG NORMOTENSIVE 
PATIENTS WITH PE

A number of echocardiographic findings, including right ventricular enlargement and/or 
hypokinesis of the free wall, leftward septal shift, and evidence of pulmonary hypertension, have 
been proposed for non-invasive diagnosis of RV dysfunction at the bedside. Several registries 
and cohort studies could demonstrate an association between abnormal echocardiographic findings 
and a poor in-hospital outcome in terms of PE-related death and complications (7,14,53–55). Still, 
the prognostic value of cardiac ultrasound in normotensive patients with PE is not universally 
accepted (56). Indeed, the echocardiographic studies published to date were characterized by 
high methodological diversity and a number of important limitations (57). These included, for 
example, the lack of standardization of the echocardiographic criteria used for assessing the 
function of the right ventricle, the lack of definitive confirmation of PE in some of the patients, 
the inclusion of both normotensive and hypotensive patients, and the possible confounding 
effects of early fibrinolytic treatment. Further limitations related to cardiac ultrasound itself 
include the need for an experienced echocardiographer on a round-the-clock basis and the poor 
quality of transthoracic imaging in some individuals, particularly those who are obese, on 
mechanical ventilation, or have severe pulmonary emphysema. Moreover, differential diagnosis 
between an episode of acute PE and recurrent thromboembolism (chronic thromboembolic pul-
monary hypertension) may be difficult, although some echocardiographic criteria have been 
proposed to distinguish between acute and chronic cor pulmonale (58).

As an alternative to echocardiography, four-chamber views of the heart on computed tomography 
may detect RV enlargement as a surrogate marker of RV dysfunction due to PE and predict early 
death. In a large retrospective series of 431 patients, it was found that 30-day mortality was 16% in 
patients	with	RV	enlargement,	defined	as	right/left	ventricular	dimension	ratio	>0.9	on	multidetector-
row chest CT, compared to 7.7% in those without this finding (59). Multivariate analysis revealed that 
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RV enlargement independently predicted 30-day mortality (hazard ratio, 5.17). Another retrospective 
study on 120 patients evaluated the prognostic value of a predefined right/left ventricular short-axis 
diameter ratio of 1.0 during 3-month follow-up (60). The negative predictive value of a small right 
ventricle	approached	100%,	whereas	the	positive	predictive	value	of	an	RV/LV	ratio	>1.0	was	rather	
low with regard to PE-related mortality (10%) and appeared to be inferior to that of a pulmonary 
artery obstruction index of 40% or higher. In fact, a review of the data available to date reveals that 
as many as 60% of all patients with PE may have some evidence of RV enlargement on CT scan. It 
thus appears that detection of an enlarged right ventricle on CT (and possibly on echocardiography) 
may not, by itself, suffice to indicate an elevated death risk and justify fibrinolysis.

Cardiac biomarkers may assist imaging modalities in identifying intermediate-risk patients. 
Elevated cardiac troponin I or T levels, a sensitive indicator of myocardial cell damage and micro-
scopic myocardial necrosis, are found in 11–50% of patients with acute PE. A large number of studies, 
which were included in recent a meta-analysis (61), could show that cardiac troponin elevation cor-
relates with the presence of RV dysfunction on echocardiography and possesses a high (97–100%) 
negative predictive value with regard to death or complication risk in the acute phase. Thus, normal 
troponin levels may rule out an adverse outcome in patients with PE. However, the positive predictive 
value of these biomarkers is probably low. Consequently, troponin elevation alone does not suffice to 
predict early death or complications in patients with acute PE, and it is unlikely that it could, by itself, 
identify intermediate-risk patients as potential candidates for fibrinolytic treatment. The natriuretic 
peptides BNP and NT-proBNP are characterized by extreme prognostic sensitivity and a negative 
prognostic value, which is probably higher than that of the cardiac troponins. On the other hand, they 
exhibit a very low specificity and positive prognostic value in the range of 12–25% (62). Furthermore, 
appropriate threshold levels for distinguishing between a “positive” and a “negative” BNP or 
NT-proBNP test have not yet been prospectively validated. Heart-type fatty acid-binding protein 
(H-FABP) is a small cytoplasmatic protein which is abundant in the heart. Following myocardial cell 
damage, it diffuses rapidly through the interstitial space and appears in the circulation as early as 
90 min after symptom onset, reaching its peak within 6 h. It might provide prognostic information 
superior to that of cardiac troponins in acute pulmonary embolism (63). Finally, very recent data suggest 
that the novel biomarker Growth-Differentiation Factor (GDF)-15 is a sensitive global indicator of 
poor outcome in acute PE, and that it can assist imaging studies or myocardium-specific biomarkers 
in identifying normotensive intermediate-risk patients, as well as those in whom closer long-term 
follow-up may help prevent late deaths (64).

At present, the existing evidence appears to support the rationale for further risk stratification of 
normotensive patients with confirmed acute PE. Strategies which combine the information provided 
by an imaging procedure (echocardiogram or CT) and a biomarker test, preferably troponin I or T, 
were reported to identify patients with an up to tenfold elevated death or complication risk compared 
to those with absence of RV dysfunction or myocardial injury (62,65,66). The critical, as yet unan-
swered question is, of course, whether this information may have therapeutic implications, particularly 
with regard to a possible indication for early fibrinolysis in this patient group.

IS FIBRINOLYSIS INDICATED IN PATIENTS WITH INTERMEDIATE-RISK PE?

A recent randomized trial randomized 256 normotensive patients with sub-massive PE to heparin 
vs. rtPA treatment (16). RV dysfunction and/or pulmonary hypertension was diagnosed on the basis 
of echocardiography, ECG, and right-heart catheterization. The primary combined end point, in-
hospital death or clinical deterioration requiring escalation of treatment, was significantly reduced 
(from 25 to 11%) in the fibrinolysis compared with the heparin group. However, the differences were 
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entirely due to a more frequent need for secondary (emergency) fibrinolysis in the heparin group 
during the hospital stay, while the overall mortality rate was not affected by the type of treatment. A 
large multinational trial, initiated in 2007, is currently attempting to resolve the controversy still sur-
rounding the appropriate treatment of the intermediate-risk patient group (ClinicalTrials.gov Identifier: 
NCT00639743). This study, which plans to randomize more than 1,000 patients by the end of, is using 
the recently validated risk stratification tools described above (RV imaging and cardiac biomarkers) 
to diagnose RV dysfunction and myocardial injury in the absence of hypotension and shock.

CONCLUSIONS AND OUTLOOK

Although the diagnostic approach to patients with suspected acute pulmonary embolism has 
made significant progress in the past years, the indications for fibrinolytic treatment remain partly 
controversial. Fibrinolysis is clearly indicated in high-risk, clinically massive PE, i.e., in patients 
with persistent arterial hypotension and shock. Alteplase, given as 100-mg infusion over 2 h, is the 
most systematically evaluated fibrinolytic regimen and therefore considered as the treatment of 
choice for patients with PE, although regimens using urokinase or streptokinase also were shown 
to be efficacious (ClinicalTrials. gov: Identifier: NCT00639743). However, beyond the setting of 
high-risk PE, there is increasing awareness of the need for risk stratification of normotensive 
patients and the search for an intermediate-risk group. Recent studies suggested that imaging methods 
or cardiac biomarkers alone may be insufficient for guiding therapeutic decisions, particularly with 
regard to early fibrinolysis versus heparin alone, in normotensive patients with acute non-massive 
PE. Instead, the existing evidence appears to support the use of risk assessment algorithms (such as 
the one proposed in Fig. 2), which combine the information provided by an imaging procedure (RV 
dysfunction on echocardiography or CT) and a biomarker test (RV myocardial injury indicated by 
elevated troponin I or T). A large multinational trial is currently investigating whether the indica-
tions for fibrinolysis should be extended to intermediate-risk PE.

PE confirmed,
no hypotension or shock

Troponin
testing

Imaging of RV 
(Echocardiography, CT)

Low-risk PE 

Biomarker test negative
and RV normal

Either biomarker positive
or  RV abnormal

Biomarker test positive
and  RV abnormal  

Intermediate-risk PE

Fig. 2. Contemporary risk stratification of normotensive patients with acute pulmonary embolism, i.e., excluding high-
risk, clinically massive PE. (Adapted and slightly modified from (69).) RV right ventricle; CT computed tomogaphy.
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AbstrAct Long-term treatment of venous thromboembolism (VTE) primarily focuses on the duration 
of anticoagulant therapy, usually with vitamin K antagonists (VKA). The duration of therapy should be 
individualized based on the risk of recurrent VTE if treatment is stopped and the risk of bleeding if treat-
ment is continued. The risk of recurrence is low if thrombosis was provoked by a reversible risk factor 
such as surgery; 3 months of treatment is usually adequate for such patients. The risk of recurrence is high 
if thrombosis was associated active cancer; indefinite anticoagulant therapy, with low-molecular-weight 
heparin for at least the first 3 months, is often indicated for such patients. Risk of recurrence is interme-
diate if thrombosis was an unprovoked proximal deep vein thrombosis or pulmonary embolism; indefinite 
anticoagulant therapy is often appropriate for such patients. Among patients with unprovoked proximal 
deep vein thrombosis or pulmonary embolism, more than one previous episode of VTE, presentation as 
pulmonary embolism, male sex, and a positive D-dilmer test 1 month after stopping anticoagulant therapy, 
particularly favor indefinite anticoagulant therapy. High risk of bleeding and patient preference favor 
treatment for only 3 months. New anticoagulants, that may improve the risk: benefit ratio of anticoagulant 
therapy and should reduce the burden of therapy, are expected to be available soon.

Key words: Deep vein thrombosis; Pulmonary embolism; Anticoagulation; Warfarin; INR; Monitoring

Long-term treatment of venous thromboembolism (VTE) is usually with a vitamin K antagonist 
(VKA) and less commonly with a low-molecular weight heparin (LMWH). Long-term therapy has two 
goals that overlap in timing: (1) to complete treatment of the acute episode of VTE (predominantly in 
the first 3 months); and (2) to prevent new episodes of VTE that are not directly related to the acute 
event (predominantly after the first 3 months).

The need for long-term therapy of VTE after an initial 5–10 day course of therapeutic-dose heparin 
has been established by trials that have shown that long-term therapy with VKA markedly reduced 
recurrent VTE in patients with: (1) symptomatic isolated distal deep vein thrombosis (DVT) com-
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pared with controls who did not receive long-term therapy (0/23 vs. 8/28 [29%] at 3 months; p < 0.01) 
(1); and (2) proximal DVT compared with low dose (5,000 U twice daily) subcutaneous heparin (0/17 
vs. 9/19 [47%] at 3 months; p < 0.001) (2). High rates of recurrent VTE in patients who are only 
treated for 4 or 6 weeks with VKA compared to those treated for 3 or 6 months further supports the 
need for long-term therapy (see below) (3–5).

MANAGEMENT OF VITAMIN K ANTAGONIST THERAPY

Initiation of VKA
Studies have shown that about 5 days of heparin therapy (VKA started on first or second day) was 

as effective as 10–14 days of heparin therapy (VKA started after about 5 days), and thus, established 
that VKA could be started the same day as heparin (6,7). Two trials in hospitalized patients showed 
that starting warfarin at a dose of 5 mg, compared with 10 mg, is associated with less excessive anti-
coagulation and does not meaningfully delay onset of anticoagulation (8,9). However, a similar study 
in outpatients with acute VTE found that starting with 10 mg of warfarin was superior to starting with 
5 mg (10). Observational studies have shown that lower VKA maintenance doses are required in older 
patients, women, and those with impaired nutrition and vitamin K deficiency (11,12). Thus, these data 
suggest that warfarin can usually be started at a first dose of 10 mg in younger (e.g., less than 60 years) 
and healthy outpatients, and at a first dose of 5 mg in older and hospitalized patients. Nomograms, to 
guide the first days of warfarin dosing, were published from previous studies (9,10).

Long-Term Monitoring and Adjustment of VKA
Many factors modify the anticoagulant response to VKA therapy and, therefore, there are marked 

differences in VKA dosing required to achieve an International Normalized Ratio (INR) of 2.0–3.0, 
both among patients and in the same patient over time (11). Consequently, VKA dosing needs to be 
adjusted in response to ongoing INR measurements in order to maximize the time a patient is in the 
target INR range. Good anticoagulant control is important as: (1) subtherapeutic anticoagulation 
(particularly below INR 1.5) increases recurrent VTE, (2) supratherapeutic anticoagulation (particu-
larly over INR 5.0) increases bleeding, and (3) poor anticoagulant control increases the burden of 
anticoagulant therapy and discourages patients and healthcare providers from continuing VKA therapy 
when it is indicated (11). Principles and management strategies that facilitate optimal long-term 
anticoagulation are summarized in Table 1.

Optimal Intensity of Vitamin K Antagonist Therapy
VKA inhibits two enzymes (vitamin K epoxide reductase and vitamin K reductase) that convert 

vitamin K epoxide, via vitamin K, to hydroquinone (vitamin KH
2
). Subsequently, hydroquinone defi-

ciency results in defective carboxylation, and reduced functional levels of coagulation factors II, VII, 
IX, and X, thereby achieving anticoagulation. The degree, or intensity, of resultant anticoagulation is 
measured as a prothrombin time ratio, usually expressed in a standardized form as the INR (11). Hull 
and colleagues established that acute treatment of VTE (i.e., first 3 months) with a target INR of 2.5 
(range 2.0–3.0) was as effective but caused less bleeding than treatment with a target INR of 3.5 
(range 3.0–4.0) (13). In patients with an antiphospholipid antibody and mostly VTE, two studies have 
shown that targeting an INR of 2.5 is as effective as targeting an INR of 3.5 (14,15).

The observation in two trials (3,16) that there were no episodes of recurrent VTE among patients 
who remained on extended-duration VKA targeted an INR of ~2.5 (3,16) (Table 3) suggesting that 
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lowering the intensity of anticoagulation to a target INR of ~1.75 after the first 3 months of conven-
tional intensity therapy might reduce bleeding without loss of efficacy. When this hypothesis was 
subsequently tested in a double-blind trial of patients with unprovoked VTE, the lower intensity of 
anticoagulation was less effective in preventing recurrent VTE (intention-to-treat analysis: 1.9% vs. 
0.7% per patient-year; hazard ratio 2.8 [95% CI 1.1–7.0]) and was associated with the same fre-
quency of major bleeding (1.1% vs. 0.9% per patient-year; hazard ratio 1.2 [95% CI 0.4–3.0]) as 
conventional intensity therapy (Table 3) (17). As discussed later in this chapter, after the first 
3 months of conventional intensity VKA therapy, low intensity anticoagulation (target INR of 1.75) 
has been shown to reduce the risk of recurrent VTE by about two-thirds and is compatible with a 
less frequent INR testing (e.g., about 2 months) than is usual with conventional intensity anticoagu-
lation (Table 3) (18).

Based on these studies, a target INR of 2.5 (range 2.0–3.0) is recommended as the optimal intensity 
of anticoagulation for both acute and long-term treatment of VTE.

Table 1 
Principles and recommendations for maintenance of vitamin K antagonist therapy

Interval between INR measurements
•	 Gradually	increase	interval	from	every	2–3	days	in	the	first	week	to	every	2–4	weeks	(e.g.,	after	6	weeks)	

(11).
•	 Decrease	interval	between	testing	if	the	patient	becomes	ill	or	if	a	medication	is	added	or	stopped	(11,116).
•	 Decrease	interval	if	INR	results	become	unstable.
Dosing of warfarin
•	 Average	daily	warfarin	dose	is	about	6	mg	at	age	50	and	about	3.5	mg	at	age	80	(12).
•	 If	warfarin	maintenance	dose	needs	to	be	increased	or	decreased,	steps	of	10%	are	usually	suitable.	This	can	

be done by calculating the total dose of warfarin given in the preceding week, and adjusting the next week(s) 
total dose by 10%; this often translates into a change in the total week’s dose of 2.5–5.0 mg of warfarin (11).

•	 If	INR	>5.0,	1	or	2	doses	of	warfarin	should	be	withheld	in	addition	to	reducing	the	maintenance	of	warfa-
rin	dose.	If	INR	>5.0,	the	patient	has	a	risk	of	bleeding,	or	INR	>10.0,	1–2.5	mg	of	oral	vitamin	K	should	
also be given (11,117,118).

Method of anticoagulant monitoring
•	 A	systematic	process	for	monitoring	VKA	should	be	used	that	includes	patient	education,	and	explicit	

patient and healthcare provider responsibility for each stage of the process (e.g., patient attends a desig-
nated laboratory for INR testing; INR results are communicated to healthcare providers at pre-specified 
time (e.g., same or following day); INR results are recorded in the patient’s anticoagulation record; VKA 
dose is selected; VKA dose and timing of next INR measurement are communicated to the patient) (11).

•	 Use	of	a	dedicated	anticoagulant	service	can	improve	delivery	of	VKA	therapy	(11).
•	 Self-testing,	or	self-dosing,	is	appropriate	in	selected	well	educated	and	motivated	patients	(11,119).
•	 Computer	programs	can	facilitate	selection	of	warfarin	dose,	tracking	of	INR	and	VKA	dosing,	and	com-

munication of VKA dosing to patients (e.g., via mail) (11).
Interruption of VKA
•	 After	1	month,	and	particularly	after	3	months,	of	VKA	therapy	for	VTE,	short	interruptions	of	VKA	(e.g.,	
£5 days) are well tolerated (i.e., associated with a low risk of recurrence) provided patients have not under-
gone a procedure that is associated with VTE (11,62).

•	 Patients	who	have	had	a	procedure	that	is	associated	with	VTE	(e.g.,	surgery	with	general	anesthetic)	
should receive supplemental VTE prophylaxis (e.g., a heparin preparation) until their INR increases, or is 
expected to have increased (e.g., ~3 days), to above INR 1.5 (11,120).
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Duration of Anticoagulant Therapy
Anticoagulant therapy for VTE should be continued until: (1) its benefits (reduction of recurrent 

VTE) no longer clearly outweigh its risks (increase in bleeding); or (2) the patient prefers to stop 
treatment even if continuing treatment is beneficial. In patients with an average risk of bleeding 
while on anticoagulant therapy, therefore, the decision to stop or continue therapy is dominated by 
the risk of recurrent VTE if treatment is stopped. Current evidence suggests that the risk of recur-
rence after stopping therapy is largely determined by two factors: (1) whether the acute episode of 
VTE has been effectively treated, and (2) the patient’s intrinsic risk of having a new episode of VTE 
(i.e., not arising directly from the episode of thrombosis for which patients have been receiving treat-
ment). If therapy is stopped before the acute episode of thrombosis is adequately treated, the risk of 
recurrent VTE will be higher than if treatment was stopped after a longer course of anticoagulation. 
If patients have a persistently high intrinsic risk for thrombosis, even if the acute episode of throm-
bosis has effectively been treated, they will have a high risk of recurrence once anticoagulant 
therapy is stopped; if this risk is high enough relative to the patient’s increased risk of bleeding on 
anticoagulants, indefinite therapy will be indicated. As patients’ intrinsic risk of recurrent VTE has 
influenced the enrolling of patients in trials that have compared durations of anticoagulant therapy 
and needs to be considered in the interpretation of these studies, risk factors for recurrent VTE in 
individual patients will be considered before reviewing the studies that have compared different 
durations of VKA in patients with VTE.

Patient Related Risk Factors for Recurrent VTE After Stopping Anticoagulant Therapy
Cancer

Cancer is associated with about a threefold increased risk of recurrent VTE both during (19–
23) and after (22,24–26) anticoagulant therapy, and among patients with cancer, the risk of recur-
rence is about threefold higher in those with metastatic disease (23) (Table 2). The risk of 
recurrent VTE after stopping anticoagulant therapy is expected to be high (i.e., 10–20% in the 
first year) in cancer patients, particularly if there is progressive or metastatic disease, poor 
mobility, or ongoing chemotherapy (25–27). The risk of recurrence is uncertain, and likely to be 
lower, if the cancer has responded to therapy, or if the initial VTE was provoked by an additional 
reversible risk factor, such as surgery or chemotherapy (see below). Because cancer is considered 
to be such a strong risk factor for recurrent VTE, there is widespread agreement that most 
patients with VTE and cancer require long-term anticoagulant therapy and these patients have 
been excluded from the randomized trials that have compared different durations of anticoagu-
lant therapy.

Reversibility of Risk Factors for VTE

It has become clear that patients with VTE provoked by a major reversible risk factor, such as 
surgery, have a low risk of recurrence (i.e., about 3% in the first year) after 3 or more months of anti-
coagulant therapy, whereas the risk is high (i.e., about 10% in the first year) in patients with an unpro-
voked (also termed “idiopathic”) VTE and in those with a persistent risk for thrombosis (Table 2) 
(4,5,18,26–31). If VTE was provoked by a minor reversible risk factor, such as leg trauma, estrogen 
therapy, or prolonged air travel (e.g., a flight of over 8 h), there is an intermediate risk of recurrent 
VTE after stopping anticoagulant therapy (i.e., approximately 5% in the first year) (25,31,32). 
Because of this difference in the risk of recurrence, many recent trials selectively enrolled patients 
with unprovoked VTE and compared longer durations of therapy (16–18,33–35), or enrolled patients 
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with VTE that was provoked by a reversible risk factor and compared shorter durations of therapy 
(36) (Table 3).

Isolated Calf DVT Vs. Proximal DVT

Patients with DVT that is confined to the distal veins (often called “isolated calf” DVT) have about 
half the risk of recurrence than patients with DVT that involves the proximal veins (i.e., popliteal or 
more proximal veins) (28,30,37). If ultrasound rather than venography is used to diagnose distal DVT, 
the risk of recurrence after distal DVT may be even lower as a higher proportion of such patients may 
have false-positive findings or may have thrombosis of the muscular rather than of the deep veins. 
Many studies that compared durations of anticoagulation excluded patients with isolated distal DVT 
(4,20,34,35).

Second Vs. First Episode of VTE

After a second or subsequent episode of VTE, the risk of recurrence appears to be about 1.5-fold 
higher than that after a first episode (18,38,39). Many studies that compared durations of anticoagula-
tion excluded patients if their VTE was not a first episode (28,30,33–35).

Pulmonary Embolism Vs. Deep Vein Thrombosis

Patients with pulmonary embolism (PE) appear to have the same risk of recurrent VTE as those 
with proximal DVT (25,28,38,40). However, after a PE, about 60% of recurrent episodes of VTE are 

Table 2 
Risk factors for recurrent VTE after stopping anticoagulant therapy

Variable Relative risk
Transient risk factor (4,5,24,26,28,29,31,42,58) £0.5
Persistent risk factor (4,5,24,26,28,29,42) ³2
Unprovoked VTE (4,5,16,26,28,31) ³2
Protein C, protein S and antithrombin deficiencies (24,31,52,58) ~1.5
Heterozygous for factor V Leiden or the G20210A prothrombin gene (16,18,42,55) ~1.5
Homozygous for factor V Leiden (42,56–58) 1.5–2
Heterozygous for both factor V Leiden and G20210A prothrombin gene (56,58,121–123) 1.5–2
Factor	VIII	level	>150	IU/dL	(54,58,65) ~1.4
Antiphospholipid antibodies (16,36,42,59) 1.5–2
Mild hyperhomocysteinemia (69,124) 1.5–2.5
D-dimer elevation after stopping therapy (35,52–54) ~2.5
Family history of VTE (28,56,73) ~1
Cancer (23–26) ~3
 Metastatic vs. non-metastatic (23) ~3
Chemotherapy (25) ~2
Discontinuation of estrogen (25,58,125–131) ~0.5
Proximal DVT vs. PE (16,28,38) ~1
Distal DVT vs. proximal DVT or PE (28,30) ~0.5
Residual thrombosis (4,16,22,28,34,62,132) 1–2
Vena caval filter (38,63,64,132) 1–1.5
Second vs. first episode of VTE (3,18,38,39) 1.5–2
Age (16,25,38,56) ~1
Gender (60) ~1.5
Asian (38) ~0.8
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also PE, whereas only about 20% of recurrent episodes of VTE are a PE after an initial DVT 
(33,34,38,40–42). This pattern of recurrence, with about a three-fold higher risk of PE after an initial 
PE than after an initial DVT, appears to persist long-term (38,41,42). About 10% of symptomatic PE 
are considered to be rapidly fatal (43–45) and another 5% of patients whose PE is diagnosed and 
treated also die from PE (38,41,46–50). Thus, after 3 or more months of treatment for DVT or PE, 
recurrent VTE that presents as PE probably has a case-fatality of about 15%. The risk of dying from 
acute DVT, because of early subsequent PE or other complications (e.g., bleeding, precipitation of 
myocardial infarction), appears to be 2% or less (24,38,41,47,50,51). Based on these estimates, the 
case-fatality associated with late recurrent VTE after a preceding PE is expected to be about 10%, 
whereas that after a preceding DVT is expected to be about 5%. Consistent with the latter estimate, 
an overview of randomized trials calculated a 5.1% case-fatality for recurrent VTE in patients with 
DVT who had completed 3 months of treatment (40). Therefore, although the risk of a recurrence is 
the same after PE and proximal DVT, the case-fatality for a recurrence is expected to be two-fold 
higher after PE than after DVT.

D-Dimer Level After Withdrawal of Treatment

A negative D-dimer test 1 month after withdrawal of VKA appears to identify patients with a 
substantially reduced risk of recurrent VTE (relative risk ~0.4) (35,52–54).

Hereditary Thrombophilias

A recent meta-analysis estimated that the risk of recurrent VTE associated with heterozygous factor 
V Leiden was 1.4 (95% CI 1.1–1.8) and that associated with prothrombin G20210A was 1.7 (1.3–2.3), 
with heterogeneity of these estimates among studies (55). Among the five large prospective studies 
that included a total of 2,691 patients with a first episode of VTE (provoked and unprovoked), and of 
whom 117 (4.3%) had homozygous factor V Leiden, homozygous prothrombin gene G20210A, dou-
ble heterozygous states for these two mutations, or deficiency of protein C, protein S or antithrombin, 
the overall odds ratio for recurrent VTE associated with these major thrombophilias was 1.5 (95% CI 
0.9–2.4) (31,52,56–58).

Antiphospholipid Antibodies

Schulman et al. found that an anticardiolipin antibody was associated with recurrent VTE in the 
first 4 years after the first VTE (59), but at the end of 10 years of follow-up it was no longer predictive 
(42). Kearon found that an anticardiolipin antibody or lupus anticoagulant was associated with recur-
rent VTE after an unprovoked VTE (hazard ratio 4.0, 95% CI 1.2–13) (16), but not after a provoked 
VTE (hazard ratio 1.3, 95% CI 0.2–11) (36).

Sex

A recent meta-analysis estimated that the risk of recurrent VTE is higher in males than in females 
(RR 1.6, 95% CI 1.2–2.0), with heterogeneity of this association among studies (60).

Residual Deep Vein Thrombosis

A relation between the presence of residual DVT on ultrasound and the risk of recurrent VTE has 
been reported (22,61). However, a number of other studies have not found the residual DVT to be an 
independent predictor of recurrence (16,34,36,62), and why residual DVT would be associated with  
DVT in the contralateral leg remains unexplained (61).

Vena Caval Filter

In patients who have had a vena caval filter inserted, followed by standard anticoagulant therapy, a 
trend to a higher risk of a new episode of DVT (RR 1.3; 95% CI 0.9–1.8), a lower risk of PE (RR 0.4; 95% 
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CI 0.2–0.9), and no difference in the risk of VTE (DVT and/or PE; RR 1.0; 95% CI 0.7–1.4) was 
observed after 8 years of follow-up (63,64).

Other Markers for Recurrence

Factor VIII (54,58,65,66), factor IX (58), factor XI (58,67), homocysteine (58,68,69), thrombin 
generation (70), activated partial thromboplastin time (71), family history of VTE (72), and age at 
diagnosis (25,38) have been evaluated, but the evidence that they are clinically important risk factors 
for recurrent VTE is generally weak.

Comparisons of Different Durations of Anticoagulation Therapy for Venous 
Thromboembolism

Trials that have evaluated different durations of anticoagulant therapy in patients with VTE can be 
divided into three categories, according to the durations of the therapy that were compared: (1) short 
vs. intermediate durations, (2) different intermediate durations, and (3) indefinite therapy vs. intermediate 
durations. Within each of these categories, studies that included heterogeneous (i.e., less selected) 
patients with VTE will be considered first, followed by studies that enrolled subgroups of (i.e., 
selected) patients who were expected to have either a lower (e.g., associated with reversible risk fac-
tors) or a higher (e.g., unprovoked, or second episodes of VTE) risk of recurrence.

Short (4 or 6 Weeks) Vs. Intermediate (3 or 6 Months) Durations of Therapy

Five trials have evaluated shortening the duration of oral anticoagulant therapy from 3 or 6 months 
to 4 or 6 weeks in patients with mostly first episodes of VTE (Table 3) (4,5,28,30). The first three stud-
ies (British Thoracic Society, Levine, DURAC 1; Table 3), which mainly enrolled unselected patients 
with proximal DVT or PE, found that shortening the duration of anticoagulation was associated with 
about double the frequency of recurrent VTE during follow-up of 1 to 2 years (an absolute risk increase 
of ~5%) (4,5,28). Major bleeding was uncommon during the incremental period of anticoagulation in 
these three studies (estimated as seven episodes among 1,009 patients during 259-patient years of 
additional treatment [2.7% per year]) (4,5,28). Therefore, the main finding of these studies was that 
anticoagulant therapy should not be shortened to 4 or 6 weeks in patients with VTE.

Subgroup analyses of one of the above studies (DURAC 1) suggest that isolated distal DVT 
provoked by a major transient risk factor can safely be treated with only 6 weeks of therapy (28). 
A subsequent study (component of DOTVAK), which compared 6 vs. 12 weeks of therapy in 
patients with isolated calf DVT (unprovoked or provoked; mostly diagnosed by ultrasound), found 
no evidence to suggest that shortening therapy increased the risk of recurrence (RR 0.6; 95% 
CI 0.01–3.4) and, in general, observed a low frequency of recurrent VTE with isolated calf DVT 
(~2% in the first year) compared to proximal DVT or PE (~6% in the first year) (30). These findings 
suggest that if anticoagulants need to be stopped after 6 weeks of therapy in patients with isolated 
distal DVT, the subsequent risk of recurrence is not expected to be excessive. The fifth of these 
studies enrolled only patients with VTE that was associated with a major reversible risk factor 
(SOFAST; Table 3); however, because only 165 patients were enrolled, its findings were not defini-
tive (36). A meta-analysis of five studies (retrospective identification of the patient’s subgroup in 
four studies (4,5,28,73); prospective enrollment of patients in one study (36)) that compared 4 or 
6 weeks with 3 or 6 months of treatment among 725 patients with VTE provoked by a reversible 
risk factor found that the shorter durations of therapy were associated with more than double the 
risk of recurrent VTE during the subsequent year (odds ratio 2.9; 95% CI 1.2–6.9; absolute increase 
of ~3.4%) (36).
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Different Intermediate Durations of Therapy (6 or 12 Months Vs. 3 Months)

Two studies have compared 6 vs. 3 months of anticoagulant therapy in patients with predominantly 
first episodes of DVT or PE (unprovoked, or provoked by a reversible risk factor) (DOTAVK, Campbell; 
Table 3) (30,74). There was no difference in the risk of recurrence during follow-up in both studies, and 
one study (74) reported a lower risk of bleeding in the 3-month group (Campbell; Table 3).

Agnelli and colleagues compared stopping anticoagulant therapy at 3 months with continuing it for 
another 9 months after a first episode of unprovoked proximal DVT (WODIT-DVT; Table 3) (33). At 
the end of the first year, recurrent VTE was less frequent in the group that continued on anticoagulant 
therapy (3.0% vs. 8.3%) but this benefit was no longer present after 2 years of follow-up (RR 1.0; 95% 
CI 0.6–1.7). The same investigators obtained similar results in a comparable study of patients with 
unprovoked PE (WODIT PE and Table 3) (34).

Based on the findings of these five studies (including the two components of WODIT-PE) 
(30,33,34,74), anticoagulants are found to be very effective in preventing recurrence when patients 
are receiving therapy but, at the end of extended follow-up after stopping treatment, a similar risk of 
recurrence is expected if anticoagulants are stopped at 6 or 12 months compared to at 3 months (RR 
for the five studies 0.95; 95% CI 0.72–1.26; Table 3) (30,33,34,74), including among patients with 
unprovoked proximal DVT or PE.

Indefinite Therapy Vs. Intermediate Durations of Anticoagulant Therapy

Four trials have compared indefinite (i.e., extended therapy without scheduled stopping of 
treatment and subsequent follow-up) anticoagulation (target INR of 2.0–2.85 (3), 2.0–3.0 
(16,35), 1.5–2.0 (18)) with stopping therapy in patients with VTE who were believed to have a 
high risk of recurrence because thrombosis was a second episode (3), unprovoked (16,18), or 
was unprovoked and had a positive D-dimer result 1 month after stopping therapy (35) (DURAC 
2, LAFIT, PREVENT, PROLONG; Table 3). The results indicate that randomization to indefi-
nite treatment with conventional-intensity VKA (target INR 2.5) reduces recurrent VTE by 
about 90% (RR for the three studies 0.10; 95% CI 0.04–0.22; Table 3) (3,16,35), and randomi-
zation to low-intensity therapy (target INR 1.75) reduces VTE by 64% (95% CI for HR, 
23–81%) (18) (Table 3; both risk reductions are appreciably greater among patients who remain 
on VKA therapy).

Bleeding During Long-Term Anticoagulant Therapy
A meta-analysis of seven studies (4,16,18,33,39,75,76) that compared durations of conventional-

intensity anticoagulant therapy for VTE (not all patients had unprovoked VTE) estimated the rate of 
major bleeding to be 1.1% per patient-year (18 episodes in 1,571 years) during the extended phase 
of anticoagulation compared with 0.6% per patient-year (9 episodes during 1,497 years) without 
anticoagulation (RR of 1.80; 95% CI 0.72–4.51) (77). Similar low rates on major bleeding were 
observed during long-term treatment of unprovoked VTE in the more recent ELATE and PROLONG 
studies (Table 3) (17,74).

Of factors that have been evaluated as risk factors for major bleeding during anticoagulant therapy, 
the following appear to have the greatest potential to be clinically useful markers of increased risk: 
old age, particularly after 75 years; previous gastrointestinal bleeding, particularly if not associated 
with a reversible cause; previous non-cardioembolic stroke; chronic renal or hepatic disease; con-
comitant antiplatelet therapy (to be avoided if possible); other serious acute or chronic illness; poor 
anticoagulant control; and suboptimal monitoring of anticoagulant therapy (17,78–85).
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Balancing Reduction of VTE with Increase of Bleeding During Long-Term Therapy
As noted previously, the likelihood of dying from recurrent VTE depends on whether the recurrence 

is a PE or a DVT, with PE being much more common after an initial PE than after an initial DVT. After 
completing 3 or more months of initial anticoagulant therapy, case-fatality for recurrent VTE is expected 
to be about 10% after an initial PE and 5% after an initial DVT (see above). Case-fatality with major 
bleeding during long-term anticoagulant therapy for VTE is about 10% (86). Comparison of associated 
case-fatalities suggests that the consequence of major bleeding during long-term anticoagulation is similar 
to that of a recurrent episode of VTE that occurs after a PE, and is about twice as severe as the conse-
quences of a recurrent episode of VTE that occurs after a DVT. Therefore, given a relative risk reduction 
for recurrent VTE of over 90%, and a relative risk for bleeding of 2.5, with long-term anticoagulation, if 
the annual rate of major bleeding on anticoagulant therapy is 2%, the annual risk of recurrent VTE needs 
to exceed 1.2% after a PE, and 2.4% after a DVT just to offset the increased fatal bleeding.

As the average rate of recurrence is about 6% per year in the first 5 years after stopping anticoagulant 
therapy in patients with a first episode of unprovoked proximal DVT or PE (4,5,16,18,27,28,30,31,33,34), 
indefinite anticoagulant therapy is expected to be beneficial in a majority of such patients (see also Table 
3). Consistent with this risk:benefit analysis, the combined results of the five randomized trials that have 
compared long-term conventional-intensity (3,16,35) or low-intensity (18) therapy with stopping ther-
apy, and conventional-intensity with low-intensity therapy (17), in patients with mostly unprovoked 
VTE suggests that long-term therapy reduces all-cause mortality (risk ratio 0.53; 95% CI 0.33–0.87 (87) 
[see Baglin (88) for the argument against long-term anticoagulation for a first unprovoked VTE]).

Patient Preferences and the Burden of Anticoagulation
The perceived burden associated with being on VKA therapy differs markedly among patients. For 

example, Locadia and colleagues identified that being on VKA was associated with a median utility 
of 0.92 (where 0 is equivalent to death and 1.0 is equivalent to perfect health) by 124 patients who 
had a recent or remote VTE; however, the associated utility was 0.77 or lower for a quarter of patients, 
and was 0.98 or higher for another quarter of patients (i.e., rated more highly that the median utility 
of 0.96 associated with not being on VKA). Consistent with these large differences in patients’ per-
ception of the burden of VKA therapy, irrespective of whether the risk of recurrence was assumed to 
be high or low after stopping therapy, 25% of surveyed patients always opted to stop therapy and 23% 
always opted to continue with the therapy. There were also marked difference in how negatively (i.e., 
“bad”) patients consider it would be to have an episode of bleeding or VTE (90).

Alternatives to Vitamin K Antagonists
Subcutaneous Unfractionated Heparin

Adjusted-dose subcutaneous UFH is an effective approach for the long-term treatment of DVT 
(91), whereas low-dose UFH (5,000 U twice daily) is inadequate for this purpose (2,92). In a study 
of 80 patients with DVT, contraindications to VKA therapy that compared 10,000 U UFH with 
5,000 IU dalteparin, each administered subcutaneously twice daily for 3 months, there was a similar 
low frequency of recurrent VTE and bleeding in both groups, and a less frequent spinal fracture in the 
LMWH group (93).

Subcutaneous Low-Molecular-Weight-Heparin

Fourteen randomized trials have compared VKA (INR of 2.0–3.0) with widely differing regimens 
of five LMWH preparations (dalteparin (94–96), enoxaparin (29,97–101), nadroparin (102,103), 
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tinzaparin (104,105), bemiparin (106)). In these studies, the daily LMWH dose was as low as 4,000 IU 
(29,97) to as high as 200 IU/kg (96,103); approximately a 3.5-fold difference. Two meta-analyses of 
studies that compared LMWH with VKA, each given for 3 months after initial heparin therapy, have 
been performed (107,108). In the analysis by Iorio and colleagues, which includes seven studies 
(29,94,97,98,102–104) and a total of 1,379 patients, there were trends towards less recurrent VTE 
(odds ratio 0.66; 95% CI 0.41–1.07) and less major bleeding (odds ratio 0.45; 95% CI 0.18–1.11) with 
3 months of LMWH compared with VKA (108). Compared with outcomes in patients who received 
VKA therapy, between study differences of mean daily dose of LMWH had little effect on efficacy 
but did appear to influence the risk of major bleeding (odds ratio of about 0.2 with ~4,000 IU/day to 
about 0.7 with 12,000 IU/day, relative to the VKA groups [p = 0.03]) (108). Three subsequent studies 
that selectively enrolled a total of 1,019 patients with VTE in association with active cancer found 
that, compared to VKA therapy, 3 (99,109) or 6 (96) months of therapeutic-dose LMWH was associ-
ated with less recurrent VTE in one study (96) and less bleeding in another (99) (Table 4) (RR for the 
three studies: recurrent VTE 0.56 [95% CI 0.38–0.82]; major bleeding 1.01 [95% CI 0.62–1.64]; 
mortality 0.92 [95% CI 0.78–1.10] Table 4) (99,108,109). Randomized trials have not evaluated 
approaches to anticoagulant therapy after the first 6 months of VKA or LMWH therapy in patients 
with VTE and cancer, either to assess the duration of therapy or to compare VKA with LMWH for 
extended therapy. Observational studies suggest that the risk of recurrent VTE is unacceptably high 
in patients with active cancer who terminate anticoagulant therapy (24–26,38).

New Anticoagulants

Ximelagatran, an oral direct thrombin inhibitor, has been shown to be effective for the initial and 
long-term treatment of VTE but has been withdrawn because of hepatic toxicity (39,110). Idraparinux, 
the synthetic long-acting pentasaccharide, was recently reported to be as effective (recurrent VTE at 
3 months: 2.9% vs. 3.0%) and as safe as VKA for the first 3 or 6 months of treatment of DVT but less 
effective than VKA (recurrent VTE at 3 months: 3.4% vs. 1.6%; p < 0.05) in patients with PE (111). 
After 6 months of treatment of VTE with idraparinux or VKA, compared with placebo, 6 months of 
further treatment with idraparinux reduced their recurrence (1.0% vs. 3.7%; p = 0.002) but was associ-
ated with increased major bleeding (1.9% vs. 0%; p < 0.001) (112). New Anticoagulants including 
dabigatran etexilate, rivaroxaban and apizaban, are at an advanced of development.

ANTIPlATElET THERAPY FOR TREATMENT OF VTE

Antiplatelet therapy, usually with aspirin, reduces the risk of postoperative VTE by about 40% (i.e., 
primary prophylaxis) (113,114). This has led to the hypothesis that aspirin may also reduce the risk of 
recurrent VTE if it is started after anticoagulant therapy, which is being tested in two ongoing placebo-
controlled trials in patients with unprovoked VTE (114). If patients were on long-term antiplatelet 
therapy before starting treatment for VTE, it is usually appropriate to restart this therapy if anticoagu-
lants are stopped. Currently, there is insufficient evidence to support use of aspirin in patients with 
unprovoked VTE who are not candidates for indefinite anticoagulant therapy.

RECOMMENDED DuRATION OF ANTICOAGulATION IN INDIVIDuAl 
PATIENTS

Based largely on the preceding analysis of risk factors for recurrent thrombosis and bleeding, and 
on the findings of studies that compared different durations and intensities of anticoagulation, an 
approach to selection of duration of anticoagulation for individual patients with VTE is outlined in 
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Table 5. Because the presence of a reversible risk factor for VTE, lack of a provoking factor, or cancer, 
at the time of thrombosis has the greatest prognostic influence on the risk of recurrence, this assess-
ment carries most weight.

For patients whose VTE is associated with a major reversible risk factor, such as recent surgery, 
stopping anticoagulant therapy after 3 months of treatment is expected to be associated with a subse-
quent risk of recurrent VTE of about 3% in the first year and about 10% over 5 years 
(4,5,18,24,26,29,30,34,39). For patients whose VTE is associated with a lesser reversible risk factor, 
such as a soft tissue injury to the leg or a prolonged flight, stopping anticoagulant therapy after 
3 months of treatment is expected to be associated with a subsequent risk of recurrent VTE of about 
5% in the first year and about 15% over 5 years (31). These rates of VTE are not high enough to 
justify treatment for longer than 3 months.

For patients with unprovoked VTE, stopping anticoagulant therapy after 3 or more months of treat-
ment is expected to be associated with a subsequent risk of recurrent VTE of about 10% in the first 
year and about 30% over 5 years (26,28,30,33). This rate is high enough to justify long-term antico-
agulation in the majority of patients. The argument favoring long-term therapy is stronger if the 
unprovoked episode of VTE was a second or subsequent episode of unprovoked VTE, a PE, occurred 
in a male, or was associated with an antiphospholipid antibody or a hereditary thrombophilia. A low 
D-dimer level (e.g., corresponding to a “negative test” result using a D-dimer assay that has a high 
sensitivity for diagnosing acute VTE) 1 month after stopping anticoagulant therapy may identify 
patients with unprovoked proximal but or be who have a low risk of recurrence, and do not require 
long-term anticoagulant therapy (35,52,54,115). However, this author suggests that the use of D-dimer 
testing to identify patients with unprovoked proximal DVT or PE who can safely discontinue anticoagulant 

Table 5 
Recommendations for duration of anticoagulant therapy for VTE

Risk factor for VTE
Durations of treatment (Target INR 2.5, 
range 2.0–3.0)

Transient risk factora 3 months
UnprovokedIf also:
isolated distal DVT; or a first proximal DVT or PE 

and a moderate or higher risk of bleedingc; or an 
informed patient’s preference to stop therapy

Indefiniteb3 months

Uncontrolled malignancyIf also:
a very high risk of bleedingc; isolated distal DVT; or an 

additional major reversible provoking risk factor for 
VTEa

Indefinite(preferably with LMWH for at least 
the first 3 months)

consider stopping therapy at 3 or when can-
cer becomes inactive

a Transient risk factors include: major factors, such as surgery with general anesthesia, plaster cast immobilization of a 
leg, or hospitalization, all within the past month; and minor factors, such as estrogen therapy, pregnancy, prolonged travel 
(e.g., longer than 8 h), less marked leg injury, or the previously noted “major factors” when they occur 1–3 months before 
diagnosis of VTE
b Decision should be reviewed annually to consider if the patient’s risk of bleeding has increased, or if patient preference 
has changed. Additional factors favoring indefinite therapy include: more than one episode of unprovoked VTE; PE vs. 
proximal DVT at presentation; male sex; antiphospholipid antibodies; hereditary thrombophilia
c Risk factors for bleeding include: age 65 years or older, particularly after 75 years; previous non-cardioembolic stroke; 
previous bleeding (e.g., gastrointestinal), particularly if there was not a reversible cause; active peptic ulcer disease; renal 
impairment; anemia; thrombocytopenia; liver disease; diabetes mellitus; use of antiplatelet therapy (to be avoided); poor 
patient compliance; poor control of anticoagulation; structural lesion (including tumor) expected to be associated with 
bleeding. One or two risk factors suggests moderate risk, and three or more risk factors suggests high risk, of bleeding
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therapy requires further prospective validation before this can be recommended in usual clinical practice 
(the author is currently involved in such a study).

Patients with active cancer should generally remain on long-term anticoagulant therapy (LMWH 
or VKA) because the risk of recurrent VTE is expected to be higher than 10% within a year of stop-
ping treatment.

If anticoagulant therapy is expected to be associated with a high risk of bleeding because of risk 
factors for bleeding or lack of access to appropriate anticoagulant monitoring, longer than 3 months 
of treatment generally should be avoided in patients with a first unprovoked VTE. Annual review is 
recommended for patients on long-term therapy to ensure that the benefits of continuing therapy are 
likely to exceed the risks (e.g., that contraindications have not developed).
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AbstrAct Thromboembolism, especially the cerebrovascular events, due to atrial fibrillation leads to 
significant morbidity and mortality. A fundamental part of the management of any patient with atrial 
fibrillation is stratification of this risk, and deciding upon suitable antithrombotic therapy. Currently, the 
cornerstone of anticoagulation in high risk patients is the warfarin therapy. However, despite its efficacy, 
warfarin has many practical limitations, and is known to be underused even when identified as the best 
therapy. This has led to the search for a safe and effective alternative to warfarin which, if discovered, 
would revolutionize anticoagulation in atrial fibrillation.

Key words: Atrial fibrillation • Thromboembolism • Stroke • Warfarin • Heparin • Cardioversion

INTRODUCTION

Atrial fibrillation is the most common cardiac arrhythmia, with an estimated prevalence of 2.3 million 
people in North America and 4.5 million people in the European Union (1). Atrial fibrillation (AF) is 
characterized by chaotic uncoordinated atrial activity, resulting in deterioration of mechanical function. 
This predisposes to thrombus formation, especially in the left atrial appendage, due to a combination of 
factors including blood stasis, endothelial dysfunction, and systemic hypercoagulability (2).

Thromboembolism due to AF leads to significant morbidity and mortality. Therefore, the stratification 
of risk and anticoagulation therapies to reduce the risk are essential aspects of the clinical management 
of all patients with AF, irrespective of other management strategies such as rate or rhythm control.

From: Contemporary Cardiology: Antithrombotic Drug Therapy in Cardiovascular Disease
Edited by: A.T. Askari and A.M. Lincoff (eds.), DOI 10.1007/978-1-60327-235-3_20 
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RISK OF THROMBOEMBOLISM IN ATRIAL FIBRILLATION

The risk of stroke and thromboembolism is increased up to fivefold in non-valvular AF and up to 
17-fold in valvular AF. The risk of embolic events does not depend on whether AF is paroxysmal or 
permanent, or on the treatment strategy chosen (3,4). Overall, AF is responsible for up to 25% of 
all ischemic cerebrovascular events. Patients with AF who have suffered a stroke have a higher 
mortality, greater disability, and longer hospital admissions compared to patients without AF (5–9). 
However, it should be noted that the pathogenesis of thromboembolism in AF is complex and not 
solely related to embolism of thrombus generated in the left atrial appendage, with up to 25% of the 
events resulting from intrinsic cerebrovascular disease, other cardiac source of embolism, and 
atherosclerosis of the aorta (10,11).

Several clinical and echocardiographic characteristics have been identified that serve as predictors 
of thromboembolic events in patients with AF. Clinical risk factors include a history of a prior embolic 
event, hypertension, diabetes mellitus, old age, coronary artery disease, and heart failure (1). 
Echocardiographic risk factors, often more accurately identified with transesophageal echocardiogra-
phy (TEE) (12) (Fig. 1), include increased left atrial size, impaired left ventricular systolic function, 
left atrial thrombus, spontaneous echocardiographic contrast (SEC), complex aortic atheroma, and 
evidence of left atrial mechanical dysfunction. Reduced left atrial appendage emptying velocity 

Fig. 1. Spectrum of left atrial appendage (LAA) thrombogenic milieu within the left atrium (LA) identified by trans-
esophageal echocardiography (TEE) with (a) severe spontaneous contrast (SEC) (b) sludge and (c) thrombus.
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(<20 cm/s) results from the loss of organized mechanical function in AF, and is associated with an 
increased risk of thromboembolism (13). In addition, the dynamic mechanical dysfunction that occurs 
following cardioversion is also associated with an increased risk of thromboembolic events (14). SEC 
attributes the smoke-like swirling echocardiographic appearance to the presence of a low flow state 
and red blood cell–protein interactions (rouleau formation) (13). The presence of SEC has been asso-
ciated with an increased risk of thromboembolism. In one study of 302 patients undergoing TEE prior 
to cardioversion or catheter ablation or as part of a clinical evaluation for cardiac source of embolism, 
the presence of a viscid layered SEC or “sludge” in the left atrial appendage is an independent predic-
tor of all-cause mortality or thromboembolism (15). The incorporation of these risk factors into pre-
dictive risk models has become an integral component of clinical decision-making.

Several risk stratification schemes for anticoagulation in AF have evolved, incorporating data 
from clinical trials and expert opinion (Table 1). However, a recent comparison of five different risk 
stratification schemes had a comparable but limited ability to predict thromboembolism. Clearly, 
better methods are needed to select patients for anticoagulation.

The role of other imaging modalities, including cardiac CT, continues to evolve. Despite being able 
to distinguish severe left atrial appendage SEC or thrombus from lesser grades of SEC (16,17), a high 
interobserver variability and modest diagnostic accuracy for detecting left atrial thrombus in patients 
undergoing catheter ablation (18) have precluded the use of cardiac CT for the purpose of predicting 
events following cardioversion.

The annual stroke rate in patients with AF ranges between 3 and 8% depending on the presence of 
risk factors (19). The lowest risk is in the so-called “lone” AF (defined as a patient younger than 60 years 
with no clinical history or echocardiographic features of cardiopulmonary disease) at 0.5%/year (20). In 
patients with non-valvular AF, prior embolic event and age are the two most powerful predictors of risk. 
The incremental relative risk, associated with prior embolic event, is estimated at approximately 3.0 
(1,19,21). The annual risk of embolic events in AF is 1.5% in those younger than 60 years but increases 
to 23.5% in octogenarians (19). It should be emphasized that based on the available data, the type of AF 
(paroxsysmal versus permanent) and the treatment strategy chosen (rate versus rhythm control) should 
not be considered as major factors in the anticoagulant decision-making process (22–27).

MANAGEMENT OPTIONS

Oral anticoagulant therapy is the basis on which thromboembolism is prevented in patients with AF 
with over 24 published trials in patients with non-valvular AF including 20,012 patients and an average 
follow-up time of 1.6 years (1,28). Alternative strategies such as surgical removal of the left atrial append-
age have not been proven to reduce thromboembolic risk (28). Ongoing clinical trials will examine the 
long-term safety and efficacy of surgical ligation and percutaneous occluder devices of the left atrial 
appendage (29–32). Recently presented data from the Embolic Protection in Patients with Atrial 
Fibrillation (PROTECT-AF) trial have demonstrated  showed that device closure using the Watchman 
device (Atritech, Plymouth, MN) was associated with a reduction in hemorrhagic stroke risk versus war-
farin and all cause stroke was non inferior to warfarin. Further data is awaited in this developing area.

Warfarin
Warfarin, a synthetic derivative of coumarin, inhibits the vitamin K g-carboxylation of coagulation 

factors II, VII, IX, and X, resulting in the synthesis of inactive coagulation proteins of the prothrombin 
complex (33). After rapid and complete absorption, it is almost completely bound to plasma albumin 
with a half-life of 37 h. Clinically, there is a delay of 2–7 days in the onset of action. It is metabolized 
in the liver, and therefore is subject to many (up to 80) drug and food interactions.

391



Antithrombotic Drug Therapy in Cardiovascular Disease

T
ab

le
 1

 
R

is
k 

st
ra

ti
fi

ca
ti

on
 s

ch
em

es
 f

or
 a

nt
ic

oa
gu

la
ti

on
 in

 a
tr

ia
l f

ib
ri

lla
ti

on

Sc
he

m
e

H
ig

h 
ri

sk
In

te
rm

ed
ia

te
 r

is
k

L
ow

 r
is

k
M

an
ag

em
en

t

A
C

C
/A

H
A

/E
SC

 
gu

id
el

in
es

 2
00

6
Pr

io
r 

th
ro

m
bo

em
bo

lis
m

, m
itr

al
 

st
en

os
is

, p
ro

st
he

tic
 h

ea
rt

 v
al

ve
A

ge
 ³

75
 y

ea
rs

, 
H

yp
er

te
ns

io
n,

 h
ea

rt
 

fa
ilu

re
, E

F 
<

35
%

 o
r 

le
ss

, d
ia

be
te

s 
m

el
lit

us

A
ge

 6
5–

74
 y

ea
rs

, 
co

ro
na

ry
 a

rt
er

y 
di

se
as

e,
 f

em
al

e 
ge

nd
er

, t
hy

ro
to

xi
co

si
s 

(t
he

se
 a

re
 c

on
si

de
re

d 
le

ss
 v

al
id

at
ed

 o
r 

w
ea

ke
r 

ri
sk

 f
ac

to
rs

)

N
o 

ri
sk

 f
ac

to
r 

→
 A

sp
ir

in
O

ne
 m

od
er

at
e 

ri
sk

  
fa

ct
or

 →
 A

sp
ir

in
 o

r 
W

ar
fa

ri
n

A
ny

 h
ig

h 
ri

sk
 f

ac
to

r 
 

or
 >

1 
m

od
er

at
e 

ri
sk

  
fa

ct
or

 →
 W

ar
fa

ri
n

C
H

A
D

S2
 2

00
1

Sc
or

e 
3–

6
(S

co
re

 1
 f

or
 e

ac
h 

of
 th

e 
re

ce
nt

 h
ea

rt
 

fa
ilu

re
, h

yp
er

te
ns

io
n,

 d
ia

be
te

s;
 

sc
or

e 
2 

fo
r 

pr
io

r 
st

ro
ke

 o
r 

T
IA

)

Sc
or

e 
1–

2
Sc

or
e 

0
Sc

or
e 

0 
→

 A
sp

ir
in

Sc
or

e 
1–

2 
→

 A
sp

ir
in

 o
r 

W
ar

fa
ri

n
Sc

or
e 

3–
6 

→
 W

ar
fa

ri
n

Fr
am

in
gh

am
 2

00
3

14
–3

1 
po

in
ts

(o
ld

 a
ge

 –
 m

ax
 s

co
re

 <
10

, s
ex

 –
 

w
om

en
 =

 6
, m

en
 =

 0
, h

yp
er

te
ns

io
n 

<
4,

 d
ia

be
te

s =
 6

)

8–
13

 p
oi

nt
s

0–
7 

po
in

ts
To

ta
l s

co
re

 c
or

re
sp

on
ds

 to
 

pr
ed

ic
te

d 
5-

ye
ar

 s
tr

ok
e 

ri
sk

A
C

C
P 

20
04

Pr
ev

io
us

 s
tr

ok
e 

or
 T

IA
 o

r 
sy

st
em

ic
 

th
ro

m
bo

em
bo

lis
m

, a
ge

 >
75

 y
ea

rs
, 

m
od

er
at

el
y 

or
 s

ev
er

el
y 

im
pa

ir
ed

 
LV

 f
un

ct
io

n 
w

ith
 o

r 
w

ith
ou

t h
ea

rt
 

fa
ilu

re
, h

yp
er

te
ns

io
n,

 d
ia

be
te

s

A
ge

 6
5–

75
 w

ith
ou

t o
th

er
 

ri
sk

 f
ac

to
rs

A
ge

 <
65

 y
ea

rs
 w

ith
 n

o 
ri

sk
 f

ac
to

rs
L

ow
 r

is
k 

→
 A

sp
ir

in
M

od
er

at
e 

ri
sk

 →
 A

sp
ir

in
 o

r 
W

ar
fa

ri
n

H
ig

h 
ri

sk
 →

 W
ar

fa
ri

n

A
tr

ia
l F

ib
ri

lla
tio

n 
In

ve
st

ig
at

or
s 

(A
FI

) 
19

94

A
ge

 >
65

 y
ea

rs
, h

yp
er

te
ns

io
n,

 
co

ro
na

ry
 a

rt
er

y 
di

se
as

e 
or

 
di

ab
et

es

A
ge

 <
65

, n
o 

hi
gh

 r
is

k 
fe

at
ur

es

SP
A

F 
In

ve
st

ig
at

or
s 

tr
ia

l 1
99

5
W

om
en

 >
75

 y
ea

rs
, s

ys
to

lic
 b

lo
od

 
pr

es
su

re
 >

16
0 

m
m

H
g,

 le
ft

 
ve

nt
ri

cu
la

r 
dy

sf
un

ct
io

n 
cl

in
ic

al
ly

 
or

 o
n 

ec
ho

ca
rd

io
gr

am

H
yp

er
te

ns
io

n,
 n

o 
hi

gh
 

ri
sk

 f
ea

tu
re

s
N

o 
hi

st
or

y 
of

 
hy

pe
rt

en
si

on
, n

o 
hi

gh
 

ri
sk

 f
ea

tu
re

s

392



Antithrombotic Therapy for Atrial Fibrillation and Cardioversion

Five large randomized trials (AFSAK 1, SPAF 1, BAATAF, CAFA and SPINAF) (34–38) have 
evaluated warfarin compared with either placebo or control in the primary prevention of thromboem-
bolism in patients with non-valvular AF (Fig. 2) (39). The European Atrial Fibrillation Trial compared 
phenprocoumon or acenocoumarol (other synthetic derivatives of coumarin with the same action 
mechanism but with different half-life compared to warfarin) and placebo in the secondary prevention 
of stroke among patients with non-valvular AF (40). In a meta-analysis of these six trials, adjusted-
dose warfarin reduced the relative risk of stroke (both ischemic and hemorrhagic) by 61% (95% CI 
47–71%) compared to placebo (41). When only ischemic strokes are considered, treatment with 
adjusted-dose warfarin was associated with a 65% (95% CI 52–74) relative risk reduction, and was 
equally effective in preventing disabling and non-disabling strokes (41). The absolute risk reduction 
for all strokes is far greater for secondary stroke prevention (8.4% per year; number needed to 
treat for 1 year to prevent one stroke, 12) than for primary stroke prevention (2.7% per year; 
number needed to treat for 1 year to prevent one stroke, 37 (41)). In addition, adjusted-dose warfarin 
significantly reduced the all-cause mortality compared to placebo (RR 0.69, 95% CI 0.53–0.89; 
p = 0.005) (42).

The main risk associated with warfarin therapy is major bleeding. Patient age and intensity of 
anticoagulation are the most powerful predictors of major bleeding (43–46). Other factors, besides 
intensity of anticoagulation, associated with an increased risk of bleeding include hypertension 
(systolic blood pressure >180 mmHg or diastolic blood pressure >100 mmHg), alcoholism or liver 
disease, poor drug adherence, presence of bleeding lesions (e.g., peptic ulcer disease, intracranial 
hemorrhage, bleeding diatheses), and concomitant use of non-steroidal antiinflammatory drugs or 
specific antibiotics.

The optimum intensity of anticoagulation balances the prevention of ischemic stroke with the risk 
of hemorrhagic complications (45). Patients with an INR of 1.7 have twice the odds of stroke (95% 
CI 1.6–2.4), and those with an INR of 1.5 have 3.3 times the odds of stroke (95% CI 2.4–4.6 times) 
compared with those achieving an INR of 2.0 (47). An INR above 3.0 increases the risk of major 
bleeding threefold (OR 3.21, 95% CI 1.24–8.28) (48,49). Therefore, the optimum target intensity in 
protection against ischemic stroke is probably achieved at an INR range 2.0–3.0 (1).

Clinical practice differs from the carefully selected and closely monitored population of clinical 
trials. Warfarin, with an unpredictable dose–response relationship, delayed the onset and offset of 
action and significant drug–drug and drug–food interactions requires careful monitoring with blood 
tests and dose adjustments. However, even with careful monitoring, initiation of warfarin dosing is 
associated with highly variable responses between individuals, possibly related to genetic variation. 
Variants of two genes, CYP2C9 and VKORC1, account for 30–50% of the variability in warfarin 
dosing. Recent data suggest that initial variability in the INR response to warfarin is more strongly 
associated with VKORC1 than with CYP2C9 (50). Although the routine use of warfarin genotyping 
is not recommended at this time, in certain situations, CYP2C9 and VKORC1 testing may be useful 
and warranted in determining the cause of unusual therapeutic responses to warfarin therapy (51).

These factors may help to explain the under-utilization of warfarin for anticoagulation in AF in 
clinical practice. A number of observational studies have confirmed that under half of all patients 
eligible for warfarin for AF, actually receive it (52). Even among patients who have been prescribed 
warfarin for AF, therapeutic anticoagulation is achieved in only about 30–50% of the time (53,54).

Aspirin
Aspirin offers a modest protection against stroke for patients with AF, but is inferior to warfarin in 

this regard and should not be considered an adequate substitute in high-risk patients. A recent large 
meta-analysis of 29 trials (n = 28,044, mean age 71 years, mean follow-up 1.5 years) concluded that 
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Fig. 2. (a) Meta-analysis of ischemic stroke or systemic embolism for adjusted-dose warfarin compared with placebo, 
aspirin, fixed low-dose warfarin (with or without aspirin), and ximelagatran in patients with non-valvular atrial 
fibrillation (AFASAK Copenhagen atrial fibrillation, aspirin, and anticoagulation study, BAATAF Boston Area 
Anticoagulation Trial for Atrial Fibrillation, CAFA Canadian Atrial Fibrillation Anticoagulation study, CI confidence 
interval, EAFT European Atrial Fibrillation Trial, MWNAF Minidose Warfarin in Non-rheumatic Atrial Fibrillation, 
PATAF Primary Prevention of Arterial Thromboembolism in Non-rheumatic Atrial Fibrillation, RR relative risk, SPAF 
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compared with controls, adjusted-dose warfarin (six trials, n = 2,900) and antiplatelet agents (eight 
trials, n = 4,876) reduced stroke by 64% (95% CI 49–74) and 22% (95% CI 22–52), respectively (55). 
Adjusted-dose warfarin was substantially more efficacious than antiplatelet therapy (RR reduction 
39% [95% CI 22–52%]) (55). However, there did not appear to be an increased hemorrhagic stroke 
risk with warfarin as compared with aspirin (55). The combination of antiplatelet therapy and low-
dose warfarin is not as effective as the adjusted-dose warfarin (56,57).

Meta-analysis of six randomized clinical trials (n = 3,119 participants) showed a stroke reduction 
of 22% (CI 2–38%) with aspirin compared to placebo; absolute risk reductions were 1.5% per year 
for primary prevention and 2.5% per year for secondary prevention (39,41) (Fig. 2). This level of 
stroke reduction is similar to the effect of antiplatelet treatment in patients without AF who are at high 
risk for vascular disease (58). Aspirin has been shown to be more effective for non-cardioembolic 
strokes that tend to be less disabling (41,59). Therefore, the greater the risk of disabling cardioembolic 
stroke in a population of patients with AF, the lesser is the protection provided by aspirin (59).

There is differing opinion regarding the optimum dose of aspirin in patients with AF. Based on the 
Antithrombotic Trialists’ Collaboration, trials with a higher daily dose of aspirin did not result in 
statistically different proportional reductions in vascular events – 19% with 500–1,500 mg/day, 26% 
with 160–325 mg/day, and 32% with 75–150 mg/day compared with placebo (58). The current ACC/
AHA/ACC guidelines recommend aspirin use at 81–325 mg/day, while the current ACCP guidelines 
recommend a dose of 75–325 mg/day (1,60).

Antiplatelet Therapy
Given the practical limitations associated with warfarin use and the proven effectiveness of combina-

tion antiplatelet therapy in cardiovascular disease, the ACTIVE W study was designed to test the effec-
tiveness and safety of dual antiplatelet therapy instead of warfarin in AF (61). In this study, 6,706 patients 
with AF were randomly assigned aspirin and clopidogrel or warfarin. However, this study was discon-
tinued prematurely because of a lack of efficacy relative to warfarin. The ACTIVE A a randomized trial 
of aspirin plus clopidogrel versus aspirin alone in patients with AF unwilling or incapable of using oral 
anticoagulants, has found that the addition of clopidogrel to aspirin reduced the risk of stroke (2.4 % per 
year in clopidrogrel group vs 3.3 % in placebo,  RR 0.72; 95% CI, 0.62 to 0.83; P<0.001) and increased 
the risk of major bleeding (2% per year occurred in 251 patients receiving clopidogrel (2.0% per year in 
clopidrogrel group vs 1.3% per year in placebo,  RR 1.57; 95% CI, 1.29 to 1.92; P<0.001).

Low Weight Molecular Heparins
Low weight molecular heparins (LWMHs) were discovered accidentally in the late 1970s, and are 

prepared by depolymerization of unfractionated heparin (UFH) (62). LWMHs have many pharmaco-
logical and biological advantages over UFH and have replaced it in many clinical scenarios in cardiology. 
These include predictable bioavailability and anticoagulant response, and fixed or weight-adjusted doses 
in most clinical scenarios (63). Like UFH, LWMHs produce an anticoagulant effect by activating 
antithrombin and accelerating the rate at which it inhibits factor Xa and thrombin (63).

Stroke Prevention in Atrial Fibrillation study, SPINAF Stroke Prevention in Non-rheumatic Atrial Fibrillation, 
SPORTIF Stroke Prevention Using the Oral Thrombin Inhibitor in Patients with Non-valvular Atrial Fibrillation). 
(b) Meta-analysis of trials comparing aspirin with placebo in reducing risk of thromboembolism in patients with atrial 
fibrillation (ESPS European Stroke Prevention Study, LASAF Low-Dose Aspirin, Stroke, and Atrial Fibrillation pilot 
study, UK-TIA United Kingdom Transient Ischemic Attack). Reproduced with permission from (39).
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There have been limited randomized controlled trials to assess the efficacy of LWMH for the pre-
vention of thromboembolism in AF. The Anticoagulation for Cardioversion using Enoxaparin (ACE) 
trial demonstrated that enoxaparin was not inferior to heparin and phenprocoumon, an oral vitamin K 
antagonist with a serum half-life longer than warfarin (64). The ACUTE II randomized trial compared 
the safety and efficacy of enoxaparin with UFH as antithrombotic bridging therapy in patients with 
AF of >48 h duration undergoing TEE-guided cardioversion (65). No differences in safety outcomes 
were observed between the two strategies; however, the enoxaparin group was associated with a 
shorter hospital stay (65). Further analysis with regard to resource uses and cost effectiveness dem-
onstrated that costs of initial and subsequent hospitalizations, outpatient procedures, and emergency 
room visits were lower in the enoxaparin group as were average total costs (66). Therefore, the use 
of enoxaparin as a bridging therapy for patients with AF undergoing TEE-guided cardioversion can 
be considered a cost-saving strategy with similar clinical outcomes and lower costs (66).

NEW ANTITHROMBOTIC THERAPY FOR ATRIAL FIBRILLATION

Given the practical limitations, there has been much interest in finding agents that could replace 
warfarin. In the search for an alternative, two key targets in the coagulation cascade have been identi-
fied – factor Xa and thrombin (factor IIa) (Table 2). If a safe and effective alternative is discovered, 
it will revolutionize anticoagulation in AF.

Direct Thrombin Inhibitors
Direct thrombin inhibitors bind to thrombin (fibrin bound and fluid-phase) and block its interaction 

with substrates (67). Three parenteral direct thrombin inhibitors are licensed in the United States for 
limited clinical indications – hirudin for the treatment of heparin-induced thrombocytopenia (HIT); 
argatroban for the treatment of HIT and for patients with or at risk of HIT who are undergoing per-
cutaneous intervention; and bivalirudin as an alternative to UFH in patients undergoing percutaneous 
intervention (62).

Ximelagatran is the first orally active direct thrombin inhibitor and is a prodrug of the active site-
directed thrombin inhibitor, melagatran, which is eliminated via the kidneys (67). Ximelagatran has a 
plasma half-life of 4–5 h and is administered orally twice daily without dosage adjustments or moni-
toring compared to warfarin (67). The Stroke Prevention using an Oral Thrombin Inhibitor in AF 
(SPORTIF) III and V trials randomized more than 7,000 patients with non-valvular AF to adjusted-
dose warfarin (INR 2–3) or fixed-dose ximelagatran (68,69). These trials concluded that ximelagatran 
was not inferior to warfarin for the prevention of stroke and systemic embolic events. Rates of major 
bleeding were similar in the two groups but minor bleeding was lower in the ximelagatran group. The 
drug was not approved by the FDA and was removed from the European market due to hepatotoxicity, 
an idiosyncratic event which led to the death of three patients in preclinical testing.

Dabigatran etexilate, a prodrug of dabigatran, is an orally active, specific, competitive and revers-
ible inhibitor of thrombin. A phase 3 trial (Randomized Evaluation of Long-term anticoagulant 
therapY – the RELY trial) with 14,000 patients is currently underway using dabigatran administered 
twice daily for the prevention of stroke or thromboembolism in patients with AF.

Factor Xa Inhibitors
Factor Xa inhibitors block factor Xa either directly by binding to the active site of factor Xa or 

indirectly via antithrombin (67). These agents have not yet been systematically evaluated in patients 
with AF and cannot be recommended as a therapeutic option at this point in time.
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Direct Xa (Anti-Xa) Inhibitors

Direct inhibitors of factor Xa inactivate both free factor Xa and factor Xa incorporated within the 
prothrombinase complex (70). Rivaroxaban and apixaban are oral anti-Xa inhibitors with similar 
properties except for the pathway of excretion – renal for rivaroxaban and biliary/fecal for apixaban. 
The clinical development of rivaroxaban is more advanced than apixaban with phase 2 trials in 
patients with deep vein thrombosis, providing proof of principle for efficacy and safety. Rivaroxaban 
is being compared with warfarin in a phase 3 non-inferiority, randomized, controlled trial in patients 
with AF at a high risk of stroke (previous ischemic stroke or at least two vascular risk factors) (62). 
Apixaban is being compared with warfarin for the prevention of stroke or thromboembolism in 
patients with AF in a phase 3 non-inferiority trial, and is being compared with aspirin in patients with 
AF not treated with warfarin in a phase 3 superiority trial (62).

Indirect Factor Xa Inhibitors

Fondaparinux is the only commercially available agent in this class and has been extensively evalu-
ated in patients with acute coronary syndrome and deep vein thrombosis. It is administered once daily 
by subcutaneous injection. Idraparinux is a longer acting subcutaneous agent which only requires 
once weekly administration; however, when evaluated for prevention of stroke in patients with AF, it 
caused excess bleeding and is no longer being developed for this indication (62).

ANTICOAGULATION IN PATIENTS  
WITH ATRIAL FIBRILLATION IN CLINICAL PRACTICE

Cardioversion
Up to 50% of patients with new onset of AF spontaneously convert back to sinus rhythm within 

24 h (71). If this does not occur in the stable patient, pharmacological or electrical cardioversion can 
be attempted. The guidelines of anticoagulation are the same irrespective of the approach undertaken-
-electrical or chemical. However, if the patient is hemodynamically unstable (hypotension, cardiac 
failure, or ischemia related to arrhythmia) at the time of presentation, immediate cardioversion may 
be required without further delay of achieving therapeutic anticoagulation, although heparin--either 
intravenous or subcutaneous--should be initiated before cardioversion (1).

Cardioversion without anticoagulation has a risk of thromboembolism that can be as high as 5.6% 
and usually occurs within the first week after the procedure (72). There is no significant difference in 
this embolic risk between electrical and chemical cardioversions (72). TEE studies have demonstrated 
that left atrial mechanical function declines or SEC increases after cardioversion reflecting transient left 
atrial mechanical dysfunction or “stunning” (14). It has also been demonstrated that transmitral atrial 
wave does not return to normal until 3–4 weeks after cardioversion (73). These form the basis for the 
current recommendations that regardless of the approach to anticoagulation pre-cardioversion and the 
method of cardioversion, anticoagulation should be continued empirically for 4 weeks afterwards (1).

Generally, in stable patients without high risk features and with duration of AF <48 h, cardiover-
sion can be performed after the initiation of anticoagulation with heparin (1). In patients with AF 
>48 h in duration or AF of uncertain duration, there are two approaches to pre-cardioversion antico-
agulation – either empirical anticoagulation for 3 weeks prior to cardioversion or a TEE-guided strat-
egy (1). With a TEE-guided strategy, TEE is used to exclude atrial thrombi and allow immediate 
cardioversion with concomitant heparin (intravenous or subcutaneous). The ACUTE study was a 
randomized multi-center clinical trial in which 1,222 patients with either AF persisting longer than 
48 h or atrial flutter were randomized to a TEE-guided strategy or a conventional strategy (74). There 
was no difference in the rate of stroke or thromboembolism between the two groups (0.81% vs. 0.5%, 
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p = 0.5) but there was a significant difference in the composite end-point of major and minor bleeding 
(2.9% vs. 5.5%, p = 0.02) (74). These results helped to establish a TEE-guided strategy to cardiover-
sion as a safe and clinically-effective alternative to conventional management. The ACUTE II trial 
established that enoxaparin as a bridging therapy for patients with AF undergoing TEE-guided cardio-
version is a safe and efficacious alternative to UFH and is more cost-effective (65,66).

Anticoagulation and Catheter Ablation
There are two main interventional approaches for the management and potential cure of AF – 

percutaneous catheter-based ablation and surgical approaches (Maze procedure with associated left 
atrial appendage ligation or removal). Radiofrequency catheter ablation of AF with pulmonary vein 
isolation, although not a first-line therapy for AF, is continuing to grow as a common procedure in 
major hospitals throughout the world (75). Thromboembolism is recognized as one of the potential 
major complications of this procedure. In addition to the inherent risk of the patient population in AF, 
the procedure itself involves catheter manipulation in the left atrium and ablation of the left atrial 
endothelium can be a potential nidus for thrombus. In patients who are in AF at the time of the 
procedure, AF termination may be achieved at the time of the procedure by either catheter ablation or 
cardioversion. It is important to remember that guidelines regarding anticoagulation at the time of 
cardioversion apply in this circumstance. On the other hand, peri-procedural anticoagulation can 
contribute to complications such as hemopericardium, cardiac tamponade and vascular complications 
(76). Therefore, as emphasized by the recent HRS/EHRA/ECAS expert Consensus Statement, careful 
attention must be paid to peri-procedural anticoagulation (75).

It is recommended that in patients with persistent AF, who are in AF at the time of the procedure, 
a TEE be performed to screen for thrombus whether or not they have been anticoagulated prior to the 
procedure (75). Most operators discontinue warfarin prior to the procedure with some advocating the 
use of LWMH until the evening prior to the procedure. A small number of operators chose to continue 
anticoagulation with warfarin in a therapeutic range before, during and after the procedure. The main 
concern with this approach is the difficulty of managing potential bleeding complications, although it 
has been reported as a safe strategy (77). After the procedure if warfarin has been discontinued, 
anticoagulation with intravenous heparin or LWMH should be started until therapeutic anticoagulation 
with warfarin has been re-established. The HRS/EHRA/ECAS expert Consensus Statement advises 
that warfarin be continued in all patients for at least 2 months post procedure. Decisions about 
continuing use after 2 months should be made on the basis of risk factors for stroke and not on the 
presence of AF. Discontinuation of warfarin therapy is not advised in patients who have a CHADS2 
score ³2 (Table 1).

Anticoagulation and Percutaneous Coronary Intervention
For the majority of patients with stable coronary artery disease and AF, warfarin therapy alone 

should be a sufficient antithrombotic therapy (1). A common clinical scenario is the management of 
patients with AF undergoing percutaneous intervention or presenting with an acute coronary syn-
drome where aspirin and clopidogrel have become standard antiplatelet therapy. The combination of 
these therapies with warfarin increases the risk of intracranial bleeding, especially in the elderly. 
There have been no clinical trials to date specifically addressing this issue. The recent ACC/AHA/
ESC guidelines advise that the use of dual antiplatelet therapy with 81 mg of aspirin daily and clopi-
dogrel is pivotal in maintaining stent and coronary patency, and that these agents should be used in 
combination with ongoing warfarin therapy (78,79). While warfarin may need to be temporarily 
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discontinued around the time of any percutaneous procedure, it should be recommenced as soon as it 
is safe to do so. The intensity of anticoagulation should be carefully monitored when these agents are 
combined with warfarin.

Anticoagulation and Acute Stroke
There have been limited trials involving anticoagulation in patients with AF presenting with acute 

ischemic stroke. The presence of intracranial hemorrhage on computed tomography or magnetic reso-
nance imaging is a contraindication to the immediate and possibly the long-term use of warfarin. If a 
large infarct is revealed, the initiation of anticoagulation should be delayed for 2–4 weeks because of 
the potential risk of hemorrhagic transformation. Randomized trials comparing aspirin with heparin 
during the first 2 weeks of acute ischemic stroke among patients in AF show no benefit from early 
anticoagulation because any net gains from reduction in ischemic strokes are offset by the excess 
hazards of hemorrhagic stroke (80,81).

Anticoagulation and Elective Diagnostic and Therapeutic Procedures
When a need to stop anticoagulant therapy in patients with AF undergoing elective procedures 

arises, there is a need to balance the risk of stroke against the risk of bleeding complications if bridg-
ing short-acting anticoagulant therapy is used. In high risk patients (prosthetic heart valves, prior 
stroke or embolic event), it is appropriate to substitute unfractionated or LMWH once INR falls below 
2.0 (1,60). In patients with low risk of thromboembolism, it is reasonable to stop warfarin for a period 
up to 1 week for procedures that carry a risk of bleeding without substituting heparin (1,60). This is 
based on extrapolation from the annual rate of thromboembolism in patients with non-valvular AF.
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AbstrAct Certain native valvular diseases and prosthetic valves require anticoagulation in order to prevent 
catastrophic thrombotic consequences. Anticoagulation strategies and the treatment of complications are 
areas under constant reevaluation and study. There are multiple sources of recommendations, and three 
major societies have produced guidelines (ACCP, AHA/ACC, ESC) which make up the bulk of commonly 
accepted practice. This is a review and evaluation of the guidelines and a counterpoint of current study and 
opinions.

Key words: Anticoagulation; Antithrombotic therapy; Atrial fibrillation; Mitral annular calcification; Mitral 
stenosis; Mitral valve prolapse; Pregnancy; Prosthetic valve; Prosthetic valve thrombosis; Fibrinolysis

Although the elegant design of cardiac valves provides reduced shear surfaces for linear flow and 
efficient function, the interruption of this blueprint by aging, disease, or prosthesis and the resulting 
imbalance of anti- and pro-coagulant forces that comprise Virchow’s triad (injury, turbulent flow, and 
stasis) create the milieu for thromboembolism (TE). Because of the potentially devastating effects that 
may follow, optimization of anti-thrombotic regimens has been an intense area of refinement and 
exploration. The present chapter summarizes the most recent publications and recommendations from 
the three major guideline documents from the 7th American College of Chest Physicians conference 
on antithrombotic and thrombolytic therapy (ACCP, 2004), the American Heart Association/American 
College of Cardiology (AHA/ACC, 2006), and the European Society of Cardiology which published 
their guidelines in 2005 and 2007 (1–4). This body of work comprises the contemporary foundation 
for the management of antithrombotic therapy in valvular heart disease.

From: Contemporary Cardiology: Antithrombotic Drug Therapy in Cardiovascular Disease
Edited by: A.T. Askari and A.M. Lincoff (eds.), DOI 10.1007/978-1-60327-235-3_21 

© Humana Press, a part of Springer Science+Business Media, LLC 2010

405



Antithrombotic Drug Therapy in Cardiovascular Disease

NATIVE VALVE DISEASE

Risk Factors
In accordance with all currently published guidelines for patients in normal sinus rhythm with 

native valvular disease, primary prophylaxis against thromboembolic events is indicated only for 
mitral stenosis, and then, only when additional risk factors are present (antithrombotic therapy is 
recommended for mitral valve prolapse and mitral annular calcification after an embolic episode, see 
below). Mitral stenosis creates a milieu of stasis in the left atrium upon which additional risk factors 
greatly increase the risk of a subsequent thrombotic event. Factors currently recognized as imparting 
the greatest risk are atrial fibrillation (AF), left ventricular dysfunction, prior thromboembolic events, 
and perturbations of the coagulation cascade.

From a pathophysiological perspective, hypertension and its cardiovascular complications – AF, heart 
failure, and left ventricular hypertrophy – produce a prothrombotic state (5). Although heart failure and 
left ventricular dysfunction are known prothrombotic states imparting an increased risk of thromboem-
bolic events, prophylactic anticoagulation with warfarin has not been shown to improve outcomes (6,7).

The risk factor of thrombophilias (e.g., antiphospholipid antibodies, resistance to activated protein 
C, factor V Leiden, prothrombin gene polymorphisms, protein C deficiency, protein S deficiency, 
Antithrombin III deficiency) are themselves sufficient grounds for anticoagulation.

Atrial fibrillation is increasingly common as the population ages. It conveys an increased risk of 
thromboembolism with advancing age, hypertension, heart failure, diabetes, and prior thrombotic 
event, in turn elevating the relative risk of an embolic event in men by 2.4 and in women by 3 com-
pared to matched controls (8,9). While the rate of stroke is higher in selected patient populations with 
an increasing number of risk factors (greater than 10 strokes per 100 patient-years in those most at 
risk) (10), the use of warfarin in an unselected group of individuals with atrial fibrillation will reduce 
the incidence of stroke by approximately 65% (9). As alluded to earlier, atrial fibrillation may itself 
impart a prothrombotic state beyond simple flow-related effects. Investigators found increased levels 
of plasma von Willebrand factor, vascular endothelial growth factor, and angiopoietin-2 in 59 chronic 
AF patients compared to healthy controls and postulated that these changes altered tissue factor 
expression and endothelial integrity, consistent with earlier, preliminary observations (11,12).

It is no surprise that patients with the highest incidence of stroke are those with previous throm-
boembolic events, having already demonstrated a substrate prone to generating thrombi. A recent 
meta-analysis showed that in the absence of antithrombotic therapy among patients with prior strokes, 
the yearly average stroke rate is approximately 13% compared to 4.1% in those without a prior stroke 
(13). This trend holds true in patients with mitral stenosis as well.

Mitral Stenosis
The presumptive mechanism of increased thrombogenicity in mitral stenosis (MS) is the remodeling 

of the left atrium and appendage that occurs due to pressure and volume overload. Slow and non-
linear flow in the enlarged atrium leads to further atrial dysfunction and increased spontaneous echo 
contrast associated with an increased risk of atrial thrombus (14). In addition, the expression of immu-
noreactive von Willebrand factor is increased in the endothelium of the left atrial appendage in 
patients with mitral valve disease (with and without atrial fibrillation) and may be a predisposing factor 
for atrial thrombus (15). Compounding the risk of thrombus is the common presence of superimposed 
atrial fibrillation which imparts a sevenfold increase in the risk of TE events (16).

While non-anticoagulated mitral stenosis is uncommon in countries with intensive health care sur-
veillance, older studies cited in the 7th ACCP review reported an associated incidence of TE events in 
up to 27% in these patients, with a future risk of detectable TE event in a patient with unrepaired rheumatic 
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mitral valve disease of approximately one in five (1), making MS the highest risk valvular lesion for TE. 
Guidelines support anticoagulation with vitamin K antagonists (VKA) for mitral stenosis patients in 
normal sinus rhythm only when additional risk factors are present. These risk factors are: prior throm-
boembolism, dense spontaneous echocardiographic contrast on TEE, and a moderately enlarged left 
atrial size – a reflection of the functional impact of stenosis and harbinger of further dysfunction. If atrial 
fibrillation develops [a frequency of 30–40% in the MS population (17)], then anticoagulation is recom-
mended. As mentioned earlier, the highest incidence of embolus occurs in those who have already had 
emboli, and these patients should have rigorously monitored anticoagulation therapy.

There has been debate regarding the optimal degree of anticoagulation. A sub-analysis of the multi-
center randomized NASPEAF (National Study for Prevention of Embolism in Atrial Fibrillation) trial 
compared 184 high-embolic-risk patients with atrial fibrillation to 311 patients with atrial fibrillation and 
mitral stenosis (including bioprosthetic valve replacements). Patients were randomized to achieve an 
INR 2–3 or a more moderate dose anticoagulation (INR 1.4–2.4) plus 600 mg triflusal (antiplatelet agent 
equivalent to 300 mg aspirin). The combined antiplatelet/moderate anticoagulant therapy compared to 
anticoagulant alone significantly reduced the number of vascular events (14 vs. 29 in an intention to treat 
analysis and 6 vs. 28 for “on-therapy” analysis). The study concluded that a combined regimen of mod-
erate intensity anticoagulation and antiplatelet agent is effective in mitral stenosis (18).

Mitral Valvuloplasty
The 7th ACCP guidelines recommend a limited period of anticoagulation both before and after 

mitral valvuloplasty to reduce the theoretical risk of periprocedural stroke. However, there are no 
randomized control trials (RCT) to support this premise, and the data is extrapolated from prior atrial 
fibrillation studies and “good sense.”

Mitral Valve Prolapse
Mitral valve prolapse (MVP) is a frequently identified form of valvular disease in adults. Once 

thought to be the most common form of valvular heart disease, Freed et al. showed that the true preva-
lence of MVP in an unselected, community-based sample of ambulatory subjects (2.4%) is lower than 
previously reported (up to 15%) (19). The association of MVP and ischemic stroke has been controver-
sial, in part due to this overdiagnosis. Revision of the diagnostic criteria in the 1980s led to a reduced 
incidence of MVP, casting doubt on the validity of earlier studies linking MVP to stroke. Supporting 
this, Gilon et al. showed that MVP was no more common among young patients with unexplained cer-
ebral embolic events than among control subjects (20). In contrast, Avierinos showed a small but signifi-
cant independent risk of stroke associated with MVP, conferring a lifetime excess rate of events twice 
that of a comparable population; in patients without other risk factors for TE, age, and increased valve 
thickness conferred higher risk (21). However, the incidence of overall TE in this population remains 
low and the guidelines do not endorse antithrombotic therapy in asymptomatic patients.

In the event of a transient ischemic attack (TIA), the institution of long-term aspirin (50–162 mg/
day) therapy should be initiated. Patients with subsequent TIA on aspirin or documented systemic 
embolism should progress to full anticoagulation with VKA (goal INR 2.0–3.0).

Mitral Annular Calcification
Population-based studies have shown both an increased relative risk of stroke (22) and a reduced 

time to first TE event (23) in patients with mitral annular calcification compared to those without 
MAC. Interestingly, although associated with all the same atherosclerotic risk factors, aortic valve 
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sclerosis has not been shown to confer an increased risk of stroke (23). Patients with MAC have a 
higher incidence of AF, diffuse atherosclerotic disease, left atrial enlargement, and disruption of lami-
nar flow across the valve, all of which increase the risk of TE (24). Importantly, embolism from this 
type of lesion may also be calcific, for which anticoagulation is not therapeutic. Therefore for patients 
with a demonstrated TE lesion that is not calcific, the ACCP recommends anticoagulation (INR 2–3). 
For the asymptomatic patient with MAC, optimal management is uncertain. Although there is an 
empiric rationale for prophylactic anticoagulation, MAC is typically a degenerative process more com-
mon in elderly patients, and the ACCP encourages careful consideration of risk/benefits in this popula-
tion without severe disease. They offer the “uncertain compromise” of antiplatelet therapy with aspirin 
or clopidogrel, although there are no data to support this strategy. Table 1 is a composite of the guide-
line recommendations for the management of native valve disease and antithrombotic therapy.

PROSTHETIC HEART VALVES

By current guidelines, anticoagulation is indicated for all mechanical valves, for bioprosthetic 
valves in patients with high-risk features for TE, and for the first 3 months after the implantation of a 
bioprosthetic heart valve, as this time period has the highest incidence of thromboembolic risk (i.e., 
before endothelialization of implanted hardware). The benefit of a bioprosthetic valve is the reduced 
need for life-long anticoagulation and thus freedom from the added morbidity of vitamin K antago-
nists (VKA) in patients who (1) otherwise do not need anticoagulation, (2) are at high risk for bleed-
ing complications, or (3) cannot take VKA.

Mechanical Valves
It is well known that all current mechanical heart valves require anticoagulation with warfarin or a 

VKA in order to prevent TE. However, the degree of anticoagulation necessary to prevent TE has been 
a topic of considerable debate, and since 2004 three major writing groups (ACCP, ACC/AHA, ESC) 
have formalized the management of these patients (1,2,4). Their recommendations are similar, with 
occasional divergence reserved for specialized situations. Table 2 shows current recommendations for 
the ACCP and ACC/AHA, and Fig. 1 shows a scheme from the ESC.

While VKAs and heparin have been well studied in the PHV population, newer agents like low 
molecular weight heparins have been a source of some controversy in selected populations (pregnant 
women specifically) and will be addressed in the section on pregnant patients. LMWH is generally 
considered an acceptable alternative to heparin for temporary or bridging therapy in non-pregnant 
patients (1–4). It has been studied in multiple trials and shown to be efficacious and potentially cost 
saving. Routine checking of anti-factor Xa levels (therapeutic range defined as 0.5–1.0 IU/ml) is not 
typically required, with the exception of pregnant patients in whom variable plasma volumes and renal 
clearance require surveillance(25) (for details, see section on pregnancy and PHV). A well-known limi-
tation to the use of LMWH is the lack of easy reversibility in the setting of a bleed (although enoxa-
parin is described as being up to 60% reversible with 1 mg protamine per 1 mg enoxaparin) (26).

Current studies report a yearly incidence of TE around 4% in patients with prosthetic valves, 
whereas older analyses range up to a high of 22% annual incidence in patients without anticoagulation 
(27–32). The ranges in reported incidence of stroke rates differ depending on the method of data 
collection and patient-related factors (2). It is certain that the likelihood of stroke is dependent on the 
type of valve (mechanical vs. bioprosthetic), the type of design (e.g., caged ball, tilting disk, bileaflet), 
the material used (newer valves are less thrombogenic), the number of valves and their position (e.g., 
aortic vs. mitral). The variability in incidence is also due in part to the evolving population of 
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implanted valves (i.e., TE incidence has decreased as older generations of more thrombogenic valves 
are replaced or their hosts die).

Further confounding the definition of an optimal INR is the variability of INR levels in a single 
patient over time. The value of a recommended INR goal is based on the expectation that patients are 
actually at goal. Kulik et al. show subtherapeutic INRs are recorded in up to 50% of patients followed 
in large studies (33). Further, Kulik showed that TE events occurring early (but after the first 6 months 
of anticoagulation to permit time for endothelialization) are up to seven times greater than those 
occurring later. They go on to suggest that this trend is due to improved compliance and familiarity 
with VKA. Ultimately, all the guidelines recommend that tailoring therapy to the individual patient 
with their particular set of risk factors is necessary to attain the most appropriate level of 
anticoagulation.

While the likelihood of TE can be reduced by increasing the level of anticoagulation, this benefit 
is counterbalanced by an increased risk of both major and minor bleeding. A similar dilemma exists 
for aspirin, particularly if the median INR is >3.0 (1), and so the ACCP limits their recommendation 
of adding aspirin only to certain patient subsets felt to pose a higher risk. In contrast, a best evidence 
review of all published data from 1966 to 2004 concluded that low-dose aspirin (80–100 mg daily) in 
addition to warfarin reduces all cause long-term mortality (NNT = 19), with significant reductions in 
thromboembolism, and the increased bleeding was significant only for minor bleeds (34).

Guidelines and Recommendations

Although there are a few specific items of discrepancy, the three major guideline formats are similar 
(1,3,4). The recommendations can be found in Table 2. The degree of anticoagulation for aortic valves 
is generally accepted as an INR of 2–3. Mitral valves are recommended to have a higher INR goal of 
2.5–3.5, and aspirin can be added for additional risk factors or embolus in the setting of therapeutic 
anticoagulation. The ESC guidelines for anticoagulation with PHV can be thought of as stepwise 

Thromboembolic Risk is
dependant on 2 factors:

Thrombogenicity of the
mechanical valve

Presence or absence of
risk factors

Low Medium High

Medtronic Hall
St Jude Medical 
(without Silzone)

CarboMedics AVR

INR 2.5

Bileaflet Valve s
with insufficient

data
Bjork-Shiley

INR 3.0

Lillehei Kaster
Omniscience

Starr Edwards

INR 3.5

Atrial Fibrillation,
Left Atrial Dimension 

>50mm, 
Mitral Valve Gradient,

LVEF <35%
Spontaneous Echo Contrast
Additional Prosthetic Valve

Hypercoagulable State

+ INR 0.5 

Fig. 1. General principles of thromboembolic risk according to the ESC. [Adapted from ESC Guidelines (2,3).] 
Optimal INR is determined by inherent valve thrombogenicity and addition of applicable risk factors.
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levels of anticoagulation based on the inherent valve thrombogenicity and superimposed risk factors 
(see Fig. 1). Specific circumstances are discussed below.

Bioprosthetic Valves
The advantage of bioprosthetic valves is their decreased thrombogenicity, making lifelong antico-

agulation unnecessary in the absence of TE risk factors. Low-dose aspirin (75–100 mg) is universally 
recommended, with increased doses (up to 325 mg) appropriate for compelling reasons (status post 
percutaneous intervention or stroke), or in the event that a patient has the indication for VKA, but 
cannot take warfarin. Warfarin is endorsed in the setting of TE risk factors (atrial fibrillation, prior 
TE, LV dysfunction, hypercoagulable state). If warfarin is used, then the patient should be bridged 
with unfractionated heparin or low molecular weight heparin until therapeutic INRs are established 
for 2 days.

While all three guidelines support the use of routine anticoagulation after bioprosthetic valve 
implantation for the first 90 days with at least aspirin or warfarin if possible, the data supporting this 
practice are conflicting. After 3 months, the valve is considered to be endothelialized and treated as a 
native valve early postoperatively with the addition of lifelong low-dose aspirin. However, recent 
reviews highlight that no study has shown anticoagulation with VKA leads to a reduction or increase 
in adverse outcomes (35,36); the authors conclude that with more research, aspirin alone may suffice 
for TE prophylaxis in the first 90 days after implantation, effectively removing the indication for 
warfarin in this setting (36).

PREGNANCY AND ANTICOAGULATION

In patients with prosthetic valves, persistent high-grade reliable anticoagulation is necessary to 
reduce the incidence of valve thrombosis and thromboembolism. Pregnancy itself is not only a pro-
coagulant state, but is associated with an asymmetric risk/benefit; that is, the benefits associated with 
anticoagulation must be weighed against the risks attendant to both the fetus and mother. Bleeding 
(both fetal and maternal) as well as the teratogenic effect of the anticoagulant lie on one end of the 
spectrum with strokes and valve thrombosis at the other. While warfarin and other coumarin derivatives 
cross the placenta with demonstrated potential for teratogenic and hemorrhagic side effects, unfrac-
tionated and low molecular weight heparins do not cross and are safer for the fetus. However, retro-
spective cohorts have shown that this protection to the fetus comes at the expense of a higher 
incidence of maternal complications. Coumadin use for the entirety of pregnancy is associated with 
lowest all-cause maternal mortality and TE (1.8 and 3.9%, respectively), but a high rate of embryopa-
thy (>6.4%) (37). Exchange of VKA for heparin at or prior to week 6 and continuing through the first 
trimester reduced the incidence of embryopathy to 0%, but increases the risk of valve thrombosis 
(9.2%) (37). However, none of the anticoagulation regimens markedly impacts the incidence of sponta-
neous abortion or fetal demise (ranges of 23.8–24.8% and 26.5–42.9%, respectively) (37).

It should be noted that recommendations are hampered by a paucity of data in this area, with a notable 
lack of randomized controlled trials evaluating the various methods of anticoagulation for these patients. 
Therefore data are based on literature reviews of case series and retrospective cohorts with consensus 
agreements. With no well-defined optimal method of anticoagulation, warfarin, unfractionated heparin, 
and most controversially low molecular weight heparin are the available options.

Warfarin has not been shown to cause an anticoagulant effect in breast milk fed infants, and may 
be resumed after delivery. Provided the mother is hemodynamically stable, the ACC recommends 
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resumption of unfractionated heparin to therapeutic levels 4–6 h after delivery as a bridge (4) until 
INR returns to goal.

Subcutaneous BID dosing of UFH derived to keep the PTT at least twice normal (i.e., in the thera-
peutic range) 6 h after administration for the duration of the pregnancy is an option. However, 
long-term exposure to UFH yields an increased risk of heparin-induced thrombocytopenia (HIT) 
and heparin-induced osteoporosis(HIO), as well as evidence of variable anticoagulation: as adjusted 
dose heparin alone has the highest incidence of TE complications (29% in one study)(38). Two 
leading reviews offer similar recommendations suggesting if UFH is used, high doses (35,000–
40,000 units split BID) should be given and titrated to keep the PTT therapeutic in a range of 
2–2.5× normal (37,39).

Given its convenient ease of administration, presumed lack of teratogenicity, reduced incidence of 
HIT and HIO, and typically weight-based formulation, LMWH is one of the more appealing anticoagu-
lation agents for the pregnant population. However, the degree of anticoagulation turns out to be less 
certain for weight-based dosing in pregnant women, and the vital necessity to assure adequate levels of 
anticoagulation has made for controversy regarding its use. In a study comparing enoxaparin to warfarin 
and UFH in pregnant women with prosthetic valves, two deaths (out of seven) from acute valve throm-
bosis led to the early termination of the study and a labeling change from the makers of Lovenox. 
Ultimately revised, according to Sanofi-Aventis and the package insert “the use of Lovenox has not been 
adequately studied for thromboprophylaxis in patients with mechanical prosthetic heart valves and has 
not been adequately studied for long-term use in this patient population” (26). However, anti-factor Xa 
levels were subtherapeutic in one patient, were unclear in the other (40), and further reviews of all avail-
able data suggest LMWH compared to UFH may be a safe and effective option in patients with mechani-
cal prosthetic heart valves but require vigilant dosing to account for changes in clearance (40). A scheme 
proposed by Elkayam (39) is shown compared to the recommendations of the ACC/AHA and ACCP in 
Table 3. Endorsing a monitored regimen, a review of 51 pregnancies with monitored anti-factor Xa 
levels had only one reported thromboembolic complication (41). As such, recommendations have been 
made to monitor weekly anti-factor Xa levels in the first trimester as plasma volume and creatinine 
clearance fluctuate. Thereafter it is left to the discretion of the treating physician (40).

A recent study evaluating nadroparin (available in Europe) substitution from weeks 6–12 and at 
delivery compared to coumarin derivative and aspirin throughout the pregnancy in 25 women over 31 
pregnancies, showed less fetopathy and markedly more live and healthy births in the former group. 
Although this benefit was balanced by an increase in maternal death and valve thrombosis, the incidence 
was too small to be significant (42).

The 7th ACCP Conference on Anticoagulation and Thrombolytic Therapy concluded that a 
definitive recommendation was not possible due to the lack of studies and data, but recommenda-
tions based on what evidence is available are shown in Table 3. In sum, there is no ideal plan as 
all carry varied risk either to the mother or to the fetus. However, of utmost importance is a 
detailed discussion and therapeutic plan in conjunction with the patient, cardiologist, and high-
risk obstetrician, being sure that all parties are aware of the risks of bleeding, fetal wastage, tera-
togenesis, and mortality. Ideally, this discussion happens prior to conception, so that frequent 
pregnancy testing and UFH or LMWH substitution can occur when pregnancy is achieved. 
However, any of the three regimens are possible: (1) Warfarin with initiation of UFH or LMWH 
from conception until week 13 and late into the third trimester or at delivery (to avoid an antico-
agulated fetus) with a goal INR 3.0 (range 2.5–3.5). For bileaflet aortic valves without concurrent 
atrial fibrillation or impaired ventricular function, a goal of 2.0–3.0 is acceptable. (2) Aggressive 
dose-adjusted UFH throughout the pregnancy. (3) Dose-adjusted LMWH throughout the 
pregnancy.
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All guidelines agree that VKA should be changed to UFH or LMWH in the middle of the third 
trimester prior to delivery in order to reduce bleeding complications at time of delivery, with UFH 
carrying the additional ease of brisk reversibility.

PROSTHETIC VALVE THROMBOSIS

Thrombotic and bleeding calamities comprise the majority of complications in patients with pros-
thetic valves. Prosthetic valve thrombosis (PVT) occurs most often with mechanical prostheses and 
to a lesser extent, early after implantation of bioprosthetic valves (i.e., before endothelialization of 
the suture zone); it is more common in right-sided prostheses compared to left sided, and more common 

Table 3 
A comparison of anticoagulation schemes for pregnant women with PHV

6–12 weeks 13–35 weeks 36 weeks–delivery

7th ACCP (1)3 
methods

(1)

LMWH q 12 h
(4 h anti-Xa 1.0–1.2)
or
SC UFH BID
(35,000–40,000 U/day)
Q 6 h aPTT “therapeutic”

Warfarin
(INR 2.5–3.5)
(2.0–3.0 for  

bileaflet AV)

LMWH
or
SC UFH

(2) Aggressive dose-adjusted UFH
(3) Aggressive dose-adjusted 

LMWH
“Some women at high risk” 

should have 75–162 mg  
aspirin daily added to the  
regimen throughout

ACC/AHA (4) Avoid warfarin
Continuous(IV)/Dose-adjusted 

(SC) UFH
(goal q 6 h aPTT 2× control)
or
Dose-adjusted LMWH BID  

(4 h anti-Xa 0.7–1.2)

Warfarin
(INR 3.0)
or
Continuous/Dose-

adjusted UFH
or
Dose-adjusted LMWH

Continuous/Dose-adjusted  
UFH (2–3 week prior to 
planned delivery)

Resume 4–6 h after delivery 
is completed

Aspirin 75–100 mg daily starting in second trimester
Elkayam et al. 

(39)
High Riska

Warfarin (INR 2.5–3.5) IV UFH (aPTT 2.5–3.5×) +  
aspirin 80–100 mg daily

or
SC UFH (aPTT > 2.5×)
or
LMWH (predose anti-Xa ~0.7)

Warfarin (INR 3.0)

Low Riskb SC UFH (aPTT 2.0–3.0×)
or
LMWH (4 h anti-Xa ~0.6)

Low Riskb SC UFH (aPTT 2.0–3.0×)
or
LMWH (predose anti-Xa ~0.6)

Warfarin (INR  
2.5–3.0)

SC UFH
or
LMWH

aHigh-risk valves are older generation mechanical prosthetic valves, those in mitral position, atrial fibrillation, and a 
history of thromboembolism on anticoagulation
bLow-risk valves are newer generation or those in aortic position
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in the mitral than aortic position. The incidence of obstructive PVT is estimated at 0.3–1.3% patient-years. 
Thromboemboli occur more commonly (0.7–6% patient-years), and small, non-obstructing thrombi 
are surprisingly common (an incidence as high as 24% in the first postoperative year) (43,44). Thus, 
PVT should be considered in any patient with a prosthetic valve presenting with an embolic event, 
shortness of breath, or fatigue. The clinical presentation is variable, depending to a large extent on 
the presence and degree of prosthetic obstruction. The duration of symptoms is not particularly help-
ful, as valve dysfunction can evolve slowly, permitting cardiac compensation with mounting throm-
bus or pannus burden and progressive impairment, or abrupt valvular failure leading to sudden 
cardiac compromise. PVT can be due to outflow obstruction by the mass of the thrombus or pannus 
or by impairing leaflet mobility (Figs. 2 and 3). Inadequate anticoagulation has been shown to be the 
most potent factor in the pathogenesis of valve thrombosis (45); therefore non-compliance or 
planned interruption of anticoagulation in particular as well as a new prothrombotic environment or 
low-flow state should further raise suspicion. Although rare, native valve thrombosis has been 
described, typically in the aortic position and associated with valvular abnormalities or a hyperco-
agulable state (46–51). Valvular dysfunction can be due to thrombus, pannus (an excessive cicatrical 
inflammatory response to the foreign valve surface usually seen in proximity to the suture site), or 
frequently, a combination of the two. Even in the presence of distinct clinical clues (e.g., inadequate 
anticoagulation, recent implantation, prothrombotic milieu), it is important to try and differentiate 
between the two, as pannus ingrowth is not treatable with fibrinolytics. One small study of 24 

Fig. 2. Thrombosed mechanical valve intraoperative view of a bileaflet mechanical mitral valve with obstructive 
thrombus before (left panel), during (middle panel), and after (right panel) thrombectomy (Courtesy of Dr. A. 
Cobanoglu, University Hospitals Case Medical Center).

Fig. 3. Thrombosed bioprosthetic homograft with frozen leaflets due to thrombus. (Courtesy of Dr. A. Markowitz, 
University Hospitals Case Medical Center.) RC right coronary cusp; NC non-coronary cusp; LC left coronary cusp.
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patients evaluated clinical and echocardiographic parameters (TEE) to distinguish between pannus 
and thrombus: 92% of thrombi were soft masses, pannus tended to be smaller and denser, and a 
videointensity ratio (videointensity of the mass compared to that of the prosthetic valve) was lower 
in thrombi: a ratio < 0.70 had a positive predictive value of 87% and a negative predictive value of 
89% for thrombus (52).

Diagnosis
The physical examination as well as imaging modalities are employed to assist diagnosis. A change 

in heart sounds, muffled prosthetic clicks, new murmurs, and signs of heart failure or embolism should 
heighten concern and further imaging should be pursued without delay. A subtherapeutic INR, inflam-
matory markers, and elevated D-dimer may be seen. While transthoracic and transesophageal echocar-
diography are the mainstay of bedside evaluation, fluoroscopy can confirm the diagnosis with 
mechanical prostheses by showing restricted leaflet movement, or with contrast injection to demon-
strate valvular reflux. However, cinefluoroscopy is less valuable in cases of non-obstructive PVT.  
If thrombosis is the cause of valve dysfunction, it is important to investigate the etiology, as merely blaming 
the valve, patient, or medical compliance and intensifying the antithrombotic regimen may hide another 
diagnosis such as malignancy, endocarditis, or paroxysmal or asymptomatic atrial fibrillation.

Echocardiography allows direct visualization of the prosthesis and estimation of valvular gradients, 
flows, and effective orifice areas. For a mitral prosthesis, a mean gradient (measured by planimetry 
of diastolic mitral inflow) greater than 8 mmHg and an effective orifice area less than 1.4 cm2 (meas-
ured by pressure half-time) suggest PVT. Values for aortic PVT include a mean transaortic gradient 
greater than 45 mmHg and an obstructive index (the ratio of LV outflow tract to peak aortic velocity) 
less than 0.25 (53). However, prosthesis size in conjunction with underlying hemodynamics must be 
taken into account; although reference tables are available for the different prostheses, the most valu-
able reference is a patient’s baseline postoperative echocardiogram (e.g., at the first postoperative 
office visit). A transesophageal echocardiogram should be performed if any clinical suspicion persists 
after a transthoracic examination. Thrombi may be sized (see below) and to a certain extent, differen-
tiated from pannus, sutures, vegetations, and fibrous strands. Because of acoustic shadowing from the 
esophageal window, the ventricular surface of prosthesis is often poorly visualized; for this reason, 
the transthoracic and transesophageal approaches should be considered complimentary.

Treatment
Treatment consists of anticoagulation with heparin, fibrinolysis, thrombectomy, or valve replace-

ment in both pregnant and non-pregnant patients (54). Lysis and surgery carry both morbidity and 
mortality rates proportional to NYHA class (55). Streptokinase, urokinase, and recombinant tissue 
plasminogen activator have all been used successfully for lysis. Traditionally, surgery has been con-
sidered first line therapy with left-sided PVT, given the risk of TE with lysis. Though carrying the 
added morbidity and mortality of reoperation, surgery has a reduced risk of thromboembolism, stroke, 
and hemorrhage. For those too unstable or decompensated for surgery, fibrinolysis is considered a 
feasible alternative. However, there is debate endorsing the use of fibrinolytics, and optimal manage-
ment is unclear beyond the recognition that rational decision-making and therapy should be tailored 
to the set of circumstances particular to each patient (location of the valve, hemodynamic stability, 
degree of obstruction, size of thrombus, comorbidities, and services available at the institution).

The ACC/AHA guidelines (Fig. 4) endorse surgery as a “reasonable” (Class IIa) first line management 
with fibrinolysis reserved for specific situations. However, the lack of Class I therapeutic recommenda-
tions reflect the sources of data from small cohorts and case studies. The ACC/AHA document deems 
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fibrinolysis reasonable for right-sided valves with NYHA class III-IV symptoms. Citing ineffectiveness 
and a 12–15% incidence of cerebral emboli, the ACC/AHA reserve lysis with left-sided thromboses to 
patients with small clot burden and minor symptoms (NYHA class I-II) or with severe failure (NYHA 
III-IV) if they are high surgical risk or if surgery is unavailable (4). The ESCs recommendations are con-
gruent but more aggressive than the ACC/AHA. Acknowledging that any therapy is high risk, surgery for 
critically ill patients without serious comorbidities is given a Class I indication. Fibrinolysis is recom-
mended only for patients not likely to survive surgery or with right-sided prostheses.

In marked distinction, supporting fibrinolysis since 1997 (56) Lengyel et al. writing for the Society 
for Heart Valve Disease in 2005 published recommendations reiterating support for fibrinolysis as the 
first line therapy independent of position, NYHA class, or thrombus size (57). A meta-analysis from 
the same author reported improved outcomes over the last 30 years with a lower overall lower embolic 
rate than cited by the AHA guidelines (4%), improved success (90%), and low mortality (2.5%) (58). 
Further, if lytic therapy fails to improve valve hemodynamics, the patient can still be taken to surgery. 
Serial TEEs are strongly recommended during lytic therapy to monitor hemodynamics and cardiac 
response to lytic intervention (57). The embolic risk of lytic use is directly proportional to the size of 

Fig. 4. Management of prosthetic valve thrombosis according to the ACC/AHA (4).

Table 4 
Indications for surgical management of PVT

Obstruction from endocarditis
Abscess
Large thrombus
Mobile mass
Thrombolytic therapy failure
Adapted from Lengyel et al. (56)
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the clot. Tong et al. showed the odds of a complication increase as a linear function by 2.41 for every 
1 cm2 of thrombus, but that a thrombus area of <0.8 cm2 identified patients at low risk for complications 
independent of NYHA class (59). These data can help to define a group of patients that would benefit 
from fibrinolytics regardless of their degree of illness. Clearly not all patients are candidates for lytic 
therapy, and the surgical indications and lytic contraindications are shown in Tables 4 and 5.

Valve thrombosis in pregnant patients is not well addressed in the ACCP, ACC/AHA, or ESC 
guidelines. In recent publications, the prevailing opinion proposes lytic therapy as first line treatment 
(in the absence of contraindications) due to the attendant risks of anesthesia and surgery to the mother 
and fetus (54,59,60).

While anticoagulation alone may be used for smaller thrombi, especially if lytics are contraindi-
cated, this strategy is inadequate for thrombi greater than 5 mm (57).

Prevention
Following a TE event, attention should be focused on ameliorating or reversing the potential risk 

factors and optimizing the consistency of anticoagulation. A regimen can be enhanced by adding ASA 
or increasing goal INR by 0.5 to a maximum of 3.5–4.5. If ASA is added, it should be low dose 
(<100 mg/day) and used with INR < 2.5–3.5 (2). While 20% of PVT treated with lytics will recur, 
more than 90% of those can be treated successfully with repeated fibrinolysis (61).

MISCELLANEOUS TOPICS: WITHOLDING ANTICOAGULATION, BRIDGING 
THERAPY, OVER-ANTICOAGULATION, BLEEDING EMERGENCIES

Withholding Anticoagulation
The theoretical risk of withholding chronic anticoagulation on a daily basis is low. For a patient at 

the highest risk with a normal INR (an estimated yearly risk of TE = 20%) the additive daily risk is 
0.20/365 = .055%. Thus, the risk of TE while holding anticoagulation for 1 week would be 
0.055% × 7 = 0.38%. A small retrospective study examining bleeding events in patients with PHVs 
found no thrombotic complications in patients with anticoagulation held for up to 3 weeks (62). Those 
patients on chronic anticoagulation presenting for surgery with a low risk of bleeding can ideally have 
surgery without reversal (often cited examples are dermatologic and ophthalmologic procedures or 
dental extractions). If therapy must be suspended then a decision regarding thromboembolic risk and 
whether to bridge the patient with a parenteral anticoagulant must be made. Usually at least 81 mg of 

Table 5 
Patients at risk for adverse outcomes from fibrinolytic therapy

Active internal bleeding
History of hemorrhagic stroke
Recent cranial trauma or neoplasm
Hemorrhagic retinopathy
Large thrombi
Mobile thrombi
Hypertension (>200/120)
Hypotension or shock
NYHA Class III–IV

Adapted from Bonow et al. (4)
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aspirin can be tolerated during the surgery to provide a margin of protection, but if aspirin or ADP 
antagonists need to be stopped, 5 to 7 days provide adequate washout. Oral anticoagulation is usually 
stopped 48 to 72 h prior to surgery and the patient is either admitted for continuous infusion UFH or 
allowed to remain at home for self-administrated LMWH (BID UFH is less commonly used). 
However, not all PHVs require an anticoagulant bridge, and as per the ACC/AHA: for low-risk 
patients (bi-leaflet AVR with no risk factors) a heparin bridge is usually unnecessary; and warfarin 
can then be restarted 24 h following surgery. For all other situations, bridging should begin when the 
INR drops below 2, and resumed 4–6 h after surgery is completed as hemodynamic stability permits. 
Heparin is discontinued once the INR is therapeutic again.

Bridging Therapy
There are two scenarios that classically invoke the issue of “bridging therapy,” that is, the use of a 

“bridging” anticoagulant to provide seamless anticoagulation therapy during times of stoppage or 
initiation of oral VKA: (1) initiation of anticoagulation after new prosthetic valve implantation, and 
(2) the stoppage of anticoagulation in anticipation of a surgery with high bleeding risk that requires 
normalization of INR. The issue of initiation of anticoagulation with UFH or LMWH is still a subject 
of continued debate, given the large risk of hemorrhagic complications after valve surgery compared 
to the thromboembolic risks of a foreign surface, turbulent prosthetic flow, and a postoperative pro-
thrombotic state (see section regarding new valve implantation for details).

In general, there are two options for parenteral anticoagulant: UFH or LMWH (enoxaparin and 
dalteparin in most studies). Continuous intravenous UFH has traditionally been the agent of choice. 
However, the use of LMWH has been increasingly frequent despite the relatively limited data avail-
able for its use compared to heparin. The justification for LMWH advantage over UFH includes the 
daily or q 12 h dosing (reducing the patient tethering to intravenous infusions), the simplicity of sub-
cutaneous injections, ease of self-administration, fewer dosing errors, less underdosing with a weight-
based algorithm (thus faster therapeutic levels), reduced incidence of heparin-induced thrombocytopenia, 
and during long-term administration, less osteoporosis. A major advantage of UFH over LMWH is 
its straightforward and rapid reversibility. Although the unit cost of LMWH is seven times more 
expensive than UFH, when the associated cost of administration, lab testing, nursing assistance, and 
extra hospital days are factored into the equation, LMWH often ends up being a more cost-effective 
option (25,40,63,64).

When patients with prosthetic valves need to have their oral anticoagulation interrupted for inva-
sive procedures, the simplicity and reduced patient discomfort from fewer blood draws makes LMWH 
desirable. This has been shown to be an effective method of bridging anticoagulation in 116 patients 
(31 with mitral valve replacements, 76 aortic valve replacements, 9 double valve replacements). 
There was one major bleeding complication, no valve thrombosis, and minor bleeding occurred in 10 
patients (65). Routine monitoring of anti-Xa levels in the absence of renal failure (serum creatinine 
>1.5 or creatinine clearance <30 ml/min) or pregnancy is not warranted. When checked, then levels 
should be 0.5–1.0 IU/ml, checked pre-dose as well as 3–4 h after administration, and the goal should 
be maintained at high levels (~0.7 IU/ml) (40). However, in counterpoint to the recommendations of 
Seshadri et al., the ESC endorses the use of UFH over LMWH. They acknowledge that LMWH can 
be used, but has limited data and is best tailored with anti-Xa levels if possible.

One of the expected complications of VKA therapy is over-anticoagulation. Management can usually 
be conservative, with simple holding or reduction of further doses of warfarin until the INR trend 
returns to therapeutic range. The risk of hemorrhage increases markedly for INR > 6 (up to 4% of 
patients treated with simple withholding of warfarin) (66), and so at this level caution and further 
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recommendations have been proposed, although there are no formal guidelines, and therapeutic 
intervention (or lack thereof) should be directed to the particular patient situation. Reversal of antico-
agulation and abrupt changes in INR poses a theoretical risk of increased thrombogenicity. However, 
this is not well demonstrated in clinical data, and so reversal, if deemed necessary, should not be 
withheld for fear of thrombosis. To this end, the ACC/AHA discourage the use of high-dose vitamin 
K in emergencies, preferring the use of FFP (class IIa), and make routine administration for 
non-emergent situations a class III indication.

The optimal method of reversal remains poorly defined. The understood goal for the over-
anticoagulated patient who is not actively bleeding is to return to appropriate levels of INR without 
leaving the patient subtherapeutic and thus at risk of thrombosis. Vitamin K in all forms: IV, oral, and 
subcutaneous have been used and are effective. Vitamin K is usually given in low dose (1 mg) and is 
comparable to 1 unit of fresh frozen plasma (FFP) at 6 h (67). One milligram of oral vitamin K compared 
to watchful waiting for patients with INRs 6–12 showed faster correction into therapeutic range in 
24 h, with 10% of patients’ INR less than 1.8; however, no thrombotic complications occurred (68). 
When an anticoagulated patient presents with a life-threatening bleed, complete reversal is necessary. 
Oral vitamin K has been shown to have a slower onset, but equal effectiveness in reversing supra-
therapeutic INR compared to IV formulations (69). The recognized drawback of intravenous admin-
istration is a small risk of anaphylactoid reactions which can be minimized by slow administration of 
vitamin K over 60 min diluted in 50 cc of normal saline. FFP, though only transiently providing complete 
reversal, is as effective an option as IV vitamin K (67). For patients on ADP receptor antagonists, 
platelet transfusion is usually unnecessary, but can be used to provide functional platelets in a crisis.
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AbstrAct Patients with heart failure and cardiomyopathy often present with risk factors that may warrant 
anti-thrombotic therapy, such as atrial fibrillation, left ventricular thrombus, and the presence of a hyper-
coagulable state. Decades of clinical studies have provided a wealth of information and speculations, but 
the current role of prophylactic antiplatelet and anticoagulant therapies remained controversial. Post hoc 
analyses from large heart failure trials provided evidence that warfarin use was associated with improved 
clinical outcomes despite the lack of a significant reduction in thromboembolic risks. However, prospec-
tive randomized trials have identified an unexpected benefit of reduced heart failure hospitalizations in 
those treated with warfarin, which may also be interpreted as potential risk with routine administration 
of aspirin therapy. Ongoing clinical trials may provide the necessary clinical evidence to guide future 
recommendations.

Key words: Anticoagulation; Aspirin; Cardiomyopathy; Heart failure; Thrombosis

INTRODUCTION

Heart failure and cardiomyopathy remain highly morbid and costly diseases, accounting for 
approximately 250,000 deaths per year in the United States and a mortality approaching 50% at 
5 years (1). Among these patients, the risk of stroke is increased by an estimated 3.5% per year and 
more than doubles the risk of death even in the setting of sinus rhythm (2–4). However, the long-term 
cumulative risk of thromboembolism, the benefits and risks of treatment, and the relationship of 
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thromboembolic risk to other clinical parameters in patients with heart failure remain largely 
unclear.

This chapter will focus on anti-thrombotic therapy for chronic heart failure and cardiomyopathy 
(specifically those in sinus rhythm). The role of anti-thrombotic therapy in conditions frequently 
found in patients with heart failure (including venous thromboembotic disease, pulmonary embolism, 
and atrial fibrillation) is covered in detail in other chapters of this book.

EPIDEMIOLOGY OF THROMBOEMBOLISM IN HEART FAILURE

The primary goal of anti-thrombotic therapy is to reduce the risk of thromboembolic events. 
Therefore, justification for their use requires a heightened risk of thromboembolism in the heart failure 
population. Early autopsy studies reported a very high frequency of thromboembolic events in patients 
with heart failure (5) with an estimated prevalence of vascular events ranging from 3% to 50% in the 
published literature (6), an overall estimated incidence of systemic and cerebral thromboembolism of 
2.7 and 1.7 per 100 patient-years, respectively (7,8), and an incidence of arterial embolic events in an 
advanced heart failure population of 3.2 per 100 patient-years (9). It is important to emphasize, how-
ever, that much of these data were collected decades ago. Advancing age and improved survival may 
result in significant differences in contemporary patients with heart failure.

In the Studies of Left Ventricular Dysfunction (SOLVD), the annual incidence of vascular thrombotic 
events (including strokes, pulmonary emboli, and peripheral emboli) in patients with left ventricular 
dysfunction and sinus rhythm was 2.4% in women and 1.8% in men (2). These figures were similar to 
that reported from the Vasodilators in Heart Failure Trials (V-HeFT) I and II studies (2.7 and 2.1 per 100 
patient-years, respectively) (10). In contrast to patients with underlying atrial fibrillation, more current 
data suggest an overall incidence of up to 4% of fatal and non-fatal stroke rate in patients with heart 
failure followed for a mean of 37.7 months (approximately 2.5% per year) irrespective of ejection frac-
tion (EF) (11). In a non-atrial fibrillation cohort of the Sudden Cardiac Death in Heart Failure Trial (SCD-
HeFT), the annual thromboembolic rate for moderately symptomatic systolic heart failure was 1.7% per 
year without anti-arrhythmic therapy (12) and the four-year rate of thromboembolism was highest in 
patients with an EF £ 20% (4.6% vs. 3.5% 3.5% in patients with an EF between 20% and 35%).

RATIONALE FOR ANTI-THROMBOTIC THERAPY

Patients with advanced heart failure frequently have all three components of Virchow’s triad (blood 
stasis, endothelial dysfunction, hypercoagulable state). Epidemiologic observations suggested that the 
risk of thromboembolic events can be related to the patients’ functional capacity, the degree of left 
ventricular dysfunction, or the presence of co-morbid conditions (10,13). More recent data have sug-
gested that the presence of heart failure itself rather than the degree of cardiac dysfunction may impact 
thromboembolic risks (11,12). Patients with heart failure are more prone to thromboembolic events if 
they have concomitant risk factors such as atrial fibrillation, poor myocardial contractility, or low 
cardiac output. Dilated cardiac chambers and decreased cardiac output also interfere with the efficient 
forward movement of circulating blood resulting in stasis.

The other two components of Virchow’s triad, hypercoagulability and endothelial dysfunction, 
seem to be integrally related. Endothelial dysfunction is manifest by elevated levels of von Willebrand 
factor and increased markers of thrombin production and platelet activation (14). Furthermore, 
decreased nitric oxide (NO) production may provide additional explanation for hypercoagulability. 
Decreased levels of NO result in reduced antiplatelet activity and an increased release of prothrom-
botic mediators (15).
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Hypercoagulability is also related to the compensatory mechanisms activated in patients with heart 
failure. Activation of the renin angiotensin aldosterone system (RAAS) contributes to the hypercoagu-
lable state through elevated levels of angiotensin II that stimulate the expression of plasminogen 
activator inhibitor-1 in endothelial and smooth muscle cells as well as through increased degradation 
of bradykinin, both of which adversely alter the fibrinolytic equilibrium (16).

TREATING THROMBOEMBOLISM IN HEART FAILURE

Potential cardiac sources of embolism requiring anticoagulation include left atrial appendage 
thrombi, left ventricular thrombi, and mural thrombi. Cardiac sources of embolism account for ³15% 
of ischemic strokes. Left ventricular thrombus formation is a frequent complication of ischemic heart 
disease or low-output heart failure, occurring in at least 5% of patients after acute transmural myocar-
dial infarction that may result in systemic embolization. In addition, left atrial appendage is a common 
source of cardiac thrombus formation associated with systemic embolism, primarily in association with 
atrial fibrillation and/or rheumatic mitral valve disease. Despite the varied locales for cardiac sources 
of embolism, the potential devastation is uniform, prompting the need for both preventive and thera-
peutic measure.

Anticoagulation therapy may significantly decrease the incidence of embolic events by 33% com-
pared to untreated patients (17). According to the Heart Failure Society of America (HFSA) guide-
lines, the presence of left ventricular thrombus in cardiomyopathies should be considered for chronic 
anticoagulation, depending on the characteristics of the thrombus, such as its size, mobility, and 
degree of calcification (18). The Canadian Cardiovascular Society (CCS) guidelines further recom-
mended that anticoagulation should be considered for patients with demonstrated intracardiac throm-
bus, spontaneous echocardiographic contrast, or severe reduction in left ventricular systolic function 
when intraventricular thrombus cannot be excluded (19).

It was previously believed that chronic laminated mural thrombi have a low incidence of emboli-
zation and do not necessarily need anticoagulation. However, a recent study of 361 patients with 
ischemic heart disease undergoing evaluation of surgical left ventricular reconstruction with infarct 
exclusion and eventual surgical or pathological evaluation of the left ventricle reported a 29% 
prevalence of left ventricular thrombus (20). In this study, patients with left ventricular thrombus 
were not significantly different compared to patients without thrombus, except in incidence of 
recent systemic embolic events. This study also reported a 6.1% risk of recent systemic emboliza-
tion in patients with confirmed left ventricular thrombus compared to only 0.8% risk in patients 
without LV thrombus (20). Another interesting finding of this study was that in patients with con-
firmed left ventricular thrombus and recent systemic embolic events, pathologic evaluation identi-
fied chronic organized mural thrombus (67%) as opposed to recent thrombus (33%) (20) as the 
major source of embolism. Chronic mural thrombi represent a significant risk factor for systemic 
embolization either from increased incidence of embolization of mural thrombus or new clot forma-
tion on its surface is reinforced.

Many thrombotic events in patients with heart failure can be associated with interventions. For 
example, an increasingly common source of thrombosis emerged with the broad adoption of device 
therapy in heart failure, particularly implantable cardioverter defibrillator (ICD) and biventricular 
devices (21). Venous thrombosis, especially at the subclavian vein, has been reported on average in 
12% (range 2–22%) of patients, from several days to years post-implantation (22). Early detection of 
clinical presentation of venous thrombosis is crucial, and treatment approach largely follows standard 
anticoagulation therapy for venous thrombosis (see Chaps. 17 and 19).
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PROPHYLATIC ANTI-THROMBOTIC THERAPY IN HEART FAILURE

Aspirin Monotherapy
The anti-thrombotic effects of aspirin monotherapy have been well established in ischemic heart 

disease. Aspirin also reduces the incidence of stroke and death in patients with a history of transient 
ischemic attacks and reduces the rate of stroke and systemic embolism in patients with atrial fibrilla-
tion. However, it is also important to point out that in only two of the many studies supporting the use 
of aspirin in preventing serious vascular events were patients with heart failure (totaling 134) included 
(23). When assessed in heart failure trials, the use of aspirin was not randomized, but likely related to 
underlying indications. Nevertheless, the incidence of thromboembolism in patients receiving aspirin 
was reduced from 2.1–2.7 to 0.5–1.6 events/100 patient-years in the two V-HeFT studies (10). Among 
all patients enrolled in the SAVE trial, aspirin use significantly reduced the risk of stroke by 56% (13). 
Importantly, the protective effect of aspirin was most pronounced in patients with an LVEF £ 28%, 
with a reduction in risk of stroke of 66% (p < 0.001) (13). Similarly, the SOLVD trial showed a benefi-
cial effect of aspirin monotherapy, with a 23% reduction in the risk of thromboembolism in men, a 
53% reduction in risk in women (24), and a 24% reduction in the risk of sudden death in all patients 
enrolled (25).

However, concerns regarding the concomitant use of aspirin and angiotensin-converting enzyme 
(ACE) inhibition have also been raised (25,26). The most common pathophysiologic explanation is 
their combined adverse effects on the production of vasodilating prostaglandins. Nevertheless, this 
has not been observed in other post hoc analyses (27), and a recent observational study of over 7,000 
patients demonstrated that aspirin use was not associated with an increase in mortality or heart failure 
readmission rates and aspirin did not affect the benefits of ACE inhibitors (28). This has been further 
demonstrated in an elderly population with underlying heart failure and atrial fibrillation (29).

Current national and international guidelines differ slightly about use of aspirin in patients with 
heart failure. The European Society of Cardiology (ESC) guidelines recommend against aspirin: 
“Aspirin should be avoided in patients with recurrent hospitalization with worsening heart failure 
(Class of recommendation IIb, level of evidence B)” (30). This is in contrast with the guidelines of 
the American College of Cardiology/American Heart Association (ACC/AHA), stating “there may be 
an important interaction between aspirin and ACE inhibitors, but there is controversy regarding this 
point, and it requires further study” (31). The HFSA guidelines recommend aspirin for certain patients 
only: “Aspirin is recommended in most patients [with ischemic cardiomyopathy] for whom antico-
agulation is not specifically indicated. However, routine use of aspirin is not recommended in patients 
with heart failure from non-ischemic cardiomyopathy and without other evidence of atherosclerotic 
vascular disease. Aspirin and an ACE inhibitor in combination may be considered for patients with 
heart failure where an indication for both drugs exists” (18). The Canadian guidelines recommended 
a similar approach (19).

Anticoagulant Therapy (Warfarin)
Data regarding the use of warfarin following myocardial infarction came from the WARIS 

(Warfarin, aspirin, reinfarction study) (32) and the ASPECT (Anticoagulants in the secondary preven-
tion of events in coronary thrombosis) (33). Both studies demonstrated significant benefit (relative 
risk 0.45 and 0.58, respectively) with warfarin targeted at INR of 2.8–4.8. However, they were all-
inclusive of myocardial infarction patients without specifying LV ejection fraction; these data are 2–3 
decades old; and subsequent studies have failed to demonstrate mortality benefits with warfarin over 
standard anti-platelet therapy. Therefore, the latest ST elevation myocardial infarction guidelines 
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advocate warfarin use primarily in the presence of left ventricular thrombus for the initial 3 months 
after myocardial infarction, in patients with persistent or paroxysmal atrial fibrillation, or in those 
unable to take antiplatelet agents (18,34).

For patients with chronic heart failure treated with anticoagulant agents, concerns have been 
raised regarding the balance between risks and benefits. In V-HeFT I, the thromboembolic event rate 
in patients treated with anticoagulant agents was similar to that in patients not receiving anticoagula-
tion (2.9 vs. 2.7/100 patient-years, respectively) (10). However, the rates of thromboembolism were 
higher in the anticoagulant group than in the non-anticoagulant group in V-HeFT II (4.9 vs. 2.1/100 
patient-years, p = 0.01) (10). Because neither the decision to initiate anticoagulation nor the intensity 
of anticoagulation was controlled, it is likely that patients judged to be at highest risk for throm-
boembolism (i.e., those with atrial fibrillation or known LV thrombus or even patients with mechanical 
valve replacement) were treated with warfarin. As for post hoc analyses from clinical trials, the use of 
anticoagulants did not confer lower thromboembolic risks in patients with chronic systolic heart 
failure with sinus rhythm in SOLVD (relative risk 1.14 in men, 1.51 in women, both statistically 
non-significant). Also in SCD-HeFT, there was no significant risk reduction in thromboembolism 
with the use of aspirin or warfarin (12). These neutral results in the chronic heart failure setting were 
in contrast with the association of anticoagulant therapy with significant reduction in stroke rates in 
the post-infarction setting (24).

Significant reductions in sudden cardiac deaths and long-term prognosis have been observed 
with anticoagulant use in specific populations of patients with heart failure (35,36). In the EPICAL 
study (Epidémiologie de l’Insuffisance Cardiaque Avancée en Lorraine), a total of 417 consecutive 
patients surviving at hospital discharge were followed for up to 5 years. The investigators found 
better 5-year survival in patients on anti-thrombotic therapy (40% vs. 31%), with no interaction 
between aspirin and ACE inhibitor use on survival (37). These are the first suggestions that there 
may be discordance between the potential benefits of warfarin therapy with the lack of reduction in 
thromboembolic risks.

Such discrepancies have prompted the need for prospective clinical trials to better define the risks 
and benefits of anti-thrombotic therapy in patients with heart failure and, in particular, those in sinus 
rhythm. Three trials have been completed to date, although they all had crucial limitations. 
Nevertheless, the three trials demonstrate consistent findings: (1) Neither aspirin nor warfarin therapy 
decreases the risk of subsequent death, MI, or stroke, (2) patients with heart failure receiving aspirin 
may experience increased hospitalization rates, and (3) in no way are these data conclusive.

The Warfarin/Aspirin Study in Heart Failure (WASH) trial was an open-label pilot study that ran-
domized 279 patients with chronic systolic heart failure (6% with atrial fibrillation, and 70% NYHA 
Class II with LV ejection fraction £ 35%) to receive aspirin (300 mg/day), warfarin (INR target at 2.5), 
or no anti-thrombotic therapy for a mean of 27 ± 1 months. There were no statistically significant dif-
ferences in the composite endpoint of death, myocardial infarction, and stroke, but in the first 
12 months patients randomized to aspirin were twice as likely to be hospitalized for cardiovascular 
reasons compared to warfarin, particularly related to worsening heart failure (p = 0.044) (38).

The Warfarin and Anti-platelet Therapy in Chronic Heart failure (WATCH) trial assumed that 
patients with heart failure needed anti-thrombotic therapy, did not provide a placebo group. It was a 
multicenter study sponsored by the Department of Veterans’ Affairs designed to compare open-label 
warfarin (target INR 2.5–3) vs. double-blind aspirin (162 mg/day), vs. double-blind clopidogrel 
(75 mg/day) in 1,587 subjects with chronic systolic heart failure (NYHA II–IV, LV ejection fraction 
£35%, 70% beta-blocker use) in sinus rhythm over a follow-up period of 23 months (originally tar-
geted for 4,500 subjects) (39). Again, there was no statistically significant difference between the 
three treatment groups on the primary outcome of death, myocardial infarction, or stroke (20.5% vs. 
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19.8% vs. 21.8%, statistically non-significant). However, there was once again a 28% relative risk 
reduction in heart failure hospitalizations comparing the warfarin and aspirin groups (16.1% vs. 
22.2%, p = 0.01).

A recent meta-analysis including the previous two trials further supported that warfarin use may 
favorably impact heart failure hospitalization rates when compared with aspirin (OR 0.64, 95% con-
fidence interval 0.48–0.85) (Table 1). The underlying explanation is unclear, although it is conceivable 
that high doses of aspirin may share the same risks as non-steroidal anti-inflammatory drugs and may 
aggravate fluid retention in patients with heart failure, especially in those with concomitant risk fac-
tors for decompensation.

Recently, investigators from the Heart failure long-term anti-thrombotic study (HELAS) reported 
their results on 197 patients (NYHA II–IV, LVEF < 35%, no atrial fibrillation) who were randomized 
to either aspirin (325 mg/day) vs. warfarin (INR 2–3) in ischemic cardiomyopathy, or warfarin vs. 
placebo in dilated cardiomyopathy (40). There were no significant differences in composite event rates 
among the groups, although the absolute number of events was small (a total of only 5 embolic 
events).

The use of anticoagulant therapy was more consistent across the various guidelines, however as 
stated in the latest ACC/AHA guidelines, “in the absence of definitive trials, it is not clear how anti-
coagulation should be prescribed in patients with heart failure” (31). At present, the use of anticoagu-
lation medication is recommended in patients with heart failure and atrial fibrillation, presence of left 
ventricular thrombus, or a prior embolic event (such as pulmonary embolism, including stroke and 
transient ischemic attack) unless contraindicated (18,30,31). Aspirin use should be reserved for 
patients in whom secondary prevention of atherosclerotic disease is the goal.

Considerations of Bleeding Risks
The incidence of major hemorrhage in patients receiving anticoagulant therapy ranges from 2.3 to 

6.8/100 patient-years, and the rate of intracranial bleeding approximates 0.62/100 patient-years, with 
each 10-year increase in age after 40 years imparting a 46% increase in the relative risk of major bleed-
ing (41). In the Stroke Prevention in Atrial Fibrillation (SPAF) II study, the rate of intracranial bleed 
was calculated to be 0.9/100 patient-years, and an increased risk of both thromboembolism as well as 
major bleeding in patients with heart failure aged ³75 years was observed (42). Even when adjustments 
were made for the intensity of anticoagulation, patients ³80 year old may still present with a fourfold 
greater risk of life-threatening or fatal bleeding (43). Bleeding complications occur far less frequently 
with antiplatelet therapy than with anticoagulant agents. Although low-dose aspirin carries a risk of 
gastrointestinal hemorrhage, review of the various placebo-controlled aspirin trials suggests that the 

Table 1 
Meta-analysis of prospective studies evaluating warfarin versus aspirin (39)

Odds ratio

WATCH WASH Pooled

Mortality, myocardial infarction, 
and stroke

0.96 (0.70–1.31) 0.75 (0.37–1.50) 0.92 (0.69–1.22)

All-cause mortality 0.94 (0.67–1.30) 0.78 (0.38–1.58) 0.91 (0.67–1.22)
Heart failure hospitalization 0.67 (0.49–0.93)* 0.49 (0.23–1.01) 0.64 (0.48–0.85)*

*p < 0.05. 95% confidence interval is given within parentheses
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risk is especially increased only when higher doses (>1,000 mg) are used. As expected, across all ran-
domized studies there were more bleeding episodes for warfarin compared to aspirin.

CLINICAL PERSPECTIVES

The role of anti-thrombotic therapy in patients with heart failure and cardiomyopathy remains 
contentious. Despite data suggesting a benefit with warfarin compared to aspirin therapy, important 
limitations preclude widespread implementation in this patient population. It will be of interest to see 
if newer anticoagulants such as anti-factor Xa or anti-factor IIa agents can provide similar efficacy as 
warfarin without the monitoring hassles in the setting of heart failure.

Nevertheless, it is important to point out that the risk of thromboembolic events in patients with 
heart failure in sinus rhythm is low (1–3% per year), thus, prophylactic use of warfarin is controversial 
and has not been widely accepted. The ongoing Warfarin vs. Aspirin in Reduced Cardiac Ejection 
Fraction (WARCEF) trial is a National Institutes of Health funded, randomized, double-blind, pla-
cebo-controlled trial designed to test the hypothesis that there is no difference between warfarin (INR 
2.5–3.0) and aspirin (325 mg daily) in three- to five-year event-free survival for the composite end-
point of death or stroke (ischemic or hemorrhagic) among patients with cardiac ejection fraction £ 
35% who do not have atrial fibrillation or mechanical valves (44). However, at present, warfarin 
should be considered in patients with heart failure with persistent or paroxysmal atrial fibrillation, 
evidence of left ventricular thrombi (especially mobile) or left ventricular aneurysms, known hyper-
coagulable states, history of thromboembolism, and patent foramen ovale. Aspirin is primarily indi-
cated in patients with ischemic heart diseases as secondary prevention, and although there is a lack of 
evidence to indicate an adverse interaction with ACE inhibitors, routine use of aspirin in patients with 
non-ischemic cardiomyopathy has yet to be supported.
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AbstrAct Heparin-induced thrombocytopenia (HIT) is a transient, prothrombotic, immune-mediated 
complication of unfractionated heparin (UFH) or any of the low molecular weight heparin (LMWH) prepa-
rations that can result in venous or arterial thrombosis, amputation or death. It classically develops within 
5–14 days of administration of either agent, although it may occur more rapidly if there has been recent 
exposure; or delayed days to weeks after either preparation has been discontinued. Thrombocytopenia, 
once considered necessary for the diagnosis is no longer essential, whereas a 50% reduction from the 
patients baseline count is considered a more specific finding. Immediate cessation of UFH or LMWH is 
recommended once the diagnosis is suspected, and therapy initiated with a non-heparin anticoagulant to 
prevent and/or treat the potentially devastating complications.
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INTRODUCTION

Heparin induced thrombocytopenia is a common, transient, iatrogenic disorder that can occur in 
any patient population exposed to UFH or LMWH. Cardiovascular patients are at increased risk 
according to data from the Complication After Thrombocytopenia Caused by Heparin (CATCH) 
registry. Approximately 25,000–50,000 of these patients will develop this complication annually in the 
US with health care costs approaching $300 million (1). Patients undergoing endovascular procedures 
percutaneous transluminal angioplasty (PTA), percutaneous coronary artery angioplasty (PTCA), 
percutaneous coronary intervention (PCI), and coronary artery bypass (CABG) or vascular surgery 
appear particularly vulnerable. The cause for its increased incidence in the cardiovascular patient 
population is not known. However, it is speculated that it may be the result of an increase in the per-
centage of this population exposed to UFH or LWMH, greater use of UFH or LMWH during treat-
ment for the acute coronary syndromes (ACS), and an increase in the number of individuals who have 
repeated exposures or undergo repeat coronary procedures (2).

INCIDENCE

The incidence of HIT varies depending on the type of heparin preparation- (bovine lung > porcine 
intestine) and (UFH > LMWH), patient population (surgical > medical), gender (women > men), dose 
(treatment > prophylaxis), and the definition of thrombocytopenia used (a > 50% decline in the platelet 
count is more sensitive than an absolute count £150,000 mm3) (3)

The American College of Chest Physicians (ACCP) estimate the risk of HIT as 1–5% in patients 
receiving UFH, but less than 1% in individuals exposed to LMWH (4,5). The incidence is lower in 
patients receiving thromboprophylaxis approaching 2.6% for UFH and 0.2% for LMWH (6,7).

PATHOGENESIS

Heparin-induced thrombocytopenia is an immune-mediated disorder that develops following exposure 
to UFH or LMWH. It is less common with LMWH, believed to be due to the smaller size of the 
molecule, but both agents are capable of triggering the release of platelet factor 4 (PF4), a heparin-
neutralizing protein found in the alpha granules of platelets (6). An immune response can develop in 
susceptible individuals, forming IgG platelet activating antibodies. These “HIT antibodies” bind to 
heparin-PF4 on the FcgIIa receptors of platelet surfaces forming immune complexes that are capable 
of platelet activation and the release of procoagulant microparticles that promote thrombin generation. 
These immune complexes can also bind to heparan sulfate on endothelial cells and monocytes where 
they have the potential to initiate the release of tissue factor (TF) and contribute further to the hyper-
coagulable state (8–11) (Fig. 1).

CLINICAL FEATURES

Thrombocytopenia, defined as a platelet count less than 150,000 mm3 is the most common clinical 
finding of HIT, although most patients will have platelet counts well under this number. In a review 
of 142 serologically confirmed cases, Warkentin et al reported the median figure as 59,000 mm3 but 
counts as low as 15,000 mm3 were reported (12). Thrombocytopenia can occur in the absence of 
thrombosis and is referred to as isolated HIT. Not all patients develop thrombocytopenia and a 50% 
or greater drop in the platelet count from baseline in patients receiving UFH or LMWH is a more 
sensitive marker (3,5,12–14).
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Patients are also at an increased risk of thrombosis. Approximately 30–75% develop a thrombotic 
event (depending on the patient population) and four out of five events are venous. Deep vein throm-
bosis (DVT) of the lower extremity occurs in approximately 50% of patients and pulmonary embolism 
(PE) is found in nearly 25% of individuals (3,5). Deep vein thrombosis is also seen in the upper 
extremity, more often associated with a central venous catheter or pacemaker wire. Other less commonly 
reported events include mesenteric venous thrombosis, adrenal hemorrhagic infarction, and cerebral 
venous (dural sinus) thrombosis.

Acute limb occlusion is the most common arterial event usually developing in areas of arterioscle-
rosis, at the site of a recent endovascular or surgical procedure, or following vascular trauma, and as 
many as 10% of these patients will require amputation. HIT may also present as an acute thrombotic 
stroke, myocardial infarction (MI), intracardiac thrombus, and thrombosis of an extracorporeal cir-
cuit, or rarely mesenteric or renal arteries. Occlusion of bypass conduits (saphenous veins more likely 
than arterial grafts) may also result following open heart surgery (15). Despite recent advances in the 
diagnosis and treatment of HIT, mortality rates approach 10–20% (3,14,16).

There are a number of atypical manifestations of HIT including coumarin-induced venous limb 
gangrene (VLG), coumarin-induced skin necrosis, heparin-induced skin necrosis, acute systemic 
reaction following intravenous bolus of UFH or subcutaneous injection of UFH, or LMWH, and 
disseminated intravascular coagulation (DIC) (17).

Coumarin-induced VLG is characterized by distal extremity necrosis, an ipsilateral limb DVT, and a 
supratherapeutic international normalized ratio (INR). It differs from coumarin-induced skin necrosis, 
which develops in areas of fatty tissue including breasts, buttocks, and thighs (17,18). Either condition 
can develop when the vitamin K antagonist (VKA) warfarin is initiated during acute HIT prior to the 
patient’s platelet count recovery. This depletes the vitamin-K dependent natural anticoagulant protein C, 
and results in an additional prothrombotic condition. Both forms of coumarin-induced necrosis can also 
occur if a VKA is administered unopposed (without a direct thrombin inhibitor (DTI) or given despite 
the initiating of a DTI in the setting of persistent thrombocytopenia (17,18). Coumarin-induced skin 
necrosis is 100 times more frequent in patients with HIT (5–10%) compared to the skin necrosis seen in 
patients receiving a VKA in non-HIT conditions (0.001%) (19).

Heparin-induced Necrotizing skin lesions are found at the site of subcutaneous injections of UFH or 
LMWH and erythematous plaques, nodules, or skin necrosis have also been reported. Necrotizing 
lesions are characterized by an area of central ischemia surrounded by erythema and are characteristi-
cally extremely painful (20).

Additional immune complexes
are formed, leading to a vicious

cycle of 
platelet
activation

The immune complex binds 
to the platelet Fc receptor, resulting 
in strong platelet activation and 
release of more PF4

These immune complexes also bind
to the vascular endothelium, 
creating a cascade of events that
accelerate platelet aggregation and
thrombus formation

Platelet Fcreceptors

Platelet
2

3 4

Immunoglobulin G (IgG)
forms immune complexes
with heparin and platelet 
factor 4 (PF4)

PF4 (neutralizes heparin)

Heparin

1
IgG

The pathogenesis of heparin-induced thrombocytopenia

Fig. 1. The pathogenesis of heparin-induced thrombocytopenia (11,56).
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Acute systemic reactions develop anywhere from 5 to 30 min following an intravenous bolus of 
UFH or up to 2 h after subcutaneous injections of UFH or LMWH (21). An abrupt fall in the platelet 
count is observed followed by fever, tachycardia, hypertension, dyspnea, chest pain, or transient glo-
bal amnesia. Sudden cardiorespiratory collapse and death have also been reported (5).

Disseminated intravascular coagulation (DIC) is characterized by hypofibrinogenemia, a transient 
acquired deficiency of antithrombin and protein C, and a prolonged international normalized ratio 
(INR) and activated partial thromboplastin time (aPTT). Schistocytes, livedo reticularis, renal failure, 
and other signs of microvascular thrombosis may be observed.

TEMPORAL PATTERNS OF HIT

Three distinct temporal patterns of HIT are described - typical-onset, rapid-onset, and delaye-donset 
(5,22). Approximately two thirds of HIT patients develop the typical-onset form that develops within 
4–14 days after an initial exposure to either anticoagulant, but may occur several days later with the 
LMWH preparations (5,20,22).

Rapid-onset HIT develops in 25–30% of all patients and occurs within hours to days after either 
anticoagulant is initiated. In 243 serologically confirmed HIT cases, 30% of the individuals had this 
type with a median time to onset of thrombocytopenia of 10.5 h. All patients had recent exposure, 
commonly within the previous 30 days (5,22). Rapid-onset HIT is due to residual heparin-platelet 
factor 4 (PF4) antibodies that developed during a previous exposure.

Delayed-onset HIT is the least common pattern developing in 3–5% of all HIT patients. It usually 
occurs within 7–40 days after either UFH or LMWH is discontinued, and often after discharge (5). 
Patients have very high titers of HIT IgG antibodies and are often readmitted with a new thrombosis. 
Thrombo cytopenia may not be initially observed, but develops soon after UFH or LMWH is administered, 
if this pattern is not recognized.

LABORATORY TESTING FOR HIT

Thrombocytopenia is a common finding in the hospital setting and possibilities other than HIT 
must be considered in the differential diagnosis including: pseudothrombocytopenia, sepsis, throm-
botic thrombocytopenic purpura (TTP), idiopathic thrombocytopenic purpura (ITP), alcohol, aplastic 
anemia, hypersplenism, DIC, drug-related (glycoprotein IIb/IIIa inhibitors and thienopyridines), 
mechanically induced (intra-aortic balloon pump) or hemodilution from blood transfusions.

HIT should also be considered in the differential diagnosis of a new thrombosis or extension of an 
existing thrombus in a patient receiving either anticoagulant and in patients resistant to UFH, defined 
as individuals who require unusually high doses to attain a therapeutic aPTT.

The diagnosis of HIT is based on clinical presentation and laboratory testing. Warkentin et al developed 
a scoring system to assess the pretest probability of HIT, known as the 4 T’s. This system is based on 
four criteria - thrombocytopenia, timing of the platelet count fall, thrombosis, and exclusion of other 
causes of thrombocytopenia. It appears to be most helpful in deciding which patient needs laboratory 
testing as noted in Table 1 (3,5,23).

Two types of laboratory tests are available - functional tests that detect heparin-dependent platelet 
activation in the presence of the patient’s sera and UFH or LMWH and immunoassays that measure 
IgG, IgM, or IgA antibodies that bind PF4 to either anticoagulant. To avoid over diagnosis, laboratory 
testing should only be ordered when there is a moderate to high clinical suspicion of HIT. Both tests 
have high negative predictive values but only moderate positive predictive values (5,9,24).

438



Heparin-Induced Thrombocytopenia

Several functional tests are available of which two are heparin induced platelet aggregation assay 
(HIPA) and serotonin release assay (SRA). These assays have greater specificity but less sensitivity. 
The HIPA uses platelet-rich plasma mixed with the patient’s plasma plus UFH, whereas the SRA uses 
donor platelets labeled with radioactive 14C serotonin. Although the latter is more sensitive and spe-
cific and the standard by which other tests are judged, it is not readily available at all hospitals because 
it requires radioisotopes. It is also technically more demanding to perform (23).

Immunoassays have higher sensitivity but lower specificity and are technically easier to perform than 
functional tests. Results are reported as optical density (OD) values, with results ³0.40 considered posi-
tive. Titers are generally higher in clinically confirmed cases as demonstrated by Zwicker and colleagues 
in a retrospective review. They found that values (>1.0) were more likely to be associated with throm-
bosis (25). False positive results are more likely with the immunoassays because they detect all three 
immunoglobulin classes, whereas only a minority of these anti-PF4 heparin antibodies (generally 196) 
is pathogenic (9,24).

According to Arepally and Ortel, there are several approaches the clinician should take using the 
pretest probability screening tool (4Ts), once HIT is suspected. If the clinical suspicion is low, no labora-
tory testing should be performed. If the clinical suspicion is intermediate or high however, an immu-
noassay should be performed. If the results are positive with an indeterminate pretest probability, a 
functional assay should be obtained. If this test is positive, HIT is likely. If the functional test is negative, 
however, HIT is considered indeterminate. If the pretest probability is high and the immunoassay posi-
tive, HIT is confirmed. If the pretest is high and the immunoassay negative, HIT is considered to be 
indeterminate and repeating the test may be helpful (14). It must be remembered that HIT remains a 
clinical diagnosis and results of laboratory testing may not always coincide with the clinical picture.

Management of HIT
Heparin and LMWH must be discontinued immediately once HIT is suspected and a thorough 

search performed to identify either of these agents in unsuspected locations like; bound to UFH 
coated-catheters, arterial line flushes, added to intravenous solutions for angiographic procedures, 
administered during dialysis or added to total parenteral nutrition solutions. Low molecular weight 
heparin should not be substituted for UFH because of the cross-reactivity of the HIT antibodies (5).

Table 1 
Estimating pretest probability of HIT: The four T’s. (3,5)

2 points 1 point 0 points

Thrombocytopenia >50% fall or platelet nadir 
20–100 mm3

30–50% fall or platelet nadir 
10–19 mm3

<30% fall or platelet 
nadir <10 mm3

Timing of platelet drop 
or other sequelae

Onset between day 5 and 
10 or < 1 day if recent 
exposure

Onset after day 10 or not 
clear (missing counts)

Falls too early without 
heparin exposure

Thrombosis or other 
sequelae

New thrombosis; skin 
necrosis; acute systemic 
reaction

Progressive or recurrent 
thrombosis; erythematous 
skin lesions; suspected 
thrombosis

None

Other causes of  
thrombocytopenia

None evident Possible other causes Definite other causes

Pretest probability: 6–8 = high, 4–5 = intermediate, 0–3 = low
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Numerous studies have demonstrated that discontinuing UFH or LMWH is inadequate treatment 
even if there is no evidence of acute thrombosis like isolated HIT, because of the potential risk of new 
thrombosis, amputation or death (5,26–29). Treatment should not be delayed while waiting for labora-
tory confirmation as this delay only increases the risk of complications (26,27). Physicians should 
avoid platelet transfusions unless there is active bleeding; defer administration of a VKA until the 
platelet count has recovered to ³100,000 mm3 and preferably 150,000 mm3; and avoid placement of 
an inferior vena cava filter (Table 2) (3).

DIRECT THROMBIN INHIBITORS

Currently, the Food and Drug Administration (FDA) has approved two DTI’s for treating HIT  
(argatroban and lepirudin; one agent for the treatment of isolated HIT (argatroban) and two agents for 
patients with HIT requiring PCI (argatroban and bivalirudin).

LEPIRUDIN

Lepirudin is a recombinant form of hirudin, the natural anticoagulant derived from the medicinal 
leech, Hirudo Medicinalis. It irreversibly binds thrombin, has a half-life of approximately 1.3 h, and 
is eliminated by the kidneys. It is given by intravenous infusion.

Three prospective trials (designated heparin-associated thrombocytopenia or HAT-1, 2, 3)  compared 
403 patients treated with lepirudin to 120 historical controls - the latter group treated with the best 
available therapy at the time (26,27). The reported combined outcome of new thrombosis, amputation, 
and death was lower among patients receiving lepirudin, although after further analysis, only a statistical 
difference in new thrombotic events was reached. Bleeding was significantly higher in the  lepirudin 
population (14,26,27).

In the initial HAT trials, patients with normal renal function received a weight-based bolus of 
0.4 mg/kg followed by an infusion of 0.15 mg/kg/h. Based on data from the HAT trials however, the 
manufacturer no longer recommends a bolus dose (unless there is life threatening thrombosis) and 
advises lowering the initial infusion rate to between 0.05 and 0.10 mg/kg/h (26,27).

The aPTT (targeted to 1.5–2.5 times the baseline level) is used to monitor lepirudin. It should be 
checked 4 h after initiating therapy, with necessary dose adjustments and daily, once a therapeutic 
level is reached.

Table 2 
Treatment guidelines for HIT

1. Discontinue heparin or low molecular weight heparin immediately once HIT is suspected
2. Remove any hidden source(s) of heparin or LMWH
3. Do not wait for laboratory confirmation to begin treatment
4. Initiate an alternative anticoagulant using a direct thrombin inhibitor
5. Do not start warfarin until the platelet count has recovered to 100,000 mm3 and preferably to 150,000 mm3

6.  Begin with low doses of warfarin and overlap a DTI for a minimum of 5 days and until the INR is ³2.0 for 
two consecutive days

7. Avoid placement of inferior vena cava filters
8. Avoid platelet transfusions unless the patient is actively bleeding
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Lepirudin does not cross-react with UFH or LMWH, but anti-hirudin antibodies develop in as 
many as 60% of patients (3,5,30). Although these antibodies are not associated with an increased risk 
of thrombosis, they may extend lepirudin’s half-life and will require more frequent dose adjustments. 
Anaphylaxis and death in patients re-exposed to lepirudin have been reported; therefore caution is 
recommended when using it inpatients with a previous exposure (14,31).

ARGATROBAN

Argatroban is a small synthetic molecule derived from l-arginine. It binds in a reversible fashion 
to the catalytic site of thrombin, is eliminated via hepatobiliary excretion, and has a half-life of 
39–51 min. Argatroban lacks cross reactivity with UFH and is currently approved for the prevention 
(isolated HIT) and treatment of HIT, as well as for patients undergoing PCI.

Argatroban was used in two prospective trials (Arg 911 and Arg 915) involving 772 patients with 
HIT or suspected HIT and compared to historical controls. The combined outcomes of death, amputa-
tion, and new thrombosis were lower in individuals receiving argatroban when compared to historical 
controls (34% vs.43%) (28,29,32). As in the HAT trials, fewer new thromboembolic events were 
reported, but no differences in amputations or death rates were noted. Unlike the lepirudin trials however, 
there was no increase in bleeding rates compared to the historical controls.

Argatroban does not require a loading dose for the treatment or prevention of HIT. It is given by 
continuous infusion at a rate of 0.2 mg/kg/min. Lower doses of 0.05 µg/kg/min are recommended 
for patients with moderate to severe liver disease or multisystem organ failure (33). Argatroban is 
monitored using the aPTT targeted to 1.5–3.0 times the baseline level. The aPTT should be evaluated 
2 h after initiating therapy and once daily after therapeutic levels have been attained.

A bolus dose of 350 mg/kg is required for patients who undergo PCI followed by an infusion rate 
of 25 mg/kg/min adjusted to achieve an activated clotting time (ACT) of 300–450 s. Argatroban does 
not produce antibodies.

BIVALIRUDIN

Bivalirudin is a small synthetic 20-amino-acid peptide, which is a specific and reversible inhibitor 
of thrombin. Currently, the major indications for bivalirudin are for use in patients with unstable 
angina undergoing PTCA and or with provisional glycoprotein IIb/IIIa receptor inhibitor treatment to 
reduce acute ischemic events in select patients undergoing PCI.

The FDA has approved bivalirudin for PCI in patients who have, or are at risk of HIT (34). A bolus 
of 0.75 mg/kg/intravenously should be followed by a 1.75 mg/kg/h infusion for 4 h to attain a target 
ACT of >300 s. It has also been used in several trials as an alternative anticoagulant to UFH in on-
pump or off-pump cardiac surgery in patients with HIT who require an alternative anticoagulant 
(35,36). Bivalirudin has been used “off label” for the treatment of HIT patients in a number of small 
studies, where the dose is much lower (0.1–0.2 mg/kg/h (37–39). Patients with moderate to severe 
renal insufficiency may require dose adjustments.

Bivalirudin has several advantages including a shorter half-life (25 min), enzymic (80%) and renal 
(20%) metabolism, low immunogenicity and a minimal effect on the INR (39). It shares an 11-amino 
acid sequence with hirudin; therefore, it is possible that patients with antilepirudin antibodies resulting 
from treatment with lepirudin could cross react with bivalirudin. For that reason caution extreme 
should be exercised (39), if bivalirudin is used in patients previously treated with lepirudin.
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Alternative Therapies

Fondaparinux

Fondaparinux is a synthetic pentasaccharide metabolized in the kidneys. It has a half-life of 
17–21 h and is administered subcutaneously with 100% bioavailability. Its elimination is prolonged 
in patients with renal impairment and is not advised in patients with a creatinine clearance of less than 
30 ml/min. Fondaparinux is a selective indirect factor Xa inhibitor that binds specifically to anti-
thrombin. It inhibits thrombin generation, does not prolong the prothrombin time (PT), INR, or aPTT, 
and no laboratory monitoring is usually needed.

Fondaparinux is currently approved for the prophylaxis of DVT and PE for orthopedic and abdominal 
surgery as well as for treatment of DVT and PE. It has also been used “off-label” in a number of 
patients with HIT (40). Warkentin et al reported similar immunogenicity between fondaparinux and 
LMWH in a study of 2,726 patients; however, PF4/fondaparinux was poorly recognized by the HIT 
antibodies leading the authors to rationalize that the risk of HIT was very low (41). Recently, 
Warkentin and colleagues published the first reported case of HIT associated with fondaparinux in a 
patient with no previous UFH or LWMH exposure and advised that it can cause a disorder resembling 
HIT on rare occasions (40–42).

Danaparoid

Danaparoid is a non-heparin low molecular weight glycosaminoglycan derived from porcine intes-
tinal mucosa. It is approved for the treatment and prevention of HIT-associated thrombosis outside the 
United States. However,it is no longer available in this country.

None of the currently available alternative anticoagulants used in the US have an antidote. If clinically 
significant bleeding occurs, the agent should be discontinued immediately and supportive therapy 
initiated. A comparison of the current alternative anticoagulants available for the treatment of HIT is 
found in Table 3.

Warfarin
Warfarin should be avoided in patients with acute HIT to avoid coumarin-induced-VLG or coumarin-

induced skin necrosis. Current ACCP guidelines advise that warfarin only be initiated in lower doses 

Table 3 
Comparison of available agents used in the treatment of HIT

Argatroban Bivalirudin Fondaparinux Lepirudin

Monitoring aPTT, ACT aPTT, ACT, ECT Anti-Xa level aPTT, ACT, ECT
Half-life 39–51 min 25 min 17 h 80 min
Clearance Hepatic Enzymic and renal Renal Renal
Dose adjustment Hepatic  

insufficiency
Moderate to severe 

renal insufficiency
Renal insufficiency Renal insufficiency

Cross-reaction with 
HIT antibodies

No No Yes No

Antibody  
development

No May cross-react with 
anti-hirudin  
antibodies

No Anti-hirudin  
antibodies in up to 
60% of patients

442



Heparin-Induced Thrombocytopenia

(£5 mg); overlapped concurrently with a DTI for a minimum of 5 days, only started once the patient 
has improved clinically and the platelets have recovered to ³100,000 mm3 and preferably 150,000 mm3; 
and the DTI discontinued only when the INR is ³2 for two consecutive days (5,17,18). Reversal with 
oral or intravenous vitamin K is advised to prevent VLG or coumarin-induced skin necrosis if warfarin 
has already been started before HIT is recognized (3).

All DTIs prolong the INR because of differences in their molar concentrations required to achieve the 
desired inhibition of thrombin (43). Argatroban causes the most pronounced increase in the INR and 
the manufacturer recommends a INR ³4.0 during cotherapy. The INR is least affected by lepirudin (44).

Once the INR is within the targeted range (and only after a minimum 5-day overlap), the INR and 
aPTT should be checked after holding the DTI 4–6 h. If the INR is between 2 and 3 (or) and the aPTT 
is at baseline, the DTI can be safely discontinued (44). The recommended length of therapy with 
warfarin following acute HIT is 3–6 months.

Reducing the Incidence of HIT
Low molecular weight heparin or fondaparinux are alternatives to UFH for prophylaxis and/or 

treatment of DVT and PE and should reduce the incidence of HIT as they are less likely to trigger this 
condition. Early transition to warfarin (before HIT has a chance to develop) in patients receiving UFH 
or LMWH for acute DVT or PE is also recommended. Porcine UFH preparation should be used rather 
than bovine products, and all patients receiving UFH should have their platelet count monitored regu-
larly. Current ACCP guidelines recommend monitoring platelet counts at baseline and every other day 
from days 4 to 14. If there is no recent exposure however, patients with exposure within the previous 
100 days must be monitored within 24 h of administration (5,45). The ACCP guidelines do not recom-
mend routine platelet count monitoring for LMWH. This is however recommended by the British 
Committee for Standards in Haematology (46).

Special Conditions

Isolated HIT

Isolated HIT was previously treated by just discontinuing UFH or LMWH. However, this approach 
places patients at an increased risk of new thromboembolic rates of 20–50% (5,16,32,46). Current 
ACCP guidelines recommend treatment with a DTI followed by a short course of warfarin and per-
forming a venous duplex ultrasound of the lower extremities due to the high frequency of asymptomatic 
DVT’s in this situation (5).

HIT and PCI

Argatroban and bivalirudin are the only agents currently approved by the FDA for PCI and HIT, 
although there is limited experience with lepirudin, and all three agents have been used successfully 
in previous trials (32,47). The Anticoagulant Therapy with Bivalirudin to Assist in the performance 
of PCI in patients with heparin-induced Thrombocytopenia trial (ATBAT) used bivalirudin in 52 
patients (34). Clinical success was defined as procedural success without death, emergency bypass 
surgery, or q wave MI, and procedural and clinical successes were achieved in 98 and 96% of patients. 
Only one death was reported - a cardiac arrest 46 h after a successful PCI (34).

Lewis and colleagues analyzed 91 patients who underwent 112 PCIs in three prospective rand-
omized trials (ARG-261, ARG-310, and ARG-311) using Argatroban (48). Satisfactory outcomes of 
the procedure and adequate anticoagulation were primary efficacy endpoints and were achieved in 
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94.5 and 97.8% of patients respectively. There was only one major bleeding event, four MIs, and 
revascularization was necessary in seven patients. Results were comparable to historical heparin con-
trols (48).

Percutaneous coronary intervention was also performed using lepirudin in 25 HIT patients by 
Cochran et al. Many of their patients received GPIIb/IIIa inhibitors and clinical success - defined as 
freedom from death, MI, stroke, or revascularization -was achieved in 92% of the patients (47).

According to Jolicoeur et al ,who recommend bivalirudin, experience with PCI and HIT is limited 
(to only 228 patients) (49). The ACCP guidelines recommend using any of the three DTIs for patients 
with acute or previous HIT who require cardiac catheterization or PCI (5).

Fondaparinux has also been used in PCI, but not in patients with HIT (50). In the recently published 
Sixth Organization to Assess Strategies in Acute Ischemic Syndromes trial or OASIS, an increase in 
catheter-related thromboses was reported. Based on this finding, the authors recommended adjunctive 
therapy with UFH to prevent this complication, thereby eliminating fondaparinux as a suitable alternative 
for HIT patients (50).

HIT AND CARDIAC SURGERY

Several issues confront the cardiac surgical patient with HIT, including difficulty in making the 
postoperative diagnosis of HIT and how best to manage the patient with acute HIT who requires 
urgent CABG.

The incidence of HIT approaches 2–3% following CABG; however, antibody formation is much 
higher approaching 50% by 1 week postoperatively. If routine HIT testing is done after surgery 
(because of thrombocytopenia), there is often a potential to over diagnose HIT based on laboratory 
results alone (14).There are several clues helpful in making the diagnosis of “postoperative HIT.” One, 
it classically presents as a biphasic pattern of platelet recovery; with an initial postoperative decline 
followed by recovery and then a second decline (14). Other clues may include unusual or unexpected 
thromboembolic events, prolonged thrombocytopenia, and immunoassay values >1.0 or positive 
functional testing (51).

Anticoagulation for the acute HIT patient who requires urgent CABG presents a difficult problem 
because currently available alternative anticoagulants are limited by their lack of an antidote and their 
need for special intraoperative monitoring using the ecarin clotting time (ECT). Several recent trials 
using bivalirudin in both “on-pump” and “off-pump” cardiac surgery have been described however 
(35,36). The CABGHIT/TS On and Off Pump Safety and Efficacy (CHOOSE-ON and CHOOSE-
OFF) trials reported satisfactory procedural success and an acceptable incidence of bleeding (35,36). 
If surgery cannot wait, recent data appears to favor bivalirudin in this setting, although lepirudin has 
been successfully used as well (5,35,36).

Reexposure to UFH in patients with HIT is an area of controversy, although this approach has been 
used successfully for CABG and vascular surgery, when the surgeon feels alternative anticoagulants 
are not acceptable. Current strategies advise waiting approximately 100 days after the last UFH or 
LMWH exposure, thus allowing time for transient HIT antibodies to disappear. If testing confirms 
their absence, re-administration of UFH (during the procedure) appears to be safe (22,45,52). A DTI 
should be considered postoperatively if the clinical situation warrants it.

The ACCP and the task force of the British Committee for Standards in Haematology guide-
lines recommend delaying surgery if possible, until the HIT antibody disappears., If however 
surgery is urgently needed, options include bivalirudin and lepirudin using the ECT for monitor-
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ing, or UFH plus the antiplatelet agents tirofiban (not recommended by the manufacturer) or 
epoprostenol (5,45).

PLATELET FACTOR 4 HEPARIN ANTIBODIES IN PATIENTS WITHOUT HIT

Several recently published studies have suggested that the mere presence of “heparin antibodies” 
(without evidence for thrombocytopenia or overt HIT) may lead to adverse outcomes for cardiovas-
cular patients (53,54). Mattioli and colleagues reviewed the composite end point of death, MI, recur-
rent angina, and need for revascularization in 124 patients presenting with unstable angina who 
received at least 5 days of UFH (53). The combined incidence of new thrombotic events including 
death, MI, recurrent angina, urgent revascularization, and stroke was more common (66% in patients 
with positive HIT antibodies and 44% in those without) at one year follow up (53). Williams et al also 
reported adverse outcomes in 109 patients from the GUSTO IV-ACS trial who also received UFH 
exposure. They found that patients with PF4/heparin antibodies (without thrombocytopenia and no 
evidence for HIT) had a significantly higher rate of 30-day MI compared to those without antibodies (54). 
Arnold and Kelton suggested that although these patients likely have what should be considered “false 
positive HIT”, these antibodies, in certain populations may result in thrombosis (55). Although these and 
other reports are intriguing, their significance is unknown and will need further research.

CONCLUSION

Heparin-induced thrombocytopenia is a serious complication of UFH or LMWH preparations that 
affects both the venous and arterial circulation. Although thrombocytopenia is the most common 
presentation, bleeding is an unusual complication. Thrombosis develops in over one half of all 
patients and lower extremity DVT and PE are the most common events, while acute limb occlusion 
involving the arterial circulation occurs more often than stroke or myocardial infarction.

HIT is an immune-mediated process that requires both clinical and laboratory findings to confirm 
the diagnosis. It is commonly referred to as a clinicopathologic syndrome. A high clinical suspicion, 
a pre-test probability score using the 4T’s (thrombocytopenia, timing of the platelet count drop, 
thrombosis, and exclusion of other diagnostic possibilities) and positive laboratory testing will help 
confirm the diagnosis. Immediate discontinuation of UFH or LMWH,and the initiation of a DTI fol-
lowed by warfarin therapy once the platelet count has recovered, is recommended.

Prevention is best achieved by close monitoring of the platelet count while the patient is receiving 
UFH. The use of alternatives to UFH (LMWH or fondaparinux) as primary prevention or treatment 
agents should be considered given their lower incidence of HIT.
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AbstrAct Platelet activation and aggregation are central events in arterial thrombosis underlying acute 
coronary syndromes and progression of atherosclerotic vascular disease, and constitute complex processes 
involving multiple interdependent pathways. Aspirin remains the most well-studied antiplatelet agent and 
the backbone of therapy for patients with atherothrombosis. The thienopyridines (i.e., clopidogrel) have 
emerged as important additions for the management of patients with atherothrombotic diseases including 
those with acute coronary syndromes, those undergoing percutaneous coronary intervention, and selected 
patients with known vascular disease. Despite the use of these agents alone or in combination, a proportion of 
patients will continue to experience recurrent events. Some of these patients may be considered “resistant” 
to the currently available antiplatelet agents. Once thought of as simply a laboratory phenomenon, antiplatelet 
resistance has more recently been associated with adverse clinical events. Therefore, an understanding of 
the mechanism(s) behind treatment failure and therapeutic regimens needed to remedy them remain an 
area of essential research and of significant clinical importance.
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INTRODUCTION

Platelets play an integral role in the pathogenesis of atherothrombotic disorders. While the clinical 
benefits of antiplatelet drugs are well recognized, there has been growing awareness of resistance to 
these agents. This chapter aims to highlight the definitions, mechanisms, and significance of resistance 
to antiplatelet drugs.

BACKGROUND

Platelet activation and aggregation are central events in arterial thrombosis underlying acute coro-
nary syndromes and progression of atherosclerotic vascular disease, and constitute complex processes 
involving multiple interdependent pathways. In the acute coronary syndromes, atherosclerotic plaque 
rupture exposes collagen, von Willebrand factor, and other adhesive proteins within the subendothe-
lium and intima to circulating platelets. Adhered platelets undergo conformational changes via the 
action of extrinsic activators, such as collagen, thrombin, and epinephrine. Upon activation platelets 
then release additional factors from their dense- and alpha-granules, including thromboxane A

2
, 

adenosine diphosphate (ADP), and pro-inflammatory and pro-thrombotic factors. The activated and 
degranulated platelets expose glycoprotein IIb/IIIa receptors on their surface resulting in fibrinogen 
binding and platelet aggregation.

Aspirin, or acetylsalicylic acid, was first developed in 1897 by Felix Hoffman of Friedrich Bayer 
& Company in a stable, commercially available form (1). However, the potential benefits of salicin, 
or salicylic acid, an extract of willow bark, had been known centuries prior and can be dated back to 
the Egyptians for its analgesic and anti-inflammatory activity (2). Aspirin has now become essential 
therapy in cardiovascular medicine based on several clinical trials documenting primary and secondary 
prevention of myocardial infarction, stroke, and cardiovascular mortality. Aspirin serves as an 
irreversible inhibitor of platelet cyclooxygenase and platelet thromboxane A

2
 production. However, 

aspirin does not prevent platelet aggregation due to thrombin, epinephrine, or serotonin, which are 
alternative pathways of platelet activation and aggregation.

Clopidogrel and ticlopidine are thienopyridine derivatives which exert their antiplatelet effects 
by inhibiting adenosine diphosphate (ADP)-mediated platelet activation. Use of clopidogrel, in combination 
with aspirin therapy, has shown significant risk reduction in myocardial infarction, stroke, and 
cardiovascular mortality in patients with both stable and unstable coronary artery disease [(CAPRIE 
(3), CURE (4), CREDO (5), CLARITY-TIMI-28 (6), COMMIT (7)] (Fig. 1).

However, despite millions of patients worldwide taking monotherapy or combination antiplatelet 
therapy, many continue to have cardiovascular events. Further laboratory evaluation of platelet func-
tion has revealed widespread variation in the degree of platelet inhibition in response to these agents. 
The understanding of the mechanism(s) behind treatment failure and therapeutic regimens needed to 
remedy them remain an area of essential research and of significant clinical importance.

DEFINITION

A true definition of aspirin and clopidogrel resistance has yet to be established. In the litera-
ture, it has been defined in both clinical and pharmacodynamic terms. Predicting clinical events 
has been difficult, and there exists a significant inter-assay discordance. Additionally, resistance 
may be more of a continuum than a binary determination and the occurrence of thrombotic events 
is a culmination of multiple signaling pathways encompassing complex platelet biology and 
function (Fig. 2).
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Clinical Failure
By strictest terms, the clinical definition of aspirin or clopidogrel failure is the occurrence of a 

vascular event despite treatment with aspirin and clopidogrel for thromboprophylaxis. Per the 
Antithrombotic Trialists’ Collaboration (8), the frequency of aspirin failure can be estimated to range 
from 10.9% to 17.3%, depending on the aspirin dose. There has been no clear relationship between 
dosage and clinical failure rate, but several studies have suggested a dose response and time-dependent 
variability to both aspirin and clopidogrel treatment. However, because of the complex pathophysiology 
of ischemic heart disease, multiple factors potentially contribute to these events including inflammation, 
vascular biology, thrombosis, and hemodynamics. Recurrent events may also be mediated by non-
platelet factors. Therefore, treatment failure is not synonymous with pharmacodynamic resistance and 
should not be used interchangeably.
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Fig. 1. Mechanism of platelet activation and regulation by aspirin and clopidogrel.

Fig. 2. Chemical structure of aspirin (a) and clopidogrel (b).
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Pharmacodynamic or Laboratory Resistance
The pharmacodynamic definition is the inability of antiplatelet therapy to inhibit the target of its 

action, that is, reduce platelet aggregation, using various assay systems. The frequency of aspirin 
resistance can be estimated to range from 5.5% to 60%, depending on the assay used.

PREVALENCE

Aspirin resistance has been reported in patients with coronary artery disease, cerebrovascular 
disease, peripheral artery disease, chronic heart failure, and atrial fibrillation. The frequency of 
reported cases has ranged from 5.5% in patients with stable cardiovascular disease and abnormal 
pharmacodynamics to 60% in patients with claudication symptoms on aspirin therapy (8–19).

Clopidogrel resistance has been reported to have a prevalence between 4% and 30% 24 h after 
administration, depending on the assay utilized and baseline platelet reactivity (20–24).

MECHANISMS

Aspirin
The action of acetylsalicylic acid, or aspirin, on platelet activity has been previously well characterized 

(25). Aspirin acts by irreversibly acetylating platelet cyclooxygenase (COX)-1 at serine residue 530 
to exert its anti-platelet effect (26–28). The enzyme COX-1 is then permanently inhibited from 
converting arachadonic acid to several eicosanoids, such as leukotrienes, prostaglandins, thromboxane 
A

2
 (TXA

2
), and prostacyclin (PGI

2
). Thromboxane A

2
 is a potent vasoconstrictor and platelet agonist 

found in the alpha-granules of platelets. Prostacyclin is a vasodilator and platelet inhibitor produced 
by platelets and vascular endothelium. When COX-1 is inhibited by aspirin, platelet thromboxane A

2
 

production is eliminated for the life span of the anucleated platelet, but prostacyclin synthesis continues 
via the vascular endothelium which is able to replenish enzyme levels (28,29). In addition, PGI

2
 is 

produced by the enzymatic activity of COX-2 which is dramatically less affected by aspirin binding (30).
Despite this well-characterized and clearly defined mechanism of action, the antiplatelet effects of 

aspirin are not uniform in all patients and the inhibition of platelet aggregation is highly variable. 
Several theories have been postulated on its mechanism of action and can be generally categorized 
into clinical, cellular, and genetic factors. Among the more evaluated mechanisms are platelet hyper-
sensitivity to collagen (31), increased COX-2 activity or over-expression (30), and platelet alloantigen 
2 (PLA2) polymorphism of platelet glycoprotein IIIa (32,33). Additional mechanisms include poor 
patient compliance (34), poor gastrointestinal absorption (35), interactions with other medications 
(36–38), tachyphylaxis (39), increased isoprostane activity (40), CD40–CD40 ligand interaction (41), 
thromboxane production by non-platelet cells (42), exercise and catecholamine levels (43), and 
COX-1 polymorphism (44). While the theories all appear plausible, the complex nature of platelet 
physiology and redundancy of multiple platelet agonists argue for numerous factors being involved.

Clopidogrel
Unlike aspirin, clopidogrel is a prodrug that effects platelet activation and aggregation by a secondary 

active hepatic metabolite converted by cytochrome P450 3A4 (CYP3A4) (45). The thiol metabolite, in 
turn, acts by blocking adenosine diphosphate (ADP)-mediated platelet activation via irreversible inhibi-
tion of one of three platelet ADP receptors (P2Y

12
) via disulfide bond bridging (46,47). P2Y

12
 receptor 

binding liberates G
i
 protein subunits, which leads to the inhibition of cAMP-mediated phosphorylation 
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of vasodilator-stimulated phosphoprotein (VASP), a known inhibitor of glycoprotein IIb/IIIa receptor 
activation (48). This prevents upregulation of the glycoprotein IIb/IIIa receptor which is involved in the 
final common pathway for platelet activation. Shear stress-induced platelet activation is largely depend-
ent on ADP and is resistant to aspirin, as is ADP-induced platelet activation in vivo in the presence of 
physiologic calcium concentrations. The effects of clopidogrel on platelet activity are both time and dose 
dependent. Inhibition of platelet aggregation appears limited to 50–60% secondary to either incomplete 
P2Y

12
 receptor occupancy or effects of the P2Y

1
 receptor binding sites (49). Steady-state levels are 

achieved by 4–24 h following loading doses (300–600 mg) and 4–7 days following daily maintenance 
dosing (75 mg) (21,22,50,51). Also, it has been reported that nearly half of initially reported non-
responders at 24 h post-loading doses of clopidogrel prior to PCI became responders by 30 days, a finding 
postulated to arise as a result of delayed post-stent platelet activation (52).

Similar to aspirin resistance, the mechanism of clopidogrel resistance may also be generally 
categorized into clinical, cellular, and genetic factors. These mechanisms include poor patient compli-
ance, variable gastrointestinal absorption and conversion to active metabolite (53,54), inappropriate 
dosing, drug–drug interactions (45,55), body mass index (56), upregulation of other platelet activa-
tion pathways, greater baseline platelet reactivity (57), and variable expression and polymorphism 
of ADP receptors (53,58–60).

TESTING

To date there is no clinically accepted and validated method to specifically determine the effect of 
aspirin or other anti-platelet agents on platelet aggregation. Several methods of measuring platelet 
function and activity have been developed over the years, including aggregation, receptor expression, 
intracellular signaling, point-of-care and platelet-released factors. The more commonly accepted 
method and historical “gold standard” is that of Born (61) which extrapolates aspirin sensitivity by 
platelet function in an in vitro measurement of light transmittance aggregometry (LTA). Basically, 
platelet-rich plasma prepared from citrated whole blood samples is induced to aggregate by the addi-
tion of an agonist (e.g., ADP, arachidonic acid, collagen, epinephrine, and thrombin) and the turbidity 
of the solution is measured by optical light transmission (62,63). Aspirin almost completely inhibits 
platelet aggregation induced by arachidonic acid and collagen. Modifications to the assay have also 
been widely used to monitor the effects of other antiplatelet agents, such as clopidogrel, other P2Y

12
 

inhibitors, and platelet glycoprotein IIb/IIIa inhibitors (64). The aggregation assay, however, is sensi-
tive to changes in temperature and pH, necessitating sample assessment within hours of collection, 
and is labor intensive.

Additional methods using immunoassay and flow cytometry techniques include measurement of 
platelet-released factors and receptor expression, including plasma-soluble CD40 ligand, platelet-
derived microparticles, platelet surface P-selectin (CD62p) and GP IIb/IIIa, and serum thrombox-
ane B

2
 (64). The stable urinary TXA

2
 metabolite 11-dehydro-TXB

2
 has been used to predict 

outcomes along with aspirin responsiveness using radioimmunoassay and enzyme immunoassay 
(AspirinWorks, Creative Clinical Concepts Inc., Denver, CO) systems (10,65). This assay is non-
invasive and normalized with standard controls given COX-1 dependency, but is based on a retro-
spective case-control study for its abnormal range determination, an indirect measure, and depends 
on renal function.

Intracellular signaling pathway activation has further been measured using flow cytometry tech-
niques in combination with platelet membrane permeabilizing agents. By quantifying the amount of 
phosphorylated vasodilator-stimulated phosphoprotein (VASP) using monoclonal antibodies, increased 
specificity for the P2Y

12
 signaling pathway activation by the thienopyridines can be determined (48).
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Also, two automated, point-of-care assays have been studied, the Platelet Function Analyzer 
(PFA)-100 (Dade Behring Inc., Deerfield, IL) and the VerifyNow Rapid Platelet Function Assay 
(Accumetrics Inc., San Diego, CA) (66,67). The PFA-100 functions by aspirating a blood sample 
through a capillary tube and passing through a small slit aperture that is cut into a membrane 
coated with either collagen-epinephrine (CEPI) or collagen-ADP (CADP) serving as a platelet 
aggregation agonist. The time for the aggregate to occlude the slit aperture is inversely related to 
platelet activity, with closure times of <193 s considered normal. However, the time point of aspirin 
sensitivity by CEPI (aspirin has little effect on CADP measurements) remains ill-defined, is 
weakly correlated with increased risk of clinical events in a selected cohort study, and depends on 
vWF and hematocrit levels.

The VerifyNow assay is designed to only detect platelet dysfunction when exposed to antiplatelet 
agents, such as aspirin, clopidogrel, and glycoprotein IIb–IIIa inhibitors, using arachadonic acid (AA) 
for aspirin agonist and combination ADP and prostaglandin E1 for clopidogrel agonist. The agglutina-
tion of platelets on fibrinogen-coated beads is detected by an optical turbidimetric method. Platelet 
responsiveness to aspirin is expressed in aspirin response units (ARU), with the cutoff at >550 ARU, 
and has shown good correlation with measurements performed by the PFA-100 and traditional optical 
platelet aggregation techniques. Platelet responsiveness to clopidogrel is expressed in P2Y

12
 reaction 

units (PRU), but has no consensually defined cutoff value to identify non-responders. In consideration 
of the factors affecting platelet aggregation, relative measures of reactivity compared to baseline 
measures are considered more appropriate rather than arbitrary cutoff values. Empirically defined 
cutoff values have ranged between <10 and <40% (22,23).

More recently consideration has been placed on assessing the platelet–fibrin interaction, kinetics 
of thrombin generation, and platelet-fibrin clot strength as possible important mediators in predicting 
cardiovascular events in those patients on antiplatelet therapy (68,69). These thromboelastography 
measurements may potentially yield better predictive tools independently or in combination with 
isolated platelet function assays.

CLINICAL CONFOUNDERS

The action of aspirin and clopidogrel therapy on platelet responsiveness is additionally confounded 
by other cyclooxygenase inhibitors, lipid levels, BMI, diabetes, smoking status, gender, and other 
drug interactions, such as statin medications. Diabetic patients with stable CAD have been found to 
exhibit higher aspirin resistance at 81 mg/day compared to non-diabetic patients with stable CAD 
(27% vs. 4% with collagen-induced LTA) using several different platelet function assays, and increas-
ing the aspirin dosing resulted in similar rates of resistance and platelet function (70). Similar rates of 
aspirin resistance have been identified in both type I and type II diabetic patients (71). Compared with 
clopidogrel-resistant patients, patients with effective clopidogrel inhibition have significantly lower 
BMI (26.1 vs. 28.8 kg/m2, p < 0.05), even after adjustment for other risk factors and medications (72). 
Smoking has also been shown to induce platelet hyper-reactivity and correlated with increased aspirin 
resistance, potentially limiting or negating the therapeutic effect of antiplatelet agents in these patients 
(73,74). Gender difference has been correlated with aspirin resistance or semi-responder status in 
patients with stable CAD with women having greater propensity for resistance (25.3% vs. 46.1% and 
17.3% vs. 34.4%, respectively) (75,76). Poor responsiveness to aspirin therapy in patients with known 
CAD, or at least two risk factors for CAD, has been shown to correlate with higher mean concentra-
tions of total cholesterol and LDL cholesterol (6.2% vs. 4.8% and 4.0% vs. 3.0%, respectively), but 
not with HDL cholesterol and triglycerides (77). Among medication interactions, several studies have 
revealed a decreased clinical benefit of aspirin with concomitant administration of ibuprofen, but not 
significantly with diclofenac or rofecoxib, correlating with in vitro analysis of ibuprofen’s action 
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of interfering with the ability of aspirin to irreversibly inhibit COX-1 enzyme (36,37,78). In addition, 
the ability of clopidogrel to inhibit platelet function has been demonstrated to be attenuated by some 
HMG CoA reductase inhibitors, such as atorvastatin, likely via inhibition of the CYP 3A4 enzyme 
(45,79,80). However, post hoc analysis has revealed no difference in clinical outcomes between 
patients taking clopidogrel and a variety of HMG-CoA reductase inhibitors, suggesting the interaction 
observed appears to be only significant in vitro (81–83).

CLINICAL SIGNIFICANCE

An estimated 26 million patients in the United States currently take aspirin for cardiovascular 
thromboprophylaxis. Given the reported prevalence of aspirin resistance of 5–60% and clopidogrel 
resistance from 4% to 30%, there exist a substantial number of patients who are likely resistant to 
these medications and potentially at risk for breakthrough events. Definitive data to support a clini-
cally relevant impact of antiplatelet therapy, however, are lacking. Establishing the clinical signifi-
cance of antiplatelet resistance has been hindered by lack of reliable measurement of aspirin and 
clopidogrel effect and poses the biggest challenge to the current research.

Aspirin Resistance
Despite evidence in using biochemical measures to determine aspirin responsiveness, the causal 

association with cardiovascular disease and the magnitude of associated risk holds the greatest impli-
cations for clinical importance and relevance.

Initial studies by Grotemeyer and colleagues (84) prospectively evaluated the effects of aspirin 
resistance in 180 acute stroke patients. Aspirin non-responders made up 30% of post-stroke patients 
who were all treated with 500 mg of aspirin and were 89% more likely to have recurrent cerebrovas-
cular events within 2 years compared to aspirin responders. Mueller et al. (16) followed with a study 
of patients with intermittent claudication presenting for peripheral vascular angioplasty and found a 
40% incidence of aspirin resistance. After 18 months of follow-up, aspirin non-response was associated 
with an 87% increase in the risk of arterial reocclusion. Eikelboom and colleagues (10) performed a 
case-control study from the Heart Outcomes Prevention Evaluation (HOPE) trial that found patients 
with the highest levels of urinary 11-dehydro thromboxane B

2
, implying incomplete platelet inhibi-

tion, had a 3.5-fold increase in cardiovascular mortality, and a twofold increase in myocardial infarction. 
Gum et al. (9) prospectively studied 326 patients with stable cardiovascular disease on 325 mg of 
daily aspirin and found 5–9% to be aspirin resistant (optical aggregation vs. PFA-100 assay, respec-
tively). Women and non-smokers were more likely to be ASA non-responders, along with a trend 
toward those with increased age. A threefold increase in risk of death, MI, or CVA was found in those 
patients with aspirin resistance [4 of 17 (24%) vs. 30 of 309 (10%), p = 0.03]. More recently, Chen 
et al. (14) studied 151 patients with stable CAD presenting for elective percutaneous coronary inter-
vention and found a 19.2% incidence of aspirin resistance, as measured by the Ultegra Rapid Platelet 
Function Assay-ASA (Accumetrics Inc., San Diego, CA), that was associated with a nearly threefold 
increased risk of post-PCI creatinine kinase-MB elevation, defined as any elevation above the upper 
limit of normal of ³16 U/L.

SIGNIFICANCE OF ANTI-PLATELET FAILURE

Observational studies from larger randomized clinical trials involving patients with known CAD 
have further lent support to aspirin failure as a potential mechanism for atherothrombotic events in 
individuals on aspirin therapy. Antman and colleagues (85) have reported that prior aspirin use in 
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those patients presenting with acute coronary syndromes is an independent predictor of increased 
cardiovascular risk. However, Barnes and colleagues (86) found no significant difference in 6-month 
stroke, death, or major adverse cardiac events (MACEs) in patients on no prior antiplatelet therapy, 
aspirin only, or aspirin and clopidogrel. These findings suggest a possible role for confounding in the 
earlier studies and that prior antiplatelet therapy may well be a marker of cardiovascular disease and 
not of worse outcomes.

Clopidogrel Resistance
A limited number of studies exist in the literature assessing the clinical relevance of platelet 

response to clopidogrel therapy. The studies have used dissimilar assay systems for measuring platelet 
reactivity and have compared small populations of patients. Additionally, the potential benefit of 
clopidogrel therapy beyond that of platelet aggregation inhibition, namely the anti-inflammatory 
properties, has not been assessed.

Barragan et al. (87) performed an initial small, prospective evaluation using a vasodilator-stimulated 
phosphoprotein (VASP) phosphorylation assay on 36 patients with subacute stent thrombosis and 
found significantly higher platelet reactivity compared to controls receiving similar therapies. 
However, the results were limited given the high inter-individual variability and lack of baseline plate-
let aggregation levels for assessment of relative changes. Müller and colleagues (22) followed with a 
study of 105 patients with stable coronary artery disease undergoing elective PCI and found 5–11% 
(ADP 5 mmol/L vs. ADP 20 mmol/L) were non-responders to clopidogrel therapy. Of two patients 
who developed subacute stent thrombosis following intracoronary stent placement, both were non-
responders. Gurbel et al. (21) studied 96 patients undergoing elective coronary stenting and measured 
platelet aggregation at baseline and at multiple times after a standard 300 mg loading dose and 75 mg 
daily maintenance dose. Resistance to clopidogrel was defined as <10% reduction in platelet aggrega-
tion to 5 mmol/L ADP compared to pretreatment values. The findings showed clopidogrel resistance 
in 63% of patients at 2 h, 31% at 24 h, 31% at 5 days, and 15% at 30 days. Significant interindividual 
variability was noted in the platelet inhibitory response, and those with high baseline reactivity were 
least protected. Mobley et al. (23) published a small prospective study of 50 patients with stable coro-
nary artery disease undergoing elective PCI for which platelet function was analyzed by three separate 
instruments. Using a similar definition of <10% reduction in platelet aggregation, 30% of patients 
were found to be non-responders, but no correlation was found with clinical pretreatment variables, 
including major adverse coronary events at 1 and 6 months. Matetzky and colleagues (88) followed 
with a study of 60 patients undergoing primary PCI with stenting and ten patients undergoing primary 
angioplasty for acute ST elevation myocardial infarction. Patients received 300 mg aspirin loading 
dose, along with eptifibatide and heparin during PCI. Turbidimetric analysis was used to measure 
platelet aggregation to 5 mmol/L ADP and 10 mmol/L epinephrine. Patients were divided into quartiles 
based on the level of platelet inhibition at 6 days compared to baseline: first quartile with aggregation 
103% (non-responders), second quartile 69%, third quartile 58%, and fourth quartile 33%. At 6-month 
follow-up, 40% of non-responders, 7% of patients in the second quartile, and none in the remaining 
quartiles had recurrent cardiovascular events, including stent thrombosis, MI, and recurrent ACS. This 
was the first study to show that clopidogrel resistance may be a marker for increased secondary car-
diovascular events. More recently, Serebruany et al. (24) analyzed the response to clopidogrel treat-
ment on 544 heterogeneous patients, consisting of volunteers (n = 94), patients after coronary stenting 
(n = 405), with heart failure (n = 25), and after stroke (n = 20). The findings showed a wide variability 
in response with a normal, bell-shaped distribution, for which 4.2 and 4.8% of patients were deemed 
hypo-responsive and hyper-responsive, respectively, based on being greater or less than two standard 
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deviations from the mean. The clinical implications, however, are unknown. Further, Cuisset et al. 
(89) studied post-treatment platelet reactivity rather than antiplatelet responsiveness in 106 patients 
and showed an increased risk of recurrent cardiovascular events after stenting for acute coronary 
syndrome by comparing the upper quartile group to the lower quartiles (12 total events, OR 22.4). 
Similarly, Lev et al. (90) found aspirin-resistant patients (n = 19) had more than a twofold increase in 
the incidence of myonecrosis (CK-MB > 5 ng/ml) following PCI (38.9% vs. 18.3%), and clopidogrel-
resistant patients (n = 36) had slightly less than a twofold increase in myonecrosis following PCI 
(32.4% vs. 17.3%) compared to aspirin and clopidogrel responders, respectively. Finally, Angiolillo 
et al. (91) studied 173 diabetic patients with coronary artery disease on standard chronic treatment 
with clopidogrel and aspirin over 2 years and found high platelet reactivity, defined as upper quartile 
of maximal platelet aggregation, was associated with a higher major adverse cardiovascular events 
(15.2, 12.2, 12.2, and 37.7%, respectively).

TREATMENT

Aspirin
Several placebo-controlled trials and a number of meta-analyses to confirm the benefit of aspirin 

in the primary and secondary prevention of atherosclerotic disease complications in various clinical 
settings have used doses ranging from 30 to 1,300 mg/d (8,92). Universally, a significant benefit 
favoring higher doses of aspirin has not been demonstrated, and in most trials the low-dose groups 
achieved the lowest event rates and improved outcomes. Retrospective analyses of large-scale clinical 
trials have also consistently shown the lack of increased benefit with higher aspirin doses (93,94).

Despite the population-based evidence, individual variability in the response to aspirin exists using 
ex vivo diagnostic measures has been correlated to clinical outcomes (95). Higher doses of maintenance 
aspirin have been proposed that may accordingly be of clinical benefit in those specific sub-groups. In 
support of such a tactic, a comprehensive comparison of studies that have examined aspirin resistance 
in users of aspirin at ³300 mg daily versus £100 mg daily showed a significantly lower prevalence rate 
(96). An increase in the aspirin dose has been shown to alleviate aspirin resistance in 44–92% of the 
individuals in small, selected populations (97,98). However, this benefit has yet to be correlated with a 
reduction in clinical events. In addition, the potential benefit of higher aspirin doses in reducing the 
prevalence of aspirin resistance may be offset by the more profound suppression of the vasculoprotective 
effects of prostacyclin and the higher incidence of bleeding complications (99–101).

Clopidogrel
The standard dosing regimen of clopidogrel was derived mainly from studies involving healthy 

volunteers and stable patients with coronary artery disease (51,102,103). Clinical benefit on improving 
cardiovascular outcomes was further corroborated in the observational PCI-CURE (Percutaneous 
Coronary Intervention – Clopidogrel in Unstable Angina to Prevent Recurrent Events) trial and 
randomized CREDO (Clopidogrel for the Reduction of Events During Observation) trial (5,104). 
However, platelet reactivity in patients with coronary atherosclerosis undergoing PCI may be signifi-
cantly elevated due to several factors, including increased platelet reactivity induced by stenting 
(21,105), primed platelets (106), genetic polymorphisms (59,60), and drug–drug interactions 
(79,107,108).

Observational studies have shown that higher loading doses of clopidogrel, such as 600 mg versus 
300 mg, provide a more rapid and greater inhibition of platelet aggregation, reducing the incidence of 
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clopidogrel non-responders and high post-procedural platelet aggregation, for a distinct set of platelet 
activation assays (106,109–112). Furthermore, the higher loading dose regimen of clopidogrel has 
also been shown to potentially improve 30-day clinical outcomes with significantly reduced peripro-
cedural MI and overall cardiovascular events in patients undergoing percutaneous coronary interven-
tion (113,114). However, a significant interindividual variability of platelet inhibition still persisted, 
and postulated to be as a result of the high number of factors contributing to the modulation of platelet 
function. Despite the limitations, the current ACC/AHA guidelines for PCI have given a Class IIa 
recommendation to using a greater than 300 mg loading dose of clopidogrel to achieve a higher, more 
rapid level of antiplatelet activity (115).

In addition to the short-term effects, patients may sustain a heightened level of platelet reactivity 
during the maintenance phase of therapy (116). Supporting this hypothesis is the fact that a more 
pronounced inhibition has been observed with clopidogrel re-loading in patients on chronic therapy, 
suggesting higher clopidogrel doses might be needed for maintenance therapy (110). In addition, a 
higher maintenance dose of clopidogrel (150 mg vs. 75 mg daily) was shown to reduce platelet reactivity 
in a high-risk group of diabetics with coronary artery disease who demonstrated suboptimal baseline 
platelet inhibition, but clinical outcomes were not assessed (117). Based on this level of evidence, the 
current ACC/AHA guidelines for PCI have given a Class IIb recommendation to using a platelet 
aggregation study in certain high-risk individuals and an increased maintenance clopidogrel dose of 
150 mg if less than 50% platelet aggregation inhibition can be demonstrated (115).

Additionally, the relative potential pleiotropic properties of clopidogrel, namely that of anti-
inflammatory characteristics and reductions in serum C-reactive protein level (110), have not been 
evaluated with respect to its anti-platelet effect. Therefore, whether patients deemed unresponsive to 
clopidogrel via platelet reactivity still receive benefit through other avenues remains to be determined.

Alternative or other antithrombotic strategies, such as newly designed thienopyridines (118,119), 
non-thienopyridine P2Y inhibitors (120,121), and antagonists of other platelet targets (53), have been 
proposed for those patients who continue to show high platelet aggregation levels despite increased 
loading and maintenance doses of clopidogrel in combination with aspirin. Recently, the TRITON-
TIMI 38 phase 3 clinical trial results were released comparing prasugrel, a novel thienopyridine, to 
standard-dosing regimen of clopidogrel in 13,608 patients with acute coronary syndromes with sched-
uled PCI (119). Prasugrel therapy was associated with significantly reduced rates of the primary 
endpoints of death from cardiovascular causes, nonfatal myocardial infarction, or non-fatal stroke 
(9.9% vs. 12.1%, p < 0.001), with nonfatal myocardial infarction being the major driving component 
(7.3% vs. 9.5%, p < 0.001), along with urgent target-vessel revascularization (2.5% vs. 3.7%, p < 0.001) 
and stent thrombosis (1.1% vs. 2.4%, p < 0.001). However, unlike the JUMBO-TIMI-26 trial findings 
(122), these results were accompanied by higher rates of bleeding endpoints (32% increase in TIMI 
major hemorrhage), including life-threatening and fatal hemorrhage.

Additional clinical studies remain to be performed to validate these hypotheses, identify safety 
margins for increased bleeding complications, and determine the need for individualized antithrom-
botic regimens to optimally inhibit platelet activity.

CONCLUSIONS

The inability of aspirin or clopidogrel to prevent clinical atherothrombotic ischemic events has been 
termed clinical aspirin or clopidogrel failure, respectively. Several mechanisms have been proposed and 
most likely are a combination of clinical, biological, and genetic properties on platelet function. 
Numerous laboratory assays have been established to measure platelet reactivity and aggregation in an 
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effort to establish a causal relationship between aspirin and clopidogrel resistance and clinical out-
comes for cardiovascular risk. There is a growing body of literature suggesting that laboratory meas-
ures of aspirin and clopidogrel non-responsiveness are clinically correlated to outcomes, and that 
biologic aspirin reactivity can be altered by dose adjustments.

However, significant speculation and uncertainty remain as to whether the laboratory measurement 
of platelet activity and aggregation fully encompasses the biological effect of antiplatelet therapy. 
Additionally, the antiplatelet effects of aspirin and clopidogrel remain highly variable and follow a 
continuous distribution of values. In this context, antiplatelet resistance remains poorly defined and 
without a standardized definition. Further research is still required to both establish a valid, specific, 
reliable, and reproducible standard measurement, and appropriately correlate the findings with 
ischemic or other cardiovascular events using adequately powered, long-term clinical trials. Only at 
that point will it then be possible to adequately and accurately determine the specific population at 
risk, evaluate the effectiveness of treatment, and assess the utility and cost-effectiveness of laboratory 
testing for resistance.

In the interim, it remains to be determined whether we should be regularly measuring platelet activity 
in patients with known cardiovascular disease or presenting with acute coronary syndromes, and what 
if any therapeutic strategies should be employed to potentially improve clinical outcomes. However, 
given the significant implications for thromboprophylaxis on cardiovascular outcomes, the intuitive 
notion of measuring the biochemical activity of antiplatelet therapy in targeting treatment, much like that 
performed for cholesterol and blood pressure, is likely to yield further significant understanding of treat-
ment failure, to improve individualized antiplatelet therapy, and to develop new antithrombotic agents.
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heparin antibodies, platelet factor 4, 445
hirudin, 187, 199
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heparin type, 436
reduction, 443

isolated, 443
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functional tests, 438–439
pretest probability, 439
4T scoring system, 438

lepirudin
antibodies, 441
bleeding, 440

LMWHs, 337–338
management

heparin, 439
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pathogenesis, 436–437
PCI and

bivalirudin, 443
lepirudin, 444

platelet activation, 186
temporal patterns, 438
warfarin, 442–443

Hepatocyte growth factor (HGF), 47
Hirudin

bivalirudin and, 188
half-life, 187

Hirulog and early reperfusion of occlusion (HERO)-2
DTI effects, 241
group mortality, 243
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122, 123

I
Indirect thrombin inhibitors

carotid intervention
heparin, 296–297
warfarin, 297

peripheral intervention
heparin and warfarin, 284
LMWHs and enoxaparin, 287–288

Infarct related artery (IRA)
heparin therapy, 240
short-term, 237

Inferior vena cava (IVC) filters, 340–341
Inherited thrombotic disorders

clinical manifestations, 88–89
screening considerations

clinical testing, 90
family history, 89

treatment implications
long-term anticoagulation, 90–92
pregnancy management, 92
VTE, 90

Integrin a2b1, 6
Interventional cardiology

anticoagulant
DTI, 322–323
LMWHs, 321–322
unfractionated heparin, 320–321

platelet
aspirin and clopidogrel variability, 318–319
function tests, 308–315
trials of GPIIb/IIIa antagonist, 315–318
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diagnosis, 251
risk factors, 251–252
therapies

combination, 254
thrombolytic, 252

IRA. See Infarct related artery

L
Lepirudin

bleeding, 440
cross-reactivity, 441
HIT patients, 444

Light transmittance aggregometry (LTA), 262, 453
Light transmittance platelet aggregation, 262
Low-molecular-weight heparins (LMWHs). See also 

Fibrinolysis
agents, 166
anticoagulant effect and ACT, 322
anti-factor Xa assays, 168
enoxaparin, 238, 285–286
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isolated HIT, 443
NSTE ACS

vs. placebo, 169
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PCI, 321–322
properties and placebo comparison, 237
reviparin and metabolic modulation, 237–238
STEMI, fibrinolysis, 238–240
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trials, 239
vs. UFH

early invasive strategy, 173–174
GP IIb/IIIa inhibitor, 173
trials, 174

Low-weight-molecular heparins (LWMHs), 395–396
Lytic therapy

agents, 251
bleeding and hypersensitivity, 251–252
contraindications and elderly patients, 252

M
Major adverse cardiovascular event (MACE)

ACS, 203
rates, 204, 207
without antiplatelet therapy, 456

Mitral annular calcification (MAC), 407–408
Mitral valve prolapse (MVP), 407
Monocyte chemoattractant Protein-1 (MCP-1), 41
Myeloperoxidase (MPO), 46
Myocardial infarctions (MI)

aspirin, 132
COMMIT, 134
pathophysiology, 247

N
Non ST-segment elevation (NSTE), 221, 225, 226, 230
Non-ST-segment elevation acute coronary syndromes 

(NSTE ACS)
antithrombin therapy, PCI

enoxaparin, 175
LMWH, 174

aPTT, 176
enoxaparin

anti-factor Xa assays, 168
vs. UFH, 169, 172

fondaparinux, 176–177
GP IIb/IIIa inhibitor, 177–178
heparin monitoring and dosing

enoxaparin, 168
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LMWH
vs. placebo, 169
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protocols, 178
structure and action mechanism, 166
UFH
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heparin, 166

Non-ST-segment-elevation myocardial infarction 
(NSTEMI)

aspirin
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dosing, 147–148
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clopidogrel, 149, 152
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DTIs, 188–193
vs. STEMI, 247
ticlodipine, 149

O
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syndromes (OASIS)
aPTT, OASIS 2, 167
fondaparinux, 241
OASIS-5

clinical outcomes, 208
low-dose fondaparinux, 209

P
PARs. See Protease-activated receptors
Percutaneous coronary intervention (PCI)
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antiplatelet therapy

aspirin, 262
glycoprotein IIb/IIIa receptor inhibitors, 265–268
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antithrombin therapy, NSTE ACS patients
enoxaparin, 175–176
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UFH/enoxaparin plus GPIIb/IIIa inhibition, 273
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dosing, fondaparinux, 207
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GPIIb/IIIa
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receptor antagonists, 172
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HIT and, 443–444
indications, 206
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anticoagulant monitoring, 321–322
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primary, 243
renal failure

bivalirudin, 276–277
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symptomatic, 135, 137
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direct thrombin inhibitors, 286–287
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antiplatelet therapy
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glycoprotein IIb-IIIa inhibitors, 294–295
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reteplase and tenecteplase, 292
staphylokinase, 292–293
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prevention, 418
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Synthetic factor Xa inhibition, ACS
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mechanical reperfusion, 225–227
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platelet, 263

pharmacologic reperfusion, 221–225
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antiplatelet treatment, 138
cardiovascular disease, prevention, 132
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clopidogrel therapy, 223–225
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ticlopidine, 221
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Thrombin activatable fibrinolysis inhibitor (TAFI), 27
Thrombin receptor antagonists (TRA)
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antiplatelet therapy, 51
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staphylokinase, 292–293
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urokinase, 288–290

Thrombolytic therapy
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evidence, 64
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clinical manifestations, 88–89
screening, 89–90
treatment implications, 90–93
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antiplatelet agents, 86–88
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venous thrombotic disorders
activated protein C deficiencies, 74–75
activated protein C resistance, 73–74
antithrombin III deficiency, 68–71
diagnostic testing, 78
genetic factors, 77–78
hyperhomocysteinemia, 76–77
lupus anticoagulant/antiphospholipid antibodies, 77
protein C deficiency, 72–73
protein S deficiency, 71–72
prothrombin 20210A, 75–76

Thrombosis prevention trial (TPT), 121, 123, 124
Thromboxane A2 (TXA2), 10

Ticlopidine
and aspirin, PCI, 225
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myocardial infarction, 149
PCI, 150–151

Tissue-factor pathway inhibitor (TFPI), 78
Tissue plasminogen activator (t-PA)

benefit, 298
synthesis, 290–291
tenecteplase (TNK-t-PA), 292

TNF-a. See Tumor necrosis factor-a
TRA. See Thrombin receptor antagonists
Transesophageal echocardiography (TEE), 416
Transient ischemic attack (TIA), 122, 124
Transluminal angioplasty, 295
Transthroacic echocardiography (TTE), 334, 344
Tumor necrosis factor-a (TNF-a)

inflammatory system, 43
pleiotropic proinflammatory cytokine, 44
T-cell release, 42

U
Unfractionated heparin (UFH), 413
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goal, 321
test, 320–321

depolymerization, 166
dosing, 320
fondaparinux, 443
heparin monitoring and dosing
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weight, 168

HIT, 436
LMWHs, 253–254
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Unstable angina (UA)
DTIs, 188–193
MACE rate, 203

Urokinase, peripheral arterial thrombolysis,  
288–290

Urokinase plasminogen activator receptor  
(u-PAR), 22–23

Urokinase-Streptokinase pulmonary embolism trial, 345

V
Valvular heart disease, antithrombotic therapy

bridging therapy, 419–420
native valve disease

MAC, 407–408
mitral stenosis, 406–407
MVP and mitral valvuloplasty, 407
risk factors, 406

pregnancy and anticoagulation
asymmetric risk/benefit, 412
nadroparin and UFH, 413
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withholding anticoagulation, 418–419
Variable number of tandem repeats (VNTR), 83, 85
Vascular endothelial growth factor (VEGF), 47
Vascular smooth muscle cells (VSMCs)

atherogenesis, 31
platelet activation, 21
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anticoagulant agents, 429
thromboembolism, 428

Vasodilator-stimulated phosphoprotein (VASP)
assay, 309–310
P2Y12 signaling, specificity, 453
subacute stent thrombosis, 456
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coumarin-induced, 437
intravenous vitamin K, 443

Venous thromboembolism (VTE)
DVT

accurance, 334–335
diagnosis, 335–336
inferior vena cava (IVC) filters, 340–341
treatment, 336–340
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341
epidemiology and pathogenesis
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risk factors, 332

non-fatal complications, 334–335
prevention, 333
pulmonary embolism

diagnosis, 342–344
signs and symptoms, 341–342
treatment, 345–347

Venous thrombotic disorder
activated protein C deficiencies

APC resistance, 74
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antithrombin III deficiency
anticoagulant protein, 71
clinical management, 72
heparin, 68–69
immunologic and functional, 73

risk and incidence, 69
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VTE risks, 74

vs. arterial thrombotic risk, 85–86
genetic variants, 70
hyperhomocysteinemia, 76–77
lupus anticoagulant/antiphospholipid antibodies, 77
protein C deficiency

coagulation factors, 72
immunologic and functional assays, 73
purpura fulminans, 72–73

protein S deficiency
mutations, 72
nonenzymatic cofactor, 71

prothrombin 20210A
fibrinogen to fibrin conversion, 75
G20210A mutation, 75–76
risk factors and roles, 76

VTE
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risk factors, 77–78

Ventilation-perfusion (V/Q) scanning, 342–343
VerifyNow aspirin assay, 312, 318
VerifyNow P2Y12 assay, 312, 319
VerifyNow rapid platelet function assay (RPFA), 311–312
Vitamin K antagonist (VKA)

anticoagulation, 339
DVT, 340
warfarin, 437

VKA. See Vitamin K antagonist
VSMCs. See Vascular smooth muscle cells
VTE. See Venous thromboembolism

W
Warfarin

description, 391
effects, 124
HIT and, 437, 442–443
indirect ihrombin inhibitors, 284–285, 297
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Whole blood aggregometry (WBA), 308–309
Withholding anticoagulation, 418–419
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Z-dependent protease inhibitor (ZPI), 27
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