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PREFACE

Progress in the field of platelet research has acceler-
ated greatly over the last few years. If we just consider
the time elapsed since our previous book on platelets
(Platelets in Thrombotic And Non-Thrombotic Disor-
ders, 2002), over 10 000 publications can be found in a
PubMed search using the keyword “platelets.”

Many factors account for this rapidly expanding
interest in platelets, among them an explosive increase
in the knowledge of the basic biology of platelets
and of their participation in numerous clinical disor-
ders as well as the increasing success of established
platelet-modifying therapies in several clinical set-
tings. All of this has led to the publication of several
books devoted to platelets in recent years. Neverthe-
less, it is surprising that none of these is a hand-
book that presents a comprehensive and pragmatic
approach to the clinical aspects of platelet involve-
ment in hematologic, cardiovascular, and inflamma-
tory disorders and the many new developments and
controversial aspects of platelet pharmacology and
therapeutics.

Based on these considerations, this new book was
not prepared simply as an update of the previous edi-
tion but has undergone a number of conceptual and
organizational changes.

A new editor with a specific expertise in hematol-
ogy, Dr. José López, has joined the group of the editors,
bringing in a hematologically oriented view. The book
has been shortened and is now focused on the clini-
cal aspects of the involvement of platelets in hemato-
logic and cardiovascular disorders. Practical aspects
of the various topics have been strongly empha-
sized, with the aim of providing a practical handbook
useful for residents in hematology and cardiology,
medical and graduate students, physicians, and also
scientists interested in the broad clinical implications

of platelet research. We expect that this book will also
be of interest to vascular medicine specialists, aller-
gologists, rheumatologists, pulmonologists, diabetol-
ogists, and oncologists.

The book has been organized into four sections, cov-
ering platelet physiology, bleeding disorders, throm-
botic disorders, and antithrombotic therapy. A total
of 26 chapters cover all the conventional and less
conventional aspects of platelet involvement in dis-
ease; emphasis has been given to the recent develop-
ments in each field, but always mentioning the key dis-
coveries that have contributed to present knowledge.
A section on promising future avenues of research
and a clear table with the heading “Take-Home Mes-
sages” have been included in each chapter. A group
of leading experts in the various fields covered by
the book, from eight countries on three continents,
have willingly agreed to participate; many of them are
clinical opinion leaders on the topics discussed. All
chapters have undergone extensive editing for homo-
geneity, to help provide a balanced and complete
view on the various subjects and reduce overlap to a
minimum.

We believe that, thanks to the efforts and continued
commitment of all the people involved, the result is
a novel, light, and quick-reading handbook providing
an easy-to-consult guide to the diagnosis and treat-
ment of disorders in which platelets play a prominent
role.

Additional illustrative material is available online
through the site of Cambridge University Press
(www.cambridge.org/9780521881159).

This book would have not been possible without the
help of our editorial assistants (M. Sensi, R. Stevens)
and of several coworkers in the Institutions of the indi-
vidual editors (S. Momi, E. Falcinelli). An excellent

ix



Preface

collaboration with the team at Cambridge Univer-
sity Press (Daniel Dunlavey, Deborah Russell, Rachael
Lazenby, Katie James, Jane Williams, and Eleanor
Umali) has also been crucial to the successful accom-
plishment of what has seemed, at certain moments, a
desperate task.

We hope that this book will be interesting and useful
to readers as much as it has been for us.

The Editors

x
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GLOSSARY

αIIbβ3 αIIbβ3 or glycoprotein IIb-IIIa
αIIbβ3, α2β1 Platelet integrins
αMβ2, αLβ2 Leukocyte β2 integrins
αvβ3 Vitronectin receptor
β-TG β-thromboglobulin
AA Arachidonic acid
ACD Citric acid, sodium citrate,

dextrose
ACS Acute coronary syndrome
ADP Adenosine-5’-diphosphate
AKT Serine/threonine protein

kinase
APS Antiphospholipid antibody

syndrome
ASA Acetylsalicylic acid
ATP Adenosine-5’-triphosphate
AVWS Acquired von Willebrand

syndrome
BSS Bernard–Soulier syndrome
BT Bleeding time
CAD Coronary artery disease
cAMP Cyclic AMP
CAMT Congenital amegacaryocytic

thrombocytopenia
CD40L (CD154) CD40 ligand
CD62P P-selectin
CFU Colony forming unit
cGMP Cyclic GMP
CHS Chediak–Higashi syndrome
CML Chronic myeloid leukemia
COX-1 Cyclooxygenase-1
COX-2 Cyclooxygenase-2
CPD Citrate-phosphate-dextrose
CRP C-reactive protein
CVID Common variable

immunodeficiency

DDAVP L-deamino-8-O-darginine
vasopressin

DIC Disseminated intravascular
coagulation

DTS Dense tubular system
DVT Deep venous thrombosis
EC Endothelial cells
ECM Extracellular matrix
EDHF Endothelium-derived

hyperpolarizing factor
EDTA Ethylene diamine tetracetic acid
EGF Epidermal growth factor
eNOS Endothelial nitric oxide synthase
EP PGE2 receptor
EPCs Endothelial progenitor cells
ERK Extracellular signal-regulated

kinase
ET Essential thrombocytemia
FAK Focal adhesion kinase
Fbg Fibrinogen
Fn Fibrin
GEF Guanine nucleotide exchange

factor
GP Glycoprotein (e.g., GP Ib, GP

Ib/IX/V)
GPIb Glycoprotein Ib
GPCR G protein-coupled receptor
GPS Gray platelet syndrome
GT Glanzmann’s thrombasthenia
12-HETE 12-(S)-hydroxyeicosatetraenoic

acid
HDL High-density lipoprotein
HIT Heparin-induced

thrombocytopenia
HLA Human leukocyte antigen
HPA Human platelet antigen
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Glossary

HPS Hermansky–Pudlak syndrome
5-HT 5-hydroxytryptamine
HUS Hemolytic uremic syndrome
ICAM-1 Intercellular adhesion

molecule-1
ICAM-2 Intercellular adhesion

molecule-2
ICH Intracranial hemorrhage
IFN interferon
IL Interleukin
iNOS Inducible nitric oxide synthase
IP Prostacyclin receptor
ITP Idiopathic thrombocytopenic

purpura
IVIG Intravenous immunoglobulin
JAK Janus family kinase
JAM Junctional adhesion molecule
JNK c-Jun N-terminal kinase
LDL Low-density lipoprotein
LDH lactate dehydrogenase
LFA-1 Leukocyte function-associated

molecule-1
LMWHs Low-molecular-weight

heparins
LOX-1 Lectin-like oxLDL-1
LPS Lipopolysaccharide
LT Leukotriene
MAC-1

(CD11b/
CD18)

Leukocyte integrin αMβ2

MAIPA Monoclonal antibody-specific
immobilization of platelet
antigens

MAPK Mitogen-activated protein
kinase

MAPKKK,
MEKK

MAPK kinase kinase

MCP-1 Monocyte chemoattractant
protein-1

MDS Myelodysplastic syndrome
MEK, MAPKK MAPK/ERK kinase
MF Myelofibrosis
MI Myocardial infarction
MIP-1α Macrophage inflammatory

protein-1α

MK Megakaryocyte
MMPs Matrix metalloproteinases
MPD Myeloproliferative disorders

MPV Mean platelet volume
NAIT Neonatal allo-immune

thrombocytopenia
NFkB Nuclear factor kB
nNOS Neuronal nitric oxide synthase
NO Nitric oxide
NSAID Nonsteroidal

anti-inflammatory drug
NSTEMI Non-ST–elevation myocardial

infarction
OCS Open canalicular system
PAF Platelet activating factor
PAIgG Platelet-associated IgG
PAR Protease-activated receptor

(e.g., PAR1, PAR4)
PDE inhibitors phosphodiesterase inhibitors
PDGF Platelet-derived growth factor
PE Pulmonary embolism
PFA-100® Platelet Function

Analyzer-100®

PG Prostaglandin
PGH2 Prostaglandin H2
PGI2 Prostacyclin (prostaglandin I2)
PI Phosphatidylinositol
PIP2 Phosphoinositide 4,5

bisphosphate
PIP3 Phosphoinositide 3, 4, 5 tris

phosphate
PI3K Phosphoinositol-3 kinase
PKA Protein kinase A
PKC Protein kinase C
PLA2 Phospholipase A2

PLTs Platelets
PMN Polymorphonuclear cells
PMP Platelet microparticles
PNH Paroxysmal nocturnal

hemoglobinuria
PPP Platelet-poor plasma
PR Platelet reactivity index
PRP Plateletrich plasma
PS phosphatidyl serine
PSGL-1 P-selectin glycoprotein

ligand-1
PT Prothrombin time
PTP Posttransfusion purpura
PTT Partial thromboplastin time
PUBS Periumbilical blood sampling
PV Polycytemia vera
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RANTES Regulated on activation normal
T cell-expressed and secreted

RGD Arg-Gly-Asp
ROS Reactive oxygen species
SDF-1 Stromal cell-derived factor 1
STEMI ST-segment-elevation

myocardial infarction
TAR Congenital thrombocytopenia

with absent radius
TARC Thymus and activation-

regulated chemokine
TF Tissue factor
TGF Transforming growth

factor
TMA Thrombotic microangiopathy

TNF Tumor necrosis factor
TNFα Tumor necrosis factor α

TP Thromboxane A2 receptor
TPO Thrombopoietin
TTP Thrombotic thrombocytopenic

purpura
TxA2 Thromboxane A2

UFH Unfractionated heparin
UVA, UVB Ultraviolet A, ultraviolet B
VCAM-1 Vascular cell adhesion

molecule-1
VWF von Willebrand factor
WAS Wiskott–Aldrich syndrome
WBCs White blood cells
WP Washed platelet
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C H A P T E R

1 THE STRUCTURE AND PRODUCTION
OF BLOOD PLATELETS

Joseph E. Italiano, Jr.
Brigham and Women’s Hospital; Children’s Hospital Boston; and Harvard Medical School, Boston, MA, USA

INTRODUCTION

Blood platelets are small, anucleate cellular fragments
that play an essential role in hemostasis. During nor-
mal circulation, platelets circulate in a resting state
as small discs (Fig. 1.1A). However, when challenged
by vascular injury, platelets are rapidly activated and
aggregate with each other to form a plug on the vessel
wall that prevents vascular leakage. Each day, 100 bil-
lion platelets must be produced from megakaryocytes
(MKs) to maintain the normal platelet count of 2 to
3 × 108/mL. This chapter is divided into three sec-
tions that discuss the structure and organization of
the resting platelet, the mechanisms by which MKs
give birth to platelets, and the structural changes that
drive platelet activation.

1. THE STRUCTURE OF THE
RESTING PLATELET

Human platelets circulate in the blood as discs that
lack the nucleus found in most cells. Platelets are het-
erogeneous in size, exhibiting dimensions of 0.5 × 3.0
μm.1 The exact reason why platelets are shaped as
discs is unclear, although this shape may aid some
aspect of their ability to flow close to the endothe-
lium in the bloodstream. The surface of the platelet
plasma membrane is smooth except for periodic
invaginations that delineate the entrances to the open
canalicular system (OCS), a complex network of inter-
winding membrane tubes that permeate the platelet’s
cytoplasm.2 Although the surface of the platelet
plasma membrane appears featureless in most micro-
graphs, the lipid bilayer of the resting platelet con-
tains a large concentration of transmembrane recep-
tors. Some of the major receptors found on the surface
of resting platelets include the glycoprotein receptor

for von Willebrand factor (VWF); the major serpentine
receptors for ADP, thrombin, epinephrine, and throm-
boxane A2; the Fc receptor Fcγ RIIA; and the β3 and β1
integrin receptors for fibrinogen and collagen.

The intracellular components of the
resting platelet

The plasma membrane of the platelet is separated
from the general intracellular space by a thin rim of
peripheral cytoplasm that appears clear in thin sec-
tions when viewed in the electron microscope, but it
actually contains the platelet’s membrane skeleton.
Underneath this zone is the cytoplasm, which con-
tains organelles, storage granules, and the specialized
membrane systems.

Granules
One of the most interesting characteristics of platelets
is the large number of biologically active molecules
contained in their granules. These molecules are
poised to be deposited at sites of vascular injury and
function to recruit other blood-borne cells. In rest-
ing platelets, granules are situated close to the OCS
membranes. During activation, the granules fuse and
exocytose into the OCS.3 Platelets have two major rec-
ognized storage granules: α and dense granules. The
most abundant are α granules (about 40 per platelet),
which contain proteins essential for platelet adhe-
sion during vascular repair. These granules are typi-
cally 200 to 500 nm in diameter and are spherical in
shape with dark central cores. They originate from
the trans Golgi network, where their characteristic
dark nucleoid cores become visible within the bud-
ding vesicles.4 Alpha granules acquire their molecu-
lar contents from both endogenous protein synthesis

1



Joseph E. Italiano, Jr.

A B

Figure 1.1 The structure of the resting platelet. A. Differential interference contrast micrograph of a field of human discoid resting platelets.

B. Immunofluorescence staining of fixed, resting platelets with Alexa 488-antitubulin antibody reveals the microtubule coil. Coils are

1–3 μm in diameter.

and by the uptake and packaging of plasma pro-
teins via receptor-mediated endocytosis and pinocy-
tosis.5 Endogenously synthesized proteins such as
PF-4, β thromboglobulin, and von Willebrand factor
are detected in megakaryocytes (MKs) before endocy-
tosed proteins such as fibrinogen. In addition, synthe-
sized proteins predominate in the juxtanuclear Golgi
area, while endocytosed proteins are localized in the
peripheral regions of the MK.5 It has been well doc-
umented that uptake and delivery of fibrinogen to α

granules is mediated by the major membrane glyco-
protein αIIbβ3.6,7,8 Several membrane proteins critical
to platelet function are also packaged into alpha gran-
ules, including αIIbβ3, CD62P, and CD36. α granules
also contain the majority of cellular P-selectin in their
membrane. Once inserted into the plasma membrane,
P-selectin recruits neutrophils through the neutrophil
counter receptor, the P-selectin glycoprotein ligand
(PSGL1).9 Alpha granules also contain over 28 angio-
genic regulatory proteins, which allow them to func-
tion as mobile regulators of angiogenesis.10 Although
little is known about the intracellular tracking of pro-
teins in MKs and platelets, experiments using ultra-
thin cryosectioning and immunoelectron microscopy
suggest that multivesicular bodies are a crucial inter-
mediate stage in the formation of platelet α gran-
ules.11 During MK development, these large (up to
0.5 μm) multivesicular bodies undergo a gradual tran-

sition from granules containing 30 to 70 nm internal
vesicles to granules containing predominantly dense
material. Internalization kinetics of exogenous bovine
serum albumin–gold particles and of fibrinogen posi-
tion the multivesicular bodies and α granules sequen-
tially in the endocytic pathway. Multivesicular bodies
contain the secretory proteins VWF and β throm-
boglobulin, the platelet-specific membrane protein P-
selectin, and the lysosomal membrane protein CD63,
suggesting that they are a precursor organelle for α

granules.11 Dense granules (or dense bodies), 250 nm
in size, identified in electron micrographs by virtue
of their electron-dense cores, function primarily to
recruit additional platelets to sites of vascular injury.
Dense granules contain a variety of hemostatically
active substances that are released upon platelet acti-
vation, including serotonin, catecholamines, adeno-
sine 5′-diphosphate (ADP), adenosine 5′-triphosphate
(ATP), and calcium. Adenosine diphosphate is a strong
platelet agonist, triggering changes in the shape of
platelets, the granule release reaction, and aggrega-
tion. Recent studies have shown that the transport of
serotonin in dense granules is essential for the process
of liver regeneration.12 Immunoelectron microscopy
studies have also indicated that multivesicular bodies
are an intermediary stage of dense granule maturation
and constitute a sorting compartment betweenα gran-
ules and dense granules.
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CHAPTER 1: The Structure and Production of Blood Platelets

Organelles
Platelets contain a small number of mitochondria
that are identified in the electron microscope by their
internal cisternae. They provide an energy source for
the platelet as it circulates in the bloodstream for 7
days in humans. Lysosomes and peroxisomes are also
present in the cytoplasm of platelets. Peroxisomes
are small organelles that contain the enzyme cata-
lase. Lysosomes are also tiny organelles that contain a
large assortment of degradative enzymes, including β-
galactosidase, cathepsin, aryl sulfatase, β-glucuroni-
dase, and acid phosphatases. Lysosomes function pri-
marily in the break down of material ingested by
phagocytosis or pinocytosis. The main acid hydrolase
contained in lysosomes is β-hexosaminidase.13

Membrane systems

Open canalicular system

The open canalicular system (OCS) is an elaborate sys-
tem of internal membrane tunnels that has two major
functions. First, the OCS serves as a passageway to the
bloodstream, in which the contents can be released.
Second, the OCS functions as a reservoir of plasma
membrane and membrane receptors. For example,
approximately one-third of the thrombin receptors
are located in the OCS of the resting platelet, await-
ing transport to the surface of activated platelets. Spe-
cific membrane receptors are also transported in the
reverse direction from the plasma membrane to the
OCS, in a process called downregulation, after cell acti-
vation. The VWF receptor is the best studied glycopro-
tein in this respect. Upon platelet activation, the VWF
receptor moves inward into the OCS. One major ques-
tion that has not been resolved is how other proteins
present in the plasma membrane are excluded from
entering the OCS. The OCS also functions as a source
of redundant plasma membrane for the surface-to-
volume ratio increase occurring during the cell spread-
ing that accompanies platelet activation.

Dense tubular system

Platelets contain a dense tubular system (DTS),14

named according to its inherent electron opacity, that
is randomly woven through the cytoplasmic space.
The DTS is believed to be similar in function to the
smooth endoplamic reticular system in other cells
and serves as the predominant calcium storage sys-
tem in platelets. The DTS membranes possess Ca2+

pumps that face inward and maintain the cytosolic
calcium concentrations in the nanomolar range in the
resting platelet. The calcium pumped into the DTS is
sequestered by calreticulin, a calcium-binding pro-
tein. Ligand-responsive calcium gates are also situ-
ated in the DTS. The soluble messenger inositol 1,4,5
triphosphate releases calcium from the DTS. The DTS
also functions as the major site of prostaglandin and
thromboxane synthesis in platelets.15 It is the site
where the enzyme cyclooxygenase is located. The DTS
does not stain with extracellular membrane tracers,
indicating that it is not in contact with the external
environment.

The cytoskeleton of the resting platelet
The disc shape of the resting platelet is maintained
by a well-defined and highly specialized cytoskeleton.
This elaborate system of molecular struts and gird-
ers maintains the shape and integrity of the platelet
as it encounters high shear forces during circula-
tion. The three major cytoskeletal components of the
resting platelet are the marginal microtubule coil,
the actin cytoskeleton, and the spectrin membrane
skeleton.

The marginal band of microtubules
One of the most distinguishing features of the rest-
ing platelet is its marginal microtubule coil (Fig.
1.1B).16,17 Alpha and β tubulin dimers assemble into
microtubule polymers under physiologic conditions;
in resting platelets, tubulin is equally divided between
dimer and polymer fractions. In many cell types, the
α and β tubulin subunits are in dynamic equilib-
rium with microtubules, such that reversible cycles
of microtubule assembly–disassembly are observed.
Microtubules are long, hollow polymers 24 nm in
diameter; they are responsible for many types of cel-
lular movements, such as the segregation of chromo-
somes during mitosis and the transport of organelles
across the cell. The microtubule ring of the resting
platelet, initially characterized in the late 1960s by
Jim White, has been described as a single micro-
tubule approximately 100 μm long, which is coiled 8
to 12 times inside the periphery of the platelet.16 The
primary function of the microtubule coil is to maintain
the discoid shape of the resting platelet. Disassembly
of platelet microtubules with drugs such as vincristine,
colchicine, or nocodazole cause platelets to round
and lose their discoid shape.16 Cooling platelets to
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4◦C also causes disassembly of the microtubule coil
and loss of the discoid shape.17 Furthermore, elegant
studies show that mice lacking the major hematopoi-
etic β-tubulin isoform (β-1 tubulin) contain platelets
that lack the characteristic discoid shape and have
defective marginal bands.18 Genetic elimination of
β-1 tubulin in mice results in thrombocytopenia,
with mice having circulating platelet counts below
50% of normal. Beta-1 tubulin–deficient platelets are
spherical in shape; this appears to be due to defec-
tive marginal bands with fewer microtubule coilings.
Whereas normal platelets possess a marginal band
that consists of 8 to 12 coils, β-1 tubulin knock-
out platelets contain only 2 or 3 coils.18,19 A human
β-1 tubulin functional substitution (AG>CC) induc-
ing both structural and functional platelet alterations
has been described.20 Interestingly, the Q43P β-1-
tubulin variant was found in 10.6% of the general
population and in 24.2% of 33 unrelated patients
with undefined congenital macrothrombocytopenia.
Electron microscopy revealed enlarged spherocytic
platelets with a disrupted marginal band and struc-
tural alterations. Moreover, platelets with this vari-
ant showed mild platelet dysfunction, with reduced
secretion of ATP, thrombin-receptor-activating pep-
tide (TRAP)–induced aggregation, and impaired adhe-
sion to collagen under flow conditions. A more than
doubled prevalence of the β-1-tubulin variant was
observed in healthy subjects not undergoing ischemic
events, suggesting that it could confer an evolutionary
advantage and might play a protective cardiovascular
role.

The microtubules that make up the coil are coated
with proteins that regulate polymer stability.21 The
microtubule motor proteins kinesin and dynein have
been localized to platelets, but their roles in resting
and activated platelets have not yet been defined.

The actin cytoskeleton
Actin, at a concentration of 0.5 mM, is the most plenti-
ful of all the platelet proteins with 2 million molecules
expressed per platelet.1 Like tubulin, actin is in a
dynamic monomer-polymer equilibrium. Some 40%
of the actin subunits polymerize to form the 2000 to
5000 linear actin filaments in the resting cell.22 The rest
of the actin in the platelet cytoplasm is maintained
in storage as a 1 to 1 complex with β-4-thymosin23

and is converted to filaments during platelet activa-
tion to drive cell spreading. All evidence indicates

that the filaments of the resting platelet are intercon-
nected at various points into a rigid cytoplasmic net-
work, as platelets express high concentrations of actin
cross-linking proteins, including filamin24,25 and α-
actinin.26 Both filamin and α-actinin are homodimers
in solution. Filamin subunits are elongated strands
composed primarily of 24 repeats, each about 100
amino acids in length, which are folded into IgG-like
β barrels.27,28 There are three filamin genes on chro-
mosomes 3, 7, and X. Filamin A (X)29 and filamin B
(3)30 are expressed in platelets, with filamin A being
present at greater than 10-fold excess to filamin B. Fil-
amin is now recognized to be a prototypical scaffolding
protein that attracts binding partners and positions
them adjacent to the plasma membrane.31 Partners
bound by filamin members include the small GTPases,
ralA, rac, rho, and cdc42, with ralA binding in a GTP-
dependent manner32; the exchange factors Trio and
Toll; and kinases such as PAK1, as well as phosphatases
and transmembrane proteins. Essential to the struc-
tural organization of the resting platelet is an inter-
action that occurs between filamin and the cytoplas-
mic tail of the GPIbα subunit of the GPIb-IX-V com-
plex. The second rod domain (repeats 17 to 20) of
filamin has a binding site for the cytoplasmic tail of
GPIbα 33, and biochemical experiments have shown
that the bulk of platelet filamin (90% or more) is in
complex with GPIbα.34 This interaction has three con-
sequences. First, it positions filamin’s self-association
domain and associated partner proteins at the plasma
membrane while presenting filamin’s actin binding
sites into the cytoplasm. Second, because a large frac-
tion of filamin is bound to actin, it aligns the GPIb-IX-V
complexes into rows on the surface of the platelet over
the underlying filaments. Third, because the filamin
linkages between actin filaments and the GPIb-IX-V
complex pass through the pores of the spectrin lattice,
it restrains the molecular movement of the spectrin
strands in this lattice and holds the lattice in compres-
sion. The filamin-GPIbα connection is essential for the
formation and release of discoid platelets by MKs, as
platelets lacking this connection are large and frag-
ile and produced in low numbers. However, the role
of the filamin-VWF receptor connection in platelet
construction per se is not fully clear. Because a low
number of Bernard-Soulier platelets form and release
from MKs, it can be argued that this connection is a
late event in the maturation process and is not per se
required for platelet shedding.
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The spectrin membrane skeleton
The OCS and plasma membrane of the resting platelet
are supported by an elaborate cytoskeletal system.
The platelet is the only other cell besides the ery-
throcyte whose membrane skeleton has been visual-
ized at high resolution. Like the erythrocyte’s skeleton,
that of the platelet membrane is a self-assembly of
elongated spectrin strands that interconnect through
their binding to actin filaments, generating triangu-
lar pores. Platelets contain approximately 2000 spec-
trin molecules.22,35,36 This spectrin network coats the
cytoplasmic surface of both the OCS and plasma mem-
brane systems. Although considerably less is known
about how the spectrin–actin network forms and is
connected to the plasma membrane in the platelet rel-
ative to the erythrocyte, certain differences between
the two membrane skeletons have been defined. First,
the spectrin strands composing the platelet mem-
brane skeleton interconnect using the ends of long
actin filaments instead of short actin oligomers.22

These ends arrive at the plasma membrane originating
from filaments in the cytoplasm. Hence, the spectrin
lattice is assembled into a continuous network by its
association with actin filaments. Second, tropomod-
ulins are not expressed at sufficiently high levels, if at
all, to have a major role in the capping of the pointed
ends of the platelet actin filaments; instead, biochemi-
cal experiments have revealed that a substantial num-
ber (some 2000) of these ends are free in the resting
platelet. Third, although little tropomodulin protein
is expressed, adducin is abundantly expressed and
appears to cap many of the barbed ends of the fil-
aments composing the resting actin cytoskeleton.37

Adducin is a key component of the membrane skele-
ton, forming a triad complex with spectrin and actin.
Capping of barbed filament ends by adducin also
serves the function of targeting them to the spectrin-
based membrane skeleton, as the affinity of spectrin
for adducin-actin complexes is greater than for either
actin or adducin alone.38,39,40

MEGAKARYOCYTE DEVELOPMENT
AND PLATELET FORMATION

Megakaryocytes are highly specialized precursor
cells that function solely to produce and release
platelets into the circulation. Understanding mech-
anisms by which MKs develop and give rise to
platelets has fascinated hematologists for over a

century. Megakaryocytes are descended from pluripo-
tent stem cells and undergo multiple DNA replica-
tions without cell divisions by the unique process
of endomitosis. During endomitosis, polyploid MKs
initiate a rapid cytoplasmic expansion phase char-
acterized by the development of a highly developed
demarcation membrane system and the accumula-
tion of cytoplasmic proteins and granules essential
for platelet function. During the final stages of devel-
opment, the MKs cytoplasm undergoes a dramatic
and massive reorganization into beaded cytoplasmic
extensions called proplatelets. The proplatelets ulti-
mately yield individual platelets.

Commitment to the
megakaryocyte lineage

Megakaryocytes, like all terminally differentiated
hematopoietic cells, are derived from hematopoietic
stem cells, which are responsible for constant produc-
tion of all circulating blood cells.41,42 Hematopoietic
cells are classified by their ability to reconstitute host
animals, surface markers, and colony assays that
reflect their developmental potential. Hematopoi-
etic stem cells are rare, making up less than 0.1%
of cells in the marrow. The development of MKs
from hematopoietic stem cells entails a sequence
of differentiation steps in which the developmental
capacities of the progenitor cells become gradually
more limited. Hematopoietic stem cells in mice are
typically identified by the surface markers Lin-Sca-
1+c-kithigh.43,44,45 A detailed model of hematopoiesis
has emerged from experiments analyzing the effects
of hematopoietic growth factors on marrow cells
contained in a semisolid medium. Hematopoietic
stem cells give rise to two major lineages, a common
lymphoid progenitor that can develop into lympho-
cytes and a myeloid progenitor that can develop into
eosinophil, macrophage, myeloid, erythroid, and
MK lineages. A common erythroid-megakaryocytic
progenitor arises from the myeloid lineage.46 How-
ever, recent studies also suggest that hematopoietic
stem cells may directly develop into erythroid–
megakaryocyte progenitors.47 All hematopoietic
progenitors express surface CD34 and CD41, and the
commitment to the MK lineage is indicated by expres-
sion of the integrin CD61 and elevated CD41 levels.
From the committed myeloid progenitor cell (CFU-
GEMM), there is strong evidence for a bipotential
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progenitor intermediate between the pluripotential
stem cell and the committed precursor that can give
rise to biclonal colonies composed of megakaryocytic
and erythroid cells.48,49,50 The regulatory pathways
and transcriptional factors that allow the erythroid
and MK lineages to separate from the bipotential
progenitor are currently unknown. Diploid precursors
that are committed to the MK lineage have tradition-
ally been divided into two colonies based on their
functional capacities.51,52,53,54 The MK burst-forming
cell is a primitive progenitor that has a high prolif-
eration capacity that gives rise to large MK colonies.
Under specific culture conditions, the MK burst-
forming cell can develop into 40 to 500 MKs within a
week. The colony-forming cell is a more mature MK
progenitor that gives rise to a colony containing from
3 to 50 mature MKs, which vary in their proliferation
potential. MK progenitors can be readily identified
in bone marrow by immunoperoxidase and acetyl-
cholinesterase labeling.55,56,57 Although both human
MK colony-forming and burst-forming cells express
the CD34 antigen, only colony-forming cells express
the HLA-DR antigen.58

Various classification schemes based on morpho-
logic features, histochemical staining, and biochem-
ical markers have been used to categorize different
stages of MK development. In general, three types
of morphologies can be identified in bone marrow.
The promegakaryoblast is the first recognizable MK
precursor. The megakaryoblast, or stage I MK, is a
more mature cell that has a distinct morphology.59 The
megakaryoblast has a kidney-shaped nucleus with
two sets of chromosomes (4N). It is 10 to 50 μm
in diameter and appears intensely basophilic in
Romanovsky-stained marrow preparations due to the
large number of ribosomes, although the cytoplasm
at this stage lacks granules. The megakaryoblast dis-
plays a high nuclear-to-cytoplasmic ratio; in rodents,
it is acetylcholinesterase-positive. The promegakary-
ocyte, or Stage II MK, is 20 to 80 μm in diameter
with a polychromatic cytoplasm. The cytoplasm of the
promegakaryocyte is less basophilic than that of the
megakaryoblast and now contains developing gran-
ules.

Endomitosis

Megakaryocytes, unlike most other cells, undergo
endomitosis and become polyploid through re-

peated cycles of DNA replication without cell div-
ision.60,61,62,63 At the end of the proliferation phase,
mononuclear MK precursors exit the diploid state to
differentiate and undergo endomitosis, resulting in a
cell that contains multiples of a normal diploid chro-
mosome content (i.e., 4N, 16N, 32N, 64N).64 Although
the number of endomitotic cycles can range from two
to six, the majority of MKs undergo three endomi-
totic cycles to attain a DNA content of 16N. How-
ever, some MKs can acquire a DNA content as high
as 256N. Megakaryocyte polyploidization results in
a functional gene amplification whose likely func-
tion is an increase in protein synthesis paralleling cell
enlargement.65 The mechanisms that drive endomito-
sis are incompletely understood. It was initially postu-
lated that polyploidization may result from an absence
of mitosis after each round of DNA replication. How-
ever, recent studies of primary MKs in culture indi-
cate that endomitosis does not result from a com-
plete absence of mitosis but rather from a prematurely
terminated mitosis.65,66,67 Megakaryocyte progenitors
initiate the cycle and undergo a short G1 phase, a typi-
cal 6- to 7-hour S phase for DNA synthesis, and a short
G2 phase followed by endomitosis. Megakaryocytes
begin the mitotic cycle and proceed from prophase to
anaphase A but do not enter anaphase B or telophase
or undergo cytokinesis. During polyploidization of
MKs, the nuclear envelope breaks down and an abnor-
mal spherical mitotic spindle forms. Each spindle
attaches chromosomes that align to a position equidis-
tant from the spindle poles (metaphase). Sister chro-
matids segregate and begin to move toward their
respective poles (anaphase A). However, the spin-
dle poles fail to migrate apart and do not undergo
the separation typically observed during anaphase B.
Individual chromatids are not moved to the poles, and
subsequently a nuclear envelope reassembles around
the entire set of sister chromatids, forming a single
enlarged but lobed nucleus with multiple chromo-
some copies. The cell then skips telophase and cytoki-
nesis to enter G1. This failure to fully separate sets of
daughter chromosomes may prevent the formation of
a nuclear envelope around each individual set of chro-
mosomes.66,67

In most cell types, checkpoints and feedback con-
trols make sure that DNA replication and cell divi-
sion are synchronized. Megakaryocytes appear to be
the exception to this rule, as they have managed to
deregulate this process. Recent work by a number of
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laboratories has focused on identifying the signals
that regulate polyploidization in MKs.68 It has been
proposed that endomitosis may be the consequence
of a reduction in the activity of mitosis-promoting
factor (MPF), a multiprotein complex consisting of
Cdc2 and cyclin B.69,70 MPF possesses kinase activ-
ity, which is necessary for entry of cells into mitosis.
In most cell types, newly synthesized cyclin B binds to
Cdc2 and produces active MPF, while cyclin degra-
dation at the end of mitosis inactivates MPF. Con-
ditional mutations in strains of budding and fission
yeast that inhibit either cyclin B or Cdc2 cause them
to go through an additional round of DNA replica-
tion without mitosis.71,72 In addition, studies using a
human erythroleukemia cell line have demonstrated
that these cells contain inactive Cdc2 during poly-
ploidization, and investigations with phorbol ester–
induced Meg T cells have demonstrated that cyclin B
is absent in this cell line during endomitosis.73,74 How-
ever, it has been difficult to define the role of MPF activ-
ity in promoting endomitosis because these cell lines
have a curtailed ability to undergo this process. Fur-
thermore, experiments using normal MKs in culture
have demonstrated normal levels of cyclin B and Cdc2
with functional mitotic kinase activity in MKs under-
going mitosis, suggesting that endomitosis can be reg-
ulated by signaling pathways other than MPF. Cyclins
appear to play a critical role in directing endomito-
sis, although a triple knockout of cyclins D1, D2, and
D3 does not appear to affect MK development.75 Yet,
cyclin E–deficient mice do exhibit a profound defect
in MK development.76 It has recently been demon-
strated that the molecular programming involved in
endomitosis is characterized by the mislocalization or
absence of at least two critical regulators of mitosis:
the chromosomal passenger proteins Aurora-B/AIM-
1 and survivin.77

Cytoplasmic maturation

During endomitosis, the MK begins a maturation stage
in which the cytoplasm rapidly fills with platelet-
specific proteins, organelles, and membrane systems
that will ultimately be subdivided and packaged into
platelets. Through this stage of maturation, the MK
enlarges dramatically and the cytoplasm acquires its
distinct ultrastructural features, including the devel-
opment of a demarcation membrane system (DMS),
the assembly of a dense tubular system, and the forma-

tion of granules. During this stage of MK development,
the cytoplasm contains an abundance of ribosomes
and rough endoplasmic reticulum, where protein syn-
thesis occurs. One of the most striking features of a
mature MK is its elaborate demarcation membrane
system, an extensive network of membrane chan-
nels composed of flattened cisternae and tubules. The
organization of the MK cytoplasm into membrane-
defined platelet territories was first proposed by Kautz
and DeMarsh,78 and a high-resolution description of
this membrane system by Yamada soon followed.79

The DMS is detectable in early promegakaryocytes
but becomes most prominent in mature MKs where—
except for a thin rim of cortical cytoplasm from which
it is excluded—it permeates the MK cytoplasm. It
has been proposed that the DMS derives from MK
plasma membrane in the form of tubular invagina-
tions. 80,81,82 The DMS is in contact with the external
milieu and can be labeled with extracellular tracers,
such as ruthenium red, lanthanum salts, and tannic
acid.83,84 The exact function of this elaborate smooth
membrane system has been hotly debated for many
years. Initially, it was postulated to play a central role
in platelet formation by defining preformed “platelet
territories” within the MK cytoplasm (see below). How-
ever, recent studies more strongly suggest that the
DMS functions primarily as a membrane reserve for
proplatelet formation and extension. The DMS has
also been proposed to mature into the open canalicu-
lar system of the mature platelet, which functions as a
channel for the secretion of granule contents. How-
ever, bovine MKs, which have a well-defined DMS,
produce platelets that do not develop an OCS, sug-
gesting the OCS is not necessarily a remnant of the
DMS.84

Platelet formation

The mechanisms by which blood platelets are pro-
duced have been studied for approximately 100 years.
In 1906, James Homer Wright at Massachussetts Gen-
eral Hospital began a detailed analysis of how giant
precursor MKs give birth to platelets. Many theo-
ries have been suggested over the years to explain
how MKs produce platelets. The demarcation mem-
brane system (DMS), described in detail by Yamada
in 1957, was initially proposed to demarcate pre-
formed “platelet territories” within the cytoplasm of
the MK.79 Microscopists recognized that maturing
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MKs become filled with membranes and platelet-
specific organelles and proposed that these mem-
branes form a system that defines fields for developing
platelets.85 Release of individual platelets was pro-
posed to occur by a massive fragmentation of the MK
cytoplasm along DMS fracture lines located between
these fields. The DMS model proposes that platelets
form through an elaborate internal membrane reor-
ganization process.86 Tubular membranes, which may
originate from invagination of the MK plasma mem-
brane, are predicted to interconnect and branch, form-
ing a continuous network throughout. The fusion of
adjacent tubules has been suggested as a mecha-
nism to generate a flat membrane that ultimately sur-
rounds the cytoplasm of an assembling platelet. Mod-
els attempting to use the DMS to explain how the MK
cytoplasm becomes subdivided into platelet volumes
and enveloped by its own membrane have lost sup-
port because of several inconsistent observations. For
example, if platelets are delineated within the MK cyto-
plasm by the DMS, then platelet fields should exhibit
structural characteristics of resting platelets, which
is not the case.87 Platelet territories within the MK
cytoplasm lack marginal microtubule coils, one of the
most characteristic features of resting platelet struc-
ture. In addition, there are no studies on living MKs
directly demonstrating that platelet fields explosively
fragment or shatter into mature, functional platelets.
In contrast, studies that focused on the DMS of MKs
before and after proplatelet retraction induced by
microtubule depolymerizing agents suggest that this
specialized membrane system may function primar-
ily as a membrane reservoir that evaginates to provide
plasma membrane for the extensive growth of pro-
platelets.88 Radley and Haller have proposed that DMS
may be a misnomer, and have suggested “invagina-
tion membrane system” as a more suitable name to
describe this membranous network.

The majority of evidence that has been gathered
supports the proplatelet model of platelet production.
The term “proplatelet” is generally used to describe
long (up to millimeters in length), thin cytoplasmic
extensions emanating from MKs.89 These extensions
are characterized by multiple platelet-sized beads
linked together by thin cytoplasmic bridges and are
thought to represent intermediate structures in the
megakaryocyte-to-platelet transition. The actual con-
cept of platelets arising from these pseudopodia-
like structures occurred when Wright recognized that

platelets originate from MKs and described “the
detachment of plate-like fragments or segments from
pseudopods” from MKs.90 Thiery and Bessis91 and
Behnke92 later described the morphology of these
cytoplasmic processes extending from MKs during
platelet formation in more detail. The classic “pro-
platelet theory” was introduced by Becker and De
Bruyn, who proposed that MKs form long pseudopod-
like processes that subsequently fragment to gener-
ate individual platelets.89 In this early model, the DMS
was still proposed to subdivide the MK cytoplasm into
platelet areas. Radley and Haller later developed the
“flow model,” which postulated that platelets derived
exclusively from the interconnected platelet-sized
beads connected along the shaft of proplatelets88; they
suggested that the DMS did not function to define
platelet fields but rather as a reservoir of surface
membrane to be evaginated during proplatelet forma-
tion. Developing platelets were assumed to become
encased by plasma membrane only as proplatelets
were formed.

The bulk of experimental evidence now supports
a modified proplatelet model of platelet formation.
Proplatelets have been observed (1) both in vivo
and in vitro, and maturation of proplatelets yields
platelets that are structurally and functionally sim-
ilar to blood platelets93,94; (2) in a wide range of
mammalian species, including mice, rats, guinea pigs,
dogs, cows, and humans95,96,97,98,99; (3) extending
from MKs in the bone marrow through junctions
in the endothelial lining of blood sinuses, where
they have been hypothesized to be released into
circulation and undergo further fragmentation into
individual platelets100,101,102; and (4) to be absent in
mice lacking two distinct hematopoietic transcription
factors. These mice fail to generate proplatelets in vitro
and display severe thrombocytopenia.103,104,105 Taken
together, these findings support an important role for
proplatelet formation in thrombopoiesis.

The discovery of thrombopoietin and the develop-
ment of MK cultures that reconstitute platelet for-
mation in vitro has provided systems to study MKs
in the act of forming proplatelets. Time-lapse video
microscopy of living MKs reveals both temporal and
spatial changes that lead to the formation of pro-
platelets (Fig. 1.2).106 Conversion of the MK cytoplasm
concentrates almost all of the intracellular contents
into proplatelet extensions and their platelet-sized
particles, which in the final stages appear as beads
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A B C

Figure 1.2 Formation of proplatelets by a mouse megakaryocyte. Time-lapse sequence of a maturing megakaryocyte (MK), showing the

events that lead to elaboration of proplatelets in vitro. (A) Platelet production commences when the MK cytoplasm starts to erode at one pole.

(B) The bulk of the megakaryocyte cytoplasm has been converted into multiple proplatelet processes that continue to lengthen and form

swellings along their length. These processes are highly dynamic and undergo bending and branching. (C) Once the bulk of the MK cytoplasm has

been converted into proplatelets, the entire process ends in a rapid retraction that separates the released proplatelets from the residual cell body

(Italiano JE et al., 1999).

linked by thin cytoplasmic strings. The transformation
unfolds over 5 to 10 hours and commences with the
erosion of one pole (Fig. 1.2B) of the MK cytoplasm.
Thick pseudopodia initially form and then elongate
into thin tubes with a uniform diameter of 2 to 4 μm.
These slender tubules, in turn, undergo a dynamic
bending and branching process and develop peri-
odic densities along their length. Eventually, the MK is
transformed into a “naked” nucleus surrounded by an
elaborate network of proplatelet processes. Megakary-
ocyte maturation ends when a rapid retraction sep-
arates the proplatelet fragments from the cell body,
releasing them into culture (Fig. 1.2C). The subse-
quent rupture of the cytoplasmic bridges between
platelet-sized segments is believed to release individ-
ual platelets into circulation.

The cytoskeletal machine
of platelet production

The cytoskeleton of the mature platelet plays a cru-
cial role in maintaining the discoid shape of the rest-
ing platelet and is responsible for the shape change
that occurs during platelet activation. This same set of
cytoskeletal proteins provides the force to bring about
the shape changes associated with MK maturation.107

Two cytoskeletal polymer systems exist in MKs: actin
and tubulin. Both of these proteins reversibly assem-
ble into cytoskeletal filaments. Evidence supports a
model of platelet production in which microtubules
and actin filaments play an essential role. Proplatelet
formation is dependent on microtubule function, as
treatment of MKs with drugs that take apart micro-
tubules, such as nocodazole or vincristine, blocks

proplatelet formation. Microtubules, hollow polymers
assembled from α and β tubulin dimers, are the major
structural components of the engine that powers pro-
platelet elongation. Examination of the microtubule
cytoskeletons of proplatelet-producing MKs provides
clues as to how microtubules mediate platelet produc-
tion (Fig. 1.3).108 The microtubule cytoskeleton in MKs
undergoes a dramatic remodeling during proplatelet
production. In immature MKs without proplatelets,
microtubules radiate out from the cell center to the
cortex. As thick pseudopodia form during the initial
stage of proplatelet formation, membrane-associated
microtubules consolidate into thick bundles situated
just beneath the plasma membrane of these struc-
tures. And once pseudopodia begin to elongate (at an
average rate of 1 μm/min), microtubules form thick
linear arrays that line the whole length of the pro-
platelet extensions (Fig. 1.3B). The microtubule bun-
dles are thickest in the portion of the proplatelet near
the body of the MK but thin to bundles of approxi-
mately seven microtubules near proplatelet tips. The
distal end of each proplatelet always has a platelet-
sized enlargement that contains a microtubule bundle
which loops just beneath the plasma membrane and
reenters the shaft to form a teardrop-shaped structure.
Because microtubule coils similar to those observed
in blood platelets are detected only at the ends of pro-
platelets and not within the platelet-sized beads found
along the length of proplatelets, mature platelets are
formed predominantly at the ends of proplatelets.

In recent studies, direct visualization of micro-
tubule dynamics in living MKs using green fluorescent
protein (GFP) technology has provided insights into
how microtubules power proplatelet elongation.108
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A B

Figure 1.3 Structure of proplatelets. (A) Differential interference contrast (DIC) image of proplatelets elaborated by mouse megakaryocytes

in culture. Proplatelets contain platelet-sized swellings that decorate their length giving them a beads-on-a-string appearance. (B) Staining

of proplatelets with Alexa 488-anti-tubulin IgG reveals the microtubules to line the shaft of the proplatelet and to form loops at the

proplatelet tips.

End-binding protein three (EB3), a microtubule plus
end-binding protein associated only with growing
microtubules, fused to GFP was retrovirally expressed
in murine MKs and used as a marker to follow micro-
tubule plus end dynamics. Immature MKs without
proplatelets employ a centrosomal-coupled micro-
tubule nucleation/assembly reaction, which appears
as a prominent starburst pattern when visualized with
EB3-GFP. Microtubules assemble only from the cen-
trosomes and grow outward into the cell cortex, where
they turn and run in parallel with the cell edges.
However, just before proplatelet production begins,
centrosomal assembly stops and microtubules begin
to consolidate into the cortex. Fluorescence time-
lapse microscopy of living, proplatelet-producing
MKs expressing EB3-GFP reveals that as proplatelets
elongate, microtubule assembly occurs continuously
throughout the entire proplatelet, including the
swellings, shaft, and tip. The rates of microtubule
polymerization (average of 10.2 μm/min) are approx-
imately 10-fold faster than the proplatelet elongation
rate, suggesting polymerization and proplatelet elon-
gation are not tightly coupled. The EB3-GFP studies
also revealed that microtubules polymerize in both
directions in proplatelets (e.g., both toward the tips
and cell body), demonstrating that the microtubules
composing the bundles have a mixed polarity.

Even though microtubules are continuously assem-
bling in proplatelets, polymerization does not provide
the force for proplatelet elongation. Proplatelets con-

tinue to elongate even when microtubule polymeriza-
tion is blocked by drugs that inhibit net microtubule
assembly, suggesting an alternative mechanism for
proplatelet elongation.108 Consistent with this idea,
proplatelets possess an inherent microtubule slid-
ing mechanism. Dynein, a minus-end microtubule
molecular motor protein, localizes along the micro-
tubules of the proplatelet and appears to contribute
directly to microtubule sliding, since inhibition of
dynein, through disassembly of the dynactin complex,
prevents proplatelet formation. Microtubule sliding
can also be reactivated in detergent-permeabilized
proplatelets. ATP, known to support the enzymatic
activity of microtubule-based molecular motors, acti-
vates proplatelet elongation in permeabilized pro-
platelets that contain both dynein and dynactin, its
regulatory complex. Thus, dynein-facilitated micro-
tubule sliding appears to be the key event in driving
proplatelet elongation.

Each MK has been estimated to release thousands
of platelets.109,110,111 Analysis of time-lapsed video
microscopy of proplatelet development from MKs
grown in vitro has revealed that ends of proplatelets are
amplified in a dynamic process that repeatedly bends
and bifurcates the proplatelet shaft.106 End amplifica-
tion is initiated when a proplatelet shaft is bent into a
sharp kink, which then folds back on itself, forming a
loop in the microtubule bundle. The new loop eventu-
ally elongates, forming a new proplatelet shaft branch-
ing from the side of the original proplatelet. Loops lead
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the proplatelet tip and define the site where nascent
platelets will assemble and platelet-specific contents
are trafficked. In marked contrast to the microtubule-
based motor that elongates proplatelets, actin-based
force is used to bend the proplatelet in end ampli-
fication. Megakaryocytes treated with the actin tox-
ins cytochalasin or latrunculin can only extend long,
unbranched proplatelets decorated with few swellings
along their length. Despite extensive characterization
of actin filament dynamics during platelet activation,
yet to be determined are how actin participates in this
reaction and the nature of the cytoplasmic signals that
regulate bending. Electron microscopy and phalloidin
staining of MKs undergoing proplatelet formation
indicate that actin filaments are distributed through-
out the proplatelet and are particularly abundant
within swellings and at proplatelet branch points.112

One possibility is that proplatelet bending and branch-
ing are driven by the actin-based molecular motor
myosin. A genetic mutation in the nonmuscle myosin
heavy chain-A gene in humans results in a disease
called May-Hegglin anomaly,113,114 characterized by
thrombocytopenia with giant platelets. Studies also
indicate that protein kinase Cα (PKCα) associates with
aggregated actin filaments in MKs undergoing pro-
platelet formation and that inhibition of PKCα or
integrin signaling pathways prevent the aggregation
of actin filaments and formation of proplatelets in
MKs.112 However, the role of actin filament dynamics
in platelet biogenesis remains unclear.

In addition to playing an essential role in pro-
platelet elongation, the microtubules lining the shafts
of proplatelets serve a secondary function: the trans-
port of membrane, organelles, and granules into pro-
platelets and assemblage of platelets at proplatelet
ends. Individual organelles are sent from the cell
body into the proplatelets, where they move bidirec-
tionally until they are captured at proplatelet tips.115

Immunofluorescence and electron microscopy stud-
ies indicate that organelles are intimately associated
with microtubules and that actin poisons do not
diminish organelle motion. Thus, movement appears
to involve microtubule-based forces. Bidirectional
organelle movement is conveyed in part by the bipolar
arrangement of microtubules within the proplatelet,
as kinesin-coated latex beads move in both direc-
tions over the microtubule arrays of permeabilized
proplatelets. Of the two major microtubule motors,
kinesin and dynein, only the plus end–directed kinesin

is localized in a pattern similar to that of organelles
and granules and is likely responsible for transporting
these elements along microtubules.115 It appears that
a two-fold mechanism of organelle and granule move-
ment occurs in platelet assembly. First, organelles and
granules travel along microtubules and, second, the
microtubules themselves can slide bidirectionally in
relation to other motile filaments to move organelles
indirectly along proplatelets in a piggyback manner.

In vivo, proplatelets extend into bone marrow vascu-
lar sinusoids, where they may be released and enter the
bloodstream. The actual events surrounding platelet
release in vivo have not been identified due to the rar-
ity of MKs within the bone marrow. The events lead-
ing up to platelet release within cultured murine MKs
have been documented. After complete conversion
of the MK cytoplasm into a network of proplatelets,
a retraction event occurs, which releases individual
proplatelets from the proplatelet mass.106 Proplatelets
are released as chains of platelet-sized particles, and
maturation of platelets occurs at the ends of pro-
platelets. Microtubules filling the shaft of proplatelets
are reorganized into microtubule coils as platelets are
released from the end of each proplatelet. Many of
the proplatelets released into MK cultures remain con-
nected by thin cytoplasmic strands. The most abun-
dant forms release as barbell shapes composed of two
platelet-like swellings, each with a microtubule coil,
that are connected by a thin cytoplasmic strand con-
taining a microtubule bundle. Proplatelet tips are the
only regions of proplatelets where a single micro-
tubule can roll into a coil, having dimensions similar to
the microtubule coil of the platelet in circulation. The
mechanism of microtubule coiling remains to be elu-
cidated but is likely to involve microtubule motor
proteins such as dynein or kinesin. Since platelet mat-
uration is limited to these sites, efficient platelet pro-
duction requires the generation of a large number
of proplatelet ends during MK development. Even
though the actual release event has yet to been cap-
tured, the platelet-sized particle must be liberated as
the proplatelet shaft narrows and fragments.

Platelet formation in vivo

Although MK maturation and platelet production have
been extensively studied in vitro, studies analyzing
the development of MKs in their in vivo environment
have clearly lagged behind. Although MKs arise in the
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bone marrow, they can migrate into the bloodstream;
as a consequence, platelet formation may also occur
at nonmarrow sites. Platelet biogenesis has been pro-
posed to take place in many different tissues, includ-
ing the bone marrow, lungs, and blood. Specific stages
of platelet development have been observed in all
three locations. Megakaryocytes cultured in vitro out-
side the confines of the bone marrow can form highly
developed proplatelets in suspension, suggesting that
direct interaction with the bone marrow environment
is not a requirement for platelet production. Never-
theless, the efficiency of platelet production in culture
appears to be diminished relative to that observed in
vivo, and the bone marrow environment composed
of a complex adherent cell population could play a
role in platelet formation by direct cell contact or
secretion of cytokines. Scanning electron micrographs
of bone marrow MKs extending proplatelets through
junctions in the endothelial lining into the sinusoidal
lumen have been published, suggesting platelet pro-
duction occurs in the bone marrow.116,117 Bone mar-
row MKs are strategically located in the extravascular
space on the abluminal side of sinus endothelial cells
and appear to send beaded proplatelet projections
into the lumen of sinusoids. Electron micrographs
show that these cells are anchored to the endothelium
by organelle-free projections extended by the MKs.
Several observations suggest that thrombopoiesis is
dependent on the direct cellular interaction of MKs
with bone marrow endothelial cells (BMECs), or spe-
cific adhesion molecules.118 It has been demonstrated
that the translocation of MK progenitors to the vicin-
ity of bone marrow vascular sinusoids was sufficient
to induce MK maturation.119 Implicated in this pro-
cess are the chemokines SDF-1 and FGF-4, which are
known to induce expression of adhesion molecules,
including very late antigen (VLA)-4 on MKs and VCAM-
1 on BMECs.120,121 Disruption of BMEC VE-cadherin–
mediated homotypic intercellular adhesion interac-
tions results in a profound inability of the vascular
niche to support MK differentiation and to act as a
conduit to the bloodstream.

Whether individual platelets are released from pro-
platelets into the sinus lumen or whether MKs pref-
erentially release large proplatelet processes into
the sinus lumen that later fragment into individ-
ual platelets within the circulation is not fully clear.
Behnke and Forer have suggested that the final stages
of platelet development occur solely in the blood cir-

culation.122 In this model of thrombopoiesis, MK frag-
ments released into the blood become transformed
into platelets while in circulation. This theory is sup-
ported by several observations. First, the presence of
MKs and MK processes that are sometimes beaded
in blood has been amply documented. Megakary-
ocyte fragments can represent up to 5% to 20% of the
platelet mass in plasma. Second, these MK fragments,
when isolated from platelet-rich plasma, have been
reported to elongate, undergo curving and bending
motions, and eventually fragment to form disc-shaped
structures resembling chains of platelets. Third, since
both cultured human and mouse MKs can form func-
tional platelets in vitro, neither the bone marrow envi-
ronment nor the pulmonary circulation is essential
for platelet formation and release.123 Last, many of
the platelet-sized particles generated in these in vitro
systems still remain attached by small cytoplasmic
bridges. It is possible that the shear forces encoun-
tered in circulation or an unidentified fragmentation
factor in blood may play a crucial role in separating
proplatelets into individual platelets.

Megakaryocytes have been visualized in intravas-
cular sites within the lung, leading to the hypothe-
sis that platelets are formed from their parent cell in
the pulmonary circulation.124 Ashcoff first described
pulmonary MKs and proposed that they originated
in the marrow, migrated into the bloodstream, and—
because of their massive size—lodged in the capillary
bed of the lung, where they produced platelets. This
mechanism requires the movement of MKs from the
bone marrow into the circulation. Although the size of
MKs would seem limiting, the transmigration of entire
MKs through endothelial apertures of approximately
3 to 6 μm in diameter into the circulation has been
observed in electron micrographs and by early living
microscopy of rabbit bone marrow.125,126 Megakary-
ocytes express the chemokine receptor CXCR4 and
can respond to the CXCR4 ligand stromal cell–derived
factor 1 (SDF-1) in chemotaxis assays.127 However,
both mature MKs and platelets are nonresponsive to
SDF-1, suggesting the CXCR4 signaling pathway may
be turned off during late stages of MK development.
This may provide a simple mechanism for retaining
immature MKs in the marrow and permitting mature
MKs to enter the circulation, where they can liber-
ate platelets.128,129 Megakaryocytes are also remark-
ably abundant in the lung and the pulmonary circula-
tion and some have estimated that 250 000 MKs reach
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the lung every hour. In addition, platelet counts are
higher in the pulmonary vein than in the pulmonary
artery, providing further evidence that the pulmonary
bed contributes to platelet formation. In humans, MKs
are 10 times more concentrated in pulmonary arte-
rial blood than in blood obtained from the aorta.130

In spite of these observations, the estimated contri-
bution of pulmonary MKs to total platelet production
remains unclear, as values have been estimated from
7% to 100%. Experimental results using accelerated
models of thrombopoiesis in mice suggest that the
fraction of platelet production occurring in the murine
lung is insignificant.

Regulation of megakaryocyte
development and platelet formation

Megakaryocyte development and platelet formation
are regulated at multiple levels by many different
cytokines.131 These mechanisms regulate the nor-
mal platelet count within an approximately three-fold
range. Specific cytokines, such as IL-3, IL-6, IL-11, IL-
12, GM-CSF, and erythropoietin promote prolifera-
tion of progenitors of MKs.132,133 Leukemia inhibitory
factor (LIF) and IL-1α are cytokines that regulate MK
development and platelet release. Thrombopoietin
(TPO), a cytokine that was purified and cloned by
five separate groups in 1995, is the principal regula-
tor of thrombopoiesis.134 Thrombopoietin regulates
all stages of MK development, from the hematopoietic
stem cell stage through cytoplasmic maturation. Kit
ligand (KL)—also known as stem cell factor, steel fac-
tor, or mast cell growth factor—a cytokine that exists
in both soluble and membrane-bound forms, influ-
ences primitive hematopoietic cells. Cytokines such
as IL-6, IL-11, and KL also regulate stages of MK devel-
opment at multiple levels but appear to function only
in concert with TPO or IL-3. Interestingly, TPO and
the other cytokines mentioned above are not essential
for the final stages of thrombopoiesis (proplatelet and
platelet production) in vitro. In fact, thrombopoietin
may actually inhibit proplatelet formation by mature
human MKs in vitro.135

Apoptosis and platelet biogenesis

The process of platelet formation in MKs exhibits some
features related to apoptosis, including cytoskeletal
reorganization, membrane condensation, and ruf-

fling. These similarities have led to further inves-
tigations aimed at determining whether apoptosis
is a mechanism driving proplatelet formation and
platelet release. Apoptosis, or programmed cell death,
is responsible for destruction of the nucleus in senes-
cent MKs.135 However, it is thought that a special-
ized apoptotic process may lead to platelet genera-
tion and release. Apoptosis has been documented in
MKs137 and found to be more prominent in mature
MKs as opposed to immature cells. A number of apop-
totic factors, both proapoptotic and antiapoptotic,
have been identified in MKs (reviewed in Ref. 138).
Apoptosis inhibitory proteins such as Bcl-2 and Bcl-xL

are expressed in early MKs. When overexpressed
in MKs, both factors inhibit proplatelet formation.
Bcl-2 is absent in mature blood platelets and Bcl-xlL

is absent from senescent MKs,140 consistent with a
role for apoptosis in mature MKs. Proapoptotic fac-
tors, including caspases and nitric oxide (NO), are also
expressed in MKs. Evidence indicating a role for cas-
pases in platelet assembly is strong. Caspase activa-
tion has been established as a requirement for pro-
platelet formation. Caspases 3 and 9 are active in
mature MKs and inhibition of these caspases blocks
proplatelet formation.139 Nitric oxide has been impli-
cated in the release of platelet-sized particles from the
megakaryocytic cell line Meg-01 and may work in con-
junction with TPO to augment platelet release.141,142

Other proapoptotic factors expressed in MKs and
thought to be involved in platelet production include
TGFβ1 and SMAD proteins.143 Of interest is the distinct
accumulation of apoptotic factors in mature MKs and
mature platelets.144 For instance, caspases 3 and 9 are
active in terminally differentiated MKs. However, only
caspase 3 is abundant in platelets,145 while caspase
9 is absent.144 Similarly, caspase 12, found in MKs, is
absent in platelets.146 These data support differential
mechanisms for programmed cell death in platelets
and MKs and suggest the selective delivery and restric-
tion of apoptotic factors to nascent platelets during
proplatelet-based platelet assembly.

THE STRUCTURE OF THE
ACTIVATED PLATELET

Platelets, in response to vascular damage, undergo
rapid and dramatic changes in cell shape, upregulate
the expression and ligand-binding activity of adhesion
receptors, and secrete the contents of their storage

13



Joseph E. Italiano, Jr.

A B

Figure 1.4 The resting to active transition of platelets. (A) Differential interference contrast micrographs comparing (A) discoid resting

platelets in suspension to platelets activated by contact to the glass surface and exposure to thrombin. (B) As platelets activate on the surface,

they spread using lamellipodia and form long finger-like filopodia.

granules.147,148 A variety of agonists can activate
platelets, including thrombin, TXA2, ADP, collagen,
and VWF.

The platelet shape change

When platelets are exposed to specific agonists, they
convert from discs to spheres with pseudopodia in
a matter of seconds (Fig. 1.4). This shape change
is highly reproducible and follows a sequence of
events in which the disc converts into a sphere, after
which broad lamellipodia and thin finger-like filopo-
dia extend from the platelet surface. These shape
changes are driven by the rapid remodeling of the
platelet cytoskeleton. Protrusion of lamellipodia and
filopodia is dependent upon the new assembly of actin
filaments. As the activated platelet sends out pro-
cesses, the microtubule coil and intracellular granules
are compressed into the center of the cell.

The conversion of the disc into a rounded
shape occurs if cytoplasmic calcium levels rise into
the micromolar levels.149 Resting platelets main-
tain cytosolic calcium at 10 to 20 nM.150 Ligand
binding to serpentine receptors activates phos-
pholipase Cβ, which hydrolyzes membrane-bound

polyphos phoinositol-4,5-bisphosphate to inositol
1,4,5 triphosphate (IP3) and diacylglycerol.151 IP3 then
binds to receptors on the dense tubular system, induc-
ing the release of calcium. The rise in intracellular cal-
cium is then used to activate a filament-severing reac-
tion that powers the disc to sphere transition. Although
calcium can affect the activity of a variety of proteins,
one of the key platelet proteins that is activated is gel-
solin.152 Gelsolin is an 80-kDa protein present at a con-
centration of 5 μm. When calcium binds to gelsolin,
it causes gelsolin to attach to an actin filament and
sever it.153 The gelsolin then remains bound to the
newly generated filament end. The severing of the fila-
ments releases the constraints imposed by the GPIbα-
filamin-actin filament linkage and allows the mem-
brane skeleton to expand and the platelet to convert
to a disc. The critical importance of gelsolin in this
function has been demonstrated using platelets from
mice that specifically lack gelsolin.152

The rounding of the platelet is followed by the rapid
protrusion of lamellipodia and filopodia. The forma-
tion of platelet lamellipodia and filopodia requires the
assembly of actin filaments. During platelet activa-
tion, the actin filament content doubles from a resting
platelet concentration of 0.22 mM to 0.44 mM. In the
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TAKE-HOME MESSAGES

� Nearly a trillion platelets circulate in an adult human.
� Platelets function as the “band-aids” of the bloodstream
� The discoid shape of resting platelets is maintained by a cytoskeleton composed of microtubules, actin filaments,

and a spectrin-based membrane skeleton.
� Megakaryocytes undergo endomitosis to increase ploidy.
� Megakaryocytes produce platelets by remodeling their cytoplasm into long cytoplasmic projections called pro-

platelets.
� Microtubule-based forces power the elongation of proplatelets.
� The lamellipodial and filopodial formation that accompanies platelet activation is driven by the actin cytoskeleton.

resting platelet, actin is stored in a monomeric com-
plex with β4-thymosin and profilin. Actin assembly
occurs only from the barbed ends of actin filaments.153

Actin forms polarized filaments that have a clearly
defined directionality. The two ends of an actin fila-
ment have different affinities for actin monomer, with
the barbed end having a 10-fold affinity for monomer.
This arrangement biases the polymerization reaction
for the barbed end of the growing filament. The fil-
ament severing reaction that powers the cell round-
ing is followed by the formation of actin nuclei that
initiate the assembly of new actin filaments beneath
the plasma membrane. This new actin polymerization
provides the force to push out the finger-like filopo-
dia and lamellipodia. The new actin assembly occurs
when gelsolin and other proteins that cap the barbed
ends of actin filaments are removed and a complex
of proteins called the Arp 2/3 complex is activated to
generate new barbed ends.

While the polymerization of actin filaments at the
plasma membrane powers the membrane outward, it
is the arrangement of the actin filaments that estab-
lishes the shape of the protrusion. Filopodia are com-
posed of tight bundles of actin filaments that origi-
nate near the center of the platelet. The bundles are
loosely connected in the middle of the platelet but then
become zipped together as they reach the edge of the
cell. Filopodia extended by platelets appear to be used
to locate other platelets and strands of fibrin. Platelets
have been observed to rapidly wave and rotate filopo-
dia around their periphery and these are also used to
apply the myosin-generated contractile force in fib-
rin gels. The lamellipodia of the spread platelet are
organized into a dense three-dimensional meshwork
of cross-linked actin filaments. This orthogonal net-

work is biologically efficient because it uses the min-
imal amount of filament to fill a cytoplasmic volume.
The filaments are cross-linked by a protein called fil-
amin,31 which binds actin filaments into orthogonal
networks in vitro and organizes these arrays in the
platelet’s cortex.

Granule secretion

Activation of a platelet is accompanied not only by
the massive reorganization of the actin cytoskeleton
but also by the exocytosis of the platelet storage gran-
ules. The contents released from α and dense gran-
ules enhance the platelet plug reaction by attracting
additional platelets to the wound. During activation,
the majority of granules release their contents into
the open canalicular system. Because of the complex
tunneling of the open canalicular system, granules
are always positioned in close proximity to the OCS.
The fusion and release of granule mediators is depen-
dent on a rise of cytosolic calcium into the micro-
molar range and is diminished by calcium chelating
agents. Calcium-calmodulin activates myosin light-
chain kinase to phosphorylate myosin II.149 The acti-
vation of the contractile activity of myosin II generates
a centripetal collapse of the granules into the middle
of the cell, promoting the fusion of the granules by
bringing them into close contact with the OCS.

FUTURE AVENUES OF RESEARCH

Future research into the biology of MKs and platelets
will undoubtedly provide new insights into how these
cells function and may lead to novel applications.
Intravital microscopy of fluorescently labeled MKs
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should allow us to visualize MKs producing platelets
in the bone marrow. Although many of the major
cytokines that promote MK development have been
identified, molecules and signals that initiate platelet
production have not been defined. Identification of
the signals that instruct MKs to produce platelets
may yield strategies to promote thrombocytogenesis
in vivo. Additional studies into how the bone marrow
environment nurtures MKs and influences platelet
production may ultimately lead to the large-scale pro-
duction of platelets in vitro.
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INTRODUCTION

The main function of platelets is to arrest bleeding by
forming a hemostatic plug through their interaction
with damaged vascular wall. It is well recognized that
platelets also play a crucial role in the formation of
pathologic thrombus to occlude vasculature, leading
to fatal diseases such as acute coronary syndrome or
stroke. In addition, platelets are involved in various
physiologic or pathologic processes such as inflamma-
tion, antimicrobial host defense, immune regulation,
tumor growth, and metastasis. Platelets express many
types of receptors on their surface to interact with a
wide variety of stimuli and adhesive proteins. Because
platelets play a major role in hemostasis, the molecular
mechanisms of hemostatic thrombus formation have
been extensively studied. Platelets first interact with
exposed subendothelial matrix protein, collagen, in
damaged vascular wall. Circulating platelets then form
a large aggregate over the layer of platelets adhered to
vascular wall, together with fibrin formation to com-
plete the hemostatic process.

Like many other cells, platelets express integrin
receptors involved in adhesive and signaling pro-
cesses. Integrins consist of noncovalently linked het-
erodimers of α and β subunits. They are usually
present on the cell surface in a low- or high-affinity
state. Transition between these two states is regu-
lated by cytoplasmic signals generated when cells are
stimulated or activated. Platelets exhibit six integrins:
α2β1, α5β1, α6β1, αLβ2, αIIbβ3, and αvβ3. Among them,
α2β1 and αIIbβ3 have been studied in detail from
the biochemical and molecular standpoints, espe-
cially for structure/function relationships. Glycopro-
tein (GP) Ib/IX/V complex, the second most common
platelet receptor, belongs to the leucine-rich-repeat
(LRR) family and is essential for platelet adhesion

under high shear conditions. GP VI, one of the major
platelet receptors for collagen, is a member of the
immunoglobulin (Ig) superfamily. It forms a complex
with the common FcRγ chain, serving as a signal-
ing molecule. Platelets also have several other recep-
tors belonging to the Ig superfamily. They are Fcγ

RIIA, JAM-1, ICAM-2, and PECAM-1. GP IV or GP
IIIb is also present in platelets. CD36 is the general
name for this receptor, expressed in many other cells.
Many members of the seven-transmembrane-domain
agonist-receptor family are expressed on platelets.
Some have been the object of active platelet research
because novel receptor inhibitors may serve as effec-
tive antithrombotic agents.

THE GP Ib/IX/V COMPLEX

Since Bernard-Soulier syndrome (BSS), a congenital
and severe bleeding disorder, was first attributed to
deficiency of GP Ib/IX/V, many studies have been per-
formed to clarify the function/structure relationship
of this membrane glycoprotein. It is now evident that
GP Ib/IX/V is an adhesive receptor for von Willebrand
factor (VWF). Binding of VWF to the GP Ib/IX/V com-
plex is critical in the adhesive process at the site of vas-
cular injury, especially under high shear conditions.1,2

VWF first binds to collagen, a major component of
the subendothelial matrix exposed by vascular dam-
age. Platelet adhesion to collagen is mediated by the
interaction of VWF with the GP Ib/IX/V complex. VWF
acts as an intermediary between collagen and the GP
Ib/IX/V complex. Other than VWF, thrombospondin,
αMβ2 integrin, and P-selectin are also known to be the
ligands for the GP Ib/IX/V complex. Approximately
25 000 copies of the GP Ib/IX complex and 12 000
copies of GP V are present on platelets.3,4 Each subunit
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Figure 2.1 Schematic representation of the glycoprotein Ib/IX/V complex and associated proteins.

CaM: calmodulin, PKA, protein kinase A.

of the complex, GP Ibα, GP Ibβ, GP IX, and GP V, is
encoded by different genes. The genes encoding GP
Ibα, GP Ibβ, GP IX, or GP V are located on 17p12,
22q11.2, 3q29, and 3q24, respectively. Each gene con-
tains sequences for the binding sites of GATA and Ets
family proteins, which are critical transcription fac-
tors for megakaryocyte-restricted expression.5 Stud-
ies on the biosynthesis of the GP Ib/IX/V complex
have shown that the polypeptides synthesized from
individual mRNAs are assembled in the endoplasmic
reticulum; then the polypeptide complex is moved
to the Golgi apparatus.6,7 This transfer is an impor-
tant step for controlling posttranslational modifica-
tions and the surface expression of the GP Ib/IX
complex. It has been demonstrated that efficient
expression of the complex requires GP Ibα, GP Ibβ,
and GP IX, whereas GP V does not affect expression sta-
bility.8,9 BSS is a genetic disorder due to quantitative
or qualitative defects of the GP Ib/IX/V complex (see
Chapter 12).9 Gene mutations are reported in GP Ibα,
GP Ibβ, and GP IX. Platelets from BSS patients lack the
ability to bind VWF and have a large-platelet pheno-
type. GP Ibβ–deficient mice have the typical BSS phe-
notype. In a model of laser-induced lesions of mesen-
teric arterioles, thrombosis was strongly reduced in
GP Ibβ–deficient mice.10 GP V–deficient mice do not

have the BSS phenotype and have normal expression
of GP Ib/IX.11

Structure of the GP Ib/IX/V complex

The GP Ib/IX/V complex consists of four subunits, GP
Ibα (∼135 kDa), GP Ibβ (∼25 kDa), GP IX (∼22 kDa),
and GP V (∼82 kDa) (Fig. 2.1). All four subunits of
the complex have a structural motif, the extracellular
LRR sequence, with the leucines in conserved posi-
tions.12 The LRR(s) in each subunit are important for
adhesive functions of platelets because BSS patients
with a gene mutation within the LRR sequence have
revealed impaired platelet functions attributed to
GP Ib/IX/V.9 GP Ibα is disulfide-linked to GP Ibβ. GP
IX and GP Ib bind noncovalently in a 1:1 ratio. GP
V associates with the complex noncovalently in a
1:2 ratio.3,4 The largest and the most important sub-
unit of the complex, GP Ibα, contains eight leucine-
rich tandem repeats, essential for binding to VWF.
GP Ibα is synthesized as a 626–amino acid precursor
polypeptide containing a sequence for a 16-residue
signal peptide; the mature polypeptide consists of
610 amino acids. The N-terminal 282 residues of GP
Ibα contain binding domains for VWF and throm-
bin. This N-terminal domain consists of an N-terminal
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flanking sequence containing Cys4 to Cys7 disulfide,
eight LRRs (residues 19 to 204), a C-terminal flank-
ing sequence (residues 205 to 268) containing Cys209
to Cys248 disulfide and Cys211 to Cys264 disulfide,
and an anionic region (residues 269 to 282) contain-
ing three sulfated tyrosines (residues at positions 276,
278, and 279).9,13 The crystal structure of GP Ibα with
Met 239Val, a gain-of-function mutation, (residues 1
to 290), and its complex with the VWF-A1 domain con-
taining the GP Ibα binding site (residues 498 to 705),
demonstrates that stabilization of the flexible loop
with a β-hairpin structure (residues 227 to 241) was
required for the increased binding affinity.14 Addition-
ally, an independent report of the crystal structure for
the VWF binding domain of wild-type GP Ibα has indi-
cated that the anionic region of GP Ibα, which contains
tyrosine residues, binds to the A1 domain of VWF, as
determined using a hypothetical model of the wild-
type GP Ibα/VWF interaction.15 The cytoplasmic tail
of GP Ibα contains 96 amino acids, and this region
has binding sites for filamin (residues 536 to 554) and
14–3-3ζ (residues 587, 590, and 609).16,17,18 GP Ibβ

consists of 181 amino acids containing a single LRR.
The GP Ibβ cytoplasmic sequence of 34 amino acids
contains a Ser at position 166, a protein kinase A phos-
phorylation site.19,20 Additionally, the cytoplasmic tail
of GP Ibβ binds calmodulin.21 GP IX consists of 160
amino acids containing single LRR.22 The cytoplas-
mic region contains 5 amino acids. There is no report
about the binding site for complex-associated factors.
GP V comprises 544 amino acids. It has a large extra-
cellular region containing 15 LRRs and a cytoplasmic
tail of 16 amino acids with a binding site for calmod-
ulin.23,24 This binding site, like GP Ibβ, is present in
resting platelets and might regulate surface expression
of the GP Ib/IX/V complex. GP V also has a thrombin
cleavage site, and thrombin hydrolysis of GP V releases
a 69-kDa fragment representing most of the extracel-
lular domain of GP V.25

Signaling and functions
of GP Ib/IX/V complex

The functions of GP Ib/IX/V are to mediate platelet
adhesion to subendothelial matrix and assemble
blood coagulation factors on activated platelets
exhibiting procoagulant activity (see Chapter 5). For
binding of VWF to GP Ib/IX/V to occur, a patho-
logic level of high shear stress or immobilization of

VWF to subendothelial matrix is required. The only
exceptions are the presence of unusually large VWF
or the GP Ibα with the gain-of-function mutation in
the first C-terminal disulfide loop, Met 239 Val or
Gly 233 Val, in which relatively low shear can induce
GP Ib/VWF interaction.26,27 The interaction of GP
Ibα with immobilized VWF under high shear condi-
tions induces a slowdown of the platelet velocity to
enable collagen/GP VI interaction to occur. The inter-
action generates signals inside the platelets to activate
αIIbβ3 and subsequently to induce platelets to aggre-
gate each other using VWF or fibrinogen as molecular
glues.28 Many potential signaling pathways between
GP Ib/IX/V and αIIbβ3 have been suggested, but the
complete GP Ib/IX/V–dependent signaling pathway
is not yet known.

GP Ib/IX/V has a high-affinity binding site for
thrombin. Implications of its function as a throm-
bin receptor are the regulation of blood coagulation
by localizing thrombin and factor XI and activation
of platelets. Binding of thrombin to the N-terminal
region of GP Ibα generates signals inside platelets and
accelerates PAR-1 cleavage for platelet activation and
subsequent aggregation.29,30,31 Platelets have binding
sites for factor XI, which is not identical to those for
thrombin, although the two sites are located in close
proximity.32 It is speculated that upon platelet activa-
tion, GP Ib/IX/V is involved to form a procoagulant
complex within cholesterol-rich lipid rafts. In fact, it
has been shown that the disruption of rafts due to
cholesterol depletion inhibits the process.33 Recent
observations demonstrate the topographic associa-
tion of GP Ib/IX/V with various surface receptors, such
as GP VI/FcRγ ,α2β1, PECAM-1 and Fcγ RIIa. It is there-
fore extremely important to recognize the complex
mechanisms of platelet activation.

14–3-3ζ binds to the cytoplasmic domain of GP Ibα

and GP Ibβ in a phosphorylation-dependent man-
ner.18 The interaction of 14–3-3ζ with GP Ibβ, which
requires phosphorylation of protein kinase A, inhibits
platelet activation. On the other hand, 14–3-3ζ binding
to GP Ibα is required for GP Ib/IX/V-mediated αIIbβ3

activation. GP Ibα contains phosphorylation sites at
residues Ser587 and Ser590 and a constitutive phos-
phorylation site at residue Ser609. A dimer of 14–3-3ζ

anchored at the constitutively phosphorylated Ser609
motif on GP Ibα interacts with either GP Ibα Ser587
and Ser590 or GP Ibβ Ser166. These interactions play
a key role in regulating the affinity of the GP Ib/IX/V
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complex for VWF. Also, the GP Ib/14–3-3ζ interac-
tion is associated with the regulation of megakary-
ocyte (MK) proliferation and ploidy.34 The cytoplas-
mic domain of GP Ibβ and GP V contains a calmodulin
binding site. A calmodulin binding site is also observed
in GP VI, which is associated with the GP Ib/IX/V com-
plex. The calmodulin associated with GP VI has a role
in regulating metalloproteinase-mediated shedding of
the GP VI ectodomain. Calmodulin inhibitors induce
metalloproteinase-dependent ectodomain shedding
of GP V,35 and ADAM17 (tumor necrosis factor α–
converting enzyme) is involved in the proteolytic
cleavage of GP V. GP Ibα shedding is inhibited by
ADAM17 inhibitors.36 Together, these findings sug-
gest that calmodulin is a key enzyme for the sta-
ble surface expression of GP Ib/IX/V and GP VI.37

PI3-kinase has a significant role in the GP Ib/IX/V–
mediated GP IIb/IIIa activation, and the interaction
with GP Ib/IX/V involves the PI3-kinase p85 subunit.
PI3-kinase inhibitors block shear-dependent platelet
adhesion.37 GP Ibα is tightly associated with the
cytoskeleton through interactions with filamin-1, also
known as actin binding protein.1 The effect of filamin-
1 on VWF binding to GP Ibα is controversial. The
GP Ibα/filamin-1 interaction has a critical role in
maintaining normal platelet size and regulating sur-
face expression of GP Ib/IX/V. The signaling path-
way downstream of GP Ib/IX/V includes Src and Erk-
1/2. Many other signaling pathways are reported to
be involved in GP Ib/IX/V–mediated αIIbβ3 activa-
tion.37

Polymorphisms of the GP Ib/IX/V Complex

GP Ibα is not only the most important component of
the complex functionally but also the most polymor-
phic. GP Ibα contains three major polymorphisms.
G/A substitution at position 524 of GP Ibα mRNA
caused Thr/Met substitution at residue 145. This
145Thr/Met substitution is responsible for the HPA-2
polymorphism. The HPA-2 polymorphism was ini-
tially recognized in a Japanese patient refractory to
platelet transfusions and was called the Sib alloanti-
gen.38 Whereas Thr at residue 145 caused Kob(HPA-
2a), substitution to Met resulted in Koa(HPA-2b,
Siba).39,40 The binding site for VWF is located in the
region containing residue 145. Substitution from Thr
to Met caused a conformational change of GP Ibα, well
recognized by alloantibodies against GP Ibα. GP Ibα of

four different molecular weights were first described
by Moroi et al.41 The genetic basis for this variation
was shown to be due to a variable number of tan-
dem repeats (VNTR) of a 13–amino acid sequence at
residues 399 to 411. Four variants of GP Ibα (D, C, B,
and A, ranging from one to four repeats) are present.
Functional analysis of polymorphic GP Ibα was per-
formed showing enhanced binding of cells carrying
GP Ibα with Met145 and four repeats of VNTR to
immobilized VWF under flow conditions.42 Although
it causes a large structural change in the protein, the
VNTR polymorphism does not produce immunogenic
variants. 145Thr/Met and VNTR polymorphisms are in
complete linkage disequilibrium.

The third polymorphism in the GP Ibα gene is
the Kozak (-5T/C) polymorphism, which is a single
nucleotide substitution (T/C) in the noncoding region,
5 base pairs upstream of the initiation codon. The
-5C variant is only found on the Kob allele, while the
T variant on either the Koa or Kob alleles.43,44 It was
shown that the Kozak polymorphism is closely asso-
ciated with increased expression of GP Ibα on the
platelet surface.45 However, other studies could not
prove the correlation between the Kozak polymor-
phism and GP Ib/IX/V complex expression. The influ-
ence of the Kozak polymorphism on platelet thrombus
formation under flow conditions is also controversial.
Using a parallel plate flow chamber, it was shown that
deposition of -5C allele–positive platelets onto colla-
gen was greater than that of -5TT platelets.46 However,
-5TT platelets showed shorter closure time than -5TC
platelets using the PFA-100.47 Because this polymor-
phism does not alter the amino acid sequence of GP
Ibα, it is not immunogenic.

THE αII bβ3 INTEGRIN (GP IIb/IIIa
COMPLEX , CD41/CD61)

The αIIbβ3 integrin is the most abundant membrane
glycoprotein in platelets and plays a central role in
primary hemostasis by serving as a receptor for fib-
rinogen and VWF.48,49 It establishes a stable inter-
action with VWF bound to the extracellular matri-
ces and utilizes fibrinogen as a bridging molecule for
platelet aggregate formation. Its importance in pri-
mary hemostasis is underscored by the presence of
a genetic bleeding disorder, Glanzmann’s thrombas-
thenia, in which platelets from the affected individ-
uals lack aggregation response to agonists due to the
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quantitative and/or qualitative abnormalities ofαIIbβ3

(see Chapter 12).50 The αIIbβ3 integrin also plays an
important role in the pathogenesis of thrombosis,
and blockade of its function has been utilized as an
effective therapy to prevent reocclusion of the coro-
nary artery after percutaneous coronary interventions
(PCI).51

Structure of the αIIbβ3 integrin

The αIIbβ3 complex shares common structural and
functional characteristics with other integrin recep-
tors.52 The ligand-binding activity of αIIbβ3 is regu-
lated by intracellular signaling events (inside-out sig-
naling). Conversely, the αIIbβ3–ligand interaction itself
initiates intracellular signals (outside-in signaling).
Structurally, both αIIb and β3 chains consist of a large
extracellular domain followed by a single transmem-
brane domain and a short cytoplasmic tail.53,54 The
N-terminal side of each chain forms a globular head
region as observed by electron microscopy. By con-
trast, the C-terminal side forms a rod-like tail region.55

The recent elucidation of the crystal structure of the
homologous αVβ3 integrin provided detailed infor-
mation on the three-dimensional structure of αIIbβ3

integrin.56,57 The N-terminal half of the α chain folds
into the β-propeller domain, which forms a glob-
ular head as observed under electron microscopy.
This is followed by the Ig-like thigh, calf-1, and calf-2
domains that together compose the α-tail region
(Fig. 2.2). There is an unexpected Ca2+ ion-binding
site between the thigh and the calf-1 domains. The N-
terminal 50 residues of β3 compose the PSI domain.58

Amino acid residue Cys-5 in this domain forms a
disulfide bridge with Cys-435, which is located at the
boundary between hybrid and EGF-1 described below.
The globular head region of the β3 chain is com-
posed of βA and hybrid domains. The βA domain
is inserted into the unique Ig-like hybrid domain
that consists of previously uncharacterized sequences
that flank the βA domain. The βA domain is homol-
ogous to the αA domain that contains the ligand-
binding site in A domain-containing integrins. A metal
ion-dependent adhesion site (MIDAS) is formed by
amino acid residues Asp-119, Ser-121, Ser-123, Glu-
220, and Asp-251. Besides MIDAS, that is essential for
ligand binding, the βA domain possesses two addi-
tional cation-binding sites designated as ADMIDAS
(adjacent to MIDAS) and LIMBS (ligand-associated
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calf-2

thigh
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Figure 2.2 Structure of αVβ3 integrin. Spacefill representation of the

αVβ3-RGD complex. Backbones are shown in ribbon diagram. The α

chain is shown in blue. The βA (109–352), hybrid (55–108, 353–432),

EGF-3&4 (532–605), βT (606–690) domains of the β3 chain are shown

in red, orange, red orange, and green, respectively. Bound Mn2+ ions

are shown in gold sphere. RGD peptide bound to the β-propeller/βA

interface is shown in orange cpk. Residues responsible for platelet

alloantigens are shown in cpk. The β3 residues Arg-143, Pro-407,

Arg-636, Arg-62, Arg-633, Lys-611, Thr-140 that are substituted or

deleted in HPA-4, 7w, 8w, 10w, 11w, 14w, 16w, respectively are

shown in magenta. The αV residue that corresponds to the αIIb

Val-837 that results in HPA-9w when substituted is shown in yellow.

Residues responsible for HPA-1 (β3 Leu-33), HPA-6w (β3 Arg-489),

and HPA-3 (αIIb Ile-843) are not shown, since PSI, EGF-1&2, part of the

calf-2 domains are unclear in the crystal structure. Note that integrin

tails fold back at a 135 degree angle at a genu between the thigh and

the calf-1 domains. This figure was prepared with RasMol v2.7.

metal binding site), respectively.57 While ADMIDAS
is occupied by a cation regardless of the presence of
bound ligand, MIDAS and LIMBS have been shown
to bind Mn2+ only in the presence of bound ligand.
A recent report by Chen et al. suggests that the
ADMIDAS is the negative regulatory site, whereas
the LIMBS is the positive regulatory site for Ca2+.59

These reports implicate that the cation-binding sites
in the βA domain represent the three classes of cation-
binding sites described by Mould et al.,60 thus they
are primarily responsible for the integrin affinity reg-
ulation by divalent cations. The EGF-like four tandem
cysteine-rich repeats that follow the hybrid domain
assume a class 1 EGF fold as expected and form a
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rod-shaped module. The four EGF domains are fol-
lowed by a novel β tail (βT) domain. These domains
together form the β3 tail. Besides the α-head/β-head
interface, there is an extensive interface formation
between the β-head and the β-tail, and between the
α-tail and the β-tail (Fig. 2.2). These interface inter-
actions are important in constraining the integrin in
specific conformations. The extracellular domains of
α andβ chains are followed by a single transmembrane
domain and a short cytoplasmic tail. The cytoplasmic
tails play critical roles in propagating the inside-out
and outside-in signals by providing binding sites for
signaling molecules.61

Affinity regulation of the αIIbβ3 integrin

In resting platelets, the αIIbβ3 is in the low-affinity
state and is incapable of binding soluble ligands.
However, in activated platelets, it binds to fibrino-
gen and VWF in an Arg-Gly-Asp (RGD)- and diva-
lent cation-dependent fashion and supports platelet
aggregation and adhesion to subendothelial matri-
ces. Based on biochemical and immunologic stud-
ies, it has long been shown that the platelet αIIbβ3

integrin undergoes substantial structural rearrange-
ment upon activation. Recent x-ray crystallographic
and high-resolution electron microscopic analyses on
recombinant αVβ3 and αIIbβ3 integrins have revealed
that integrins indeed exist in multiple distinct confor-
mations.62 Among these, the bent conformer observed
in the crystal structure makes a 135-degree bend
between the thigh and the calf-1 domains and posi-
tions the head toward the cell membrane (Fig. 2.2).
Its two tails are clasped together. On the other hand,
the extended conformer assumes an upright position
with its two tails straight and separated. Experiments
using mutant αIIbβ3 suggest that the bent conformer
represents the low-affinity state and the extended con-
former represents the high-affinity state. The αIIbβ3 on
the platelet surface is expected to change affinity for
ligands by shifting its structure between these two con-
formers.58 These results indicate that the intracellular
signals must induce structural rearrangement of the
αIIbβ3 on the other side of the cell membrane in inside-
out signaling. It has been shown that talin activates
αIIbβ3 by binding to the β3 cytoplasmic tail, disrupt-
ing the endogenous interaction between the αIIb and
β3 cytoplasmic tails that constrains integrin in the low-
affinity state.63,64 Since propagation of the inside-out

signaling was completely blocked by preventing the
separation of the extracellular tails, one can assume
that separation of the extracellular tails following the
cytoplasmic tail separation may trigger the struc-
tural rearrangement from the bent to the extended
conformer.65

Location of the ligand-binding site

The ligand-binding site is contained in the globular
head region. The epitopes for function-blocking αIIb-,
β3-, and αIIbβ3 complex-specific monoclonal antibod-
ies (mAbs) have been localized exclusively in the β-
propeller or in the βA domains.66,67 The amino acid
residues critical for ligand binding lie in the interfaces
between the β-propeller and the βA domains. The
MIDAS in the βA domain is positioned close to this
interface. The disulfide-linked loop between Cys-177
and Cys-184 (specificity-determining loop) essential
for macromolecular ligand binding is also located very
close to the interface. In the crystal structure of αVβ3

complexed with RGD peptide, the Asp in RGD coor-
dinates with the MIDAS-bound cation, and the Arg
makes salt bridges with Asp-218 and Asp-150 in αV.
Likewise, the crystal structure of αIIbβ-propeller and
βA/hybrid domains complexed with ligand-mimetic
antagonists revealed that basic ligand-mimetic side
chains make hydrogen bond with Asp-224 inαIIb. How-
ever, the binding site for the macromolecular ligand
fibrinogen appears to be more extensive as revealed
by the positions of amino acid residues critical for fib-
rinogen binding. These residues are clustered in theβ3
specificity determining loop and four αIIb β-propeller
loops that form a cap subdomain. The αIIb-specific
10E5 Fab blocks binding of fibrinogen to αIIbβ3 with-
out affecting the binding of small ligands by binding to
theαIIb cap subdomain.58 By contrast, theβ3-speciffic
7E5 Fab blocks fibrinogen-binding by binding to the
β3 specificity determining loop.68

Location of epitopes for
conformation-dependent mAbs

Among the numerous mAbs developed against αIIbβ3,
a group of antibodies preferentially bind to the
ligand-bound form. Hence, they are called anti-LIBS
(ligand-induced binding site) antibodies.69 The epi-
topes for these antibodies are cryptic in non-activated
αIIbβ3, however they become exposed when ligands or
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ligand-mimetic peptides bind to αIIbβ3. Thus, these
antibodies have been utilized to report conforma-
tional changes associated with ligand binding. The
epitopes for some of these mAbs have already been
mapped: the epitopes for AP-5, D3, anti-LIBS2, and
anti-LIBS4, 6 are located in β3 amino acid residues
1–6, 422–490, 602–690, and 490–690, respectively.70,71

Although the locations of these epitopes seem to be
scattered throughout the entire β3 chain in the pri-
mary structure, they actually are located in PSI, EGFs,
or βT domains that form the β3 tail in the 3D structure.
Likewise, the epitope for PMI-1 have been mapped in
αIIb amino acid residues 834–873 in the calf-2 domain
that form the αIIb tail.72 Notably most of these mAbs
have activating function. Since interface formation
between the β3-head and the β3-tail constrains inte-
grin in the bent conformer, these antibodies may facil-
itate αIIbβ3 extension by disrupting the interface for-
mation.

Polymorphisms of the αIIbβ3 complex

GP IIIa (β3 integrin)
GP IIIa carries a large number of platelet alloantigens.
Newman et al. identified a T/C nucleotide substitution
at position 1565 in exon2 of the GP IIIa gene result-
ing in Leu/Pro substitution at residue 33. Leu 33 is
responsible for PlA1 epitope, while Pro33 for PlA2.73

Incompatibility of PlA alloantigens causing neonatal
autoimmune thrombocytopenia (FNAIT) has never
been described in Japan. The PlA2 allele is nonexis-
tent in Japanese people, whereas it is rather com-
mon in Caucasians. The molecular structure of GP IIIa
has been extensively studied along with GP IIb (αIIb

integrin). Heterodimer complex of GP IIb/IIIa (αIIbβ3

complex) is a receptor for fibrinogen or VWF when
platelets are stimulated by an agonist such as ADP.
It has been reported that anti-PlA antibodies inhibit
fibrinogen binding to activated platelets suggesting
the important role of residue 33 in fibrinogen bind-
ing although the putative binding site for fibrinogen
has been clearly shown in the region of 109 to 171 or
212 to 222.

Pen/Yuk, now classified in HPA-4, is also located
in GP IIIa and responsible for FNAIT and posttrans-
fusion purpura (PTP).74,75 The genetic variation was
clarified by Wang et al. as a Arg/Gln substitution at
residue 143.76 GP IIIa carrying Gln143 is recognized by
anti-Penb alloantibody. Arg/Gln substitution resides

within the RGD binding domain of GP IIIa. However,
platelet functions of Pen genotypes have not been well
characterized. It was only shown that anti-Pena alloan-
tibodies inhibited platelet aggregation. Prevalence of
Penb has been higher in East Asia, including Japan,
than in northern Europe.77 Other rare genetic varia-
tions in GP IIIa were identified to cause FNAIT. They
were Mo, CA/TU, Sra, Laa, Groa and Duva alloanti-
gens.78,79,80,81,82,83

GP IIb(αIIb integrin)
GP IIb(αIIb), the α subunit of the GP IIb/IIIa complex
(αIIbβ3 integrin), has been shown to have a distinct
polymorphism, Bak (Lek), which is responsible for
alloimmune thrombocytopenia (see Chapter 10).
The first description of Bak alloantigen was reported
by von den Borne et al. in a patient with FNAIT in
1980.84 Lyman et al. have reported that T/G substi-
tution at position 2622 of the GP IIb mRNA causing
Ile/Ser substitution at residue 843.85 This substitution
of GP IIb was shown to cause alloantibody reactivity,
but its effects on platelet function have not been
studied.

Clinical relevance and future directions

Owing to its central role in thrombus formation,
αIIbβ3 integrin have long been considered a target
of antithrombotic therapy. Intravenous administra-
tion of αIIbβ3 antagonists such as abciximab (human-
ized anti-β3 mAb 7E3 Fab) was proven to be effective
in patients undergoing PCI. However, clear benefits
in patients with acute coronary syndrome was not
shown. The use of orally active αIIbβ3 antagonists in
the secondary prevention also failed due to the lack
of efficacy and to the increase in the risk of death.86

One of the reasons why clinical trials of αIIbβ3 antag-
onists failed, with the exception of PCI setting, would
be that most of the antagonists are potent compet-
itive inhibitors. Hence, these drugs have a potential
to induce conformational change in αIIbβ3 as much
as RGD peptide does and may activate platelets and
inflammatory cells by transducing outside-in signal-
ing.87 Although the reports of paradoxical platelet acti-
vation is conflicting, one way to avoid this unwanted
side effects would be to develop new antagonists that
do not rely on competitive inhibition. As described ear-
lier, αIIbβ3 is maintained in the low-affinity bent state
by multiple interdomain interactions. Drugs able to
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stabilize these interface interactions would be able to
prevent αIIbβ3 activation without inducing conforma-
tional change. In addition, these allosteric antagonists
would inhibit only high affinity ligand binding with-
out affecting the basal low affinity interaction. This
characteristic could help in decreasing the bleeding
complication often seen in conventional αIIbβ3 antag-
onists.

α2β1 INTEGRIN (GP Ia/IIa)

The α2β1 integrin acts as a cell-surface receptor for
collagen and laminin.88,89,90 This integrin is present
on platelets as GP Ia/IIa, on activated T lymphocytes
as VLA2, and on fibroblasts as a class II extracellular
matrix receptor.89,90 The α2 integrin represents the GP
Ia or VLA-α-2 component, and the β1 integrin rep-
resents the GP IIa or VLA-β components. The α2β1

integrin and its ligands are implicated in a number of
biologic and pathobiologic processes.

For platelet α2β1 integrin, the interaction of this
receptor with collagen has a critical role in physiologic
hemostasis and atherothrombus formation. Approxi-
mately 1000 to 2000 copies of α2β1 integrin are present
on the platelet surface,91,92 and the two-fold interindi-
vidual variation in platelet expression levels is con-
trolled by genetic polymorphisms of the α2 integrin.93

The α2β1 protein levels are linked to the mRNA lev-
els of α2 integrin but not β1 integrin; thus the expres-
sion levels of the α2β1 integrin are reportedly regu-
lated by the transcriptional activity of the α2 integrin
gene.94

Structure of α2β1 integrin

For the α2 subunit, the gene encoding the α2 inte-
grin is located on 5q23-q31, and the complete amino
acid sequence was deduced from the cDNA sequence
in human lung fibroblasts.95 The α2 integrin is com-
posed of a single polypeptide consisting of 1152 amino
acids, containing a transmembrane domain and a
short cytoplasmic segment. The α2 subunit has molec-
ular weights of 160 and 165 kDa under reducing and
nonreducing conditions, respectively. The α2 inte-
grin and all other integrin α subunits have a com-
mon structure: the N-terminal contains seven tandem
repeats and seven ß-propeller structures containing
divalent cation binding sites.52 A major characteristic
of theα2 integrin is the additional amino acid segment,

called the I domain, between the second and third
repeats. Nine of the identified integrin α subunits con-
tain the inserted I domain of approximately 200 amino
acids. The crystal structure of a complex between the
I domain of α2 integrin and a triple helical collagen
peptide containing the GFOGER motif was recently
demonstrated. Binding of ligands to integrins requires
divalent cations, and the structure model of the α2

integrin/collagen complex showed that the Mg2+ ion
complexed by the I domain is essential for the inter-
action between α2 integrin and collagen.96 Also, the I
domains are homologous to the collagen-binding A-
domains of VWF.

The gene encoding the β1 integrin is located on
10p11.2. The amino acid sequence was deduced
from the β1 integrin cDNA sequence and comprises
798 amino acids.97 The β1 subunit has molecular
weights of 130 and 110 kDa under reducing and non-
reducing conditions, respectively. The β1 integrin and
all other integrin β subunits consist of three common
domains: a large extracellular domain, a transmem-
brane domain, and a short cytoplasmic domain.52 The
large extracellular domain contains 56 conserved cys-
teines, 31 of which are clustered into four tandemly
repeated segments. Thus, this domain of the β1 inte-
grin is rich in internal disulfide bonds. The highly
conserved sequence on the N-terminal region of
the β1 integrin is observed in other integrin β sub-
units. The N-terminal domain has sequence similar-
ities to metal ion-dependent adhesion sites and the
I domains, and these regions are considered to have
a crucial role in the association with α integrin and
ligand binding activity. The cytoplasmic domain of
the β1 integrin has a role in regulating the conforma-
tion change and signal transduction via interactions
with other cytoskeletal components. The cytoplasmic
domain of the β1 integrin has short segments com-
posed of approximately 40 carboxy-terminal amino
acid residues, which is due to alternative splicing. To
date, two splice variant forms have been reported, and
these variants might cause the difference in the struc-
ture of the cytoplasmic domains.98,99 In one variant,
the intron between the two exons is retained, and this
variant produces a new stop codon that truncates the
β1 cytoplasmic domain. The other variant is denoted
β1S, which adds 116 base pairs between the two
exons encoding the cytoplasmic domain. Although
the integrin β1S mRNA levels are lower than those
of wild-type β1 integrin, platelets have high levels of
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integrin β1S mRNA. The functional significance of
the integrin β1S mRNA in platelets, however, remains
unclear.

Signaling of α2β1 integrin

Platelet response to collagen is now considered to
involve at least two collagen receptors on platelets,
α2β1 integrin and GP VI. The two-step, two-site model
of collagen-induced platelet aggregation has been
mentioned. According to this recent model, ligation of
GP VI with collagen preceding to that of the α2β1 inte-
grin is important in theα2β1 activation for stable adhe-
sion. α2β1 integrin and GP VI have important roles in
signaling pathways for platelet activation.100 Several
studies suggested that there are α2β1 signaling path-
ways independent of GP VI in platelet adhesion to col-
lagen. Collagen-induced phosphorylation of PLCγ 2
and Syk was observed in GP VI–deficient platelets.
Also, it was shown that Src and Lyn were constitutively
associated withα2β1 integrin, and that Src activation is
accompanied by activation of the p130 Crk–associated
substrate.101 Furthermore, tyrosine phosphorylation
of pp125 focal adhesion kinase via α2β1 integrin was
observed in platelet adhesion to collagen under flow
conditions.102,103

Patients with α2 deficiency have a prolonged bleed-
ing time, impaired collagen-induced platelet aggrega-
tion, and limited platelet adhesion to immobilized col-
lagen.90,104 In a mouse model of α2β1 deficiency, the
mice are fertile and develop normally,105 and platelets
from these mice exhibit impaired adhesion to col-
lagen under either static or flow conditions, yet the
mice exhibit only mildly impaired collagen-induced
platelet aggregation.106 The data on the α2β1-deficient
platelet function are, however, controversial. It is likely
that several factors contribute to the observed differ-
ences in the role of α2β1 between the various mod-
els. Further studies to characterize α2β1 integrin will
contribute to our better understanding of the mecha-
nisms of physiologic hemostasis and atherothrombus
formation.

Polymorphisms of the α2β1 complex

GP Ia(α2 integrin)
At least eight polymorphisms are reported in the α2

gene, including two silent polymorphisms within the
I domain.

Substitution of G→A at mRNA position 1648 causes
Glu/Lys substitution (Brb/Bra) at residue 505. Brb is
called HPA-5a, while Bra is called HPA-5b.107

The Br polymorphism is also the common cause
of FNAIT. No significant of difference in platelet
adhesion to collagen was found in the Br polymor-
phism.

The 807C/T and 873G/A polymorphisms do not
cause amino acid change and are therefore not
immunogenic. However, it was shown that 807 C/T
polymorphism is closely associated with α2β1 den-
sity. Platelets from 807T allele have higher levels of
α2β1.108,109 There is also a BgII restriction fragment
length polymorphism (BglII, ±) within intron 7. These
3 polymorphisms are in linkage disequilibrium, the
Bgl II (+) allele being linked to the 807T allele, and
873A allele and the Bgl II(1) allele being linked to the
807C and 873G allele. The more common 807T showed
increased adhesion to type I collagen as compared
with 807C. Matsubara et al. reported a significant
association between diabetic retinopathy and a Bgl II
polymorphism.110

Other rare alloantigen identified in a case of FNAIT,
Sit alloantigen, now is recognized to be due to C→T
mutation at RNA position 2531 causing Thr/Met sub-
stitution (Sitb/Sita) at the residue 799 111, which is
outside the I domain of α2 subunits. Association of
Sit polymorphism with α2β1 receptor function has
remained unclear.

An inherited variation in transcription of α2 inte-
grin gene was identified, -52C/T and -92C/G polymor-
phism.112 This polymorphism also affects the density
of α2β1 receptor. Reduced surface expression of α2β1

was found in individuals carrying the -52T allele and
the -92G allele.

CD36 (GP IV, GP IIIb)

CD36 is a scavenger receptor, expressed in a vari-
ety of cells, such as endothelial cells, monocyte/
macrophages, muscle cells and adipocytes.113 This
molecule on platelets was named GP IV or GP IIIb.
Many early studies of CD36 were performed on
platelets, mostly in Japan since the first case with trans-
fusion refractory thrombocytopenia was described
due to a platelet specific antibody against CD36.
The epitope on CD36 is called Nak and individuals
lacking CD36 are Naka−. Three to eleven percent of
the Japanese population are Naka− phenotype. The
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functions of CD36 were investigated using platelets
from Naka− individuals. Naka− platelets exhibited
impaired aggregation to fibrillar collagen.114 Colla-
gen and thrombospondin are known as ligands for
CD36. Plasmodium falciparum infected red blood cells
adhered to endothelium via CD36.115 CD36 also binds
to lipoproteins and phospholipids, although the phys-
iological or pathological significance of CD36 remains
unclear.

CD36 Polymorphisms

Platelet-specific alloantigen, Nak, was first identified
in a Japanese thrombocytopenic patient, who devel-
oped platelet transfusion refractoriness.114 There was
a significant racial difference in Nak phenotype. While
lack of GP IV (Naka-) was extremely rare in US blood
donors, approximately 3%–11% of Japanese donors are
deficient of GP IV (CD36).116 Similar incidence of Naka-
platelet phenotype was reported in African Ameri-
cans. Platelet transfusion refractoriness in patients
with a history of frequent transfusion could be partly
due to platelet specific alloantibody against Nak in
Asia.

Molecular basis of CD36 polymorphism was exten-
sively studied also by Japanese investigators.117 The
C478T single base substitution (proline 90 → ser-
ine) interrupts posttranslational modification of CD36
causing degradation of its precursor in the cyto-
plasm, which accounts for CD36 deficiency. However,
CD36 deficient individuals exhibit no bleeding ten-
dency.116

GP VI

GP VI, a member of the immunoglobulin superfam-
ily, is the major collagen receptor in addition to α2β1

integrin.118 GP VI gene, located on chromosome 19q
13.4, consists of 8 exons.119 Exon 3 and 4 encode
the two Ig-C2 domains which contain the collagen
binding domain. Exon 8 encodes the transmembrane
region and the cytoplasmic domain. The transmem-
brane region has arginine in the third amino acid posi-
tion, which binds to asparatic acid residue in the trans-
membrane region of FcRγ chain to form the complex.
Expression of GP VI requires FcRγ , while FcRγ expres-
sion without GP VI. FcRγ is critical for the signaling in
platelet adhesion to collagen.120

The functions of GP VI were originally studied by
Japanese investigators using platelets deficient in GP
VI. Patients’ platelets showed impaired response to
collagen. Interestingly, the first case reported in Japan
exhibited an autoantibody against GP VI.121 Later
experiments showed that the loss of GP VI from the
platelet surface was induced by anti-GP VI mono-
clonal antibodies possibly due to metalloprotease-
dependent cleavage of GP VI resulting in impaired
platelet adhesion to collagen.122 Patients with GP VI
deficient platelets exhibit only a mild bleeding ten-
dency. The role of GP VI on platelet activation by col-
lagen was recently investigated using collagen-related
peptides (CRP) consisting of GPO n sequences or
the snake venom, c-type lectin, convulxin as ago-
nists.123,124 Both agonists could induce clustering
of GP VI molecules on the platelet surface lead-
ing to association of signaling molecules in prox-
imity. GP VI-deficient platelets fail to aggregate in
response to collagen while signaling occurs, possi-
bly through α2β1 integrin.125 In cells expressing only
GP VI, collagen does not induce Ca2+ signaling, while
convulxin does. Careful explanations should, there-
fore, be given in the results of experiments using
collagen-mimetic agonists. Collagen contains many
binding sites for different molecules. Distribution of
these binding sites is important to understand the
molecular mechanisms of collagen-induced platelet
activation. It is thought that both GP VI and α2β1

integrins are required for full platelet response to
collagen. There is a “two-step, two site” model of col-
lagen activation, in which binding to GP VI activates
platelets and upregulates α2β1 integrin. Inhibition of
GP VI inhibits thrombus formation, while blockage of
α2β1 showed little effects. These findings may suggest
GP VI is a potential target for antithrombotic therapy.

GP VI Polymorphisms

The T/C polymorphism at the residue 13254 causes
Ser/Pro substitution at the residue 219.126 Platelets
from individuals with Pro219 allele were shown to
have reduced number of GP VI receptors and to be
less thrombogenic on a collagen surface.127 A recent
study identifies 18 single nucleotide polymorphisms
(SNPs) encoding for five common aminoacid sostitu-
tion resulting in 14 GP VI protein isoforms that differ
in their response to GP VI-specific ligands.128
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TAKE-HOME MESSAGES

� Platelets present several glycoproteins on their surface, acting as adhesive receptors but also as antigens for autoim-

mune and immune reactions.
� The main glycoproteins are the GP Ib/IX/V complex, the αIIbβ3 integrin, the α2β1 integrin, CD36 (GP IV or GP IIIb),

and GP VI.
� For each of these, several polymorphisms have been described, influencing both platelet function and platelet

immunogenicity.
� The identification and characterization of the genes encoding for these glycoproteins, crystallography studies, mice

gene knockout models have contributed to getting an increasingly deeper insight into the role of platelet surface

glycoproteins.

FUTURE AVENUES OF RESEARCH

Numerous platelet membrane glycoproteins function
as adhesion and signaling receptors and play a cru-
cial role as antigens in auto and alloimmune reactions.
Studies on the identification of genetic polymorphism,
involving genes encoding for most of these glycopro-
teins, as well as gene targeting and other experimental
techniques in mice, have provided increasingly deeper
insights. The further identification of yet undiscov-
ered polymorphisms of the main platelet glycopro-
teins, as well as the further characterization of other
less well known surface membrane glycoproteins, for
example CD9 (a tetraspanning) and CD47 (integrin-
associated protein), may enhance our knowledge on
platelet function and immunogenicity.

Targeted ablation of the genes for the major gly-
coprotein receptors in a tissue-specific way will also
provide further information about the possible con-
sequences of natural defects GPs. Finally, the clari-
fication of the role and mechanism of regulation of
platelet glycoproteins may help to develop more effec-
tive antiplatelet agents, such as anti-GP IIb/IIIa with-
out agonistic activity – for instance, inhibiting only
high-affinity ligand binding without affecting low-
affinity interactions.
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3 MECHANISMS OF PLATELET ACTIVATION

Lawrence F. Brass and Timothy J. Stalker
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INTRODUCTION

Platelets evolved as a means of responding to injuries
that produce holes in a high-pressure circulatory sys-
tem and, to a great extent, the attributes acquired
by platelets through evolution reflect the demands
placed upon them. To be maximally useful and min-
imally harmful, circulating platelets must be able to
sustain repeated contact with the normal vessel wall
without premature activation, recognize the unique
features of a damaged wall, cease their forward motion
upon recognition of damage, adhere to the vessel wall
despite the forces produced by continued blood flow,
and stick (cohere) to each other, forming a stable plug
of the correct size that can remain in place until it
is no longer needed. Pathologic thrombus formation
occurs when diseases or drugs subvert the mecha-
nisms designed to allow platelets to respond as rapidly
as possible to injury.

Although much has been discovered about the
mechanisms that underlie normal platelet activation,
a considerable amount still remains to be learned.
Platelets have been the subject of fruitful investigation
for most of the past 50 years. However, a number of
technical breakthroughs within the past 10 years have
moved the field along considerably. Among these are
the widespread use of genetically modified mice, the
availability of improved methods for studying platelet
function in vitro and in vivo under flow conditions
and in real time, a better understanding of signal-
ing mechanisms in general, and the development of
methods that allow megakaryocyte (MK) maturation
and platelet formation to be studied ex vivo. Systems
biology approaches and the application of proteomics
to platelets offer at least the promise of additional
insights, even if that promise has not been fully real-
ized.

THREE STAGES OF PLATELET
PLUG FORMATION

Platelet plug formation can be divided into three over-
lapping stages: initiation, extension, and perpetua-
tion (Fig. 3.1). Initiation can occur in more than one
way. In the setting of trauma to the vessel wall, it may
occur because circulating platelets are captured and
then activated by exposed collagen decorated with
von Willebrand factor (VWF) multimers. This pro-

duces a platelet monolayer that supports thrombin
generation and the subsequent piling on of addi-
tional platelets. A key to these events is the pres-
ence of receptors on the platelet surface that can sup-
port the VWF-dependent capture of tumbling platelets
(glycoprotein Ib and, to a lesser extent, αIIbβ3) and
the subsequent intracellular signaling (via GP VI,
GP Ib and α2β1), which causes captured platelets to
spread on the vessel wall and provide a nidus for
subsequent platelet:platelet interactions. Platelet acti-
vation, particularly in thrombotic or inflammatory
disorders, can also be initiated by thrombin, which
activates platelets via G protein-coupled receptors
(GPCRs) in the protease-activated receptor (PAR) fam-
ily. Extension occurs when additional platelets are
recruited and activated, sticking to each other and
accumulating on top of the initial monolayer. Throm-
bin can play an important role at this point, as can
platelet-derived ADP and thromboxane A2 (TxA2).
The receptors that mediate response to these agonists
are members of the superfamily of G protein–coupled
receptors. The signals they engender support the acti-
vation of integrin αIIbβ3, making possible the cohesive
interactions between platelets that are critical to the
formation of a meaningful hemostatic plug. Perpetu-
ation refers to the late events of platelet plug forma-
tion, when the intense but often time-limited signals
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Figure 3.1 Stages in platelet plug formation. Prior to vascular injury, platelet activation is suppressed by endothelial cell-derived inhibitory

factors. These include prostaglandin (PG) I2 (prostacyclin), nitric oxide (NO) and CD39, an ADPase on the surface of endothelial cells that can

hydrolyze trace amounts of ADP that might otherwise cause inappropriate platelet activation. (A) Initiation. The development of the platelet plug

is initiated by thrombin and by the collagen-von Willebrand factor (VWF) complex, which captures and activates moving platelets. Platelets

adhere and spread, forming a monolayer. (B) Extension. The platelet plug is extended as additional platelets are activated via the release or

secretion of thromboxane A2 (TxA2), ADP and other platelet agonists, most of which are ligands for G protein-coupled receptors on the platelet

surface. Activated platelets stick to each other via bridges formed by the binding of fibrinogen, fibrin or VWF to activated αIIbβ3. (C) Perpetuation.

Finally, close contacts between platelets in the growing hemostatic plug, along with a fibrin meshwork (shown in red), help to perpetuate and

stabilize the platelet plug.

arising from GPCRs may have faded. These late events
help to stabilize the platelet plug and prevent pre-
mature disaggregation. Such events typically occur
after aggregation has begun and are facilitated by
close contacts between platelets. Examples include
outside-in signaling through integrins and other cell
adhesion molecules, and signaling through receptors
whose ligands are located on the surface of adjacent
platelets.

The platelet surface is crowded with receptors crit-
ical for hemostasis. Those directly involved in bind-
ing to collagen, VWF or fibrinogen are expressed in
the greatest numbers. There are approximately 80000

copies of integrin αIIbβ3 and 15000 to 25000 copies
of GPIb on the surface of human platelets. In con-
trast, receptors for essential agonists such as throm-
bin, ADP, and TxA2 range from a few hundred to a
few thousand per platelet. Many of these receptors
float within the lipid bilayer; others are anchored via
interactions with the membrane skeleton. Receptor
distribution is rarely uniform. Some receptors tend
to accumulate in cholesterol-enriched microdomains,
which may increase the efficiency with which platelets
are activated. Lateral mobility also allows adhesion
and cohesion receptors to accumulate at sites of
contact.
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Stage I: The initiation of platelet activation

Although many molecules have been shown to cause
platelet activation in vitro, platelet activation in vivo
is typically initiated by collagen and thrombin. This
may take place at a site of acute vascular injury, where
platelet plug formation serves to stop bleeding, but the
same platelet responses can be invoked in pathologic
states in which thrombin or other platelet-activating
molecules are formed or exposed. Thrombin is gener-
ated at sites of vascular injury following the exposure
of tissue factor normally sequestered within the vessel
wall. In pathologic states, the expression of tissue fac-
tor can be upregulated on the surface of endothelial
cells or monocytes. It may also be present on circulat-
ing microvesicles, which bind to activated platelets at
sites of injury.

Under static conditions, collagen is able to cap-
ture and activate platelets without the assistance of
cofactors; but under the conditions of flow that exist in
the arterial circulation, VWF plays an essential role in
supporting platelet adhesion and activation. Platelets
can adhere to monomeric collagen, but they require
the more complex structure found in fibrillar colla-
gen for optimal activation. Four receptors for collagen
have been identified on platelets. Two bind directly to
collagen (α2β1 and GPVI) and the others bind to colla-
gen via VWF (αIIbβ3 and GPIb) (Fig. 3.2). Of these four
receptors, GPVI is the most potent in terms of initiating
signal generation. The structure of GPVI places it in the
immunoglobulin domain superfamily.1 The ability of
GPVI to generate signals rests on a constitutive asso-
ciation with the Fc receptor γ -chain (FcRγ ). Platelets
that lack either GPVI or the FcRγ -chain have impaired
responses to collagen, as do platelets in which GPVI
has been depleted or blocked.2,3,4,5 Human platelets
with reduced expression of α2β1 have impaired colla-
gen responses,6,7 as do mouse platelets that lack β1
integrins.5,8

According to current models, collagen causes clus-
tering of GPVI. This leads to the phosphorylation
of FcRγ by tyrosine kinases in the Src family, cre-
ating a motif recognized by the SH2 domains of
Syk. Association of Syk with GPVI/γ -chain complex
activates Syk and leads to the phosphorylation and
activation of PLCγ 2. Much of the initial response
of platelets to agonists is directed toward activat-
ing phospholipase C. PLCγ 2, like other PLC isoforms,
hydrolyzes phosphatidylinositol (PI)-4,5-P2 to form

1,4,5-IP3 and diacylglycerol. IP3 opens Ca2+ chan-
nels in the platelet-dense tubular system, raising
the cytosolic Ca2+ concentration and triggering Ca2+

influx across the platelet plasma membrane. Diacyl-
glycerol activates the more common protein kinase C
(PKC) isoforms expressed in platelets, allowing regu-
latory serine/threonine phosphorylation events.

Collectively, collagen receptors support the capture
of fast-moving platelets at sites of injury, causing acti-
vation of the captured platelets, and stimulating the
cytoskeletal reorganization that allows the previously
discoid platelets to flatten out and adhere more closely
to the exposed vessel wall. Multimeric VWF supports
this process by increasing the density of potential sites
where platelets can bind, thus increasing the likeli-
hood that platelets will encounter an available binding
site. It appears that only GPVI and GPIb are able to bind
collagen and VWF without prior platelet activation;
but once activation begins, integrins α2β1 and αIIbβ3

are able to bind their respective ligands as well. Some
of the integrin-activating signaling will occur down-
stream of GPVI, but there is evidence that the GPIb-
IX-V complex can signal as well, as can α2β1 and αIIbβ3

once they are engaged.

Stage II: Extension of the hemostatic
plug through recruitment
of additional platelets

The formation of a platelet monolayer following the
exposure of collagen and VWF is sufficient to initi-
ate platelet plug formation but insufficient to prevent
bleeding. Hemostasis requires platelets to stick to each
other, a process that is technically termed “cohesion”
but is commonly referred to as “platelet aggregation”
when studied ex vivo with the platelets in suspension.
The recruitment of additional platelets is made pos-
sible by the local accumulation of agonists, including
ADP and TxA2, which are released from platelets and
by the local generation of thrombin (Fig. 3.1B). Con-
tacts between platelets are maintained by a variety of
interactions, of which the most essential is the bind-
ing of a multivalent ligand (typically fibrinogen, fib-
rin, or VWF) to activated αIIbβ3. Defects in cohesion
can produce significant risk of bleeding. Two examples
are Glanzmann’s thrombasthenia, in which affected
patients lack functional αIIbβ3, and the administration
of αIIbβ3 antagonists, which work by blocking fibrino-
gen binding.
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Figure 3.2 Collagen receptors. Platelets use several different molecular complexes to support platelet activation by collagen. These include

(1) VWF-mediated binding of collagen to the GPIb-IX-V complex and integrin αIIbβ3, 2) a direct interaction between collagen and both the integrin

α2β1, and the GPVI/γ -chain complex. Clustering of GPVI results in the phosphorylation of tyrosine residues in FcRγ , followed by the binding and

activation of the tyrosine kinase, Syk. One consequence of Syk activation is the phosphorylation and activation of phospholipase Cγ , leading to

phosphoinositide hydrolysis, secretion of ADP and the production and release of TxA2. Abbreviations: ADP, adenosine diphosphate; AA, arachidonic

acid; ASA, aspirin; COX-1, cyclooxygenase 1; DAG, diacylglycerol; GP, glycoprotein; PG, prostaglandin; PI3K, phosphatidylinositol 3-kinase; PIP2,

phosphatidylinositol-4,5-bisphosphate; PKC, protein kinase C; PLA2, phospholipase A2; PLCγ , phospholipase Cγ ; TxA2, thromboxane A2; VWF, von

Willebrand factor; PC, phosphatidylcholine.

Most of the agonists that extend the platelet plug
do so via G protein–coupled receptors. Because they
act as guanine nucleotide exchange factors, each occu-
pied receptor can theoretically activate multiple G pro-
teins and in some cases more than one class of G pro-
teins. This allows amplification of a signal that might
begin with a relatively small number of receptors. It
also potentially allows each receptor to signal via more
than one effector pathway. Furthermore, because sev-
eral mechanisms exist that can limit the activation of

GPCRs, platelet activation can be regulated, a property
that may be useful when platelet activation is inappro-
priate and needs to be controlled.

G protein–coupled receptors comprise a single
polypeptide chain with 7 transmembrane domains,
an extracellular N-terminus, and an intracellular C-
terminus. Binding sites for agonists may involve the
N-terminus, the extracellular loops, or a pocket
formed by the transmembrane domains. The G pro-
teins that act as mediators for these receptors are
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αβγ heterotrimers. The β subunit forms a propeller-
like structure that is tightly associated with the
smaller γ subunit. The α subunit contains a guanine
nucleotide–binding site that is normally occupied by
guanosine 5′-diphosphate (GDP). Receptor activation
causes the replacement (exchange) of the GDP by
guanosine 5′-triphosphate (GTP), thus altering the
conformation of the α subunit and exposing sites on
both Gα and Gβγ for interactions with downstream
effectors. Hydrolysis of GTP by the intrinsic GTPase
activity of the α subunit restores the resting confor-
mation of the heterotrimer, preparing it to undergo
another round of activation and signaling. Regulator
of G-protein signaling (RGS) proteins accelerate the
hydrolysis of GTP, shortening signaling duration.

Human platelets express at least 10 forms of Gα . This
includes at least one Gsα family member, four Giα fam-
ily members (Gi1α , Gi2α , Gi3α , and Gzα), three in the Gqα

family (Gqα , G11α , and G16α), and two G12α family mem-
bers (G12α and G13α). Much has been learned about the
critical role of G-protein α subunits in platelets. Less is
known about the Gβγ isoforms expressed in platelets
and the selectivity of their contributions to platelet
activation.9

G Protein–mediated signaling in platelets
The signaling events that underlie platelet activation
have not been fully identified. Large gaps remain in sig-
naling maps that attempt to connect receptors on the
platelet surface with the most characteristic platelet
responses: shape change, aggregation, and secretion.
In general terms, the events that have been described
to date can be divided into three broad categories.
The first begins with the activation of PLC, which,
by hydrolyzing membrane phosphatidylinositol-4,5-
bisphosphate (PIP2), produces the second messen-
gers needed to raise the cytosolic Ca2+ concentra-
tion. Which isoform of PLC is activated varies with
the agonist. Collagen activates PLCγ 2. Thrombin,
ADP and TxA2 activate PLCβ isoforms using Gq and
(less efficiently) Gi as intermediaries. Regardless of
which isoform is activated, the subsequent rise in
the Ca2+ concentration triggers downstream events,
including integrin activation and the generation of
TxA2.

The second broad category of necessary events
involve monomeric G proteins in the Rho and Rac
families, whose activation triggers the reorganization
of the actin cytoskeleton and allows the formation of

filopodia and lamellopodia. Along with changes in the
platelet’s circumferential microtubular ring, this step
is the essence of shape change. Most platelet ago-
nists can trigger shape change, a notable exception
being epinephrine. The soluble agonists (thrombin,
ADP, and TxA2) that trigger shape change typically act
through receptors coupled to members of the Gq and
G12 family.

A third category of events required for platelet acti-
vation is mediated by members of the Gi family and
includes suppression of cAMP formation and acti-
vation of PI3-kinase. Suppression of cAMP synthesis
relieves a block on platelet signaling that otherwise
serves to limit inopportune platelet activation, par-
ticularly in the presence of endothelial cell-derived
prostaglandin (PG) I2 and nitric oxide (NO). The
agonists that inhibit cAMP formation in platelets
(principally ADP and epinephrine) do so by binding
to receptors coupled to the Gi family members.

Platelet activation in vivo
Platelet activation in vivo typically results from con-
tact with more than one agonist. The initial injury may
expose collagen, but it will also produce thrombin.
Similarly, damage to tissues and red cells will release
ADP, as will activated platelets, which will also synthe-
size and release TxA2. It is also important to remember
that agonists couple to different pathways with differ-
ing efficiencies. Even thrombin, one of the most potent
platelet agonists, relies on its ability to induce ADP and
TxA2 release to yield maximal platelet activation when
used at lower concentrations in vitro. This is partic-
ularly important because endogenous antagonists of
platelet activation – including PGI2, antithrombin-III,
the ecto-ADPase CD39, and the diluting effects of con-
tinued blood flow – work against the accumulation of
platelet agonists and limit the ability of platelets to
respond.

Gq and the activation of phospholipase Cβ

Agonists whose receptors are coupled to Gq can pro-
vide a strong stimulus for platelet activation by acti-
vating PLCβ, which hydrolyzes membrane PI-4,5-P2

to produce diacylglycerol and 1,4,5-IP3 (Fig. 3.3). Dia-
cylglycerol is an activator of several of the protein
kinase C isoforms expressed in platelets, leading to the
phosphorylation of multiple proteins on serine and
threonine residues. The formation of 1,4,5-IP3 trig-
gers an increase in cytosolic Ca2+. In resting platelets,
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Figure 3.3 ADP receptors. Three receptors that can be activated by adenine nucleotides have been identified in platelets: P2Y1 and P2Y12 are

ADP-activated G protein-coupled receptors coupled to Gq and Gi2. P2X1 is an ATP-gated cation channel that can allow Ca++ influx. A3P5PS and

MRS2179 are P2Y1-selective antagonists. ARC69931MX is a P2Y12-selective antagonist. Abbreviations: AA, arachidonic acid; AC, adenylyl cyclase;

ADP, adenosine diphosphate; ASA, aspirin; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; COX-1, cyclooxygenase 1; DAG,

diacylglycerol; PI3K, phosphatidylinositol 3-kinase; PLCβ, phospholipase Cβ; GDP, guanosine 5’-triphosphate; GTP, guanosine 5’-triphosphate; PG,

prostaglandin; PIP2, phosphatidylinositol-4,5-bisphosphate; PKC, protein kinase C; TxA2, thromboxane A2.

the cytosolic Ca2+ concentration is maintained at
approximately 100 nM by limiting Ca2+ influx and
pumping Ca2+ out of the cytosol across the plasma
membrane or into the dense tubular system (DTS).
The latter is a closed membrane compartment within
platelets that is thought to be derived from MK smooth
endoplasmic reticulum. In analogy with other types of
cells, 1,4,5-IP3 is thought to trigger Ca2+ release into
the platelet cytosol by binding to specific receptors
in the DTS membrane. The subsequent emptying of
the DTS Ca2+ reservoir is probably the trigger for Ca2+

entry across the plasma membrane.10

In activated platelets, the cytosolic free Ca2+ con-
centration can exceed 1 μM (a 10-fold increase over

baseline) with potent agonists like thrombin. Activa-
tion of PLC also releases membrane-associated pro-
teins that bind to PI-4,5-P2 via their pleckstrin homol-
ogy (PH) domains. PLCβ-activating α subunits are typ-
ically derived from Gq in platelets, but PLC can also
be activated by Gβγ derived from Gi family members.
The rising Ca2+ concentration in activated platelets
is undoubtedly a trigger for numerous events, but
one that has received recent attention is the Ca2+-
dependent activation of the Ras family member Rap1B
via the guanine nucleotide exchange protein Cal-DAG
GEF.11 Rap1B has been shown to be an important con-
tributor to signaling pathways that converge on the
activation of αIIbβ3 in platelets.12,13,14
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Gq, G13, and the actin cytoskeleton
At least two effector pathways are involved in the
reorganization of the actin cytoskeleton that accom-
panies platelet activation: Ca2+-dependent activation
of myosin light chain kinase downstream of Gq fam-
ily members and activation of low-molecular-weight
GTP-binding proteins in the Rho family, which occurs
downstream of G12 family members.15,16 Several pro-
teins having both Gα-interacting domains and gua-
nine nucleotide exchange factor (GEF) domains can
link G12 family members to Rho family members.
Platelets express two G12α family members, G12α and
G13α . With the exception of ADP, agonist-induced
shape change persists in platelets from mice that lack
Gqα

17 but is lost when G13α expression is suppressed,
alone or in combination with G12α .18,19 G13-dependent
Rho activation leads to shape change via pathways
that include the Rho-activated kinase (p160ROCK) and
LIM-kinase. These kinases phosphorylate myosin light
chain kinase and cofilin, helping to regulate both actin
and myosin (Fig. 3.4). ADP, on the other hand, depends
more heavily on Gq-dependent activation of PLC to
produce shape change and is able to activate G13 only
as a consequence of TxA2 generation; hence the loss
of ADP-induced shape change when Gq signaling is
suppressed.

Signaling through Gi family members
Rising cAMP levels turn off signaling in platelets
in ways that are incompletely understood, but they
include protein kinase A–mediated protein phospho-
rylation. Molecules released from endothelial cells
cause Gsα-mediated increases in adenylyl cyclase
activity (PGI2) and inhibit the hydrolysis of cAMP
by phosphodiesterases (NO). Many platelet agonists
inhibit PGI2-stimulated cAMP synthesis by binding
to receptors that are coupled to Gi family members
(Fig. 3.3). Human platelets express four members of
this family: Gi1, Gi2, Gi3, and Gz. Deletion of the genes
encoding Gi2α or Gzα increases the basal cAMP con-
centration in mouse platelets. Conversely, loss of PGI2

receptor (IP) expression causes a decrease in basal
cAMP levels, enhances responses to agonists, and pre-
disposes mice to thrombosis in arterial injury mod-
els.20,21

Although the Gi family members in platelets are
most commonly associated with suppression of cAMP
formation, this is not their only role. In addition to
providing Gβγ heterodimers that can activate PLCβ ,

the downstream effectors for Gi family members in
platelets include PI 3-kinase, Src family members, and
Rap1B (Fig. 3.3). PI 3-kinases phosphorylate PI-4-P
and PI-4,5-P2 to produce PI-3,4-P2 and PI-3,4,5-P3.
Human platelets express the α, β, γ , and δ isoforms
of PI 3-kinase. PI3Kγ is activated by Gβγ .

Much of what is known about the role of PI 3-
kinase in platelets comes from studies with inhibitors
such as wortmannin and LY294002 or gene-deleted
mice. Those studies show that PI3K activation can
occur downstream of both Gq and Gi family mem-
bers and that effectors for PI3K in platelets include the
serine/threonine kinase, Akt,22 and Rap1B.23 Loss of
the PI3Kγ isoform causes impaired platelet aggrega-
tion.24 Loss of PI3Kβ impairs Rap1B activation and
thrombus formation in vivo, as do PI3Kβ-selective
inhibitors.23 Deletion of the gene encoding Akt2
results in impaired thrombus formation and stability
and inhibits secretion.22 Loss of Akt1 has also been
reported to inhibit platelet aggregation, suggesting
that these are not redundant molecules.25 It is less clear
what happens next. There are a number of known sub-
strates for Akt, but much remains to be learned about
their contributions to platelet biology.

ADP: Two receptors with
distinguishable functions
ADP is stored in platelet dense granules and released
upon platelet activation. It is also released from ery-
throcytes and damaged tissues at sites of vascular
injury. When added to platelets in vitro, ADP induces
TxA2 formation, protein phosphorylation, an increase
in cytosolic Ca2+, shape change, aggregation, and
secretion. It also inhibits cAMP formation. These
responses are half-maximal at approximately 1 μM
ADP. However, even at high concentrations, ADP is a
comparatively weak activator of PLC. Instead, its utility
as a platelet agonist rests more upon its ability to acti-
vate other pathways.26,27 Human and mouse platelets
express two ADP receptors, denoted P2Y1 and P2Y12.
Both are members of the purinergic class of GPCRs
(Fig. 3.3). P2Y1 receptors couple to Gq. P2Y12 recep-
tors couple to Gi2. Optimal responses to ADP require
both. A third purinergic receptor on platelets, P2X1, is
an ATP-gated Ca2+ channel.

When P2Y1 is blocked or deleted, ADP is still able
to inhibit cAMP formation, but its ability to cause
an increase in cytosolic Ca2+, shape change, and
aggregation is greatly impaired. P2Y1

−/− mice have a
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Figure 3.4 Thrombin receptors. Platelet responses to thrombin are mediated largely by members of the protease-activated receptor (PAR)

family. Human platelets express PAR1 and PAR4, which collectively are coupled to Gq and G13-mediated effector pathways. Secretion of ADP acts

as a further activator of Gi-mediated pathways via the receptor, P2Y12. Cleavage of PAR1 by thrombin appears to be facilitated by the binding of

thrombin to GPIbα in the GPIb-IX-V complex. Shape change is triggered downstream of thrombin by Rho-dependent activation of kinases that

include the Rho-activated kinase, p160 ROCK, and the downstream kinases, MLCK and LIM-K. Although G12 and G13 are both expressed, based on

knockout studies, G13 is the dominant G12 family member in mouse platelets. Abbreviations: GDP, guanosine 5’-triphosphate; GTP, guanosine

5’-triphosphate; IP3 R, receptor for 1,4,5-IP3; MLCK, myosin light chain kinase; PAR, protease-activated receptor; TxA2, thromboxane A2.
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minimal increase in bleeding time and are resistant to
thromboembolic mortality following injection of ADP.
P2Y12 receptors were characterized functionally before
they were actually identified.28,29 As was predicted by
the phenotype of a patient lacking functional P2Y12,30

platelets from P2Y12
−/− mice do not aggregate nor-

mally in response to ADP.31 P2Y12
−/− platelets retain

P2Y1-associated responses, including shape change
and PLC activation, but lack the ability to inhibit cAMP
formation in response to ADP. The Gi family mem-
ber associated with P2Y12 appears to be primarily Gi2,
since platelets from Gi2α

−/− mice have an impaired
response to ADP while those lacking Gi3α or Gzα do
not. Absence of P2Y12 produces a hemorrhagic phe-
notype in humans, albeit a relatively mild one.28,30,32

Some of the most widely used antiplatelet agents are
antagonists of P2Y12. (see Chapter 20.)

Thrombin: two receptors with
overlapping functions
Thrombin is able to activate platelets at concen-
trations as low as 0.1 nM (0.01 unitsful). Although
other platelet agonists can also cause phosphoinosi-
tide hydrolysis, none appear to do so as efficiently as
thrombin. Within seconds of the addition of throm-
bin, the cytosolic Ca2+ concentration increases more
than 10-fold, triggering downstream Ca2+-dependent
events. All of these responses, but not shape change,
are abolished in platelets from mice lacking Gqα .33

Thrombin also activates Rho in platelets, leading to
rearrangement of the actin cytoskeleton and shape
change, responses that are reduced in mouse platelets
that lack G13α .18 Taken together, the evidence sug-
gests that thrombin is a potent platelet agonist not
because of the presence of unusually large numbers of
thrombin receptors but because of the efficiency with
which these receptors couple to Gq and G13 combined
with the synergistic effects of Gi-dependent signaling
produced directly by the coupling of Gi2 to thrombin
receptors or indirectly via released ADP and P2Y12.34

Platelet responses to thrombin are mediated by
members of the protease-activated receptor family of
G protein–coupled receptors. Three members of this
family (PAR1, PAR3, and PAR4) can be activated by
thrombin. PAR1 and PAR4 are expressed on human
platelets; mouse platelets express PAR3 and PAR4.
Activation occurs when thrombin cleaves the N-
terminus of each of the receptors, exposing a tethered
ligand.35 Synthetic peptides based on the sequence

of the tethered ligand domain are able to mimic at
least some of the effects of thrombin. While human
PAR3 can signal in response to thrombin, mouse PAR3
appears to primarily serve to facilitate cleavage of
PAR4.36 Activation of PAR4 requires higher concen-
trations of thrombin than that of PAR1, apparently
because it lacks the hirudin-like sequences that can
interact with thrombin’s anion-binding exosite and
facilitate receptor cleavage.36,37,38,39 Kinetic studies in
human platelets suggest that thrombin signals first
through PAR1 and subsequently through PAR4.40,41

Peptide agonists for either PAR1 or PAR4 cause
human platelet aggregation and secretion. Conversely,
simultaneous inhibition of human PAR1 and PAR4
abolishes responses to thrombin,42 as does deletion of
the gene encoding PAR4 in mice.43 Thus, PAR family
members are both necessary and sufficient for platelet
activation by thrombin (Fig. 3.4). Abundant evidence
shows that PAR1 and PAR4 are coupled to Gq and G13.
However, a requirement for PAR family members does
not preclude the involvement of other participants,
including GP Ib. GP Ibα has a high affinity thrombin
binding site located within residues 268 to 287.44 Dele-
tion or blockade of this site reduces platelet responses
to thrombin, particularly at low thrombin concentra-
tions,45,46,47,48,49 and has been shown to impair PAR1
cleavage on human platelets.48

Epinephrine: potentiator of other agonists
Compared to thrombin, epinephrine is a weak acti-
vator of human platelets when added on its own.
Nonetheless, there are reports of human families
in which a mild bleeding disorder is associated
with impaired epinephrine-induced aggregation and
reduced numbers of catecholamine receptors.50,51

Platelet responses to epinephrine are mediated by
α2A-adrenergic receptors. In both mice and humans,
epinephrine is able to potentiate the effects of other
agonists so that the combination is a stronger stimu-
lus for platelet activation than either agonist alone.
Potentiation is usually attributed to the ability of
epinephrine to inhibit cAMP formation, but as already
discussed, there are clearly other effects mediated by
Gi family members. In contrast to other platelet ago-
nists, epinephrine has no detectable direct effect on
phospholipase C and does not cause shape change,
although it can trigger phosphoinositide hydroly-
sis indirectly by stimulating TxA2 formation.52 These
effects of epinephrine are mediated by Gz.14,20,53
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Thromboxane A2: twin receptor(s) coupled
to Gq and G12/13

TxA2 is produced from arachidonate in platelets by
the aspirin-sensitive cyclooxygenase-1 (COX-1) path-
way (Fig. 3.2). When added to platelets in vitro, throm-
boxane analogs such as U46619 cause shape change,
aggregation, secretion, phosphoinositide hydrolysis,
protein phosphorylation, and an increase in cytosolic
Ca2+ while having little if any direct effect on cAMP for-
mation. Once formed, TxA2 can diffuse outward and
activate other platelets, amplifying the initial stimulus
for platelet activation (Fig. 3.1B). This process is lim-
ited by the short half-life of TxA2, helping to confine
the spread of platelet activation to the original area of
injury. Only one gene encodes TxA2 receptors, but two
splice variants (TPα and TPβ) are produced that dif-
fer in their cytoplasmic tails. Human platelets express
both.54 TxA2 receptors interact with Gq and G13, but
not Gi. TP−/− mice have a prolonged bleeding time.
Their platelets are unable to aggregate in response to
TxA2 agonists and show delayed aggregation with col-
lagen, presumably reflecting the role of TxA2 in platelet
responses to collagen.55 A group of Japanese patients
with impaired platelet responses to TxA2 analogs have
proved to be either homozygous or heterozygous for an
R60L substitution in the first cytoplasmic loop of TP.56

However, the most compelling case for the contribu-
tion of TxA2 signaling in human platelets comes from
the successful use of aspirin as an antiplatelet agent.
When added to platelets in vitro, aspirin abolishes
TxA2 generation and impairs responses to thrombin
and ADP.

Stage III: Perpetuation (stabilization)
of the platelet plug

Signaling from collagen receptors and G protein–
coupled receptors is responsible for the initiation
and the extension of the platelet plug, but additional
signaling and adhesive events affect the continued
growth and stability of the platelet mass once it begins
to form (Fig. 3.1C). These events are facilitated and
in some cases made possible by the close contacts
between platelets that can occur only after platelet
aggregation has begun. Electron micrographs show
the close proximity of the plasma membranes of adja-
cent platelets within an aggregate but do not show
the adherens and tight junctions typical of contacts

between endothelial cells. Estimates of the size of the
gaps between platelets range from 0 to 50 nm, making
it possible for molecules on the surface of one platelet
to bind to those on an adjacent platelet. This can be a
direct interaction, as when one cell adhesion molecule
binds to another or when a membrane-bound ligand
binds to a cell surface receptor in trans. It can also be
an indirect interaction, such as occurs when multiva-
lent adhesive proteins link activatedαIIbβ3 on adjacent
platelets. In either case, these interactions can theoret-
ically provide both an additional adhesive force and a
secondary source of intracellular signaling. The nar-
rowness of the gap between platelets can also serve to
restrict the inward diffusion of molecules such as plas-
min and the outward diffusion of platelet activators,
allowing higher local concentrations to be reached and
maintained.57

Integrins, adhesion, and outside-in signaling
Activated αIIbβ3 bound to fibrinogen, fibrin, or VWF
provides the dominant cohesive strength that holds
platelet aggregates together. “Outside-in signaling”
refers to the intracellular signaling events that occur
downstream of activated integrins once ligand bind-
ing has occurred.58 Integrin signaling depends in
large part on the formation of protein complexes
that link to the integrin cytoplasmic domain. Some
of the protein-protein interactions that involve the
cytoplasmic domains of αIIbβ3 help regulate inte-
grin activation; others participate in outside-in sig-
naling and clot retraction. Proteins capable of binding
directly to the cytoplasmic domains of αIIbβ3 include
β3-endonexin, CIB1, talin, myosin, Shc, and the tyro-
sine kinases Src and Syk. Talin binding is thought
to be one of the final events in the allosteric reg-
ulation of integrin activation.59 Some interactions
require the phosphorylation of tyrosine residues Y773
and Y785 (Y747 and Y759 in mice) in the β3 cyto-
plasmic domain by Src family members. Substitution
of phenylalanine for these tyrosines produces mice
whose platelets tend to disaggregate and which show
impaired clot retraction and a tendency to rebleed
from tail-bleeding-time sites.60 Fibrinogen binding to
the extracellular domain of activated αIIbβ3 stimulates
a rapid increase in the activity of Src family members
and Syk. Studies of platelets from mice lacking these
kinases suggest that these events are required for the
initiation of outside-in signaling and for full platelet
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spreading, irreversible aggregation, and clot retrac-
tion.

Other adhesion molecules
Integrins are not the only adhesion and signaling
molecules found at the interface between platelets.
Some of these molecules have been known for some
time but have newly assigned functions in platelets
that appear to counter original ideas about their roles.
A better way to view them at this point is as platelet
surface molecules that can accumulate at sites of con-
tact between platelets and enter into homophilic or
heterophilic interactions in trans that modulate the
growth and stability of platelet plugs. In this context,
the term in trans refers to the binding of a molecule
on the surface of one platelet to partners on the
surface of an adjacent platelet. A good example of
this is platelet endothelial cell adhesion molecule-1
(PECAM-1; CD31). PECAM-1 is a type-1 transmem-
brane protein with six extracellular immunoglobulin
(Ig) domains.61 The most membrane-distal Ig domain
is able to support homotypic interactions in trans.
The C-terminus contains phosphorylatable tyrosine
residues capable of binding the tyrosine phosphatase,
SHP-2. Loss of PECAM-1 expression causes increased
responsiveness to collagen in vitro and increased
thrombus formation in vivo. The data are consistent
with a model in which PECAM-1 brings SHP-2 near
its substrates, including the GP VI signaling com-
plex.62,63,64 This suggests that, despite being named
as an adhesion molecule, PECAM-1 provides a braking
effect on collagen signaling and thereby helps to pre-
vent either unwarranted platelet activation or overly
exuberant growth of platelet thrombi that might oth-
erwise occlude the vessel lumen and cause ischemia.

The repertoire of molecules that can potentially
engage between platelets also includes at least four
members of the CTX family (JAM-A, JAM-C, ESAM,
and CD226) and two members of the CD2 fam-
ily (SLAM and CD84). Comparatively little is known
about the role of CTX family members in platelets,
but our recent studies on ESAM-deficient mice show
that loss of ESAM expression increases rather than
decreases thrombus growth in vivo. This suggests
that ESAM, like PECAM-1, serves a restraining role
on thrombus growth and stability.65 SLAM (signaling
lymphocytic activation molecule; CD150) and CD84
have been studied extensively in lymphocytes, but

have now been shown to be expressed in platelets
as well.66,67,68 The members of the family are type 1
membrane glycoproteins in the Ig superfamily. SLAM
and CD84 become tyrosine phosphorylated during
platelet aggregation.66 Mice lacking SLAM have a
defect in platelet aggregation in response to collagen
or a PAR4-activating peptide but a normal response
to ADP and a normal bleeding time. In a mesenteric
vascular injury model, female (but not male) SLAM−/−

mice showed a marked decrease in platelet accumu-
lation.

Receptor: ligand interactions at the
platelet:platelet interface
Direct contacts between platelets can promote sig-
naling by more than one mechanism. There are also
receptors that can interact in trans with cell-surface
ligands. One example is the family of Eph receptor
tyrosine kinases and their ligands, known as ephrins.
Ephrins are cell-surface proteins with either a gly-
cophosphatidylinositol (GPI) anchor or a transmem-
brane domain. Contact between an ephrin-expressing
cell and an Eph-expressing cell causes signaling in
both. Human platelets express EphA4, EphB1, and
their ligand, ephrinB1. Blockade of Eph/ephrin inter-
actions leads to reversible platelet aggregation at
low agonist concentrations and limits the growth of
platelet thrombi on collagen-coated surfaces under
arterial flow conditions. EphA4 colocalizes with αIIbβ3

at sites of contact between aggregated platelets. Col-
lectively, these observations suggest a model in which
the onset of aggregation brings platelets into close
proximity and allows ephrinB1 to bind to EphA4 and
EphB1. Signaling downstream of both the receptors
and the kinases then promotes further integrin acti-
vation and integrin signaling.69,70,71 A second example
of ligand/receptor interactions made possible by close
contacts between platelets is the binding of the ligand
sema4D to its receptors CD72 and plexin-B1. Sema4D
is an integral membrane protein in the semaphorin
family. Signaling downstream of CD72 and plexin-
B1 promotes platelet activation by collagen. Loss of
sema4D expression in mice inhibits platelet function
in vitro and thrombus formation in vivo.72

A somewhat different paradigm of a ligand/receptor
interaction that is facilitated by platelet–platelet con-
tacts and contributes to thrombus growth and sta-
bility is the binding of growth-arrest specific gene 6
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(Gas-6) to its receptors. In rodent platelets, Gas-6 is
found inα granules.73,74,75 Secreted Gas-6 is a ligand for
the receptor tyrosine kinases Tyro3, Axl, and Mer, all of
which are expressed on platelets. Because Tyro3 fam-
ily members have been shown to stimulate PI 3-kinase
and PLCγ , a reasonable hypothesis is that secreted
Gas-6 can bind to its receptors on the platelet sur-
face and cause signaling. Platelets from Gas-6−/− mice
were found to have an aberrant response to agonists in
which aggregation terminates prematurely.74 Platelets
from receptor-deleted mice also failed to aggregate
normally in response to agonists.76,77,78 Secretion of
Gas-6 into the spaces between platelets in a growing
thrombus would be expected to allow it to achieve
higher local concentrations and provide protection
from being washed away.

PROTEOMICS AND PLATELETS

Because the platelet transcriptome may not reflect
the full set of proteins present in MKs and delivered
into proplatelets, considerable attention has recently
focused on using proteomics to identify proteins that
may prove to be essential for platelet function or
altered in disease states.79,80,81 There are inherent lim-
its to studying the platelet proteome, one of which is
the tendency of the more abundant proteins to hide
the less abundant. Another is the difficulty of resolving
membrane proteins by 2D electrophoresis, which has
been the most common method used so far. Finally,
there are the twin issues of reproducibility and the
need for quantitative data. Mass spectrometry has
helped by greatly increasing the number of proteins
that can be correctly identified. However, the process
remains labor-intensive in both human and machine
terms.

Most recent efforts to apply proteomics to platelets
fall into two categories: those in which as much
as possible of the total platelet proteome was ana-
lyzed82,83,84,85,86,87 and those in which attention was
focused on a limited subset of proteins. A large data
set was reported by Martens et al. in 2005.86 They
used reverse-phase chromatography rather than elec-
trophoresis to separate proteins and were ultimately
able to identify 641 proteins. Analysis of the proteins by
expected location showed that the two largest groups
were cytoskeletal (19%) and nuclear (20%). Plasma
membrane and cytosolic proteins accounted for 16%
and 9%, respectively. Targeted studies have included

efforts to identify proteins secreted from activated
platelets.88,89 More than 300 secreted proteins were
identified by Coppinger et al.,89 approximately half of
which had not been reported previously in platelets.
Two studies on microparticles identified 57890 and
16991 proteins, respectively, raising interesting ques-
tions about the selectivity with which proteins are par-
titioned into microparticles. Three other studies have
looked at proteins that are phosphorylated on tyrosine
residues in resting or activated platelets.92,93,94 Col-
lectively, these studies have applied ever-improving
methodologies to platelets and have begun to ask tar-
geted questions. They offer a glimpse of what might be
accomplished in basic and applied studies–although
with the exception of a study on platelets in essential
thrombocythemia,95 little has yet been published on
the application of proteomics to platelet disorders.

FUTURE AVENUES OF RESEARCH

In summary, platelet activation is a dynamic process
with different receptor and effector pathways dom-
inant at different stages in the initiation, extension,
and perpetuation of platelet plugs. The main objec-
tive throughout normal hemostasis is to activate inte-
grin αIIbβ3 so that it can bind adhesive proteins and
then to maintain it in an active (bound) state so that
a platelet plug of the appropriate size will remain in
place long enough for healing to occur. In general, this
requires the activation of PLC- and PI3K-dependent
pathways. It also involves the suppression of inhibitory
mechanisms normally designed to prevent platelet
activation, including the formation of cAMP by adeny-
lyl cyclase. If the initial stimulus for platelet activa-
tion is the exposure of collagen, then αIIbβ3 activation
is accomplished by a process involving activation of
PLCγ . If the initial stimulus is the generation of throm-
bin, then a G protein–dependent mechanism results
in a more rapid and robust activation of PLCβ. Once
αIIbβ3 has been activated and platelet aggregation has
occurred, a third wave of signaling is facilitated by the
close contacts that form between platelets within a
hemostatic plug or thrombus. Still to be determined
are the full details of the molecular mechanisms that
lead to integrin activation and the manner in which the
volume of the hemostatic plug is optimized so that nei-
ther rebleeding nor vascular occlusion occurs. One of
the most appealing aspects of the study of platelet biol-
ogy is the regular identification of new molecules that
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TAKE-HOME MESSAGES

� Platelet activation in vivo can be part of the hemostatic response to injury or a pathologic response to drugs or

disease.
� Collagen, thrombin, and ADP are critical platelet agonists, causing granule exocytosis, activation of the integrin αIIbβ3,

and platelet aggregation.
� Once aggregation begins, the close proximity of adjacent platelets allows contact-dependent and contact-facilitated

interactions that promote growth and stability of the platelet mass.
� Achieving a hemostatic plug that is large enough to be stable but small enough to avoid vascular occlusion is the

result of tight regulation of initial intracellular signaling events and the presence of molecules on the platelet surface

that help limit the extent of platelet activation.
� Despite many studies, the molecular mechanisms of platelet activation in vivo are only partly understood. New

participants in this process are being discovered with some regulators.
� Platelet receptors and signaling events have provided useful targets for the development of antiplatelet agents,

which are in widespread clinical use. It is reasonable to expect that new discoveries in the basic science of platelets

will lead to the identification of new targets and new approaches to the manipulation of platelet behavior in vivo.

contribute to the regulation of thrombus growth and
stability, hinting that there is ever more to be learned
from the “simple” anucleate blood cell.
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INTRODUCTION

One of the regulatory mechanisms controlling the
response of excitable cells to stimuli is priming. The
term “priming” is used when the prior exposure to a
given mediator predisposes a cell to a more effective
response to a subsequent stimulus.

Priming has been described for cells as disparate as
the neutrophil1 and myocyte.2,3 The initial stimulus
(primer) transmits a message to the intracellular sig-
naling machinery that influences the cell’s response to
a subsequent challenge. This may result, for instance,
in an exaggerated inflammatory response in the case
of the neutrophil4 or in an improved tolerance to injury
for the myocyte.5,6 Neutrophil priming, by agents
like tumor necrosis factor alpha (TNF-α), lipopolysac-
charide (LPS) and granulocyte/macrophage colony-
stimulating factor (GM-CSF), causes a dramatic
increase in the capacity to induce tissue injury in
response to a subsequent stimulus. This is achieved
by the enhancement of superoxide anion generation,
degranulation and lipid mediator release.7 Whereas
different cells respond differently to priming stim-
uli, the intracellular targets appear to be similar8;
for instance, the priming of both neutrophils and
myocytes involves protein kinase C (PKC) activation
(although the PKC isoform profile is stimulus-specific
and determines the specific functional response of the
cell). Recent studies support a key role also for pro-
tein tyrosine phosphorylation and enhanced phos-
pholipase D and phosphoinositide 3-kinase-gamma
(PI3K-γ ) activation in neutrophil priming.9

Over the last few years, several physiologic sub-
stances have been identified that potentiate the
activation of platelets induced by primary agonists
without themselves eliciting platelet activation, thus
characterizing a new class of modulators of platelet

function: the platelet aggregation primers. Elucidation
of the biochemical mechanisms through which this
new class of agents acts on platelets is instrumental to
an understanding of their role in pathophysiology and
may open the way to new methods for the modulation
of platelet activation in vivo.

A vast array of platelet primers has already been
discovered. They can tentatively be classified into
the following categories: proteins, cytokines and
chemokines, hormones, ions, prostaglandins, and
miscellaneous substances (Table 4.1). This chapter
offers an overview of what is known about most of the
substances for which a priming activity on platelets
has been reported by describing their effects on in vitro
platelet function; summarizing the evidence for an in
vivo effect on platelets, mainly from observations in
genetically modified animals; and discussing the avail-
able evidence for a role in human pathophysiology.

EFFECT OF PLATELET PRIMERS
IN VITRO

Proteins

Gas6
Gas6 (encoded by growth arrest–specific gene 6) is
a vitamin K–dependent protein that displays 44%
sequence homology with anticoagulant protein S but
does not express any anticoagulant activity.10

Gas6 has been found in many cells and species,
including a prominent presence in rat, mouse, and
in human platelet α granules, from which Gas6 is
released to the extracellular milieu upon platelet acti-
vation.11,12 Receptors for Gas6 belong to the Tyr3
receptor subfamily of single transmembrane tyrosine
kinase receptors: these include Axl, Sky, and Mer.13
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Table 4.1. Classification of platelet primers

PROTEINS

Platelet-derived

Granular
� Gas6
� Clotting FVIII

Non granular
� Matrix Metalloproteinase-1 (MMP-1)
� Matrix Metalloproteinase-2 (MMP-2)
� CD40L

Not platelet-derived
� Low-density lipoproteins (LDL)

CYTOKINES/CHEMOKINES
� Vascular endothelial growth factor (VEGF)
� Thrombopoietin (TPO)
� Thymus Activation–Regulated Chemokine (TARC)
� Macrophage-Derived Chemokine (MDC)
� Stromal Cell–Derived Factor 1 (SDF1α)
� Leptin

HORMONES
� 17β-estradiol (17β-E2)
� Epinephrine
� Histamine

PROSTAGLANDINS
� Prostaglandin E2 (PGE2)

ELEMENTS
� Zinc

OTHERS
� Lipopolysaccharide (LPS)
� Foreign Substances
� Succinate

Reverse transcriptase-polymerase chain reaction indi-
cates that human and mouse platelets contain mes-
sage for all three receptors,14 suggesting that each of
these may signal in response to Gas6. Gas6 is not able
to activate full platelet responses, but it enhances (at
concentrations of around 200 ng/mL) degranulation
and aggregation of human platelets stimulated by ADP
or the PAR-1 activating peptide.14 Gas6 amplifies the
engagement of platelet integrin αIIbβ3.

Selective blockade of the Gas6 receptors Sky or Mer
with a neutralizing antibody inhibits human platelet

aggregation and degranulation, whereas treatment
with an anti-Axl antibody enhances human platelet
aggregation and secretion, probably due to stimula-
tion of platelet signaling by the antibody.15 Recep-
tor signaling in platelets may involve the messenger
proteins phosphatidilinositol 3-kinase (PI3K) and Akt,
both of which have been shown to be responsible for
mediating Gas6 mitogenic and survival activities in
NIH 3T3 fibroblasts.16

The presence of Gas6 in human platelets has been
questioned lately, whereas the presence of this protein
in the human circulation, although at subnanomolar
concentrations, has been confirmed, suggesting that
any potential platelet-specific function could be due
to Gas6 from the circulation.17 The cell source of cir-
culating plasma Gas6 is not known, but it has been
suggested that it could derive from endothelial cells,
vascular smooth muscle cells, and fibroblasts.17

Factor VIII
The blood coagulation cascade is initiated when tis-
sue factor is exposed to the blood flow following either
damage or activation of the endothelium. The blood
coagulation cascade is propagated by a series of com-
plex interactions between enzymes and cofactor pro-
teins assembled on a membrane surface. The initial
production of traces of thrombin partially activates
platelets and cleaves the procofactors factor V and
factor VIII to generate the active cofactors, factor Va
and factor VIIIa. Factor VIIIa forms a complex with
the serine protease factor IXa on a membrane surface,
provided by platelets, microparticles, and endothelial
or other cells, and activates factor X (see Chapter 5).
The lack of FVIII leads to severe bleeding symptoms,
whereas high FVIII levels appear to be associated with
venous and arterial thromboembolism.18

Some data suggest an effect of FVIII on platelet
function: porcine FVIII seemed to be able to activate
human platelets.19 Factor VIII is normally present in
concentrations of ∼100U/dL in circulating blood, but
it is also stored in theα granules of platelets,20,21 which,
upon activation, may release it, leading to high con-
centrations localized in microenviroments.

Recent work, starting from the observation that high
FVIII levels are a risk factor not only for venous but
also for arterial thrombosis,22 reported that FVIII can
act as a positive regulator of human platelet function
in TRAP-costimulated platelets.22 Platelet aggrega-
tion, expression of P-selectin, and PAC-1 binding were
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enhanced when platelets were incubated with FVIII at
concentrations of approximately 200% to 250% of the
normal plasma level and stimulated with TRAP-6 com-
pared with TRAP-6 alone. Platelet spreading on fib-
rinogen was increased too when platelets were treated
with FVIII and TRAP-6.23 The mechanism through
which FVIII enhances platelet activation has not yet
been elucidated.

Matrix metalloproteinases
Matrix metalloproteinases (MMPs) function in the
extracellular environment, where they degrade both
matrix and nonmatrix proteins.24 They play cen-
tral roles in morphogenesis, wound healing, tissue
repair, and, within the cardiovascular system, par-
ticipate in tissue remodeling in response to injury
(e.g., after myocardial infarction) and in the progres-
sion of atheromas. They are multidomain proteins
whose activities are regulated by tissue inhibitors of
metalloproteinases (TIMPs). A typical MMP consists
of a propeptide of about 80 amino acids, a catalytic
metalloproteinase domain of about 170 amino acids,
a linker peptide of variable length (also called the
hinge region), and a hemopexin (Hpx)-like domain
of about 200 amino acids. The zinc-binding motif
(HEXXHXXGXXH) in the catalytic domain and the
“cysteine switch” motif (PRCGXPD) in the propeptide
are common structural characteristics, where three
histidines in the zinc-binding motif and the cysteine in
the propeptide coordinate with the catalytic zinc
ion. This Cysteine-Zn2+ coordination keeps proMMPs
inactive by preventing a water molecule from binding
to the zinc atom, an essential step for catalysis. MMPs
are synthesized as preproenzymes. The signal peptide
is removed after enzymatic digestion by exogenous
proteinases, and proMMPs are generated.

Enzymatic activation of proMMPs requires removal
of their prodomain, which can occur through degra-
dation by other proteases, such as plasmin, by cell-
associated membrane-type MMPs (MT-MMPs), or
by other active MMPs. Alternatively, fully activated
MMPs can arise through prodomain autolysis sec-
ondary to conformational changes that reveal the cat-
alytic site. Activation of these zymogens is therefore an
important regulatory step of MMP activity.

In addition to tissue remodeling, MMPs participate
in biological reactions associated with cell signaling,25

such as the regulation of vascular reactivity,26,27 leuko-
cyte activation, and platelet function.28,29

It had previously been reported that platelets con-
tain a collagenolytic activity, that 59% of this is asso-
ciated with the plasma membrane, and that col-
lagenolytic activity increases upon platelet activation.
More recently MMP-1, MMP-2, MMP-3, MMP-9, and
MT1 (membrane type1)-MMP have been described
in platelets; of these, MMP-1, MMP-2, and MMP-9
were shown to regulate platelet aggregation: MMP-9
exerting an inhibitory activity30,31,32 and MMP-1 and
MMP-2 a priming effect.

MMP-1

Human fibroblast collagenase (MMP-1) was the first
vertebrate collagenase to be purified and cloned as
a cDNA; it is considered the prototype for all the
interstitial collagenases.33 MMP-1 is a multifunctional
molecule because it participates not only in the
turnover of collagen fibrils in the extracellular space
but also in the cleavage of a number of nonmatrix
substrates and cell-surface molecules, suggesting that
it plays a role in the regulation of cellular behav-
ior. MMP-1 was first described in platelets by Galt
and colleagues,34 who showed that resting platelets
express proMMP-1 (16.5 ± 7.2 ng/109 cells) and that
thrombin induces a rapid increase in the amount of
active MMP-1 present in platelets. Catalytically active
MMP-1 (75 ng/mL), primes platelets to aggregate in
response to submaximal concentrations of thrombin,
ADP, collagen, or arachidonic acid34; however, it does
not influence platelet shape change, intracellular cal-
cium fluxes, translocation of P-selectin (CD62P) to the
cell surface, or thromboxane synthesis. Outside-in sig-
nals delivered by MMP-1 markedly increase the num-
ber of proteins phosphorylated in platelets and clus-
ter β3 integrins to the cell periphery without altering
the conformational state of αIIbβ3. MMP-1 may tar-
get β3 integrins to areas of cell contacts by modifying
cytoskeletal responses within the cell.34

The concentrations of MMP-1 able to potentiate
agonist-induced platelet aggregation are relatively
high (75 ng/mL), far above the physiologic MMP-1
plasma concentration (normal range: 2 to 5 ng/mL).35

The real importance of MMP-1 in the regulation of
platelet function in vivo requires further investigation.

MMP-2

Gelatinase A, or MMP-2, is the most abundant MMP,
constitutively expressed in a latent form by many cells
of mesenchymal origin. MMP-2 is unique because,
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Figure 4.1 Platelets release MMP-2 and respond to MMP-2

with enhanced aggregation. (A.) Detection, by zymography,

of MMP-2 released from human platelets stimulatd with

thrombin. (B.) Priming effect of MMP-2 on agonists-induced

platelet aggregation. Representative aggregation curves in

response to a subthreshold dose of thrombin. Platelets were

preincubated with buffer or 0.5 ng/mL of active MMP-2 two

minutes before.

unlike other MMPs, its proform is not enzymatically
activated by exogenous proteinases; rather, it is syn-
thesized as a 72-kDa proenzyme and then proteolyti-
cally processed to the 62-kDa active form on the cell
surface only by membrane-type MMPs (MT-MMPs).36

Active MMP-2 recognizes as substrates gelatin, elastin,
fibronectin, and laminin-1. The ability of gelatinase A
to hydrolyze elastin is especially relevant to its effects
on the vasculature, where elastin is an important struc-
tural component of the subendothelium of medium-
size and large arteries; several experimental studies
have shown a role of MMP-2 in the morphologic
changes associated with atherosclerosis and resteno-
sis with aneurysmal arterial dilation, and plaque rup-
ture.37

MMP-2 is contained in resting human platelets,
randomly distributed in the platelet cytosol with-
out detectable association with platelet granules, and
then translocated to the extracellular space during
platelet aggregation (Fig. 4.1A).38,39 Active MMP-2, but
not its proenzyme, amplifies the platelet aggregation
response38,40 to a range of agonists acting on differ-

ent receptors, such as U46619 (TxA2/PGH2 receptor
agonist), ADP, and agonists acting directly on intra-
cellular signal transduction pathways, such as PMA (a
PKC activator) or the calcium ionophore A23187, thus
suggesting that the proaggregatory effect is exerted on
a signaling system common to different agonists (Fig.
4.1B). A functional potentiation of the activity of PI3K
by MMP-2 was indeed demonstrated.40 The concen-
trations exerting this priming activity (0.1 to 50 ng/mL)
are in the range of those detected in the supernatant
of activated platelets (4.2 to 9.3 ng/108 platelets).40

The potentation of platelet activation by MMP-2
may also be involved in platelet-mediated tumor
metastasis (see Chapter 19) because it has been
reported that some cancer cells aggregate platelets by
releasing MMP-2.41

The target of MMP-2 on platelets has not yet been
identified, but there is evidence that MMP-2 regulates
the interaction between fibrinogen and its receptor42

as well as between glycoprotein Ib and von Willebrand
factor (VWF),43 suggesting that MMP-2 may directly
modify cell-surface integrins.

The demonstration that MMP-2 acts on a very basic
biochemical mechanism regulating platelet responses
to stimuli, such as PI3K, the fact that this activity takes
place at concentrations of MMP-2 found in the super-
natant of aggregated platelets, and the observation
that MMP-2 is released by platelets in vivo in humans
at a localized site of vessel wall damage37,44 suggest
that MMP-2 may play a physiologic role in the regu-
lation of the platelet responses to stimuli; moreover,
MMP-2–induced platelet potentiation was shown to
be resistant to inhibition by aspirin or by ADP recep-
tor antagonists,44 suggesting that MMP-2 may play a
role in aspirin- or thienopyridines-insensitive throm-
bus formation and that this novel pathway may rep-
resent a potential target for pharmacologic regulation
of platelet function.

Soluble CD40 ligand (sCD40L)
CD40L is a 48-kDa transmembrane protein belong-
ing to the tumor necrosis factor (TNF) superfam-
ily, which is mainly expressed on activated CD4+ T
cells.45 The interaction of CD40L on T cells with its
receptor CD40 on B cells is of paramount importance
for the development and function of the humoral
immune system. CD40L is expressed on a variety of
cells, including monocytes, macrophages, dendritic
cells, mast cells, basophils, eosinophils, B cells, and

56



CHAPTER 4: Platelet Priming

also platelets,46,47,48 suggesting that CD40L has a
function broader than immune response in vivo.
Platelet activation leads to translocation of CD40L
from the cytoplasm49 to the platelet membrane sur-
face, where it is detectable as a trimeric, membrane-
bound, form. CD40L expressed on activated platelets
is involved in the initiation of an inflammatory
response at the vessel wall, with the induction of the
expression of adhesion molecules and the secretion of
chemokines by vascular endothelial cells (see Chap-
ters 7, 16, and 17).50 The list of biological activities
of CD40L was recently extended to the induction of
platelet activation and thrombus formation.51

Membrane-bound CD40L on platelet plasma mem-
brane is then cleaved to a soluble 18-kDa form
(sCD40L) upon platelet stimulation (∼5 ng/mL with
thrombin 0.2 U/mL):52 it is estimated that more
than 95% of circulating sCD40L is derived from
platelets.53

sCD40L causes platelet CD62P expression, the
release of alpha and dense granules, and the classic
morphologic changes associated with platelet acti-
vation. CD40 ligation also causes β3 integrin activa-
tion, although this is not accompanied by platelet
aggregation; thus it has been suggested that sCD40L
activates platelets through αIIbβ3-dependent outside-
in signaling.52,53 Recent data demonstrate the ability
of rsCD40L to induce Akt activation and p38-mitogen
activated protein kinase (p38 MAPK) phosphorylation
in unstimulated and stimulated platelets.54

Some authors have suggested that sCD40L is a lig-
and for glycoprotein (GP) IIb/IIIa, inducing platelet
stimulation; on the other hand, others have suggested
that sCD40L may activate platelets through the liga-
tion with the transmembrane signaling protein CD40,
constitutively expressed by platelets.55

sCD40L acts as a primer: recombinant sCD40L
(10 to 1 μg/mL) enhances platelet P-selectin expres-
sion, platelet aggregation, and platelet–neutrophil and
platelet-monocyte conjugate formation after stimu-
lation with ADP; it also enhances integrin-mediated
platelet aggregation at high shear rate.55 It is unclear
whether both the transmembrane and the soluble
forms of CD40L are active in promoting platelet activa-
tion. Notably, the platelet-shed CD40L seems to lose its
endothelial activating potential.56 It is therefore con-
ceivable that cleavage of platelet CD40L reduces its
proinflammatory activity while retaining or perhaps
even increasing its prothrombotic effect.

sCD40L is released in vivo in thrombotic conditions,
attaining concentrations approaching 5 to 10 ng/mL
in the systemic circulation.54 The concentration of
sCD40L required to induce platelet stimulation (100
ng/mL to 1 μg/mL) is 50 to 100 times higher than these
values.

Thus, it remain to be established whether the effects
of sCD40L on platelet activation in vitro may take
place in vivo. Moreover although several studies have
demonstrated thrombotic and inflammatory effects
of recombinant trimeric sCD40L, the effects of natural
sCD40L have been questioned. It is conceivable that
high concentrations of sCD40L can be attained at the
level of a ruptured atherosclerotic plaque, even if this
is not reflected in the concentration of sCD40L in the
circulation.57

Low-density lipoproteins (LDLs)
Native low-density lipoproteins (nLDLs) are mild
activators of platelets via both TxA2-dependent and
TxA2-independent pathways.58,59,60 At physiologic
concentrations (0.6 to 0.9 g/L), nLDLs increase the
sensitivity of platelets to thrombin, collagen, and
ADP but fail to independently induce platelet activa-
tion.58,60,61 LDLs also enhance α-thrombin–induced
serotonin secretion from and fibrinogen binding to
platelets.58

At higher concentrations (3 g/L, similar to those
observed in patients with hyperlipidemia,62 espe-
cially in homozygous familial hypercholesterolemia63)
nLDLs become independent initiators of platelet acti-
vation, triggering aggregation and secretion.64 Acti-
vation is mediated via a specific LDL receptor: the
apolipoprotein E receptor 2′ (apoER2′).65,66

nLDL-induced platelet sensitization is mediated via
the activation of p38MAPK, which triggers cytoso-
lic phospholipaseA2 (cPLA2)-mediated AA release and
TxA2 formation67 and, by phosphorylation of plek-
strin, the 47- kDa substrate of PKC.68

The ability of LDLs to function as platelet activa-
tors increases upon oxidation. In response to ago-
nists, LDLs oxidized by CuSO4 or by hypochlorous
acid (HOCl-LDL) facilitate platelet aggregation and
P-selectin exposure at concentrations much lower
than those of nLDLs (1 to 40 μg/mL).69,70,71,72,73

These observations may be relevant pathophysiolog-
ically because hypochlorous acid is a natural oxi-
dant, and hypochlorite-modified proteins are found
in atherosclerotic plaques.72 Indeed, plasma levels of
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oxLDL are higher in patients with coronary artery
disease compared with normal subjects (31.1 ± 11.9
mg/L vs. 13.0 ± 8.8 mg/L),62 and atherosclerotic
lesions are especially rich in these lipoproteins.72

The platelet-activating properties of oxLDL have
been attributed to lysophosphatidic acid (LPA), gener-
ated during oxidation.74 LPA is present in plasma at a
concentration of 0.5 to 1.0 μmol/L and accumulates in
atherosclerotic plaques at 10 to 49 pmol/mg of tissue,
compared with 1.2 to 2.8 pmol/mg of normal arterial
tissue.75

Interestingly, the platelet-activating properties of
oxLDL depend on the degree of oxidation: between
0% and 15% oxidation, LDLs sensitize platelets to
TRAP-induced fibrinogen binding and aggregation by
a process mediated by p38MAPK; at >15% oxidation,
p38MAPK signaling increases further and is accompa-
nied by the rapid activation of Ca2+ mobilization; at
>30% oxidation, platelet sensitization via p38MAPK is
abolished and oxLDL inhibits TRAP-induced aggrega-
tion and secretion.73

CYTOKINES

Vascular endothelial growth factor (VEGF)
VEGF is a cytokine that regulates the proliferation, dif-
ferentiation, and survival of microvascular endothelial
cells.76,77 Four molecular isoforms of VEGF of different
length – 121, 165, 189, and 206 amino acids – have been
identified.78 VEGF121 and VEGF165 are secreted by
various malignant and nonmalignant cells, including
peripheral mononuclear blood cells.79 Recently, large
quantities of different VEGF isoforms were detected
in human megakaryocytes (MKs) and platelets,80 and
the stimulation of human platelets with thrombin
resulted in the release of large amounts of VEGF121
and VEGF165 (∼40 pg/mL),80 together with β-TG, sug-
gesting that VEGF resides in the alpha granules of
platelets.81

Functional VEGF receptors belonging to the PDGF
receptor family (fms-like tyrosine kinase-1, Flt-1 and
kinase-insert domain region, KDR), are present on
human blood platelets.82 VEGF itself does not cause
platelet aggregation, but the addition of it at a rel-
atively high concentration (250 ng/mL) to SFRLLN-
or thrombin-stimulated platelets potentiated platelet
aggregation. Also thrombin-induced PI3K and MAPK
activation were enhanced in the presence of VEGF.82

These studies suggest that, in addition to its major role
as an angiogenic factor, platelet-secreted VEGF may
function as a positive feedback regulator of platelet
activation.82 Indeed, activated platelets release large
quantities of VEGF in vivo in humans at the site of vas-
cular injury (∼60 pg/mL), and it is conceivable that
this cytokine, reaching localized high levels, besides
its proangiogenic effect, may contribute to the regula-
tion of in vivo platelet activation.83

Moreover, gelatinase A (MMP-2) has been reported
to increase VEGF release from platelets, suggest-
ing that in vascular injury and thrombosis, VEGF is
released at the time of platelet aggregation and may
synergize with gelatinase A84 inducing both the migra-
tion of endothelial cells and angiogenesis and priming
of platelet activation.

Thrombopoietin (TPO)
TPO was described in 1994 as a growth and develop-
mental factor for the platelet precursor cell, the MK
(see Chapter 1).85 The cellular receptor for TPO is c-
mpl, a transmembrane receptor with close homology
to the erythropoietin receptor. Expression of c-mpl
is restricted to hematopoietic progenitor cells, MKs,
platelets, neutrophils, and endothelial cells.86

TPO is contained in human platelets, not in the
common platelet protein compartment, the alpha
granules, but localized within the surface connected
canalicular system and the cytoplasm.87

TPO, releasable by thrombin stimulation (∼35
pg/mL)87, does not induce platelet aggregation or
shape change, but it primes platelets to activation
by a variety of stimuli, including thrombin, ADP,
collagen, adrenaline, serotonin, and vasopressin.88,89

Thrombin-induced P-selectin expression and loss
of GPIb from the platelet surface are also signifi-
cantly increased by pretreatment of platelets with
TPO. Platelet-PMN aggregates formation induced by
thrombin in whole blood is augmented too.90 Shear-
induced platelet aggregation was also enhanced by
pretreatment of platelets with TPO.88

The amplification of platelet activation by TPO is not
affected by aspirin, whereas it is inhibited by a soluble
form of the TPO receptor, suggesting that the prim-
ing activity does not require thromboxane production
and is mediated by the specific TPO receptor.88 The
potentiating activity of TPO on platelets is mediated
by the activation of PI3K.91
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Table 4.2. Chemokines and platelets

Systematic name

Original ligand

name

Present in human

platelets

Receptor present

on platelet

Effect on platelet

aggregation

CXCL1 GRO-α YES CXCR2 NO

CXCL4 PF4 YES CXCR3B/PG NO

CXCL4L1 PF4alt YES ND ND

CXCL5 ENA-78 YES CXCR2 NO

CXCL7 and

precursors

PBP, β-TG,

CTAPIII,

AP-2

YES CXCR2 NO

CXCL8 IL-8 YES CXCR1/CXCR2 NO

CXCL12 SDF-1α NO CXCR4 YES

CCL2 MCP-1 YES CCR2 NO

CCL3 MIP-1α YES CCR1/CCR2/CCR3 NO

CCL5 RANTES YES CCR1/CCR3/CCR5 NO

CCL7 MCP-3 YES CCR1/CCR2/CCR3 NO

CCL17 TARC YES CCR4/CCR8 YES

CCL22 MDC NO CCR4 YES

ND indicates not determined

In bold: receptors present in platelet membrane.

TPO enhances platelet aggregation in a dose-
dependent fashion, in the range between 1 and 100
ng/mL; serum levels of TPO may reach 10 ng/mL in
thrombocytopenic patients; thus, the concentration of
TPO exerting a priming effect in vitro can be achieved
in vivo in pathologic conditions.

The priming effect of TPO is detected with platelets
of various mammalian species, including mice.

Chemokines
Chemokines are small cytokines that act as important
intermediates in the inflammatory response, having
the ability to attract and activate leukocytes.92 The
chemokines fall into two major families: the CXC (or
α-chemokines) and the CC (or β-chemokines). The
designation CC indicates that the first two of four
conserved cysteine residues are immediately adja-
cent to each other; in CXC, there is an interven-
ing additional amino acid residue between the first
two cysteine residues. Membrane receptors for these
chemokines are members of the G protein–coupled
receptor family and have been designated CCR and
CXCR, depending on the family of chemokines to

which they bind. Some receptors bind to multiple
related chemokines, while others, like CXCR4, bind
a single ligand, in this case SDF-1α.93 Besides their
primary role in inflammation, chemokines have bio-
logical activities related to platelets94: platelet fac-
tor 4 (PF4) and other chemokines – among which
are IL-8, MIP-1α, and MIP-1β – inhibit megakary-
opoiesis (see Chapter 1).95 Indeed, maturing MKs
express CXCR1 and CXCR2.96 Other chemokine recep-
tors are expressed on hematopoietic cells, like CXCR4,
which is present on CD34+ cells, MKs, and platelets.96

Beside CXCR4, platelets express CCR1, CCR3, and
CCR4.97 Platelets also contain chemokines, such as
RANTES, MIP-1, and TARC, stored in alpha gran-
ules and released upon platelet activation98; mouse
platelets, but not human platelets, also secrete SDF-
1α.99 The release of chemokines from platelets can
be stimulated by platelet agonists, such as thrombin,
but also by CD40L-bearing T cells acting on the CD40
expressed on platelets or by oxidized LDL.100

Some chemokines activate platelets (Table 4.2).
Macrophage-derived chemokine (MDC), TARC, and
SDF-1α are weak agonists that stimulate platelet
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aggregation and adhesion. Concentrations of ADP
or thrombin that induced only minimal aggrega-
tion caused major aggregation in combination with
these chemokines. Chemokine-stimulated aggrega-
tion was stringly dependent on the presence of
ADP, because pretreatment of platelets with apyrase
prevented platelet aggregation induced by these
chemokines.101 Chemokine-induced platelet poten-
tation is also insensitive to indomethacin, suggesting
that the activation of cyclooxygenase is not involved.

MDC and TARC are equiactive in their ability to
stimulate platelets, while SDF-1α is approximately
four times less potent; furthermore, SDF-1α and MDC
could markedly potentiate each other’s response in
washed platelets.102 However, these two weak ago-
nists did not appear to activate platelets in an iden-
tical fashion. MDC but not SDF-1α induced intra-
cellular Ca2+ mobilization in Fura-2–loaded washed
platelets, thereby supporting an important PLC-
dependent pathway. SDF-1α but not MDC reduced
prostaglandin-stimulated cAMP levels in washed
platelets. This suggests that the SDF-1α and MDC
receptors are coupled to distinct G proteins and trig-
ger different signal transduction pathways: the SDF-1α

receptor CXCR4 links to the Gαi protein and inhibits
adenylyl cyclase activity, while the MDC receptor
CCR4 is coupled to a different G protein, perhaps
Gαq, and leads to mobilization of Ca2+ from intracel-
lular stores.102 SDF-1α is upregulated in neointimal
SMCs, which become luminally exposed after arterial
injury,103 suggesting a potential role of this chemokine
in the formation of platelet-rich thrombi after plaque
disruption.104

Other chemokines – such as IL-8, neurotrophil
activating peptide-2 (NAP-2/CXCL7), epithelial neu-
rotrophil activating peptide-78 (ENA-78/CXCL5),
RANTES, MIP-1, and MCP-3 – fail to stimulate platelet
aggregation.105 However, preincubation of platelets
with RANTES inhibited the promoting effect of SDF-1α

on platelet aggregation and adhesion, whereas it did
not affect aggregation induced by TRAP, ADP, or PMA,
suggesting a specific effect of RANTES on the SDF-1α

activation pathway.106

Leptin
Leptin, the ob gene product, is a 167–amino acid pro-
tein107,108 synthesized and released by adipose tis-
sue that informs the brain of the level of body fat.
Besides this activity, however, it is now clear that lep-

tin influences a variety of physiologic and pathologic
processes, including angiogenesis108 and atherogene-
sis.109

The leptin receptor (Ob-R) is a member of the class
1 cytokine receptor family110 recently shown to be
expressed in hemopoietic cells, where it regulates the
proliferation and differentiation of hemopoietic pre-
cursors. 111

Ob-R is also expressed in platelets and leptin
has been reported to potentiate the aggregation of
platelets in response to various agonists.112 Whereas
leptin alone had no different effect on human platelets,
it potentiated aggregation induced by low concen-
trations of ADP, collagen, and epinephrine. How-
ever, the platelet response to leptin varied signifi-
cantly between different healthy donors, with some
donors (approximately 40%) consistently responding
with an increased aggregation (responders) and oth-
ers (approximately 60%) never responding to it (non-
responders). Leptin responsiveness did not correlate
with age or gender and did not appear to be deter-
mined by the presence or absence of specific isoforms
of its receptor. Preliminary observations suggest that
differences in the number of receptors, and possibly in
their affinity for the ligand, may determine, at least in
part, platelet responsiveness to leptin. It is likely that
differences in additional platelet components (e.g.,
downstream intracellular signaling molecules) may
also contribute to platelet responsiveness to leptin.112

The potentiating effect of leptin on human platelet
aggregation is mediated by the binding to the long sig-
naling form of its receptor (LEPRL) on platelets. Leptin
promotes platelet activation at least in part by trigger-
ing a signaling cascade that includes Janus kinase 2
(JAK2), PI3K, protein kinase B (PKB), insulin recep-
tor substrate-1 (IRS-1), and phosphodiesterase 3A
(PDE3A) and by inducing a significant concentration-
and time-dependent increase in tyrosine phosphory-
lation.113

Activation of this pathway ultimately leads to
PDE3A activation, thus increasing cAMP hydrolysis
and thereby attenuating the platelet inhibitory actions
of cAMP.114

The concentrations of leptin able to potentiate
agonist-induced platelet aggregation are relatively
high (50 to 100 ng/mL), corresponding to those found
in the circulation of obese individuals.

At lower concentrations (<10 ng/mL), those within
the physiologic range in the circulation of normal
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lean individuals, leptin failed to potentiate agonist-
induced platelet aggregation.

In contrast with leptin, adiponectin, a circulat-
ing adipocyte-derived peptide decreased in obesity,
and ghrelin, a growth hormone (GH)-releasing pep-
tide hormone regulating appetite, do not affect either
aggregation or adhesion of platelets, even at supra-
physiologic concentrations.115

Hormones

Estrogens
Steroid hormones bind to nuclear receptors and reg-
ulate a number of biological processes, including
morphogenesis, cell proliferation, differentiation, and
apoptosis.116 It has recently been reported that, in
addition to these classic actions, steroid hormones
can also induce rapid, nongenomic effects in different
cells, including platelets.117 Human platelets express
an estrogen receptor, a glycosylated form of ERβ, local-
ized at the membrane.118

17β-estradiol (17β-E2, 100 nM) exerts a priming
effect on thrombin-stimulated platelet aggregation.
In human platelets, 17β-E2 promotes protein tyro-
sine phosphorylation and orchestrates, upon estro-
gen receptor β3 engagement, the assembly of a sig-
naling pathway that includes tyrosine kinases, Src,
Pyk2, and PI3 K,119 finally leading to the potentation
of thrombin-induced integrin αIIbβ3 activation. Mem-
brane lipid rafts, critical cholesterol-enriched mem-
brane domains, are essential for 17β-E2-dependent
potentiation of platelet aggregation and for 17β-E2-
induced phosphorylation of Src.120 Estrogens induce
a rapid but transient translocation of the membrane-
associated ERβ into hydrophobic microdomains of the
platelet membrane, possibly by causing a conforma-
tional change of ERβ that promotes its selective reloca-
tion within rafts. This event, in turn, induces the rapid
and transient recruitment and activation of the tyro-
sine kinases Src and Pyk2 within the membrane raft
domains.120

Epinephrine
A lively debate has been going on for some decades on
whether or not epinephrine is a full agonist of platelet
activation. Epinephrine (1 to 100 μM) can aggre-
gate human platelets suspended in citrated plasma,
but it does not induce the aggregation of washed
human platelets resuspended in a medium contain-

ing physiologic Ca2+ concentrations at doses as high
as 1 mM.121

Several studies instead have shown that epinephrine
potentiates the induction of aggregation, secre-
tion, fibrinogen binding, or protein phosphorylation
by all types of platelet agonists.121,122 Epinephrine
(0.5 μM) enhances the ADP-induced increase of
Ca2+-influx and Ca2+-mobilization from intracellular
stores. The potentiation of cytosolic Ca2+-elevation by
epinephrine leads to stimulation of myosin light-chain
phosphorylation and PKC activation and ultimately to
enhanced platelet aggregation.123,124

The mechanism underlying the potentiating effects
of epinephrine is not yet fully unraveled, but it is
regarded to be upstream of, or including, the activa-
tion of PLC.124 Over the last decade, it has, however,
become apparent that many agonists activate PI3K
in platelets by mechanisms not involving PLC or
mobilization of Ca2+: a recent work125 has shown
the involvement of PI3K in platelet potentation by
epinephrine, as demonstrated by a strong synergistic
effect on thrombin- and SFRLLN-induced PtdIns(3,4)
P2 production.

The potentiation of agonist-induced aggregation
and dense-granule secretion by epinephrine is an
alpha 2–adrenergic receptor–mediated phenomenon,
which is inhibited by alpha 2–adrenergic antago-
nists.122

The activated alpha 2–adrenergic receptor con-
tributes to platelet activation through Gz, a G protein
belonging to the Gi family.126

Histamine
Histamine is a mediator playing a major role in
inflammation; it is located in basophils and mast cells,
which are distributed throughout the body.127 His-
tamine increases vascular permeability; it is also a
powerful coronary vasoconstrictor128 and is also able
to modulate the activity of inflammatory cells such as
neutrophils, monocytes, and eosinophils. It induces
proinflammatory cytokine production from endothe-
lial cells,129 upregulates P-selectin on the endothelial
cell surface,130,131 and is able to induce intimal thick-
ening in a mouse model of thrombosis.132

Histamine is also present in human platelets (72.5
pmol/109 platelets)133 and histamine H1 receptors
are present on platelets, coupled to both Gq and
Gi proteins.134 Platelet stimulation with collagen,
PMA, thrombin, or A23187 induces the synthesis of
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histamine from histidine and its release from platelets
(∼22 pmol/109 platelets). Histamine alone (up to
10 μM) does not promote platelet aggregation, but
it can potentiate the aggregatory response to several
agonists including epinephrine, ADP, and thrombin
in a concentration-dependent fashion.135,136,137 The
simultaneous addition of low concentration of his-
tamine (1 to 2 μM) and epinephrine exhibits a syner-
gistic effect: this synergism is receptor-mediated and
involves activation of PLC, cyclooxygenase, and the
MAP kinase signaling pathway.137

Interestingly, the concentration of histamine in
platelets of patients at high risk for ischemic cardio-
vascular events, such as those with peripheral vascu-
lar disase, is significantly greater than that in healthy
volunteers, suggesting that the higher release of this
amine at sites of vascular endothelial damage may be
associated with thrombus formation.

Prostaglandins

Prostaglandin E2

Arachidonic acid metabolism plays a central role in
the regulation of the functional response of platelets
to a variety of stimuli (see Chapter 3). Once liberated
from membrane phospholipids by phospholipase A2,
arachidonate undergoes further metabolism either
through the 12-lipoxygenase or through the cyclooxy-
genase [prostaglandin G (PGG2)/PGH2-synthase]
pathway.138,139 The main products of cyclooxygenase
are the PG endoperoxides (PGG2 and PGH2), which
are transformed into TxA2 by Tx-synthase. Minor
amounts of the PG endoperoxides are also trans-
formed by specific isomerases into PGD2, PGF2α , and
PGE2.139 TxA2, PG endoperoxides, PGE2, and PGD2

influence platelet function by acting on specific high-
affinity G protein–associated membrane receptors
(TP, EP, and DP).139,140,141 PGE2 binds with similar
affinity to four receptors: EP1, EP2, EP3, and EP4139,
each present in several isoforms. Platelets express at
least two EP receptors, EP4 and EP3, the latter in at least
six isoforms.142 Of the main arachidonate metabo-
lites in platelets, PG endoperoxides and TxA2 are full
platelet agonists143; PGD2 stimulates adenylyl cyclase
and thus suppresses platelet function, whereas PGF2α

appears to be inactive except at high supraphysiologic
concentrations.143 PGE2 does not induce platelet acti-
vation by itself, but it can modulate aggregation when
platelets have been previously challenged by an ago-

nist.144,145 Indeed, low concentrations of PGE2 (5 to
500 nM) have a proaggregatory effect, whereas high
doses (50 μM) inhibit platelet aggregation by inter-
acting specifically with the IP receptor 5 that is, the
receptor for prostacyclin (see Chapter 6), which acti-
vates adenylylcyclase.

Low concentrations of PGE2 enhance aggregation
induced by subthreshold doses of the thromboxane
mimetic U46619, thrombin, ADP, and PMA without
simultaneously increasing calcium transients.

PGE2 also significantly enhances the secretion of
βTG and ATP, but it does not affect platelet shape
change. PGE2 also increases the binding of radiola-
beled fibrinogen to platelets and increases the phos-
phorylation of the P-47 protein plekstrin. The ampli-
fication of platelet aggregation by PGE2 was abol-
ished by different PKC inhibitors, indicating that PGE2

exerts its facilitating activity on platelets by priming
PKC to activation.145 In addition, PGE2 antagonizes
the intraplatelet cAMP increase induced by PGI2 and
PGD2, an effect that can also partly be explained by its
facilitating activity on PKC activation: indeed, platelet
adenylylcyclase is negatively regulated by PKC. The
effects of PGE2 on platelet activation are mediated by
the interaction with the EP3 receptor, because sul-
prostone, a PGE2 analog that binds to the platelet
surface, can reproduce the proaggregatory activity of
PGE2.145

The amounts of PGE2 normally produced by acti-
vated platelets (1 to 15 nM) are in the range of those
found to potentiate aggregation when exogenously
added.143,145,146 In addition, when the enzyme Tx-
synthase is pharmacologically blocked, the concen-
trations of PGE2 generated by stimulated platelets
increase up to 20 times, attaining levels that may cause
a more pronounced potentiation of platelet aggrega-
tion. Indeed, the failure of Tx-synthase inhibitors to
suppress arachidonate-induced aggregation in a sub-
set of normal subjects (nonresponders) depends on
a different ability to produce PGE2 or antiaggregatory
PGD2.139,146

Ions

Zinc
Zinc deficiency has been linked to a bleeding ten-
dency and to impaired wound healing in several dis-
ease states.147 Zn2+ is present in platelets148 (∼20 μM
but higher in pathologic conditions, such as renal
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failure149), distributed between the cytoplasm and the
alpha granules, and in plasma (8 to 16 μM). Although
Zn2+ alone does not induce formation of TX A2 or
intracellular calcium mobilization in platelets, zinc
ions (10 to 200 μM) potentiate ADP-induced platelet
aggregation.150,151 This activity is dependent on exter-
nal calcium and is inhibited by the zinc chelator
TPEN. The potentiating effect of Zn2+ on ADP-induced
platelet aggregation is maintained in the presence of
indomethacin, suggesting that the effect of Zn2+ is not
mediated by TX A2.151

ADP and Zn2+ exert a cooperative effect on the phos-
phorylation of pleckstrin, a substrate of protein kinase
C in platelets; it has been hypothesized that Zn2+

directly activates PKC because this phosphorylating
enzyme binds four zinc molecules and Zn2+, like cal-
cium, is able to translocate PKC from the cytosol to a
cytoskeletal fraction within platelets.152,153

On the other hand, it is known that Zn2+ is impor-
tant for the function of several proteins that may be
involved in blood platelet function, including matrix
metalloproteinases, Zyxin, a protein that plays a role
in cytoskeletal dynamics and signaling154, and Hzf, a
hematopoietic zinc-finger protein important for the
synthesis of platelet alpha granules.155

Others

Lipopolysaccharides (LPS)
Gram-negative bacteria release LPS, which activates
Toll-like receptor 4 (TLR4) in the host, initiating
the inflammatory response to infection, which is a
well-known initiator of thrombosis. TLR4 belongs
to the family of Toll-like receptors, type 1 trans-
membrane proteins characterized by an extracellu-
lar domain containing multiple leucine-rich repeats,
a single transmembrane domain, and an intracellular
Toll/interleukin-1 receptor domain.

TLR4 is present in many different cell types, includ-
ing dendritic cells, neutrophils, macrophages, epithe-
lial cells, keratinocytes, MKs, and endothelial cells.
Stimulation of TLR4 by LPS activates a signaling cas-
cade characterized by the production of proinflamma-
tory cytokines and a subsequent immune response.
The presence of TLR4 on platelets is debated: whereas
Montrucchio et al.156 did not find TLR4 on platelets,
Andonegui et al. detected different TLRs, including
TLR4, on human platelets by both flow cytometry and
immunohistochemistry.157

LPS does not directly induce platelet aggregation in
whole blood, but it does prime platelets to aggrega-
tion induced by epinephrine, ADP, and AA.156 How-
ever, it was suggested that this activity was mainly
dependent on an effect on leukocytes, especially on
monocytes, in turn acting on platelets. Others, how-
ever, have reported direct responses of platelets to cer-
tain types of LPS and to fragments of gram-negative
bacteria: meningococcal-derived membrane vesicles
significantly increased platelet aggregation, platelet
degranulation, and platelet-leukocyte aggregate for-
mation, whereas purified meningococcal or E. coli-
LPS had a similar effect but did not influence platelet
degranulation.158 Other laboratories have observed
that LPS has no direct effect on platelet activation:
LPS was unable to facilitate the activation of platelets
primed with epinephrine or pretreated with a low con-
centration of ADP or PAF.159

The in vitro effects of endotoxin on human platelets
thus remain controversial: the platelet response to dif-
ferent LPS preparations may explain the inconsistent
in vitro platelet effects attributed to endotoxin.

A reassessment of the mechanisms of platelet activa-
tion in endotoxemia is necessary to establish whether
a direct facilitating activity of LPS in this regard
may contribute to blood coagulation abnormalities in
sepsis.

Foreign substances
An emerging line of research is represented by the
study of the possible “direct” contribution of urban
pollution, especially of particulates, to cardiovascu-
lar morbidity and mortality. In particular, recent stud-
ies suggest that fine particles (diameter <2.5 μm =
PM 2.5) may trigger biological responses. These parti-
cles, and particularly the ultrafine fraction (<100 nm),
penetrate deep into the respiratory tract, translocate
into the systemic circulation, and have been shown to
directly influence platelet function.160,161

Among the different particles, unmodified particles
do not trigger platelet aggregation or alter platelet
responses to ADP; carboxylate-polystypartirene par-
ticles weakly enhance platelet aggregation (at 25 to
100 μg/mL), and amine-polystyrene particles (50 and
100 μg/mL) induce platelet aggregation themselves
and strongly increase ADP-induced aggregation.160

The presence of (ultrafine) particles in the circulation
may affect hemostasis: the observed in vivo prothrom-
botic tendency results at least in part from platelet
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activation by positively charged amine-polystyrene
particles.161

Succinate
Succinic acid is a dicarboxylic acid active in metabolic
processes. The anion succinate is a component of the
citric acid cycle and is capable of donating electrons to
the electron transfer chain via the reaction succinate
+ FAD → fumarate + FADH2. A recent work identi-
fies previously unknown transcripts encoding platelet
receptors, including the G protein–coupled succinate
receptor SUCNR1.162 Immunoblotting on platelets
confirmed the presence of the encoded protein, and
flow cytometric analysis confirmed the expression of
this receptor on the surface of platelets. 163

On their own, even high doses of succinate (1 mM)
do not cause platelet aggregation. However, in com-
bination with a suboptimal dose of ADP (1 μM), suc-
cinate produces a substantial increase of secondary
platelet aggregation.

More than two decades ago it was shown that succi-
nate could potentiate the effect of several platelet ago-
nists, including ADP, epinephrine, and the endoper-
oxide analog U46619. The fact that platelets express
a receptor for succinate may be of physiologic signif-
icance. In fact, physiologically relevant doses of suc-
cinate potentiate the effect of a low dose of ADP on
platelet aggregation. In some of the donors tested, par-
tial potentiation was seen at doses as low as 50 and
100 μM succinate; in all donors, maximal secondary
aggregation was observed between 300 and 500 μM.
The same potentiating effect of succinate was seen
when platelets were stimulated with minimally acti-
vating doses of collagen-related peptide (CRP-XL) or
TRAP-6.163 The concentration of succinate in normal
circulating plasma is between 5.7 and 90 μM,164,165

with succinate levels having been shown to increase
both during exercise (up to 125 μM)166 and in bacteri-
ally infected blood cultures (up to 5 mM).167 Succinate
is released from papillary muscles into the extracellu-
lar space in response to cardiac hypoxia and can also
induce hypertension via a SUCNR1-dependent mech-
anism.162 Although further work is necessary to clar-
ify the molecular events that mediate this response,
Huang et al.168 have reported that succinate inhibits
cAMP synthesis in platelets, an observation consistent
with signal transduction through a Gi-coupled GPCR.

The possibility of a connection between ele-
vated succinate levels, enhanced platelet activity, and

hypoxia is thus a promising avenue for future research
into the role of platelets in the pathologic conse-
quences of atherosclerosis and atherothrombosis.

EFFECT OF PLATELET PRIMERS
IN VIVO: EVIDENCE FROM
ANIMAL STUDIES

A great deal of the knowledge about the role of platelets
in hemostasis, thrombosis, and inflammation has
been derived from animal studies. During the last
two decades, the availability of genetically modified
mouse strains and the development of sophisticated
animal models of human diseases has allowed us to
gain deeper insights into the role of platelets in phys-
iology and pathology and in particular in hemostasis,
arterial thrombosis, atherosclerosis, and inflamma-
tion.169 Among the model organisms, the mouse offers
particular advantages for the study of human biology
and disease: the mouse is a mammal, and its develop-
ment, body plan, physiology, behavior, and diseases
have much in common with those of humans; almost
all (99%) mouse genes have homologs in humans,
and the mouse genome supports targeted mutage-
nesis in specific genes by homologous recombina-
tion in embryonic stem cells, allowing genes to be
altered precisely.170 Important confirmatory evidence
of the pathophysiologic role of several platelet primers
comes from the study of knockout mice.

Proteins

Gas6
Gas6−/− mice were generated to investigate the role
of Gas6 in hemostasis and thrombosis.12 Gas6−/−

platelets are normal in number and morphology,
although their function is impaired. Low concentra-
tions of a wide range of agonists failed to induce
the irreversible aggregation of platelets from Gas6−/−

mice, contrary to what observed with platelets from
wild-type animals. Secretion of dense granules, mea-
sured by ATP release, and of alpha granules, mea-
sured by P-selectin expression, were also significantly
reduced in Gas6−/− mice. Gas6−/− animals did not
suffer spontaneous bleeding and their bleeding time
was not prolonged,12 although the amount of blood
lost during the procedure was higher than in wild-
type mice.171 Gas6-deficient mice were protected from
venous and arterial thrombosis: the size of thrombi
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formed after ligation of the caval vein or after photo-
chemical denudation of the carotid artery was smaller
than in wild-type mice, on average 85% smaller in
the venous stasis model and 60% smaller in the arte-
rial thrombosis model.12 Platelet dysfunction and the
thrombotic defect in Gas6−/− mice were completely
restored by the administration of recombinant murine
Gas6.12

Mice lacking each of the Gas6 receptors (Tyro3, Axl,
Mer) have also been generated (Gas6-Rs−/−).171 These
Gas6-Rs−/−mice are phenocopies of the Gas6−/−

mice. In the absence of the Gas6 receptors, low
concentrations of ADP, collagen, or U46619 induce
only reversible platelet aggregation, and the secre-
tion of alpha granules is also impaired.171 Col-
lagen plus epinephrine-induced thromboembolism
was reduced in Gas6-Rs−/− and platelet transfusion
experiments showed that the Gas6-Rs−/− antithrom-
botic phenotype was clearly platelet-mediated: fatal
pulmonary thromboembolism was observed in all
the Axl−/− mice reconstituted with wild-type platelets
but not in wild-type mice reconstituted with Axl−/−

platelets.171 Gas6-Rs−/− mice have a normal initial
bleeding time, but they lose more blood during the
bleeding time procedure, as seen in Gas6−/− mice.171

Given that Gas6 becomes available only after its
release from alpha granules, it is conceivable that it
does not exert its activity in the initial phases of platelet
activation but acts by prolonging platelet activation
and thus by contributing mainly to thrombus stabi-
lization.172

Matrix metalloproteinase 2 (MMP-2)
The role of MMP-2 in primary hemostasis in vivo
and in platelet-dependent thrombosis has been
evaluated by using MMP-2−/− mice. Platelets of
MMP-2−/− mice are normal for morphology and count
but show defective aggregation and P-selectin expres-
sion in response to low concentrations of agonists.173

Similarly, platelet adhesion on a collagen-coated sur-
face at high shear rate (3000 s−1) is reduced.173 Tail-
tip transection bleeding time of MMP-2−/− is signifi-
cantly longer than that of wild-type mice174, and it is
completely normalized by the intravenous adminis-
tration of pro-MMP2. The prolongation of the bleeding
time is largely dependent on the lack of platelet MMP-
2: wild-type mice rendered thrombocytopenic and
transfused with platelets from MMP-2−/− mice or nor-
mal mice transplanted with bone marrow from knock-

out mice174 showed a prolonged bleeding time. MMP-
2−/− mice have reduced platelet pulmonary throm-
boembolism upon intravenous challenge with colla-
gen plus epinephrine173 and smaller femoral arterial
thrombi upon photochemically induced endothelial
damage as compared with wild-type mice; the infu-
sion of purified pro-MMP-2 corrected the thrombotic
defect.173

In a carotid artery ligation model, MMP-2−/− mice
showed reduced intimal hyperplasia as compared with
wild-type mice,175,176 although it is not known whether
the platelet dysfunction of these knockout mice plays
a role in this (see Chapter 17).

CD40L
To better understand the role of sCD40L in in vivo
platelet function, CD40L−/− mice have been gener-
ated.52 The adhesion of platelets to collagen in a per-
fusion chamber, at high shear rate, was impaired in
CD40L−/− mice. In a model of arterial thrombosis
induced by damage with ferric chloride to the mesen-
teric arterioles, CD40L−/− mice exhibited delayed
vessel occlusion52 and frequent disruption and embo-
lization of large thrombi, an event rarely seen in wild-
type animals.52 The administration of soluble CD40L
(recombinant sCD40L) to CD40L−/− mice restored
a normal thrombotic process by stabilizing platelet
aggregates: thrombus instability was thus mainly due
to a platelet function defect of CD40L−/− mice.52,53

Cytokines

Thrombopoietin
Both mice deficient in the TPO gene177 or in its receptor
c-mpl178 have been generated. Megakaryocytes and
platelets of these knockout mice appear normal by
ultrastructural analysis,179 although they are strongly
reduced in number (85% reduction in peripheral
platelet count and in marrow and spleen megakary-
ocytes). Even with these reduced platelet counts, mice
do not bleed spontaneously. Murine platelets express
c-mpl receptor; the addition of exogenous TPO to
them, similar to observations with human platelets,
has been shown to potentiate fibrinogen binding
induced by ADP or other known agonists, an effect not
seen in c-mpl−/− platelets.179 Platelets from TPO−/−

mice up-regulate αIIbβ3 expression in response to
ADP stimulation when exogenous TPO is simulta-
neously added.179 On the contrary, the ADP-induced
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activation of platelet from c-mpl−/− mice did not differ
in the presence or absence of TPO.179 Bleeding time,
measured by the tail tip-transection method, showed
that bleeding in TPO−/− mice was three- to five-fold
increased as compared to wild-type mice.179

Leptin
Both mice lacking leptin (ob/ob mice) and mice defi-
cient in the leptin receptor (db/db mice) have been
generated. In the db/db mice, a point mutation has
inserted a stop codon into the transcript for the long
isoform of the leptin receptor (Ob-RL); the ensuing
defect in leptin signaling, despite the presence of high
leptin concentrations in the circulation, leads to severe
obesity and metabolic abnormalities indistinguish-
able from those that develop in the ob/ob mice.180

Leptin potentiated the response of platelets to ADP
or thrombin in a dose-dependent manner in ob/ob
mice,172 as it does with wild-type animals, while in
db/db mice leptin had no effect on platelet aggre-
gation. This further confirms that the leptin recep-
tor is required to mediate the effects of leptin on
platelet function and thrombosis.180 Carotid injury
was induced by FeCl3 in both ob/ob and db/db mice;
it was noted that the thrombi formed were unsta-
ble and that they rapidly embolized distally.180 As a
consequence, the time to arterial occlusion was pro-
longed in both strains as compared to wild-type mice.
Furthermore, the vascular response to FeCl3-induced
carotid artery injury was studied in ob/ob and db/db
mice kept on a normal diet or on a high-fat diet
to strengthen the metabolic abnormalities of these
mice. As expected, wild-type mice fed normal chow
developed only small neointimal lesions in response
to injury. Neointimal growth appeared to be slightly
more pronounced in ob/ob mice fed normal chow, but
the difference with wild-type animals did not reach
statistical significance. When wild-type animals were
placed on a high-fat diet, the development of vas-
cular lesions after injury was significantly enhanced
and a higher intima-media ratio and severe luminal
stenosis were observed. On the contrary, neither ob/ob
mice nor db/db mice developed pronounced arterial
lesions after injury even when they were kept on a high-
fat diet.180 Following trasplantantion of bone marrow
from db/db (donors) to wild-type mice (recipients),
time to occlusion after arterial injury in recipient mice
was prolonged, demonstrating that leptin directly con-
tributes to arterial thrombosis.178 The intraperitoneal

administration of leptin restored a normal thrombotic
phenotype in ob/ob mice but not in db/db mice.181

Daily administration of leptin strongly increased
lesion size in the carotid artery after ferric chloride
injury in ob/ob and wild-type mice but not in db/db
mice,182 indicating that the receptor-mediated effects
of leptin on the vessel wall might represent a link
between the metabolic syndrome and cardiovascu-
lar diseases. Whether enhanced platelet activation is
involved in this is still undefined.

Hormones

Epinephrine
Platelets from mice lacking the α2A-adrenergic recep-
tor (α2A

−/−)183 are unresponsive to the epinephrine-
enhanced αIIbβ3 activation and aggregation upon
stimulation with low concentrations (0.1 μM) of ADP
or U46619.183,184 Mice deficient in α2A

−/− are com-
pletely protected against platelet pulmonary throm-
boembolism induced by collagen plus epinephrine,
confirming that the α2A receptor is a mediator of
platelet activation in vivo.183,184 In the model of throm-
bus formation induced in the mesenteric arteries and
in the aorta by FeCl3, vessels of α2A

−/− did not occlude
in response to injury and displayed a tendency to
an enhanced distal embolization due to thrombus
instability.184 Thus, signaling initiated by epinephrine
through α2A receptors is necessary for the formation
of a stable platelet plug.

Mice lacking the α2A receptor displayed a highly
variable bleeding tendency as detected by the bleed-
ing time measurement: in 20% of α2A

−/− mice, bleed-
ing did not stop within the 900s observation period;
in the rest of mice, only a mild tendency to bleed
was observed,184 indicating that the epinephrine-
mediated platelet response contributes to stable plug
formation. This finding is in accordance with previ-
ous reports from patients with reduced α2A levels on
platelet surfaces in whom a bleeding tendency was
observed.184

Prostaglandins

Prostaglandin E2
The generation of mice deficient in EP1,185 EP2,186

EP3,187 and EP4188 receptors has provided a direct
approach for identifying the receptors through which
PGE2 activates platelets and the contribution of this
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pathway to the pathophysiologic functions of platelets
in vivo.

The ability of low concentration of PGE2 (<10−6 M)
to potentiate platelet activation in mice is mediated
by the activation of the EP3 receptor, three isoforms of
which (alpha, beta, and gamma) have been described
in murine platelets.189

The inhibitory actions of high, supraphysiologic lev-
els of PGE2 on mouse platelets, instead, are due to an
aspecific activation of the PGI2 receptor and are not
affected by the loss of the EP2, EP3, or EP4 recep-
tors, whereas they are abolished by the loss of the
IP receptor. PGE2 was even able to induce aggrega-
tion in IP-deficient platelets but was unable to induce
aggregation in platelets lacking both the IP and TP
receptors, suggesting that high concentrations of PGE2

(>10−4 M) can activate the TP receptor in mice, and
only in the absence of the IP receptor does this activa-
tion leads to platelet aggregation.

Using two different systems, Fabre et al. have found
no difference in the bleeding time between wild-
type and EP3 deficient mice,189 in contrast with
data published by Ma et al., which showed a sig-
nificantly prolonged bleeding time in EP3 knockout
mice.190 Thrombus formation was completely abol-
ished in mice lacking the EP3 receptor in two different
models of thrombosis.189,190 Moreover, AA-induced
platelet thromboembolism was completely prevented
in EP3−/− mice.190 Histologic examination of lung
sections confirmed diffuse thrombus formation in
the arterioles of wild-type mice, whereas no platelet-
occlusive thrombi were detected in EP3−/− mice. Inter-
estingly, studies in a mouse model of atherosclero-
sis suggest that the PGE2 present in plaques may
amplify platelet responses.191 The PGE2 content of a
healthy carotid wall increased significantly after the
topical application of AA onto the adventitia, confirm-
ing that the arterial wall can convert AA into PGE2. In
a model of collar-induced carotid artery inflamma-
tion in ApoE−/− mice, the production of PGE2 by the
vascular wall was strongly increased.191 Homogenates
of whole atherosclerotic plaques trigger in vitro the
aggregation of platelets from wild-type but not from
EP3−/− mice, indicating the requirement of a func-
tional EP3 receptor to act.191 The mechanical rupture
of a plaque in the common carotid artery of ApoE−/−

mice induced a thrombus that was almost suppressed
when platelets from EP3−/− mice were transfused to
ApoE−/− mice; thus plaque-produced PGE2 potenti-

ates thrombus formation only in the presence of a
functional platelet EP3 receptor counterbalancing the
opposite action of PGI2.191

Based on these findings, it has been suggested that
drugs directly targeting the platelet EP3 receptor may
have the theoretical advantage to move the balance
PGE2/PGI2 toward an antithrombotic condition with
the predominance of the PGI2 effect.

Others

Lipopolysaccharides (LPS)
Murine platelets express TLR-4 receptor157 and mice
deficient in TLR-4 receptor were generated.192 The
effect of LPS on platelet function is controversial;
only recently, a paper has been published attempt-
ing to define the priming role of sublethal dose of
LPS on platelet activation in vivo. Platelet responses in
wild-type and TLR4−/− mice were compared follow-
ing a single nonlethal injection of LPS (0.2 mg/kg IV).
Compared with WT, TLR4−/− mice were less respon-
sive to thrombin-activated expression of P-selectin,
indicating that TLR4 can regulate α-granule secre-
tion, but were equally sensitive to aggregation or
ATP secretion. One week following the LPS injec-
tion, thrombin-induced expression of P-selectin and
collagen-activated aggregation were increased com-
parably in both groups of mice. The authors sug-
gest that the change in platelet phenotype to a sub-
lethal dose of LPS can be due to the platelet turnover.
The increased platelet activation following LPS treat-
ment may represent a mechanism by which infec-
tion increase thrombotic risk.193 Moreover, the intra-
venous injection of LPS in wild-type mice induced a
dose-dependent increase in TNF-α levels, an effect not
shown in TLR4−/− mice.193

Exogenous Substances
The role of ultrafine particles on platelet activation was
studied in vivo in several animal models.

In a model of photochemical injury to the femoral
artery of hamsters, the intravenous injection of posi-
tively charged amine-polystyrene particles (60 nm in
diameter) but not of unmodified particles, enhanced
platelet thrombus formation in a dose-dependent
manner, reaching a maximal effect at 500 μg/kg.194

A similar effect was observed after the intratra-
cheal instillation of the positively charged particles
(5 mg/kg).194 Light microscopy of sections of the
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femoral artery at the site of damage confirmed the for-
mation of a platelet-rich thrombus resembling those
that occur clinically.194 Among the atmospheric par-
ticulate matter, diesel exhaust particles (DEP) are the
most relevant. The intratracheal instillation of DEP
(5, 50, or 500 μg/kg) in hamsters induced an increase
in the cumulative mass of platelet thrombi formed in
vivo in the photochemically injured femoral artery or
femoral vein. Platelet activation by DEP in hamsters
was also confirmed by the ex vivo study of platelet
function by the PFA-100 analyzer (see Chapter 22):
a progressive shortening of the closure time, reflect-
ing platelet activation, was achieved after instilla-
tion of 50 μg/kg of DEP.160 Moreover, the systemic
administration of DEP (from 0.02 to 0.5 mg/kg) to rats
induced a significant shortening of the tail bleeding
time.195

EFFECT OF PLATELET PRIMERS
IN VIVO: STUDIES IN HUMANS

Studies attempting to assess the role of platelet
primers in the regulation of platelet function in vivo
in humans are still scarce, and the information being
derived mainly from indirect observations.

Proteins

The priming activity of Gas6 has been assessed in two
recent studies. In one it was shown that plasma levels of
Gas6 in healthy subjects do not attain concentrations
able to influence platelet aggregation ex vivo.196 How-
ever, the role of the Gas6 pathway in platelet activa-
tion might become crucial when a major amplification
pathway, such as TxA2, is abolished by aspirin: healthy
subjects with high Gas6 levels were indeed shown to
have a 9- to 10-fold higher risk of being aspirin pseu-
doresistant.197

The role of MMPs in cardiovascular disorders has
been exclusively evaluated, but only initial indirect
studies point to interactions with platelets. MMPs have
been implicated in plaque rupture in acute coronary
syndromes (ACS).198,199 Indeed, quantitative gelatin
zymography showed increased circulating levels of
MMP-2 in patients with symptomatic coronary artery
disease: MMP-2 was higher in ACS than in stable
angina (SA) patients, and this was taken as a marker of
plaque rupture or instability. However, when MMP-2
was measured in blood taken from a cathether posi-

tioned in the aorta and simultaneously from the coro-
nary sinus of patients with unstable angina (UA),
MMP-2 was found to be released in the coronary
circulation; this was not observed either in healthy
controls or stable angina patients. Similarly, levels of
β-TG and PF4, platelet-specific proteins, and of VWF,
a marker of platelet activation and of arterial injury,
were increased in the coronary sinus of ACS but not of
SA patients or controls. A significant correlation was
evident between the coronary sinus (CS)-aorta (Ao)
differences of β-TG and MMP-2 in UA but not in con-
trols or SA. On the contrary, levels of MCP-1 or SDF-1α,
markers of atheroma, were not increased in the Cs in
any of the groups. These data were taken as a sug-
gestion that MMP2 is released by activated platelets
in the coronary circulation of UA patients.200 More-
over, MMP-2 concentration is significantly higher in
shed blood than in venous blood in healthy volun-
teers undergoing measurement of the bleeding time,
and it increases progressively, consistent with ongoing
platelet activation. A significant correlation is evident
between platelet number in shed blood and MMP-
2 recovered; the MMP-2 content of platelets recov-
ered from shed blood is lower than that of platelets
from venous blood, all data showing that MMP-2 is
released from platelets in vivo in humans at a local-
ized site of vessel wall damage. Interstingly, active
MMP-2 released in shed blood was in the range of
concentrations found to potentiate platelet activation.
Aspirin did not reduce MMP-2 release from platelets
in bleeding-time blood.

Some data thus confirm the release of MMP-2 by
activated platelets in vivo in humans44; information
remains to be gathered on whether this contributes to
platelet activation.

The issue of sCD40L in ischemic cardiovascular dis-
orders has been extensively explored. Abundant evi-
dence shows that an increased expression of CD40L
on circulating platelets is associated with atheroscle-
rosis and coronary artery disease.201 sCD40L is also
elevated in ischemic coronary disease, particularly
in patients with ACS, and it has been found to
be associated with increased cardiovascular risk
in apparently healthy women.201 Moreover, marked
CD40L expression has been localized to the human
atherosclerotic lesions.202,203 The recently reported
highly significant correlation between plasma sCD40L
levels and urinary excretion of 11-dehydro-TXB2

(a sensitive, noninvasive index of in vivo platelet
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activation) suggests that enhanced sCD40L release
may facilitate platelet activation in type 2 diabetes
mellitus (T2DM) and thus induce further TxA2 forma-
tion. 204

Finally, although the role of LDL in atherosclerosis is
firmly established, only few data exist on the potential
role they have in platelet activation in vivo. Patients
with familial hypercholesterolemia (FH) have prema-
ture coronary artery disease. In these patients, LDLs
accumulate and become oxidized in the vessel wall,
especially at sites of injured endothelium. Plasma lev-
els of oxLDL are higher in these patients, and platelets
of hypercholesterolemic patients show hyperaggrega-
bility to stimuli in vitro and enhanced activity in vivo,
as illustrated by increased plasma levels of the alpha-
granule protein β-thromboglobulin and an increased
prostaglandin and TxA2 metabolism,205,206 suggesting
that priming by oxLDL may contribute to enhanced in
vivo activation.

Cytokines

Among cytokines, human observations are available
concerning VEGF, TPO, and some chemokines. Ele-
vated serum VEGF levels have been observed in
patients with polycythemia vera (PV) and found to
correlate with the incidence of thrombosis.207 These
actions suggested that high VEGF levels might con-
tribute to the occurrence of thrombosis in this hema-
tologic malignancy, possibly by favoring platelet acti-
vation.

In a study involving patients with UA, it was found
that they had higher circulating levels of TPO, and
measured platelet P-selectin expression than those
with SA or healthy controls. The UA patients also
showed reduced platelet expression of the TPO recep-
tor c-mpl. In vitro, the plasma from UA patients but
not that from SA patients or healthy controls primed
platelet aggregation, which was reduced when an
inhibitor of TPO was used, implying that this primer is
potentially participating in the pathogenesis of acute
coronary syndromes.208

CXC chemokines are released in vivo in patients
with coronary artery disease.209 In particular, the most
eminent chemokine participating in platelet activa-
tion, SDF1-α, is increased in serum in patients with
coronary disease, suggesting that SDF1-α may be
involved in thrombus formation after injury by facili-
tating platelet activation.210

Hormones

Epidemiologic studies suggest that hormone replace-
ment therapy (HRT) may increase coronary events in
postmenopausal women. Some data have been col-
lected on the effects of HRT on platelet in vivo. HRT
increases Ca2+ mobilization and CD62P expression
in ADP-stimulated platelets.211 Moreover, estrogen
concentrations similar to those observed in women
undergoing HRT (10−11 mol/L), result in an increase of
epinephrine-induced platelet aggregation in healthy
individuals but not in individuals with the platelet
GPIIIa polymorphism Pl(A1/A2),212 suggesting possi-
ble platelet priming in vivo.

Concerning epinephrine, patients with reduced
α2A levels on the platelet surface have impaired ex
vivo platelet aggregation and secretion in response
to epinephrine with normal responses to ADP and
collagen; thus a variable bleeding tendency is present,
indicating that epinephrine plays a role in primary
hemostasis.184

Prostaglandins

A stronger potentiation of platelet activation by
PGE2 is observed with high concentrations of this
prostaglandin, similar to those that may be pro-
duced by platelets under pathologic conditions (e.g.,
when the enzyme Tx-synthase is pharmacologically
blocked or in the nephrotic syndrome); in fact, the
nephrotic syndrome, typically associated with hypoal-
buminemia, is characterizated by a high incidence
of thrombotic events.213 Indeed, plasma albumin is
the isomerase that transforms PGH2 into PGD2; in its
absence, much larger amounts of PGE2 than PGD2 are
formed by activated platelets.

CONCLUSION

Platelets play a crucial role in vital functions such as
the arrest of hemorrhage, where there is a need to react
in an extremely efficient way, within milliseconds, to
damage to the vessel wall; simultaneously, however,
it is essential to avoid unwanted extension of the plug
formation process and the associated risk of thrombo-
sis. This explains the extremely sophisticated system of
regulation of the platelet activation process. The omi-
nous consequences of uncontrolled platelet activation
are well illustrated by thrombotic thrombocytopenic
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Figure 4.2 Platelet primers, identified receptors and main signalling mechanisms so far identified in human platelets

PI3K = Phosphatidylinositol 3-kinase

P38MAPK = Mitogen-activated protein kinase p38

PKC = Protein kinase C

ERK1/2 = Extracellular signal-regulated kinase 1/2

STAT3 = Signal transducer and activator of transcription 3

purpura, where intravascular platelet plug formation
takes place unopposed. The intensity and the exten-
sion of platelet activation is the end result of platelet
contact with multiple agonists and negative modula-
tors of platelet activation (see Chapters 3 and 6). If
primary agonists and antagonists of platelet activa-
tion can be compared with the macrometrical knot of
a microscope, a micrometrical knot also exists repre-
sented by platelet primers, “co-factors” of platelet acti-
vation, similar to those regulating the blood clotting
cascade. Many substances, mostly physiologic medi-
ators but also a few foreign substances, have now been
identified as platelet primers; for some of them, stud-
ies in animals and initial studies in humans strongly
suggest an important role in haemostasis and throm-
bosis (Fig. 4.2).

A few common characteristics seem to be iden-
tifiable among several of the platelet primers:
many are not primarily mediators of hemostasis
but rather agents of inflammation/immunity (e.g.,
cytokines/chemokines, MMPs, etc.): the reason might
be searched in the fact that, phylogenetically, one sin-
gle blood element served both as a hemostatic and
phagocytic cell.214 Another common characteristic is

the fact that several primers deriving from platelets
are not localized in the platelet granules but are cyto-
plasmic. This may pertain to the peculiar modula-
tory effect that primers have on platelet activation.
Another distinctive characteristic of several primers
is their bell-shaped dose-response curve: the priming
action is evident only within a specific range of con-
centrations, above which an inhibitory effect prevails.
This may again be related teleologically to the need to
provide a fine regulation and avoid excessive activa-
tion in response to stimuli.

The role that platelet primers play as fine regulators
of platelet activation seems to be supported also by the
observation that the bleeding time of knockout ani-
mals used in the study of several of these agents is only
moderately and often variably prolonged, as would be
compatible with the role of a cofactor of platelet func-
tion in hemostasis.

Finally, it is interesting to observe that the priming
activity of some of these agents is largely insensitive to
inhibition by aspirin or clopidogrel: this may explain
some of the therapeutic failures of the available antiag-
gregating drugs and stimulate pharmacologic research
targeting the platelet primers.
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TAKE-HOME MESSAGES

� Priming is a generalized mechanism modulating the response of excitable cells to stimuli.
� Platelet primers are physiologic substances that, although not able themselves to elicit full platelet activation,

potentiate the activation induced by other stimuli.
� Most platelet primers are not recognized primarily as mediators of hemostasis but rather as belonging to the

inflammatory or immune response.
� Animal models (gene knockout) and initial human studies strongly support the hypothesis that (at least some)

platelet primers play a crucial role in the regulation of platelet function in hemostasis and thrombosis.
� An uncontrolled generation of some platelet primers in pathologic clinical conditions may contribute to precipitate

ischemic cardiovascular events and/or to generate aspirin/thienopyridine–insensitive platelet activation.
� The development of pharmacologic agents specifically interfering with the activity of some platelet primers may

represent a novel approach to antiplatelet therapy.

FUTURE AVENUES OF RESEARCH

Future studies of platelet priming will have to try to
identify additional primers, fully elucidate the role of
these regulators of platelet function in vivo, in human
disease, and develop novel pharmacologic agents
specifically blocking the contribution that these medi-
ators may make to thrombosis in disease conditions.
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INTRODUCTION

The mechanisms that lead to the formation of hemo-
static plugs or pathologic thrombi are complex, and
both seem to involve the same underlying biochem-
ical mechanisms. Hemostatic plugs always form at
sites of vessel wall damage, but this is not always true
of pathologic thrombi, especially those that form in
veins.1 Both processes involve a complex interplay
between platelets and the coagulation system, with
lesser contributions from other blood cells and the
endothelium. It is abundantly clear from centuries of
clinical experience that both platelets and the coagula-
tion proteins are vital for normal hemostasis, the rela-
tive importance of one system over the other depend-
ing on the site of injury and the flow characteristics
in the blood vessel, among other factors. For exam-
ple, although congenital deficiencies of both platelet
adhesion molecules and clotting factors are capable
of causing severe hemostatic defects, the two man-
ifest in very different ways. Mucocutaneous bleed-
ing is more prominent in platelet defects than in
hemophilia, whereas joint bleeding is a prominent fea-
ture of hemophilia but not usually seen with platelet
defects. The aim of this chapter is to highlight some of
the ways in which platelets and the coagulation system
collaborate and influence each other in the formation
of blood clots.

EFFECTS OF PLATELETS AND THEIR
PRODUCTS ON COAGULATION

Platelets affect coagulation at several steps: by produc-
ing substances that stimulate the synthesis of blood
clotting proteins, localizing clotting reactions to sites
of blood vessel injury, providing the anionic surface
on which the complexes of the coagulation form, and

secreting or synthesizing clotting proteins that form
parts of those complexes [e.g. factor Va and tissue
factor (TF)] or that are essential components of the
final thrombus (fibrinogen) (Fig. 5.1). Platelets also
appear to be able to support reactions that apply the
brakes to the coagulation process by supporting the
degradation of factors Va and VIIIa by activated pro-
tein C (APC).

It is not only the platelets, however, that influence
coagulation; the influences are bidirectional. The most
obvious influence of coagulation on platelets is the
positive feedback on thrombus growth induced by the
production of thrombin by the coagulation system,
thrombin being the most powerful physiologic platelet
agonist.

Platelet products that enhance
TF synthesis

TF is a transmembrane protein required as a cofac-
tor for the physiologic initiation of coagulation, which
it does by combining with the minute amounts of
factor VIIa present in blood to form the extrinsic
tenase, converting the zymogen factor X to its active
form, factor Xa.2 TF is abundant in extravascular tis-
sues and until recently was felt to be missing from
blood, being produced there only in pathologic cir-
cumstances, such as bacteremia with sepsis. Thus,
the pathway through which TF supports coagulation
has been known as the “extrinsic pathway,” thought
to be initiated only by factors extrinsic to the blood.
This view was initially challenged by the pioneering
work of Giesen et al.,3 and now a large body of data
supports the view that TF is present in the blood
and participates in hemostatic and pathologic throm-
bus formation.4 Giesen and coworkers3 observed that
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Figure 5.1 Platelets contribute to coagulation at many steps. Activated platelets externalize the anionic phospholipid, phosphatidylserine, which

is necessary to support the all of the reactions of coagulation. They produce substances such as P-selectin and CD40L that stimulate monocyte

production of TF, most of it bound to microvesicles. These microvesicles can bind and fuse with platelets to initiate coagulation on the platelet

surface. The activated platelets also secrete procoagulant proteins such as fibrinogen, von Willebrand factor (VWF), and factor V, which contribute

to clotting reactions. The end result of these reactions is to produce large quantities of thrombin, which activates more platelets, activates

endothelium, and converts fibrinogen to fibrin to form a clot and converts factor XIII to XIIIa, which crosslinks the clot.

when native human blood was perfused over pig arte-
rial media or collagen-coated slides, the thrombi that
formed contained TF, and were substantially reduced
by incubation with either an anti-TF antibody or
with factor VIIai, an inactive form of the clotting fac-
tor. This work was subsequently confirmed by sev-
eral in vivo studies in mice demonstrating the accu-
mulation of TF in platelet thrombi in laser-induced
microvascular injuries.4 Gross et al.5 demonstrated
that in this model the TF was derived from TF-bearing
microvesicles of monocytic origin, and not from intact
leukocytes. Association of microvesicles with platelets
required that the platelets be activated and express
surface P-selectin,6 a protein not found on the mem-
branes of unstimulated platelets but which appears

there when the α-granules fuse with the plasma mem-
brane. Surface-exposed P-selectin serves as a counter-
receptor to capture the microvesicles, which express
P-selectin glycoprotein ligand-1 (PSGL-1).6 The inter-
action between the two membrane proteins allows
the microvesicles to dock on the platelet thrombus,
and subsequently to fuse,7 in the process transferring
their contents, including TF, to the platelets. Transfer
of TF to the platelet membrane also enhances its abil-
ity to participate in tenase activity, as it appears to be
encrypted while circulating in microvesicles.7

In this experimental model, the importance of
blood-borne TF was demonstrated by elegant experi-
ments in which thrombus size was compared between
wild-type mice and mice expressing low quantities of
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human TF (low TF mice, expressing 1% of normal
TF).8 As expected, the thrombi in the low TF mice
were much smaller than those in wild-type mice, and
they lacked TF and fibrin. Marrow transplants were
then performed, low TF marrow into wild-type mice,
and wild-type marrow into low TF mice. The arte-
rial thrombi in the low TF mice transplanted with
wild-type marrow were smaller than in wild-type mice
but had normal TF and fibrin levels. By contrast, the
thrombi in wild-type mice that received low TF mar-
row, were not only smaller, their content of TF and
fibrin was also diminished.

In contrast to these findings, a significant role of
arterial wall TF was proposed by Day and coworkers,9

using a similar approach of bone marrow transplan-
tation. These authors concluded that macrovascular
thrombosis required vessel wall TF and not blood-
borne TF, but the study was criticized because of the
highly artificial nature of the vessel wall injuries.10

The role for blood-borne TF in hemostasis and
thrombosis has also been called into question because
of the small quantities of TF that are found in normal
blood.11 It must be kept in mind, however, that com-
parisons based on TF concentration ignore the con-
tribution of convective delivery of TF to a thrombus,
which when considered in light of docking and fusing
of the microvesicles to the platelet surface, can result
in considerable accumulation of TF. Further, activity
in the blood may not reflect activity in the throm-
bus, since fusion of TF-bearing microvesicles has been
shown to increase TF activity.7

Systematic population studies of TF antigen lev-
els in normal individuals have not been done, but in
one study antigen measurements by ELISA estimated
TF antigen levels for healthy middle-aged men to be
90.8 ± 62.2pg/mL–1 .12

Platelet products that increase
TF production

In 1974, Niemitz and Marcus13 demonstrated that
incubation of human or rabbit platelets, or subcellu-
lar particles derived from the platelets, with leukocytes
augmented TF activity in the leukocytes. The ability to
enhance leukocyte TF production resided only in the
membrane and granule fractions from the platelets
and markedly enhanced the ability of endotoxin to
induce TF. The particular properties of platelets that
accounted for this augmentation remained mysteri-

ous until 2000, when Andre and colleagues14 demon-
strated a procoagulant phenotype in mice transgenic
for a mutant P-selectin lacking the cytoplasmic tail.
Because of its failure to anchor to the plasma mem-
brane, the mutant P-selectin accumulated to high lev-
els in the blood. The transgenic mice had shorter
plasma clotting times than did wild-type mice, a phe-
notype that was mimicked by infusion of a P-selectin–
Ig chimera, but only if the chimera was infused sev-
eral hours before the clotting time was performed.
Infusion immediately before the test did not shorten
the clotting time. The investigators determined that
the soluble P-selectin was inducing the production of
TF-bearing microvesicles from cells of the monocytic
lineage, induction that required an interaction of P-
selectin with PSGL-1. In all of the mice the clotting time
was markedly increased by prior ultracentrifugation
of the plasma, a process that removed the microvesi-
cles. A later study from the same group showed that
expression of the truncated P-selectin transgene, or
infusion of the P-selectin–Ig chimera, could shorten
clotting times in mice with hemophilia A.15 This effect
was completely abolished by treatment of the mice
with an antibody against PSGL-1.

An important role for the P-selectin/PSGL-1 axis in
determining the procoagulant potential of the plasma
is supported by studies in mice and baboons demon-
strating that experimental thrombosis can be dimin-
ished in the presence of P-selectin or PSGL-1 defi-
ciency,6,16 or by pharmacological inhibitors of the
interaction of the two molecules.17,18 These findings
all provide a reasonable explanation for the observa-
tion that the risk of future cardiovascular events in a
cohort of healthy women correlated with the plasma
levels of soluble P-selectin, with a relative risk of 2.2 for
those in the highest quartile of P-selectin levels com-
pared to those in the lowest quartile (95% confidence
interval, 1.2 to 4.2; p = 0.01).19

In vivo, P-selectin is exposed in a variety of ways.
The surface of activated platelets in the thrombus car-
ries a dense coat of this adhesive molecule, with a
surface density estimated to be 10 times that of acti-
vated endothelium.20 Activated platelets in the blood-
stream are known to be capable of forming com-
plexes with monocytes, an interaction also initiated by
the binding of platelet P-selectin to leukocyte PSGL-
1. These interactions can also stimulate TF synthe-
sis in the monocytes. It is of interest to note that
the levels of platelet–monocyte complexes increase
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during episodes of unstable angina and myocardial
infarction21,22 and in the acute and convalescent peri-
ods surrounding acute ischemic stroke and transient
ischemic attacks.23

Besides the P-selectin–PSGL-1 interaction, other
adhesive interactions join platelets and monocytes.
The initial interaction serves to activate the mono-
cytes, one consequence being the change in the
affinity state of the leukocyte integrin αMβ2. This
integrin has several ligands on the platelet surface,
among them GP Ib .α24 junctional adhesion molecule-
C (JAM-C or JAM-3),25 and intracellular adhesion
molecule-2 (ICAM-2).26 αMβ2 has also been shown
capable of binding platelets through adhesive inter-
mediates, fibrinogen (which binds platelet αIIbβ3),27

and high-molecular-weight kininogen (which binds
GP Ibα).28 The relative importance of these inter-
actions in mediating platelet–monocyte aggregate
formation is unclear, although the GP Ibα–αMβ2 inter-
action has been shown to be important in vessel
restenosis following arterial injury, where neutrophils
have an important role.29

Two other mechanisms expose monocytes to
platelet P-selectin. First, much P-selectin is shed from
the surface of activated platelets in the soluble form
after the platelets are activated, presumably through
the action of a membrane metalloprotease.30,31 P-
selectin is also shed from platelets on microvesicles.
Both of these forms of P-selectin can presumably
stimulate monocyte/macrophage TF synthesis and
are likely to be more effective than activated platelets
because they can more easily penetrate tissues rich in
macrophages.

Platelets produce other substances with the poten-
tial to stimulate the synthesis of tissue factor. Promi-
nent among these is CD40 ligand (CD40L, also called
CD154), which has been shown to appear on the
platelet surface very rapidly after the platelets are
activated and to be capable of inducing the expres-
sion of adhesion molecules and TF on the surfaces
of endothelial cells,32 a phenomenon very similar to
that induced by tumor necrosis factor alpha (TNF- .α),
which belongs to the same protein family as CD40L.
Soluble CD40L is found in high levels in the blood of
patients suffering from sickle cell anemia and corre-
lates with the level of TF in these patients.33

In addition to physiologic and pathologic situations
in which CD40L is exposed (i.e., when platelets are
activated), CD40L has been shown to accumulate in

stored platelet concentrates,34 with the peak release
reached at 72 h of storage, and can contribute to
transfusion reactions associated with platelet transfu-
sions. The CD40L is entirely in the supernatant of the
stored platelets, as its removal can prevent the major-
ity of transfusion reactions associated with leukocyte-
reduced platelets.35

As mentioned, much of the TF that reaches the blood
from monocytes and macrophages is in the form of
tissue factor–bearing microvesicles. In addition to P-
selectin, other substances can induce formation of
these microvesicles, among them endotoxin and TNF-
α, through a mechanism involving the transcription
factor NFκB.36 Data derived from a model mono-
cytic cell line, THP-1, indicates that the synthesized
TF partitions into ganglioside-enriched membrane
microdomains known as lipid rafts.7 These rafts also
attract two other molecules of interest to the hemo-
static roles of the microvesicles: PSGL-1 and phos-
phatidylserine (PS). PSGL-1 is necessary for the ability
of the microvesicles to dock to the activated platelets,6

while PS is required for the microvesicles to be able to
fuse with the target cell, a requirement discerned by
the ability of the PS-binding agent annexin V to block
fusion but not binding of microvesicles with activated
platelets.7

PLATELET PROCOAGULANT ACTIVITY

Platelets possess the ability to accelerate coagulation.
They do this in many ways, including (1) release of
clotting factors such as factor Va from granule stores;
(2) provision of a PS-rich surface for the assembly of
coagulation enzyme complexes such as the tenase and
prothrombinase complexes; (3) provision of specific
receptors for coagulation proteins, including those
proteins such as factor XI that participate in coag-
ulation propagation through the intrinsic pathway;
(4) release of microvesicles rich in PS that function
similarly to intact activated platelets in accelerating
reactions; and (5) release of substances that activate
other platelets, thereby amplifying the reactions men-
tioned in steps 1 through 4.

Overview of coagulation

The current view of blood coagulation posits that the
most important reactions of blood coagulation occur
on cell surfaces or on the surfaces of microvesicles.37
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Three complexes in blood coagulation are most impor-
tant physiologically: (1) the extrinsic tenase, a complex
of TF and factor VIIa, which converts zymogen factor
X to its active form; (2) the intrinsic tenase, a complex
of factors VIIIa and XIa that also activates factor X; and
(3) prothrombinase, a complex of factors Va and Xa
that converts prothrombin to thrombin. The process
of blood coagulation begins when VIIa encounters
“decrypted” tissue factor on the appropriate PS-rich
surface. If on an activated platelet, the Xa produced
by the TF/VIIa complex encounters FVa secreted from
platelet alpha granules and converts prothrombin to
thrombin (Fig. 5.1). The small amounts of thrombin
generated by this reaction are generally sufficient to
activate other platelets and produce small fibrin clots
but insufficient for normal hemostasis, as evidenced
very clearly by the severe bleeding experienced by
patients with hemophilias A and B.38 Thrombin then
acts in a positive feedback loop to increase its own pro-
duction in what is known as the amplification phase,38

activating factors V, VIII, and XI.
The activation of FXI by thrombin appears to occur

on the surfaces of activated platelets with glycopro-
tein Ibα acting as a cofactor,39 and the reaction occur-
ring on the fraction of GP Ib/IX/V complexes localized
to lipid rafts.40 FXIa is capable of activating FIX and
the explosive production of thrombin that results is
sufficient to activate thrombin activatable fibrinoly-
sis inhibitor (TAFI) and protect the clot from disso-
lution.41 The contribution of this pathway to throm-
bin production depends in vitro on the concentration
of TF present in the reaction.38 At high TF concentra-
tions, the clotting time of FXI-deficient blood is similar
to that of normal blood but is prolonged compared to
normal at TF concentrations below 25 nM.

It is clear that the TF/VIIa complex initiates coag-
ulation, but controversy exists as to whether TF from
extravascular or intravascular sources is most impor-
tant. In all likelihood, both are important depending
on the circumstances. For example, with penetrating
trauma, blood will be exposed to tissues rich in TF, and
this source of TF will assume the major role in initiating
blood clotting. Such cannot be argued in the genesis
of venous thrombosis, however, where macroscopic
vessel wall injuries have not been observed except in
thrombosis related to the presence of intravenous can-
nulas.1 One argument against the assumption of the
preeminence of extravascular TF in initiating patho-
logic thrombosis is that the site of injury (particularly

in the arterial circuit) is immediately paved with lay-
ers of platelets, which present a barrier for diffusion
of FXa from the extravascular site of its production
to the site on platelets where it will participate in the
prothrombinase complex.42 Another logistic problem
encountered when coagulation is initiated at a site
distant from subsequent reactions is that the prod-
uct of the extrinsic Xase, FXa, must diffuse through
blood rich in serine protease inhibitors to reach the
site of the subsequent reaction. Thus it seems rea-
sonable to assume that in thrombi that form in the
blood in the absence of deep vessel injury, TF is in
contact with the blood, either on platelets (synthe-
sized or acquired by microvesicle fusion), monocytes,
or activated endothelial cells. From these discussions,
it is clear that platelets contribute in many ways to
blood coagulation. Several are examined in greater
detail here.

Exposure of phosphatidylserine

In most eukaryotic cells, phospholipids are asym-
metrically distributed, with the inner leaflet of the
lipid bilayer containing the majority of the amino-
phopholipids phosphatidylethanolamine (PE) and
phosphatidylserine (PS).43 At least two enzymes are
involved in the maintenance of this asymmetry, an
aminophospholipid translocase (also called flippase)
that transports PS and PE from the outer to the inner
leaflet of the membrane, and a floppase, which trans-
ports the lipids in the other direction, albeit more
slowly.44 When platelets are activated and cytoplas-
mic calcium levels rise, the activity of these enzymes
is inhibited. Left alone, this would over days result in
a loss of the membrane asymmetry, but the asymme-
try is lost very rapidly, this being a consequence of
activation of a scramblase enzyme that rapidly mixes
the lipids between the two leaflets of the membrane.
The appearance of PS on the external membrane
leaflet is an essential component of platelet procoag-
ulant activity, enabling the binding of clotting factors
containing GLA domains rich in γ -carboxyglutamic
acid, proteins such as thrombin and factors X, VII,
and IX; as well as factors containing C-domains, fac-
tors V and VIII. The importance of PS exposure as a
component of platelet procoagulant activity is best
exemplified by the bleeding phenotypes of patients
whose platelets are incapable of externalizing PS –
that is, those with Scott syndrome.44,45 This rare
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José A. López and Ian del Conde

disorder, presumably resulting from a deficiency of
scramblase activity,44 is characterized by bleeding with
characteristics that resemble more closely the bleed-
ing observed with hemophilia than bleeding associ-
ated with other platelet disorders.46 None of the typi-
cal assays of platelet function, such as aggregation to
agonists, is abnormal in Scott syndrome, nor are the
clotting times prolonged. There is, however, a marked
defect in platelet procoagulant activity.46 A similar dis-
order has also been described in an inbred colony of
dogs, where affected individuals suffered from epis-
taxis, hyphemas, and intramuscular hematomas.47

The ability of clotting complexes to assemble
on phospholipid-rich surfaces greatly accelerates
the reactions these complexes catalyze, in part by
converting three-dimensional reactions into two-
dimensional reactions on surfaces of limited area, in
effect increasing the concentrations of reactants. For
example, full assembly of the prothrombinase com-
plex on a model phospholipid surface enhances the
rate of factor Xa–catalyzed activation of prothrom-
bin over that observed for factor Xa alone by approxi-
mately 300,000 times.48 The addition of a phospholipid
surface to the rest of the components of the prothrom-
binase complex (Va, Xa, and Ca2+) increases the rate
of catalysis by approximately 1000-fold.

One agonist of particular relevance to the produc-
tion of platelet procoagulant activity is thrombin. This
protein binds at least four platelet surface proteins,
protease-activated receptors (PARs) -1, -3, and -4 and
the GP Ibα subunit of the GP Ib/IX/V complex.49 Of
the PARs, PAR-1 is more important for generating pro-
coagulant activity in humans, as its specific activa-
tion with the thrombin receptor-activating peptide
(TRAP)–enhanced clotting of whole blood that was not
further enhanced by PAR-4 activation.50

An essential role in thrombin’s ability to gener-
ate procoagulant activity has also been demonstrated
for GP Ibα. This polypeptide contains the highest-
affinity binding site for thrombin on the platelet
surface and blockade of this site with antibodies con-
siderably dampened the ability of thrombin to stimu-
late platelet PS exposure and thrombin generation.51

Both unfractionated and low-molecular-weight hep-
arin could block this effect, presumably by competing
with GP Ibα for thrombin binding. This observation
is consistent with the finding that alpha thrombin is
much more potent in stimulating platelet procoagu-
lant activity than is TRAP.52

The formation of a fibrin clot itself enhances platelet
procoagulant activity,53 a process that requires an
interaction of fibrin with VWF and subsequent bind-
ing of VWF to GP Ibα.54 Fibrin-clot–enhanced platelet
procoagulant activity is not diminished by αIIbβ3

blockade but is abrogated by antibody blockade of
GP Ibα or absence of VWF.53 In addition, the effect is
greater in the presence of the VWF modulator botro-
cetin, further evidence that VWF binding to platelets
in the presence of the clot is necessary for the activity.

Platelet microvesicles

Exposure of PS on the platelet surface is important for
another platelet procoagulant property, the genera-
tion of microvesicles. Although the process is not well
characterized, the increase in outer leaflet PS appears
to drive vesiculation of the plasma membrane.55 This
requirement is borne out by the fact that microvesicu-
lation is markedly defective in patients and dogs with
Scott syndrome47,56 and by the observation that the
vesiculation that occurs in cells undergoing apopto-
sis is always preceded by external leaflet exposure
of PS.57

The shedding of microvesicles from platelets upon
their activation depends on the strength of the acti-
vation signal and the presence or absence of shear
stress.55,58 Some stimuli, such as treatment with cal-
cium ionophore or with a combination of thrombin
and collagen, result in copious platelet microvesicula-
tion. Similarly, platelets attaching to a collagen surface
will microvesiculate, but not those attaching to fib-
rinogen, a poor platelet agonist.59 The agonist used to
stimulate vesiculation also affects the composition of
microvesicles. For example, microvesicles generated
by ionophore stimulation of platelets express more
PS on the surface than those produced with TRAP,
whereas the TRAP-generated microvesicles express
more P-selectin.60

Platelet microvesicles should be distinguished from
exosomes, which are also shed from the multivesicu-
lar bodies and alpha granules of platelets.61 Exosomes
are smaller than microvesicles, ranging in diameter
from 40 to 100 nM, whereas microvesicles range from
100 nM to 1 μM. Because of this smaller size, exosomes
are generally not detectable by flow cytometry. Exo-
somes are also enriched in the tetraspanin CD63 and
relatively devoid of other proteins found on microvesi-
cles, such as αIIbβ3, α2β1, GP Ib, and P-selectin.61
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The precise contribution of microvesicles to platelet
procoagulant activity is debatable, with some inves-
tigators claiming that all of the activity is associ-
ated with the activated platelet surface62 and oth-
ers claiming that the relative procoagulant activity of
platelet microvesicles is 50- to 100-fold higher than
that on the activated platelets from which they arise.63

In the latter respect, platelet microvesicles have been
demonstrated to have much higher densities than
activated platelets of PS, αIIbβ3, P-selectin, and factor
Xa.63

Some interesting properties of platelet microvesi-
cles that could contribute to their procoagulant activ-
ity include their expression of the active from of αIIbβ3,
which is capable of binding fibrinogen,56 and the fact
that microvesicles generated in vitro bind and carry
factors Xa and Va, the protein components of the pro-
thrombinase complex. Because platelet microvesicles
also express P-selectin, this raises the intriguing possi-
bility they could dock to and fuse with activated mono-
cytes containing TF, thereby carrying out coagulation
reactions in those cells, which have been shown capa-
ble of efficiently supporting coagulation.64,65

Alpha-granule proteins

Platelet alpha granules contain several important
adhesive and coagulation molecules, including fib-
rinogen, thrombospondin-1, VWF, and factor V. This
brief discussion focuses on factor V.

In humans, platelet factor V appears to be taken up
from the plasma pool by endocytosis, in spite of the
observation that mRNA encoding factor V is found in
megakaryocytes.66 The primary evidence in support
of this notion was a study of two patients heterozy-
gous for the factor V Leiden mutation who received
transplanted tissues: one of bone marrow and one
of a liver.67 Both transplants were from individuals
homozygous for wild-type factor V. The platelets of
the patient who received the marrow transplant car-
ried factor V Leiden before the transplant and con-
tinued to do so after the transplant. By contrast, the
platelets of the patient who received the liver trans-
plant converted from carrying factor V Leiden before
the transplant to carrying wild-type factor V Leiden
after the transplant.

Mice also carry factor V in their platelets, but in their
case it appears to be synthesized by megakaryocytes
(MKs) and not taken up from the plasma.68

Unlike factor V from plasma, platelet factor V pos-
sesses a considerable amount of cofactor activity,69

and its activity is only increased two- to three-fold
by thrombin activation. In addition, platelet factor
Va is also substantially more resistant than plasma
factor Va to activated protein C–catalyzed inactiva-
tion.70 These properties may relate to the additional
posttranslational modifications that the platelet pro-
tein has undergone once it is taken up into the MK-
ocyte alpha granules.69 Approximately one-quarter of
platelet factor V is in a covalent complex with multi-
merin, a very large, multimeric protein of alpha gran-
ules.71 This linkage occurs through a disulfide bond
involving a single Cys residue in the B domain of factor
V.72 Furthermore, platelet factor V has been demon-
strated to contain only 10% to 15% of the phospho-
serine present in the plasma protein, to be resistant
to phosphorylation at Ser692, and to be modified at
Thr402 by N-acetylglucosamine.69 Thus it appears that
platelet factor V/Va is not structurally or functionally
redundant with plasma factor V/Va, a fact borne out by
a bleeding disorder caused by its deficiency, Quebec
platelet syndrome, described below.

Defects in platelet procoagulant activity

The most striking defect in platelet procoagulant activ-
ity is seen in Scott syndrome, but other congeni-
tal and acquired disorders of platelets also manifest
deficient procoagulant activity. Patients with alpha,
delta, and alpha/delta storage pool diseases all man-
ifest some form of defect in platelet procoagulant
activity.73 Those with alpha and alpha/delta storage
pool deficiency manifest deficient procoagulant activ-
ity because they lack platelet factor Va; addition of this
factor corrects the defect.73 Patients with delta and
alpha/delta storage pool disease, lacking dense gran-
ules, fail to release ADP, which is necessary for the
sustained increase in cytoplasmic calcium concentra-
tion that is necessary to promote PS externalization.
Their defect can be corrected with added ADP.

Patients with Bernard-Soulier syndrome (BSS) also
exhibit a marked defect in platelet procoagulant activ-
ity. Defective prothrombin consumption was detected
in this disorder in the mid 1970s.74 The prothrombin
consumption assay detects deficiencies of a number
of clotting factors, including factors V, VIII, IX, XI and
XII, any one of which could account for the abnormal-
ity. Of interest, the GP Ib/IX/V complex, deficiency of
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which is the basis of BSS, has been shown to bind both
factor XI39 and factor XII.75 Nevertheless, there is also
the suggestion that the GP Ib/IX/V complex could be
important coagulant activity by binding VWF, which
by virtue of being complexed to factor VIII, delivers
the latter to the platelet surface. This is consistent
with the fact that in one study defective prothrom-
bin consumption in BSS was corrected by the addi-
tion of factor VIII76 and with the observation that nor-
mal platelets treated with an antibody that blocks VWF
binding display defective prothrombin consumption
similar to that of BSS platelets.77 In contrast to this
defect in prothrombin consumption, unactivated BSS
platelets display enhanced prothrombinase activity,
estimated to be 10 times that of unactivated normal
platelets, presumably a consequence of enhanced PS
exposure in BSS platelets in the unactivated state.78

When thrombin is the agonist stimulating procoag-
ulant activity, BSS platelets display only one-fifth the
procoagulant activity of normal platelets, a reflection
of the importance of the high-affinity thrombin bind-
ing site on GP Ibα for generating procoagulant activ-
ity.52

Another procoagulant defect manifested by BSS
platelets is in the capacity of fibrin clots to enhance
thrombin generation.79 As mentioned above, the abil-
ity of fibrin to stimulate platelet procoagulant activ-
ity requires VWF binding to platelets; lack of the VWF
receptor therefore precludes the enhancement.

One of the few autosomal dominant functional
disorders of platelets is the Quebec platelet syn-
drome, a bleeding diathesis characterized by moder-
ate to severe bleeding after trauma, surgery, or dental
extractions, mild thrombocytopenia, hemarthrosis in
affected males, and defective platelet prothrombinase
activity.80 The defect involves abnormal activation
of fibrinolytic activity in the platelet alpha granules
associated with elevated storage of urokinase-type
plasminogen activator,81 with resulting degradation
of resident α-granule proteins, including throm-
bospondin, fibrinogen, VWF, multimerin, and factor
V. Because approximately 20% of plasma factor V is
derived from platelets,82 there is a mild deficiency of
plasma factor V antigen, but the activity is normal. The
prothrombinase defect of the platelets arises from a
complete lack of platelet factor Va activity, a result of
complete proteolytic degradation of the cofactor.

The bleeding tendency in Quebec platelet syndrome
can be ascribed primarily to two defects: abnormal

prothrombinase activity80 and enhanced fibrinoly-
sis.81 The latter defect explains the delayed bleeding
often observed in patients83 and the ineffectiveness of
platelet transfusions in treating their bleeding. As yet,
the genetic defect in Quebec platelet syndrome has
not been elucidated.

Platelet heterogeneity and
coated platelets

In recent years it has become increasingly appar-
ent that platelets are heterogenous in terms of their
responses to agonists and agonist-induced procoag-
ulant activity. Platelet heterogeneity has been appre-
ciated since the 1960s,84 but it was only in 2000 that
Alberio and coworkers85 report that a subpopulation
of platelets activated by a combination of the GP
VI agonist convulxin and thrombin expressed a very
high level of α-granule factor V on their surfaces. Col-
lagen could also substitute for convulxin. The high
factor V subpopulation was not induced with either
agonist alone but required both. Thus, the platelets
were termed COAT platelets, to signify that they were
COllagen And Thrombin–activated platelets. Also of
interest, the appearance of coated platelets was a
quantal event: any individual platelet existed in one
only of two possible states when activated, with no
intermediate population identified. The curves did
not shift gradually from having no surface factor V
to having high surface factor V. These investigators
subsequently determined that, in addition to hav-
ing high factor V, the same platelet population also
expressed high surface levels of several other pro-
coagulant α-granule proteins including fibrinogen,
thrombospondin, VWF and fibronectin.86 This lat-
ter finding and the fact that this phenotype could
also be produced when platelets were treated with
other agonists led to Dale’s recommendation that the
nomenclature be changed from COAT platelets to
coated platelets, to signify their coating with proco-
agulant proteins.87 Dale et al.86 demonstrated that the
high expression of coagulant proteins on the platelet
surface was a consequence of a unique posttrans-
lational modification occurring in the platelets that
became “coated” platelets. In these platelets, alpha-
granules proteins that are transglutaminase sub-
strates (such as fibrinogen and thrombospondin) were
being modified on lysine side chains by the covalent
addition of serotonin, a process call serotonylation.
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Modified fibrinogen and thrombospondin bind with
high affinity to the platelet surface and themselves
form receptors for other serotonylated proteins.
Coated platelets are much more procoagulant than
those that do not gain the “coated” phenotype, as evi-
denced by enhanced annexin V binding and increased
support for prothrombinase activity. As yet, no condi-
tions have been described in humans in which coated
platelets are deficient, but tryptophan hydroxylase-1–
deficient mice, which carry very low levels of sero-
tonin, display prolonged bleeding times and protec-
tion from experimental thrombosis.88 The defect in
these platelets is multifactorial, as serotonylation of
small GTPases by transglutaminases is required for
efficient α-granule secretion.

Platelets and TF

Considerable evidence has surfaced in the past 10
years in support of an important role for platelet-
associated TF in augmenting and stabilizing thrombi.
As already discussed, convincing data from various
sources indicate that TF, likely in an encrypted state,
circulates in the blood on microvesicles and is able to
bind and fuse with activated platelets at sites of ves-
sel damage. What has been more controversial is the
idea that the platelets themselves contribute TF to the
clotting reaction. The presence of TF in platelets has
been reported, based on antibody staining of the anti-
gen and detection by flow cytometry and identification
of TF in platelet supernatants after activation.89 This
finding was not generally accepted. However, recently
it was convincingly demonstrated that platelets con-
tain unspliced pre-mRNA for tissue factor, which they
splice and translate when they are activated by ago-
nists.90 This is then followed by an increase in TF pro-
coagulant activity in the platelets and platelet-derived
microvesicles over the course of 60 min. Splicing is
under the control of Cdc2-like kinase-1 (Clk-1); when
the Clk-1 signaling pathways are interrupted, TF fails
to accumulate. Expression of TF protein from pre-
formed mRNA in platelets has been confirmed by a
recent study.91

Effect of platelet antagonists
on procoagulant activity

Numerous reports have addressed the effect of platelet
inhibitors on various aspects of procoagulant activ-

ity. As already noted, the enhancement in PS exposure
and prothrombinase activity mediated by thrombin
can be blocked by antibodies that block the thrombin-
binding site of GP Ibα, and by heparins, which com-
pete for the site.51 Similarly, fibrin-enhanced proco-
agulant activity is prevented by agents that inhibit
VWF binding to GP Ibα but not by αIIbβ3 blockers.54

Most of the studies that have reported on the effect of
αIIbβ3 blockade have found that inhibition of this inte-
grin can diminish PS exposure and prevent platelet
microvesiculation.92,93,94 The αIIbβ3 blocker abcix-
imab combined with an inhibitor of thrombin binding
to GP Ibα completely blocked thrombin-induced pro-
coagulant activity.52 Alone, each agent inhibited about
50% of the activity. Similar results were obtained in an
independent study.94 Agents that inhibit the platelet
release reaction would be expected to delay exposure
of procoagulant phospholipids, producing a lesion
similar to that seen in delta storage pool disease.

A study of the effect of platelet antagonists on TF
procoagulant activity in patients with peripheral arte-
rial disease demonstrated diminished TF activity in
patients treated with either of three platelet inhibitors:
aspirin (325 mg daily), clopidogrel (75 mg daily), or the
phosphodiesterase inhibitor cilostazol (100 mg twice
daily).95 The diminished TF procoagulant activity cor-
related with diminished plasma P-selectin, with the
greatest effect of monotherapy seen with clopidogrel.
This effect was enhanced when clopidogrel was given
with either of the other two drugs and greatest when
the three drugs were combined.

FUTURE AVENUES OF RESEARCH

Many questions remain unanswered with respect to
the relationship between platelets and coagulation.
Among these is a detailed understanding of the pre-
cise contribution to hemostasis and thrombosis of TF
from different sources: the vessel wall, microvesicles,
and synthesized by platelets. Although this question
has been studied extensively, the jury is still out as to
which source is more important in initiating coagula-
tion in different circumstances. For example, not much
is known about the source of TF in venous thrombosis,
in which vessel injuries are not obvious.

Another problem that has received extensive atten-
tion but has eluded definition is the mechanism of
rapid PS externalization in platelets. Many candi-
dates have been proposed for a platelet “scramblase,”
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TAKE-HOME MESSAGES

� Coagulation and platelet function are intricately linked; hemostasis requires the coordinate function of both.
� Each pathway is necessary for the optimal function of the other, and defects in one pathway can produce pathologies

that seem more characteristic of the other pathway – the bleeding associated with Scott syndrome, for example.
� Platelets contribute to clotting in many ways: by providing the surface upon which clotting reactions occur, by

secreting procoagulant substances such as factor V/Va, by synthesizing TF, and by stimulating its synthesis from

monocytes through released substances.
� The coagulation pathways, in turn, produce thrombin, the most potent of platelet agonists.
� These facts must be kept in mind in evaluating hemostatic defects and considering the effects of antithrombotic

agents.

but as yet none has convincingly fulfilled all of the
criteria. A potential means of addressing the prob-
lem would be through mutagenesis in genetically
tractable organisms – zebrafish, for example. Once a
scramblase is identified, the question of whether its
activity is required for microvesiculation could also
be addressed definitively. Modulation of scramblase
activity would appear to have great potential as an
anticoagulant strategy.

In a more clinical realm, a great deal needs to be
learned about the nature of substances produced by
platelets during storage and their contributions to
clotting and other morbidities associated with platelet
transfusion.
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Thiagarajan P, López JA. Microvesicle-associated tissue

factor and Trousseau’s syndrome. J Thromb Haemost

2007;5:70–4.

13. Niemetz J, Marcus AJ. The stimulatory effect of platelets and

platelet membranes on the procoagulant activity of

leukocytes. J Clin Invest 1974;54:1437–43.

14. Andre P, Hartwell D, Hrachovinova I, Saffaripour S, Wagner

DD. Pro-coagulant state resulting from high levels of soluble

P-selectin in blood. Proc Natl Acad Sci USA 2000;97:

13835–40.

15. Hrachovinova I, Cambien B, Hafezi-Moghadam A, et al.

Interaction of P-selectin and PSGL-1 generates

microparticles that correct hemostasis in a mouse model of

hemophilia A. Nat Med 2003;9:1020–5.

16. Myers DD, Hawley AE, Farris DM, et al. P-selectin and

leukocyte microparticles are associated with venous

thrombogenesis. J Vasc Surg 2003;38:1075–89.

88



CHAPTER 5: Platelets and Coagulation

17. Myers DD Jr, Rectenwald JE, Bedard PW, et al. Decreased

venous thrombosis with an oral inhibitor of P selectin.

J Vasc Surg 2005;42:329–36.

18. Myers DD Jr, Schaub R, Wrobleski SK, et al. P-selectin

antagonism causes dose-dependent venous thrombosis

inhibition. Thromb Haemost 2001;85:423–9.

19. Ridker PM, Buring JE, Rifai N. Soluble P-selectin and the

risk of future cardiovascular events. Circulation 2001;103:

491–5.

20. Yeo EL, Sheppard JA, Feuerstein IA. Role of P-selectin and

leukocyte activation in polymorphonuclear cell adhesion to

surface adherent activated platelets under physiologic shear

conditions (an injury vessel wall model). Blood

1994;83:2498–507.

21. Faraday N, Braunstein JB, Heldman AW, et al. Prospective

evaluation of the relationship between platelet-leukocyte

conjugate formation and recurrent myocardial ischemia in

patients with acute coronary syndromes. Platelets

2004;15:9–14.

22. Fernandes LS, Conde ID, Wayne SC, et al. Platelet-monocyte

complex formation: effect of blocking PSGL-1 alone, and in

combination with aIIbbeta3 and aMbeta2, in coronary

stenting. Thromb Res 2003;111:171–7.

23. McCabe DJ, Harrison P, Mackie IJ, et al. Platelet

degranulation and monocyte-platelet complex formation

are increased in the acute and convalescent phases after

ischaemic stroke or transient ischaemic attack. Br J

Haematol 2004;125:777–87.

24. Simon DI, Chen Z, Xu H, et al. Platelet glycoprotein Ibα is a

counterreceptor for the leukocyte integrin Mac-1

(CD11b/CD18). J Exp Med 2000;192:193–204.

25. Santoso S, Sachs UJ, Kroll H, et al. The junctional adhesion

molecule 3 (JAM-3) on human platelets is a counterreceptor

for the leukocyte integrin Mac-1. J Exp Med 2002;196:679–91.

26. Diacovo TG, deFougerolles AR, Bainton DF, Springer TA. A

functional integrin ligand on the surface of platelets:

intercellular adhesion molecule-2. J Clin Invest

1994;94:1243–51.

27. Weber C, Springer TA. Neutrophil accumulation on

activated, surface-adherent platelets in flow is mediated by

interaction of Mac-1 with fibrinogen bound to αIIbβ3 and

stimulated by platelet-activating factor. J Clin Invest

1997;100:2085–93.

28. Chavakis T, Santoso S, Clemetson KJ, et al. High molecular

weight kininogen regulates platelet-leukocyte interactions

by bridging Mac-1 and glycoprotein Ib. J Biol Chem

2003;278:45375–81.

29. Wang Y, Sakuma M, Chen Z, et al. Leukocyte engagement of

platelet glycoprotein Ibα via the integrin Mac-1 is critical for

the biological response to vascular injury. Circulation

2005;112:2993–3000.

30. Berger G, Hartwell DW, Wagner DD. P-selectin and platelet

clearance. Blood 1998;92:4446–52.

31. Michelson AD, Barnard MR, Hechtman HB, et al. In vivo

tracking of platelets: circulating degranulated platelets

rapidly lose surface P-selectin but continue to circulate

and function. Proc Natl Acad Sci USA 1996;93:

11877–82.

32. Henn V, Slupsky JR, Grafe M, et al. CD40 ligand on activated

platelets triggers an inflammatory reaction of endothelial

cells. Nature 1998;391:591–4.

33. Lee SP, Ataga KI, Orringer EP, Phillips DR, Parise LV.

Biologically active CD40 ligand is elevated in sickle cell

anemia: potential role for platelet-mediated inflammation.

Arterioscler Thromb Vasc Biol 2006;26:1626–31.

34. Kaufman J, Spinelli SL, Schultz E, Blumberg N, Phipps RP.

Release of biologically active CD154 during collection and

storage of platelet concentrates prepared for transfusion.

J Thromb Haemost 2007;5:788–96.

35. Blumberg N, Gettings KF, Turner C, Heal JM, Phipps RP. An

association of soluble CD40 ligand (CD154) with adverse

reactions to platelet transfusions. Transfusion

2006;46:1813–21.

36. Oeth P, Parry GC, Mackman N. Regulation of the tissue

factor gene in human monocytic cells. Role of AP-1,

NF-kappa B/Rel, and Sp1 proteins in uninduced and

lipopolysaccharide-induced expression. Arterioscler Thromb

Vasc Biol 1997;17:365–74.

37. Hoffman M, Monroe DM. Coagulation 2006: a modern view

of hemostasis. Hematol Oncol Clin North Am 2007;21:1–11.

38. Cawthern KM, van’t Veer C, Lock JB, DiLorenzo ME, Branda

RF, Mann KG. Blood coagulation in hemophilia A and

hemophilia C. Blood 1998;91:4581–92.

39. Baglia FA, Badellino KO, Li CQ, Lopez JA, Walsh PN. Factor

XI binding to the platelet glycoprotein Ib-IX-V complex

promotes factor XI activation by thrombin. J Biol Chem

2002;277:1662–8.

40. Baglia FA, Shrimpton CN, Lopez JA, Walsh PN. The

glycoprotein Ib-IX-V complex mediates localization of factor

XI to lipid rafts on the platelet membrane. J Biol Chem

2003;278:21744–50.

41. von dem Borne PA, Bajzar L, Meijers JC, Nesheim ME,

Bouma BN. Thrombin-mediated activation of factor XI

results in a thrombin-activatable fibrinolysis

inhibitor-dependent inhibition of fibrinolysis. J Clin Invest

1997;99:2323–7.

42. Hathcock JJ, Nemerson Y. Platelet deposition inhibits tissue

factor activity: in vitro clots are impermeable to factor Xa.

Blood 2004;104:123–7.

43. Zwaal RF, Schroit AJ. Pathophysiologic implications of

membrane phospholipid asymmetry in blood cells. Blood

1997;89:1121–32.

44. Zwaal RF, Comfurius P, Bevers EM. Scott syndrome, a

bleeding disorder caused by defective scrambling of

membrane phospholipids. Biochim Biophys Acta

2004;1636:119–28.

89
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INTRODUCTION

Platelets play an important role in the maintenance
of hemostasis, in coagulation, and in the pathophys-
iology of thrombotic disease. They normally circu-
late in an unactivated state but respond quickly to
injuries of blood vessel walls, alterations in blood flow,
and biochemical stimuli. In response to endothelial
injury, platelets accumulate at the site of injury, recruit
other platelets, promote clotting, and form a hemo-
static thrombus to prevent hemorrhage. Thromboreg-
ulatory systems of the vascular endothelium prevent
or reverse inappropriate platelet accumulation, acti-
vation of coagulation factors, and formation of fibrin;
they are the key to maintaining blood fluidity and the
antithrombotic state. These inhibitory mechanisms
modulate platelet function and act in a synergistic
manner to prevent pathologic thrombus formation.1,2

This chapter discusses platelet–endothelium inter-
actions under normal physiologic conditions and in
the setting of endothelial dysfunction. In addition, the
principal inhibitors of platelet function and the cen-
tral role of the normal endothelium in these inhibitory
processes are summarized. The main endothelium-
derived platelet inhibitors covered in this review
include nitric oxide (NO), prostaglandins (PGs), and
ectonucleotidases.

Vascular endothelium

The vascular endothelium is a highly active mono-
layer of cells that is crucial to the regulation of vas-
cular function and structure.1 It is critically impor-
tant in the local regulation of coagulation and fibri-
nolysis as well as in platelet activity. The endothelium
provides a physical barrier to retain cells and macro-
molecules in the blood compartment of the vascular
lumen. In addition to its overt role in maintaining vas-

cular integrity, the endothelium serves as a dynamic
impediment to the interaction of systemic coagula-
tion components and subendothelial elements, which
together activate coagulation pathways.2 Endothelial
cells (ECs) also mediate vasomotor tone, regulate cel-
lular and nutrient trafficking, maintain blood fluid-
ity, participate in the generation of new blood vessels,
and contribute to the local balance of proinflamma-
tory and anti-inflammatory mediators.3

Normal endothelial function
In its basal state, the vascular wall is a thrombore-
sistant surface that inhibits circulating procoagulant
proteins from initiating coagulation or promoting
platelet adhesion or activation. Thus, in the absence
of vascular trauma or perturbation, blood remains
fluid as a result of the antithrombotic activities of
ECs.4,5 Vascular homeostasis is mediated through
the release of various autocrine and paracrine sub-
stances from the endothelium that act on the sur-
rounding cells, including leukocytes, smooth mus-
cle cells, and platelets.6 Specifically, vascular tone is
controlled through the release of the vasorelaxant
mediators, NO (also known as endothelium-derived
relaxing factor, or EDRF) and PGs, which also have
significant antithrombotic properties.1 In addition to
these vasorelaxant and antiaggregant mediators, the
antiplatelet function of vascular ECs also relies on the
enzymatic degradation of extracellular adenosine-5′-
diphosphate (ADP). Although ADP by itself is only a
weak platelet agonist, it is an important enhancer of
other aggregation-inducing agents, including collagen
and thrombin.1,7 Thus, the three major mechanisms
by which the endothelium influences platelet function
are the expression or secretion of PGs, NO, and
ecto-ATPDase (also called CD39).8,9,10
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Endothelial dysfunction
Endothelial dysfunction may be induced by vari-
ous pathologic insults, including traumatic vascular
injury, cytokines, atherogenic stimuli, endotoxins, and
immune complexes. After traumatic vascular injury,
exposure of blood to cells within the vascular wall
or the subendothelium results in the rapid initiation
of coagulation pathways.11 Alternatively, activation of
ECs by stimuli, such as cytokines, in the absence of vas-
cular injury, also induces altered endothelial hemo-
static function, resulting in EC expression of pro-
thrombotic factors.12 Whatever the initiating factor
of the dysfunction, the endothelial surface is trans-
formed from an antithrombotic microenvironment
to a prothrombotic one. The secretion of various
antithrombotic molecules – such as NO, PGs, and ecto-
ATPDase – is impaired, while the expression of pro-
thrombotic and proinflammatory molecules is upreg-
ulated.13,14,15,16,17 These processes may promote the
activation and adhesion of platelets to dysfunctional
endothelium.

Platelets

Platelets play a vital role as systemic components of
the hemostatic system. They are activated by an array
of stimuli, including thrombin generated by the enzy-
matic coagulation cascade, as well as collagen and
other factors in the subendothelial space, which may
be exposed as a result of endothelial cellular injury.
Platelet activation is also mediated through autoag-
gregatory pathways via the release of ADP, throm-
boxane A2 (TxA2), and serotonin. In addition, the
activation and aggregation of platelets provide a cell
surface for the assembly of coagulation complexes
to promote further prothrombotic pathways.2 (See
Chapter 5.) Normally, platelets do not adhere to ECs
or cause thrombosis. However, under conditions that
promote vascular stasis and, in the presence of platelet
activators and an abnormal endothelium, platelets
become activated and adhere to the vessel wall. This
initial step is part of a complex multifactorial pathway
leading to thrombogenesis.18

Platelet activation and adhesion
Platelet activation and recruitment require platelet
adhesion to the vessel wall, followed by secretion of
intracellular granule components resulting in recruit-
ment and activation of additional platelets, with sub-
sequent platelet aggregation and ultimate hemo-

static thrombus formation. When specific agonists
bind to cognate receptors on the surface of the
platelet, phospholipase C (PLC) hydrolyzes phos-
phatidylinositol 4,5-bisphosphate (PIP2) into 1,4,5-
triphosphate (IP3) and sn-1,2-diacylglycerol (DAG).
IP3 and DAG may modulate independent platelet
activation pathways or work synergistically to stim-
ulate platelet granule secretion, leading to activation
of additional, neighboring platelets. IP3 directly acti-
vates calcium (Ca2+) influx channels in the plasma
membrane of the platelet’s dense tubular system,
resulting in an increase in the intracellular concentra-
tion of Ca2+. Increased cytosolic Ca2+ levels and acti-
vation of protein kinase C (PKC) by DAG lead to the
release of intracellular granule components that act in
a paracrine-like fashion to cause further recruitment
and activation of additional platelets. Stimulation of
PKC also leads to the activation of the fibrinogen-
binding GP IIb/IIIa receptor. In addition, agonists may
lead to the activation of the mitogen-activated protein
(MAP) kinase system, resulting in phospholipase A2

(PLA2) stimulation and the release of arachidonic acid
(AA) from membrane phospholipids. Cyclooxygenase
converts AA to the cyclic endoperoxide prostaglandin
H2, which then may be converted by thromboxane
synthase within the platelet to TxA2, a potent platelet
agonist and vasoconstrictor.19

Once activated, platelets undergo a conformational
change from a smooth, discoid shape to a spherical
shape with projecting pseudopodia. During this pro-
cess, two intracellular granules, alpha granules and
dense granules, release their contents to the surround-
ing environment. Alpha granules release fibronectin,
thrombospondin, von Willebrand factor (VWF), plas-
minogen, and P-selectin (CD62P), which promote
cell–cell interactions and enhance platelet adhe-
sion.20,21 Dense granules secrete serotonin, a potent
vasoconstrictor,22 and ADP, which aids serotonin in
promoting the recruitment of additional platelets.
The binding of ADP to G protein-coupled receptors
(P2Y1 and P2Y12) on the surface of platelets leads to
further TxA2 formation, protein phosphorylation, an
increase in cytosolic Ca2+, and changes in platelet
shape occur.19

Platelet–endothelium interaction

The interaction between platelets and endothelium
has been implicated in many disease processes. In
addition to their role in hemostasis and thrombosis,
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platelets are involved in the initiation of atheroscle-
rosis, modulation of various inflammatory responses,
and endothelial dysfunction. Platelets normally cir-
culate in an unactivated state but are quickly acti-
vated in response to vessel wall injury, increased tur-
bulent blood flow, excessive shear stress, and inflam-
mation.2 Platelet–endothelium interactions are medi-
ated by cellular receptors on the surface of platelets
and ECs, such as integrins and selectins, and by adhe-
sive proteins, such as VWF and fibrinogen.23 The abil-
ity of platelets to respond specifically and rapidly to
subendothelial proteins exposed upon tissue injury
and under conditions of shear stress is crucial for effec-
tive hemostasis.

From a mechanistic standpoint, platelets and ECs
communicate on multiple levels. Cross talk between
these cells occurs through paracrine signaling or
receptor-mediated cell–cell adhesion. As shown in Fig-
ure 6.1, platelets and ECs interact and affect each other
through the release of various substances. ECs express
cell-surface receptors or soluble mediators that either
inhibit platelet function or promote activation.24

Platelet–endothelium interactions
in thrombosis and hemostasis

Severe vascular injury results in de-endothelization
and exposure of the subendothelium, which leads to
immediate platelet adhesion and aggregation at the
site of injury. The binding of platelets to exposed

regions of the subendothelial matrix is mediated
by specific adhesive glycoproteins, expressed on
platelets, that bind to ligands embedded in the matrix,
such as VWF, collagen, and fibronectin.25,26 Specifi-
cally, platelets adhere to the exposed matrix through
an interaction between the platelet surface glycopro-
tein (GP) Ib-IX-V complex and VWF,27 and collagen
is the subendothelium GPVI.28,29 VWF, a large poly-
mer of disulfide-linked subunits, is crucial for platelet
adhesion, particularly in vessels with high shear rates,
since it establishes a transient bond that retards
platelets and thus facilitates their activation.30,31,32

Transformation of the integrin receptors αIIbβ3 (GP
IIb/IIIa, fibrinogen receptor)33,34 and α2β1 (collagen
receptor) into their active conformations,29,35 which
firmly bind to adhesion molecules in the subendothe-
lial matrix, leads to stable platelet adhesion. Platelet
adhesion and the release of mediators such as ADP
from platelets at the site of the vascular injury facilitate
signal transduction, leading to a rise in cytosolic Ca2+.
This rise in intracellular Ca2+ is linked to change in
platelet shape, PG synthesis and secretion, activation
of the GP IIb/IIIa complex, and the development of
platelet procoagulant activity.36 The GP IIb/IIIa com-
plex promotes thrombus growth by mediating platelet
aggregation. Activation-induced binding of fibrinogen
to GP IIb/IIIa is the primary mechanism of platelet
aggregation. Platelets spread and form a surface for
the recruitment of additional platelets via fibrinogen

Shear stress

PAF 
ROS
NO
Prostacyclin

IL-1β 
RANTES
VEGF
AngiopoietinPlatelet sequestration

Endothelial cell 

to platelet:

Platelet to

endothelial cell:

Cellular receptors involved in mediating platelet–endothelial interactions:

Plaletet: GP1b, GPIIb/IIIa, CD40L, P-selectin, CD47, CD36 
Endothelial: E-selectin, P-selectin, PECAM-1, ICAM-1, αvβ3,TSP-1, CD40

Figure 6.1 Platelet-endothelial cell interaction. Vertical arrows indicate soluble molecules that

are released by one cell type and signal in the other. Curved and horizontal arrows indicate

platelet-leukocyte cross talk and shear stress, respectively, both of which may impact the nature of

endothelial-platelet interactions. Under the diagram depicting platelet sequestration, are the platelet

and endothelial receptors that have been implicated in mediating interactions between the two cell

types. PAF = platelet activating factor; ROS = reactive oxygen species; NO = nitric oxide; IL-1β =
interleukin-1β; RANTES = Regulated on activation, normal T expressed and secreted; VEGF =
vascular endothelial growth factor; GP = glycoprotein; PECAM-1 = Platelet endothelial cell

adhesion molecule-1; ICAM-1 = intracellular adhesion molecule-1; TSP-1 = thrombospondin-1.

Reproduced with permission from Warkentin, et al.24
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bridges between two GP IIb/IIIa receptors on adjacent
platelets.37

Platelet–endothelium interactions
in inflammation

Endothelial denudation is not an absolute prerequi-
site for platelet attachment to the vessel wall; instead,
inflammation may cause endothelial activation and
subsequent platelet adhesion.38 Platelet-endothelium
adhesion occurs under high shear stress39,40,41,42,43

and is similar to the interaction of platelets with
extracellular matrix (ECM) proteins at the site of
vascular lesions. Adhesion of platelets to the intact
endothelium is coordinated in a multistep process
that involves platelet tethering, followed by rolling
and subsequent firm adhesion to the vascular wall.37

These processes involve interactions between at least
two types of receptors, selectins and integrins, which
induce receptor-specific activation signals in both
platelets and endothelium.

The initial contact between platelets and intact, acti-
vated endothelium is mediated by selectins, present
on both cell types.44 As illustrated in Figure 6.2,
P-selectin (CD62P) is expressed on the surface of

Rolling Firm adhesion

Resting
αllbβ3

Activated
αllbβ3

αvβ3FibrinogenP-selectin

GPlbα

Platelet

PSGL-1

Endothelial cell

Figure 6.2 Platelet-endothelial interaction and adhesion due to

an inflammatory process. The initial contact between platelets and

intact, activated endothelium is mediated by selectins, present on

both cell types. P-selectin (CD62P) is expressed on the surface of

activated ECs in response to inflammatory stimuli by translocating

from storage granule (Weibel-Palade bodies) membranes to the

plasma membrane. Endothelial CD62P mediates platelet rolling in

both arterioles and venules with acute inflammation. The specific

counter-receptor on platelets to which CD62P binds is unclear and

may be the GP Ib complex, P-selectin glycoprotein ligand–1 (PSGL–1),

or both. The interaction between CD62P and PSGL-1 is reversible and

insufficient for stable adhesion, therefore, β3 integrin-mediated

action is required for firm platelet adhesion. PSGL-1 = P-selectin

glycoprotein ligand –1. Reproduced with permission from Gawaz,

et al.37

activated ECs in response to inflammatory stim-
uli by translocating from storage granule (Weibel-
Palade bodies) membranes to the plasma mem-
brane. Endothelial CD62P mediates platelet rolling
in both arterioles and venules with acute inflam-
mation.41,42 E-selectin, which is also expressed on
inflamed ECs, may facilitate contact between platelets
and the endothelium in vivo.42 The specific counter-
receptor on platelets to which CD62P binds is unclear
and may be the GP Ib complex, P-selectin glyco-
protein ligand–1 (PSGL–1), or both.45,46 The interac-
tion between CD62P and PSGL-1 is reversible and
insufficient for stable adhesion; therefore, β3 integrin-
mediated action is required for firm platelet adhe-
sion.37 At very low shear rates, translocation and adhe-
sion of resting platelets to activated endothelium is
dependent on endothelial release of VWF and platelet
GP Ib and is independent of CD62P.47

ENDOTHELIUM-DERIVED
SUBSTANCES THAT AFFECT
PLATELETS

There are three major mechanisms by which the
endothelium may influence platelet function. These
include the expression or secretion of PG, NO, and
ectonucleotidases.18

Nitric oxide

NO synthesis
Nitric Oxide (NO), also known as EDRF, is respon-
sible for the regulation of basal vascular tone and
is an important regulator of platelet function.48 It
forms as a co-product of the oxidation of L-arginine
into L-citrulline by nitric oxide synthase (NOS), which
requires oxygen, reduced nicotinamide adenine din-
ucleotide phosphate (NADPH), tetrahydrobiopterin,
and flavin adenine nucleotide as cosubstrates.49 NO
has a relatively short half-life, predisposing it to act
locally, and also diffuses readily across cellular com-
partments owing to its lipophilic nature.19 After syn-
thesis, NO diffuses readily from the source cell (the
endothelial cell) into specific target cells, where it stim-
ulates guanylyl cyclase to produce 3,5-cyclic guano-
sine monophosphate (cGMP) from guanosine triphos-
phate (GTP).50

The three isoforms of NOS include endothelial NOS
(eNOS), neuronal NOS (nNOS), and inducible NOS
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(iNOS), and are characterized by their site of syn-
thesis, pattern of expression, and Ca2+ dependency.
eNOS is the predominate form of NOS in the endothe-
lium. Platelets contain both eNOS and iNOS,48

although eNOS predominates.51 NO production by
eNOS, which is activated through the IP3 second-
messenger cascade, is generally low and declines with
decreasing Ca2+ concentration.52 When stimulated by
cytokines and growth factors, iNOS in smooth mus-
cle cells will increase production of NO to inhibit the
proliferation of smooth muscle cells.53

Effect of NO on platelet function
NO is released from activated ECs in response to
platelet agonists and results in blockade of platelet
activation and secretion. NO may affect the activity
of platelets at all stages, including activation, adhe-
sion, and aggregation. As shown in Figure 6.3, NO
mediates the regulation of platelet activity through
various potential mechanisms, including reduction

P-selectin

GP IIb/IIIa

GTP

Ca2+

Ca2+-ATPase

Ca2+

O2
−

cGMP

AA PGG2/H2

PI3K

OONO−

NO •

GC

COX-1

Figure 6.3 NO effects on platelet signaling and function. NO,

derived from endothelial cells or from platelets, suppresses platelet

activation by activating guanylyl cyclase, leading to an increase in the

conversion of GTP to cGMP, enhancing calcium ATPase-dependent

refilling of intracellular calcium stores, and inhibiting the activation of

PI3K. As a result of second-order effects mediated by the first two of

these signaling systems, intracellular calcium flux is suppressed,

leading to suppression of P-selectin expression and of the active

conformation of glycoprotein IIb/IIIa required for binding fibrinogen.

NO also reacts with superoxide to form OONO–, which can react with

protein tyrosine residues on COX-1 to inhibit enzyme conversion of AA

to PGG2 and PGH2, with a resulting reduction in thromboxane A2

synthesis. Solid arrows indicate activation; dashed arrows, inhibition.

NO = nitric oxide; GC = guanylyl cyclase; GTP = guanosine

triphosphatase; cGMP = cyclic guanosine monophosphate; AA =
arachidonic acid; COX-1 = cyclooxygenase-1; PGG2 = prostaglandin

G2; PGH2 = prostaglandin H2; O2
– = superoxide; OONO– =

peroxynitrite; Ca2+ = calcium; Ca2+ - ATPase = calcium adenosine

triphosphatase; GPIIb/IIIa = glycoprotein IIb/IIIa. Reproduced with

permission from Loscalzo.112

in cytoplasmic Ca2+ levels, attenuation of eicosanoid
formation, blockade of the TxA2 receptor, modula-
tion of fibrinogen binding via the GP IIb/IIIa receptor,
and the downregulation of CD62P expression. Intra-
cellular Ca2+ levels are reduced as a result of ele-
vated NO-stimulated soluble guanylyl cyclase activ-
ity, which inhibits receptor-mediated Ca2+ release,
increases the rate of Ca2+ extrusion, and decreases
Ca2+ entry from the extracellular environment. Addi-
tionally, NO inhibits activation of PI3K and increases
Ca2+–ATPase activity of the sarcoplasmic reticulum,
which results in lower Ca2+ levels.19,54 NO reduces
the synthesis of TxA2 by reacting with superoxide
to form peroxynitrite (OONO−), which can react
with protein tyrosine residues on cyclooxygenase-1
and inhibit the enzyme conversion of AA to PGG2

and H2. NO is also able to exert its effects indi-
rectly by catalyzing the phosphorylation of the TxA2

receptor, preventing TxA2 receptor–mediated platelet
activation.55

NO can create unfavorable conditions for platelet
aggregation by attenuating the number of GP IIb/IIIa
receptors in the active conformation on the platelet
surface and increasing the dissociation constant of
the fibrinogen receptor.56,57 Platelet adhesion to the
endothelium may be reduced by NO modulation of
CD62P expression, a cell-surface protein found in
the Weibel-Palade bodies of endothelial cells and
alpha granules of platelets.58 NO-induced cGMP for-
mation may regulate PKC activity, resulting in the
downregulation of CD62P on platelets and endothe-
lial cells.59 Finally, platelet-derived NO decreases
recruitment of platelets to the growing platelet
thrombus.60

Prostaglandins (PGs)

PG synthesis
PGs are derivatives of AA, a polyunsaturated fatty
acid that is released from membrane phospho-
lipids by the action of PLA2.61 A simplified ver-
sion of the prostaglandin pathway, including the
production of TxA2, isoprostanes, and prostacyclin
is shown in Figure 6.4. The main product of AA
metabolism in endothelial cells is prostaglandin I2

(PGI2), which is converted from the cyclic endoper-
oxide, prostaglandin H2 (PGH2), by the cyclooxy-
genase (COX) system, which includes COX-1 and
COX-2.62 COX-1, unlike COX-2, is constitutively
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Figure 6.4 Prostaglandin synthesis pathway. The main product of

AA metabolism in endothelial cells is prostaglandin I2 (PGI2), which is

converted from the cyclic endoperoxide, prostaglandin H2 (PGH2), by

the cyclooxygenase (COX) system, which includes COX-1 and COX-2. In

addition to the COX-dependent production of PG, AA may also

undergo free radical-catalyzed peroxidation, resulting in the formation

of isoprostanes. In the platelet, PGH2 is converted by thromboxane

synthase to TxA2. PG = prostaglandin; COX = cyclooxygenase.

Reproduced with permission from Tan, et al.18

expressed in most cells of the body, including
platelets.63

In addition to the COX-dependent production of PG,
AA may also undergo free radical–catalyzed peroxida-
tion, resulting in the formation of isoprostanes.64 One
of the isoprostanes, iPF2α-III (8-epi PGF2α), can cause
vasoconstriction and platelet adhesion and aggrega-
tion.65,66,67 The actions of iPF2α-III may be mediated
by the thromboxane receptor (TP) or a yet to be defined
novel receptor.65,67

In the platelet, PGH2 is converted by thrombox-
ane synthase to TxA2. The thromboxane receptor is
found in platelets and vascular smooth muscle cells.8

When coupled to its receptor, thromboxane stimulates
platelet activation, leading to shape change. In com-
bination with ADP, thromboxane mediates platelet
aggregation and secretion as well as vascular smooth
muscle contraction, leading to vasoconstriction.68,69

Effect of PG on platelet function
The inhibitory effect of PGI2 on platelets is not lim-
ited to the prevention of platelet aggregation, but
also involves returning activated platelets to a rest-
ing state, both in vitro and in vivo. The PGI2 recep-
tor is a Gs protein–coupled cell-surface receptor on

platelets that binds PGI2 to maintain platelets in a
resting state by activating adenylyl cyclase.8 Ligand
binding causes an increase in cAMP, which leads to
inhibition of platelet activation and deactivation of
stimulated platelets.

The activation of the PGI2 receptor and subse-
quent increase in cAMP in platelets leads to phos-
phorylation of vasodilator-stimulated phosphopro-
tein (VASP) and direct inhibition of Ca2+ mobilization
and granule release.72 Phosphorylated VASP modu-
lates actin filaments and the reorganization of the fila-
mentous membrane structure, which forms the inter-
face between the cytoskeleton and the extracellular
matrix.19 In addition, phosphorylated VASP may reg-
ulate inactivation of the fibrinogen receptor, result-
ing in the inhibition of fibrinogen binding to the GP
IIb/IIIa integrin and fibrinogen-dependent platelet
cross-linking.73 The direct inhibition of Ca2+ mobi-
lization and granule release prevents further platelet
activation and aggregation. This mechanism con-
tributes to the maintenance of the endothelium as an
antithrombotic surface and helps to prevent inappro-
priate platelet activation.

Ecto-ATPDase

In vivo, extracellular ADP is metabolized to AMP
by the endothelial enzyme ecto-ATPDase (adeno-
sine triphosphate dephosphorylase), thus providing
an additional mechanism by which the endothelial
cell modulates platelet function.10 Although itself a
weak platelet agonist, ADP is important in regulat-
ing platelet function. ADP acts by amplifying platelet
response to other stimuli. In vivo, it is released from
damaged cells, thus providing a trigger for hemostasis
when the cell is injured. Stimulation of the platelet
ADP receptors leads to increased intracellular Ca2+

and the inhibition of intracellular cAMP production.7

The hydrolytic activity of ecto-ATPDase (CD39) not
only removes ADP directly, but also indirectly inhibits
TxA2 owing to a lack of inhibition of adenylyl cyclase
synthesis.19 The ATPDase activity of endothelial cells
is abolished by oxidative stress and proinflamma-
tory cytokines,16 conditions found in atherosclerotic
disease. Thus, the loss of ATPDase activity may be
one of the factors contributing to enhanced platelet–
endothelium interaction in atherosclerosis, and may
play a role in the acute thrombotic complications of
the disease.
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SURFACE-BOUND ENDOTHELIAL
ANTIPLATELET FACTORS

Platelet–endothelial cell adhesion
molecule-1 (PECAM-1)

PECAM-1, a glycoprotein expressed on platelets and
ECs, may be a negative regulator of platelet activa-
tion in vivo.74 It is possible that this molecule pro-
vides a mechanism to prevent platelet activation when
platelets make contact with healthy endothelium and
with other platelets. The specific mechanism underly-
ing the PECAM-1–mediated inhibition of platelet acti-
vation involves inhibition of Ca2+ release from intra-
cellular stores. Although PECAM-1 signaling reduces
total platelet protein tyrosine phosphorylation, inosi-
tol phosphate production, calcium mobilization, and
PI3K signaling, it is currently unclear which substrates
are involved in these phosphorylation events. The spe-
cific signaling pathways that involve the production
of inositol phosphates, which link PECAM-1 activa-
tion with inhibition of calcium mobilization, are under
investigation.75,76

ENDOTHELIUM, PLATELETS, AND
VASCULAR DISEASE

Endothelial dysfunction plays an important role in all
stages of cardiac disease, representing a pathogenic
link between cardiovascular (CV) risk factors, such
as hypertension, hypercholesterolemia, and insulin
resistance, and overt CV disease, such as atheroscle-
rosis, coronary artery disease (CAD), and chronic
heart failure.77,78,79 Dysfunction is characterized by
an imbalance in vasoactive factors, such as NO,
endothelin-1, PG, and angiotensin-II within the
endothelium, leading to reduced vasodilation and a
proinflammatory and prothrombotic state.77,78,80,81

Endothelial dysfunction has been shown to be
a significant independent risk factor for cardiac
death, myocardial infarction, stroke, and the need
for revascularization.79 Reduced NO bioavailabil-
ity, increased release of endothelin-1, and alter-
ation in the production of prostanoids – includ-
ing prostacyclin, TxA2, and isoprostanes – contribute
to endothelial dysfunction and subsequent vascu-
lar disease.82 Although the precise mechanism that
leads to the development of endothelial dysfunc-

tion varies in different CV disease states, oxida-
tive stress appears to be a common denomina-
tor underlying endothelial dysfunction and vascular
disease.83,84

Endothelial dysfunction can be assessed biochem-
ically by quantifying different serum markers, such
as adhesion molecules, cytokines, and prostanoids,
or functionally by measuring endothelium-dependent
dilation in response to agonists or to changes in
flow in the forearm, coronary, or peripheral circu-
lation. The measurement of flow-mediated dilation,
although an indirect method of evaluating endothe-
lial function, is noninvasive and therefore has been
extensively used.80 Endothelial dysfunction, assessed
directly in coronary arteries or by flow-mediated dila-
tion in the brachial artery, predicts long-term cardio-
vascular events in patients with CAD, hypertension,
heart failure, or atherosclerosis.85,86,87,88

Mechanisms underlying endothelial
dysfunction in vascular disease

Endothelium-derived vasodilators
Loss of endothelial NO function, which is due either
to decreased production or increased degradation of
NO, is associated with several CV disorders, includ-
ing atherosclerosis.89 The decline in endothelial NO
bioavailability is attributed to several factors, such
as decreased expression of eNOS; lack of a sub-
strate or cofactors for eNOS; deficient activation
of eNOS caused by altered cell signaling; dimin-
ished capacity of activated ECs to synthesize and
release NO; or reactive oxygen species (ROS) – depen-
dent inactivation of synthesized NO.90 Decreased NO
generates unbalanced levels of NO/endothelin-1,
resulting in impaired EC vasodilation and antithrom-
botic activity.82

The production of proinflammatory and vasocon-
stricting prostanoids, such as TxA2 and PGH2, by
blood vessels may be promoted by reactive oxygen
species and hypercholesterolemia, conditions that
may predispose the endothelium to atherosclero-
sis.13,14 Often, enhanced COX-2 expression and iso-
prostanes, as a result of AA peroxidation, are found in
atherosclerotic plaques.91,92,93 In addition, in vascu-
lar diseases, thromboxane production and COX acti-
vation is enhanced and NO inactivated, thereby pro-
moting endothelial dysfunction.94,95,96
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Reactive oxygen species (ROS)
Oxidative stress is a condition in which intracellular
production of ROS challenges the capacity of cellu-
lar antioxidant defense systems, potentially leading to
endothelial injury or dysfunction.90 Oxidative stress
is increased in many vascular diseases and may be
one of the main causes of decreased NO bioavail-
ability.97 The predominant ROS is superoxide, which
can react with NO to form peroxynitrite.98 Perox-
ynitrite is a weaker vasodilator than NO and may
induce injury to the vessel wall through lipid per-
oxidation and sulfhydryl oxidation, leading to a fur-
ther reduced vasodilator response.99,100,101 Oxidative
stress and the formation of peroxynitrite stimulate
platelet activation and aggregation,101,102 leading to
enhanced platelet-endothelium interactions in many
vascular diseases. Recent in vitro and in vivo stud-
ies suggest that ROS, in addition to directly activating
platelets, also increase platelet adhesion to the vas-
cular endothelium through numerous mechanisms
including inactivation of endothelial ectonucleotidase
(CD39) (enhancing the bioavailability of ADP).103

In addition, oxidative stress may act through heat-
shock proteins (e.g., HSP-60) to stimulate NF-κB
activation, leading to the production of proathero-
genic cytokines such as TNF-α, interleukins (IL-1
and IL-6), adhesion molecules, and chemokines that
cause inhibition of eNOS activity and NO production,
thus favoring angiotensin-II activity.104,105,106,107,108

Angiotensin converting enzyme (ACE), which converts
angiotensin I into angiotensin-II, a NO antagonist, is
released by endothelial cells. Through the angiotensin
1 (AT1) receptor, angiotensin II causes vasoconstric-
tion and prothrombogenic, oxidizing and antifibri-
nolytic effects; it also favors adhesion molecule expres-
sion and leukocyte adhesion. All of these effects pro-
mote the progression of atherosclerosis.109,110

Vascular disease

Cardiovascular disease
Endothelial dysfunction, characterized by an imbal-
ance of vasoactive factors within the endothe-
lium, represents an early phase of atherosclerosis
and is associated with progression of CV disease.
Atherosclerosis is characterized by the predominance
of angiotensin II over NO as a result of impaired
NO bioavailability.111 Numerous studies have demon-

strated the atherogenic effects of reduced NO bioac-
tivity.112,113,114 Progressively decreasing NO bioac-
tivity and increasing oxidative stress often lead to
increased blood viscosity, plaque formation, activa-
tion of inflammatory factors, and, ultimately, unstable
CAD.81

Hypertension
In arterial hypertension, the balance between vasore-
laxant and vasoconstrictive mediators is altered,
which is due at least in part to blood pressure–induced
alterations of endothelial cell function. The main
vascular complications of arterial hypertension are
ischemic, suggesting that hypertension promotes a
prothrombotic state characterized by abnormalities
in endothelial function and leading to platelet activa-
tion.115 Platelets from hypertensive subjects have an
increased tendency to aggregate,116 increased expres-
sion of P-selectin,117,118 and increased intraplatelet
calcium (a measure of cell activation).119

Attenuated NO bioavailability, one of the main char-
acteristics of endothelial dysfunction, is present in
arterial hypertension. Hypertensive patients exhibit
increased ROS generation, leading to reduced NO
bioavailability.15 Clinical studies have shown that
patients with hypertension have a blunted arte-
rial vasodilatory response to endothelium-dependent
vasodilators, such as acetylcholine, and that blockade
of NOS also reduces endothelium-dependent vasodi-
lation.15,120 It is unclear, however, whether endothelial
dysfunction with NO impairment is a cause or a con-
sequence of increased blood pressure.78

Hypercholesterolemia
Hypercholesterolemia, which defines endothelial
dysfunction, induces several changes in vascular
homeostasis, including a decrease in NO bioactiv-
ity, attenuation of endothelium-dependent vasodila-
tion, an increase in superoxide production, and an
increase in endothelin immunoreactivity and adhe-
sion molecule expression.121,122 Cholesterol-induced
endothelial dysfunction is typically associated with
the degree of low-density lipoprotein (LDL) oxida-
tion, not its concentration.123 Hypercholesterolemia
also appears to exert an influence on platelet reac-
tivity to aggregating stimuli. In adults with elevated
lipid levels, evidence of platelet activation includes
increased expression of P-selectin on platelets and

99



Azad Raiesdana and Joseph Loscalzo

TAKE-HOME MESSAGES

Vascular endothelium
� Biologically active lining of the blood vessels
� Crucial for the regulation of vascular function and structure

Platelets
� Normally circulate in an unactivated state
� Quickly respond to injuries of the blood vessel wall, alterations in blood flow, and biochemical stimuli
� Accumulate at the site of injury, recruit other platelets, promote clotting, and form a hemostatic plug to prevent

hemorrhage

Endothelial dysfunction
� Induced by traumatic vascular injury, cytokines, atherogenic stimuli, endotoxins, and immune complexes
� Results in altered endothelial hemostatic function, leading to endothelial cell expression of prothrombotic factors

Thromboregulatory systems of the vascular endothelium
� Includes the expression or secretion of PGs, NO, and ecto-nucleotidases
� Prevents or reverses inappropriate platelet accumulation, activation of coagulation factors, and formation of fibrin
� Key to maintaining blood fluidity and the antithrombotic state of the vasculature

Platelet–endothelial interaction
� Implicated in many disease processes, including initiation of atherosclerosis, modulation of various inflammatory

responses, and contribution to endothelial dysfunction

a corresponding increase in plasma levels of soluble
P-selectin.124,125

Clinical studies have demonstrated that patients
with elevated serum lipids have reduced endothelium-
dependent vasodilation compared with normocholes-
terolemic controls. Data on the effects of L-arginine
on endothelial function in hypercholesterolemia have
been mixed, suggesting that the defect may relate to
NO signaling or responsiveness in the vasculature,
instead of a deficiency in NO substrate.126,127

Diabetes mellitus
Decreased endothelial function has been demon-
strated in type 1 and type 2 diabetes mellitus as
well as in obese, insulin-resistant patients.128 In
diabetes, endothelium-dependent vasodilator func-
tion is compromised due to decreased bioavailabil-
ity of NO, decreased production of prostacyclin, and
increased production of TxA2.129,130 Oxidative stress
and vascular inflammation, factors associated with
hyperglycemia and diabetes mellitus, in addition to
increased levels of superoxide anions and NAD(P)H
oxidase, are likely mechanisms for the impaired NO
bioactivity associated with type 2 diabetes.131 The con-

sequences of impaired NO bioavailability in type 2 dia-
betes include increased insulin sensitivity, increased
platelet activation and aggregation, risk of thrombo-
sis, and development of atherosclerosis.132

FUTURE AVENUES OF RESEARCH

The inhibition of platelet function involves many dif-
ferent, but complementary, pathways. Future areas
of research need to focus on the role of additional
endothelium-derived molecules involved in the reg-
ulation of platelet activity, such as cell adhesion
molecules, cell-surface receptors, reactive oxygen
species, and microparticles. In addition, further inves-
tigation is needed to better define the role of platelet–
endothelium interactions in inflammatory processes.
Owing to the complexity and synergistic nature of
the platelet activation response, many questions still
remain regarding the specific inhibitory and activating
mechanisms regulating platelet function.

One of the greatest challenges is to relate the sig-
nificance of platelet signaling and function in vitro
to the in vivo situation of thrombosis and hemosta-
sis. Research in this area is focused on effectively
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targeting pathologic thrombi while attempting to min-
imize hemorrhagic side effects of potential therapies.
This may be possible by focusing on platelet-specific
molecules, such as GPIb-V-IX and GPVI, in developing
new antiplatelet therapies.133

Another active area of research focuses on specifi-
cally targeting and restoring altered molecular mech-
anisms of dysfunctional endothelium as a treat-
ment for CV disease. Specific drugs that preclude
the synthesis of different enzyme sources of ROS,
such as vascular-specific NAD(P)H oxidase inhibitors
may provide an efficient way to prevent endothe-
lial dysfunction. Superoxide dismutase entrapped in
liposomes has been shown to restore endothelium-
dependent relaxation and significantly increase NO
bioavailability.134,135 In addition, rapid restoration of
injured arterial ECs could potentially prevent throm-
bus formation associated with plaque rupture. One
possible novel therapeutic approach for replacement
of damaged EC is the use of endothelial progenitor
cells (EPCs), but this method requires supporting a
complex, multistep process that includes mobiliza-
tion, homing to specific sites, adhesion, further dif-
ferentiation, and functional integration.136

Individual genetic differences or genetic polymor-
phisms (single nucleotide polymorphisms, or haplo-
types) may be related to disease susceptibility. Recent
studies have focused on discovering potential (func-
tional) mutations and polymorphisms in genes asso-
ciated with cardiovascular disease. Polymorphisms
in the prostacyclin synthase (PGIS) gene, which cat-
alyzes PGI2 synthesis from PGH2, were found to be
associated with essential hypertension, myocardial
infarction, and cerebral infarction.137 Additional stud-
ies have examined the potential association between
atherosclerosis and polymorphisms in the eNOS
gene.138 Ongoing studies of total genome scans within
phenotypically well-characterized populations, with
and without atherothrombotic disease, are attempting
to define complex combinations of single polymor-
phisms (haplotypes) within or between genes associ-
ated with an increased risk of cardiovascular disease.
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INTRODUCTION

During inflammation and thrombosis, signaling cas-
cades result in activation of platelets, endothelial
cells (ECs), and leukocytes. The complex interaction
between these vascular cells is influenced by cell
adhesion and by production of soluble stimulatory
or inhibitory molecules that alter cell function. The
net effect of this tridirectional “cellular cross talk” on
thrombosis and inflammation depends on the balance
between inputs and can lead to resolution and repair
or perpetuation of inflammation and thrombosis. The
specific aim of this chapter is to highlight the impor-
tant role that platelets play in inflammation. Empha-
sis is placed on recent advances delineating molecu-
lar pathways that allow platelets, leukocytes, and ECs
to “cross talk” in a coordinated fashion in the nor-
mal state and in inflammatory and thrombotic condi-
tions. Major topics include the inflammatory media-
tors produced by platelets, the molecular interactions
between platelets and ECs and platelets and leuko-
cytes, and the role of platelets in facilitating leukocyte
adhesion and transmigration through the blood ves-
sel wall. Clinical implications of basic science research
are outlined in each section.

At first glance, platelets are critical components of
hemostatic pathways that prevent blood loss at sites
of vascular injury. More careful examination, how-
ever, reveals that platelets are also inflammatory cells
that regulate the initiation and progression of inflam-
matory processes and thereby link inflammation and
thrombosis. Platelets are an abundant source of proin-
flammatory mediators. In addition, platelets interact
directly with leukocytes and ECs, and participate in
autocrine and paracrine signaling. Emerging evidence
suggests that the inflammatory functions of platelets
play an important role in the pathophysiology of mul-

tiple inflammatory diseases, including atherosclero-
sis, rheumatic disorders, and acute lung injury. In addi-
tion, drugs that inhibit platelet function appear to
have powerful anti-inflammatory effects in addition
to anticipated effects on thrombosis.

PLATELET-DERIVED INFLAMMATORY
MEDIATORS

Following activation by agonists, such as thrombin and
adenosine diphosphate (ADP), or in response to adhe-
sion to the extracellular matrix (ECM), platelets secrete
a host of inflammatory, mitogenic, and thrombotic
substances that stimulate further platelet activation;
alter leukocyte, endothelial, and smooth muscle
phenotypes; and promote thrombosis (Table 7.1).

Identification of proteins released from activated
platelets has recently been facilitated by proteomic
analyses of the platelet secretome. These comprehen-
sive analyses have provided additional evidence that
platelets function as mediators of inflammation. Pro-
teomic analyses of thrombin-stimulated platelets cat-
aloged over 300 proteins that are released from acti-
vated human platelets, and these studies identified
novel platelet-derived molecules (e.g., secretogranin
III, cyclophilin A, calumenin) implicated in atheroge-
nesis and thrombosis.1,2

Many of the components of the platelet releasate are
preformed protein or peptide factors that are stored
within the platelet and are rapidly released from dense
granules, α granules, lysosomes, the canalicular sys-
tem, or the cytosol. Following activation, platelets
also expose sequestered adhesion molecules that
facilitate cell adhesion (e.g., P-selectin) and platelet
aggregation [e.g., glycoprotein (GP) IIb/IIIa]. In addi-
tion to preformed components, stimulated platelets
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Table 7.1. Inflammatory Molecules Produced by Activated Platelets

Platelet-derived chemokines

macrophage inflammatory peptide (MIP-1; CCL3)

regulated on activation T-cell expressed and secreted

(RANTES; CCL5)

monocyte chemotactic protein-3 (MCP-3; CCL7),

thymus and activation-regulated chemokine (TARC; CCL17)

growth-regulating oncogene-α (Gro-α; CXCL1),

platelet factor-4 (PF-4; CXCL-4),

epithelial neutrophil activating protein-78 (ENA-78; CXCL5)

neutrophil activating peptide-2 (NAP-2; CXCL-7)

interleukin-8 (IL-8; CXCL8)

Platelet-derived cytokines and cytokine-like factors

IL-1β

CD40 ligand

β-thromboglobulin

Platelet-derived adhesion proteins.

P-selectin

glycoprotein IIb/IIIa (GP IIb/IIIa)

platelet/endothelial cell adhesion molecule-1 (PECAM-1)

fibrinogen

fibronectin

VWF

thrombospondin

vitronectin

Platelet-derived coagulation factors

factor V

factor XI

plasminogen activator inhibitor (PAI-1)

plasminogen

protein S

Platelet-derived growth factors.

platelet-derived growth factor (PDGF)

transforming growth factor-α (TGF-α)

epidermal growth factor (EGF)

basic fibroblast growth factor (bFGF).

Platelet-derived eicosanoids and lipid mediators.

thromboxane A2 (TXA2)

prostaglandin E2 (PGE2,)

prostaglandin D2 (PGD2)

platelet-activating factor (PAF)

Platelet-derived proteases

matrix metalloproteinase-2

The table includes major inflammatory and thrombotic mediators produced by activated platelets. This list is not

comprehensive as platelets secrete over 300 molecules.1,2

also rapidly produce soluble factors, including phos-
pholipids and thromboxane A2 (TxA2), a prothrom-
botic eicosanoid derivative of arachidonic acid (AA)
produced by cyclooxygenase (COX)-1. Until recently,
platelets were felt to have limited ability to synthe-
size protein. New evidence, however, has demon-
strated that anucleate platelets do synthesize protein
by translating megakaryocyte-derived mRNA, which
is retained during thrombopoiesis.3 In fact, in resting
platelets, mRNA translation may be repressed until
activation signals stimulate protein synthesis.4,5 In
some cases, agonist-induced platelet activation leads
to splicing of intron-containing pre-mRNA species
into mature forms, which are translated into new pro-
tein.6,7 Platelets use this signal-dependent transla-
tional control mechanism to regulate the production
of key proteins involved in platelet inflammatory and

thrombotic responses, including interleukin-1β (IL-
1β) and tissue factor (TF).3,4,5,6,7

Classes of proinflammatory molecules released
from activated platelets include chemokines, cyto-
kines, adhesion proteins, coagulation factors,
growth factors, and eicosanoids (Table 7.1). These
molecules work in a coordinated fashion and regulate
inflammatory and thrombotic processes, including
cellular adhesion, migration, aggregation, secretion,
proliferation, and apoptosis.

Platelet-derived chemokines

Chemokines are important regulators of immune
function; generated at sites of inflammation, they con-
trol leukocyte migration and secretion.8 They func-
tion via seven-transmembrane G protein–coupled
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chemokine receptors that activate signaling pathways
in target cells. The major chemokines produced
by platelets include macrophage inflammatory pep-
tide (MIP-1; CCL3), regulated on activation T cell–
expressed and secreted (RANTES; CCL5), monocyte
chemotactic protein-3 (MCP-3; CCL7), thymus and
activation-regulated chemokine (TARC; CCL17),
growth-regulating oncogene-α (Gro-α; CXCL1),
platelet factor-4 (PF-4; CXCL-4), epithelial neu-
trophil activating protein-78 (ENA-78; CXCL5),
neutrophil activating peptide-2 (NAP-2; CXCL-7), and
interleukin-8 (IL-8; CXCL8).8,9

Platelet-derived cytokines and
cytokine-like factors

The cytokine and cytokine-like proteins produced by
platelets play an important role in immune regula-
tion by altering cell function and gene expression.
Cytokines typically act over short distances and bind
to specific membrane receptors, which typically signal
via second messengers systems (i.e., tyrosine kinases).
Platelet activation and granule secretion result in
the release of cytokines and enable delivery of these
molecules at high local concentrations to areas of
tissue injury. Cellular responses to cytokines include
change in expression of membrane receptors, pro-
liferation, and secretion of effector molecules. The
major cytokine and cytokine-like factors produced by
activated platelets include IL-1β, CD40 ligand, and
β-thromboglobulin.

Platelet-derived adhesion proteins

Following platelet activation, several adhesion
molecules are exposed on the plasma membrane,
where they regulate adhesion of platelets to extracel-
lular matrices, including subendothelial basement
membranes and fibrin(ogen)-rich thrombi. Adhesion
molecules also mediate homotypic platelet–platelet
interactions and heteroptypic platelet–leukocyte and
platelet–endothelium interactions either directly or
through bridging molecules such as von Willebrand
factor (VWF)10 and fibrinogen.11 Platelet expression of
adhesion proteins is a regulated process, and the time
course of surface expression, secretion, and internal-
ization varies among specific adhesion molecules.12

The surface expression of P-selectin,13 platelet/
endothelial cell adhesion molecule-1 (PECAM),14

and GP IIb/IIIa15 increase significantly with platelet
activation. Examples of adhesive molecules released
by activated platelets include fibrinogen, fibronectin,
VWF, thrombospondin, and vitronectin.

Platelet-derived coagulation factors

Platelets are a rich source of procoagulant molecules,
which are secreted in response to platelet adhe-
sion or agonist-induced activation. Coagulation
proteins released by activated platelets include pro-
coagulant molecules (factor V, factor XI, PAI-1) and
anticoagulant factors (plasminogen and protein S). In
addition to releasing procoagulant factors, platelets
also promote thrombosis by altering the phospho-
lipid composition of the outer layer of the platelet
plasma membrane. In resting platelets, phosphatidyl
serine (PS) is sequestered on the cytoplasmic surface
of the plasma membrane. This asymmetric plasma
membrane lipid distribution is normally maintained
by energy-dependent lipid transporters that translo-
cate specific phospholipids from one monolayer to
the other against concentration gradients. Following
platelet activation, lipid asymmetry is altered by the
activity of scramblases, which are lipid transporters
that shuttle phospholipids between the two mono-
layers of the plasma membrane.16 These scramblases
translocate phosphatidylserine (PS) to the outer cell
surface, where it promotes the assembly and catalytic
activity of coagulation proteins that generate throm-
bin.16 The PS-enhanced thrombotic activity of acti-
vated platelets directly stimulates the coagulation cas-
cade by promoting the generation of thrombin, which
activates additional platelets and amplifies throm-
botic and inflammatory signals.17 Importantly, acti-
vated platelets also release microparticles (MP), which
contain high levels of surface PS. Platelet-, leukocyte-,
and endothelium-derived MPs exert direct effects
on vascular cells and directly promote inflammation
and thrombosis.18 In clinical studies, circulating MP
levels predict subclinical atherosclerosis,19 and MPs
are elevated in patients with acute coronary synd-
romes.20

Platelet-derived growth factors

The inflammatory effects of activated platelets are
mediated by potent growth factors that act locally
at sites of inflammation to stimulate migration,
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proliferation, and differentiation of vascular ECs,
smooth muscle cells, and leukocytes. Key platelet-
derived growth factors include platelet-derived
growth factor (PDGF), transforming growth factor-α
(TGF-α), transforming growth factor-β (TGF-β), epi-
dermal growth factor (EGF), and basic fibroblast
growth factor (bFGF). Platelet growth factors are felt
to play an important role in the pathophysiology of
a number of disease processes including fibrotic dis-
orders, atherosclerosis, and coronary artery resteno-
sis.21,22,23,24

Platelet-derived eicosanoids
and lipid mediators

Platelet eicosanoids are a class of oxygenated
hydrophobic molecules derived from AA and function
as autocrine and paracrine signaling agents. Agonist-
induced platelet activation initiates eicosanoid pro-
duction through enzymatic activity of COX-1. COX-
1 products are further processed into final platelet
eicosanoids, such as TXA2, PGE2, and PGD2.25 The
major platelet eicosanoid TXA2 stimulates platelet
activation and aggregation, smooth muscle prolifera-
tion, and vasoconstriction.26 At physiologic concen-
trations produced by activated platelets, PGE2 also
promotes platelet activation by potentiating stimula-
tion by other agonists.27

In addition to eicosanoids, platelet-activating fac-
tor (PAF) is another important lipid-derived platelet
product that has proinflammatory and prothrombotic
actions. PAF is produced by hydrolysis of plasma mem-
brane lipid components by the enzyme phospholipase
A2 (PLA2). PAF induces platelet and leukocyte activa-
tion and aggregation, stimulates procoagulant activ-
ity on the surface of ECs, and functions as a leukocyte
chemotactic agent.28 PAF also promotes vascular per-
meability and tissue edema and is a potent vasodilator
causing arterial hypotension.29

Platelet-derived proteases

Matrix metalloproteinases (MMPs) are another impor-
tant class of molecules produced by activated
platelets.30,31,32,33 Platelet-derived MMPs influence
thrombosis by potentiating paracrine platelet activa-
tion.31 In particular, platelet-derived MMP-2 initiates
platelet activation through phosphoinositide-3 kinase
(PI3K) –dependent signaling pathways and promotes

thrombosis by directly enhancing platelet aggregation
responses.33

PLATELET–ENDOTHELIAL CELL
CROSS TALK

During inflammation and thrombosis, platelets and
ECs communicate through cell–cell interactions and
soluble mediators that facilitate transcellular cross
talk. Platelet–EC interactions occur on the luminal sur-
face of the blood vessel wall at sites of tissue injury and
result in activation of bidirectional signaling pathways
that directly modulate cellular function.

ECs form a semipermeable barrier between the
lumen of a blood vessel and the underlying tissue and
play a central role in the regulatory mechanisms that
control thrombotic and inflammatory pathways. ECs
regulate vascular tone and permeability, leukocyte
and platelet adhesion to the blood vessel wall, and
proliferation and migration of vascular cells. In
addition, ECs respond to mechanical forces occurring
within the vasculature, to hormonal signals in the
blood, and to signaling molecules produced locally
by vascular cells. In the normal or “healthy state,”
ECs maintain vascular homeostasis through the
production of protective compounds that inhibit the
coagulation system, prevent leukocyte and platelet
adhesion, and modulate the contractile and prolifer-
ative state of underlying smooth muscle. EC-derived
factors that promote normal endothelial function
include nitric oxide (NO), which maintains normal
vascular tone and inhibits leukocyte adhesion and
smooth muscle proliferation, and prostacyclin (PGI2),
which inhibits platelet adhesion and aggregation. The
normal endothelium produces additional protective
compounds, including nucleoside triphosphate-
diphosphohydrolases, which degrade ADP and
prevent platelet activation34; aminooxidases, which
deactivate vasoconstrictive circulating catechols,
including platelet-derived serotonin (5-HT)35; and
antithrombin and thrombomodulin, which promote
local thrombolysis36 (see Chapter 6).

In the setting of vascular inflammation, endothelial
phenotypes shift to a dysfunctional state character-
ized by (1) reduced production of NO and impaired
endothelium-mediated vasodilation; (2) reduced pro-
duction of PGI2; (3) increased production of reactive
oxygen species; (4) increased release of endoperox-
idases; (5) increased release of the vasoconstrictor
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endothelin-1; (6) increased expression of prothrom-
botic factors such as plasminogen activator inhibitor-
1 (PAI-1); and (7) increased expression of vascular
adhesion molecules, which support leukocyte and
platelet adhesion.37,38 Endothelial dysfunction pro-
motes vasoconstriction, enhanced coagulation, adhe-
sion of platelets and leukocytes, and proliferation of
vascular smooth muscle cells. During chronic inflam-
matory conditions such as atherosclerosis, endothelial
dysfunction occurs systemically and is present in dis-
eased arteries and in arteries that show no evidence of
atherosclerosis.39

Platelet–endothelial cell adhesion

Platelet adhesion to inflamed vascular beds poten-
tiates inflammatory processes and aids delivery of
platelet-derived signaling molecules to areas of vascu-
lar inflammation. In certain circumstances, cell adhe-
sion events also directly transduce cell signals. Under
normal conditions, noninflamed ECs inhibit platelet
adhesion through the action of NO and PGI2 and form
a protective barrier that prevents platelet adhesion to
the subendothelial matrix. When the subendothelium
is exposed during vascular injury, platelets attach to
proteins present in the ECM. The platelet membrane
proteins involved in adhesion to the subendothelial
ECM are reviewed in detail in Chapter 3. In brief, at
high shear rates, the platelet receptor complex glyco-
protein Ib/IX/V (GP Ib/IX/V) supports platelet depo-
sition by binding to VWF, which is a multimeric adhe-
sive protein that circulates in the plasma and is found
in the ECM beneath the endothelial monolayer. GP
Ib/IX/V is constitutively expressed on the platelet sur-
face and VWF binding results in platelet activation
by stimulating calcium influx, induction of signaling
pathways, and activation of the fibrinogen receptor
GP IIb/IIIa.40,41,42 Initial platelet adhesion through
GP Ib/IX/V–VWF is followed by formation of stronger
contacts mediated by the integrins alpha2beta1 (α2β1,
CD49b/CD29)43 and GPIIb/IIIa.41 At low shear rates,
where GP Ib/IX/V–VWF binding is not supported,
the collagen receptor GPVI is likely the main recep-
tor that initiates adhesion to subendothelial surfaces
and subsequent platelet activation.44,45 GP Ib/IX/V–
VWF interaction also mediates platelet–EC adhesion
and is an important mechanism of platelet recruit-
ment in the early stages of atherosclerotic lesion
formation.46

Recent evidence has demonstrated that endothe-
lial denudation is not required for platelet attachment
to the blood vessel wall, and it is now accepted that
inflamed and apoptotic ECs support platelet adhe-
sion.47,48 In response to inflammation, ECs decrease
production of molecules that inhibit platelet adhesion
(NO and PGI2) and increase production of molecules
that degrade NO and promote adhesion (superoxide
anion).49 In addition, activated ECs express adhesion
molecules that directly support platelet rolling and
firm attachment.

The molecules that regulate platelet–endothelial
cell interactions are well characterized. In vitro experi-
ments have demonstrated that platelets adhere to acti-
vated endothelial cell monolayers in culture. Under
these static conditions, adhesion occurs through
bridging mechanisms in which soluble proteins bind
to GP IIb/IIIa and interact with endothelial cell
receptors, including intracellular adhesion molecule-
1 (ICAM-1), alphaV beta3 integrin (αvβ3), and possibly
GP Ibα.11

In vivo studies in genetically altered mice have
shed considerable light on the receptors that medi-
ate platelet adhesion to inflamed endothelial cells.
Under dynamic shear conditions in vivo, platelet–
EC adhesion is coordinated by selectin and integrin
adhesion molecules that direct a sequential multi-
step adhesion process that results in platelet teth-
ering, rolling, activation, and firm adhesion (Fig.
7.1).50 The multistep process of platelet–EC adhe-
sion mirrors mechanisms used to support leuko-
cyte rolling and adhesion on vascular endothelium.51

The first step of platelet tethering and subsequent
rolling is mediated by the selectin class of cell adhe-
sion molecules. P-selectin (CD62P) is a transmem-
brane protein sequestered in α storage granules in
platelets and in Weibel-Palade bodies in endothe-
lial cells.13 In response to cell activation, P-selectin
is rapidly expressed on the cell surface of platelets
and ECs, where it mediates adhesion.52 Similarly, E-
selectin (CD62E) is expressed on the surface of acti-
vated endothelial cells, where it also supports platelet–
endothelial cell adhesion.52 In vivo studies have shown
that endothelial but not platelet selectins actually
mediate platelet rolling on ECs because selective
absence of the endothelial selectins abrogates platelet
rolling while selective deficiency of platelet P-selectin
does not affect platelet rolling.52,53 The platelet coun-
terreceptor for endothelial P-selectin that supports
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Figure 7.1 Multi-step process of platelet-endothelial cell adhesion. Under dynamic shear

conditions in vivo, platelet-EC adhesion is coordinated by selectin and integrin molecules that direct a

sequential, multi step adhesion process which results in platelet tethering, rolling, activation and firm

adhesion. Initial tethering and rolling of platelets on activated ECs is mediated by selectin adhesion

molecules. Early adhesion events facilitate transfer of platelet- and EC-derived mediators that cause

bidirectional cell activation. Ligand binding to transmembrane adhesion molecules (PSGL-1) initiates

outside–in signals that activate platelet integrin adhesion molecules (GPIIb/IIIa) which support arrest

and firm adhesion through interaction with fibrinogen bound to EC integrins (αvβ3).

platelet–EC adhesion appears to be the GP Ib/IX/V
complex. Cells expressing P-selectin adhere to immo-
bilized GP Ibα, and GP Ibα-expressing cells roll on
purified P-selectin and on inflamed endothelium
in a P-selectin–dependent manner.54 Therefore GP
Ib/IX/V mediates the adhesion of platelets both to ECs
and to the to subendothelial matrix, underscoring its
importance in platelet effector function. In addition to
GP Ib/IX/V, platelets express P-selectin glycoprotein
ligand-1 (PSGL-1), which also mediates platelet rolling
on the endothelium by interaction with endothelial P-
and E-selectin.55,56,57

Despite their ability to mediate platelet rolling,
selectins are unable to support stable platelet adhe-
sion because interactions between selectins and
their counterreceptors are relatively short-lived and
of insufficient strength to support arrest and firm
attachment.58 In the multistep paradigm, endothelial
selectins direct platelet tethering and rolling, which
is then followed by firm adhesion mediated through
integrins. In vitro and in vivo studies demonstrate
that the platelet integrin GP IIb/IIIa is the molecule
responsible for arrest and firm adhesion of platelets
rolling on ECs.11,59 Taken together, these experimen-
tal studies indicate that selectin and integrin receptors
operate sequentially to promote platelet–EC adhe-

sion at sites of vascular inflammation, facilitating the
local delivery of platelet signaling molecules. Platelet–
EC adhesion also promotes transcellular activation,
which is likely an important regulatory process dur-
ing thrombosis and inflammation. At sites of vascular
injury, where platelets deposit on the subendothelial
matrix layer, platelets adhesion receptors (P-selectin)
mediate homing of reparative bone marrow–derived
endothelial progenitor cells (EPC).60 This interaction
appears to be a central mechanism for homing of EPCs
to regions of vascular injury.

Platelet–endothelial signaling,
thrombosis, and inflammation

Platelet adhesion to the endothelium and/or acti-
vation by primary agonists results in secretion of
platelet-derived mediators that cause inflammatory
and thrombotic responses in ECs. In addition, adhe-
sion of activated platelets to the vascular endothe-
lium leads to reduction in endothelial-dependent
vasodilation.61 Inflammatory and thrombotic signal-
ing molecules released by activated platelets are
outlined above, and the major pathways regulating
platelet–EC cross talk are highlighted in the following
section.
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Platelets are a rich source of the proinflamma-
tory molecule CD40 ligand, which is secreted dur-
ing platelet activation. 62 ECs express the CD40L
receptor,63 and binding of CD40L results in increased
endothelial expression of the adhesion molecules
ICAM-1, vascular cell adhesion molecule-1 (VCAM-
1, CD106), and E-selectin adhesion molecules.62,64

CD40L induces EC production of cytokines and
leukocyte chemoattractants (IL-8 and MCP-1),62,65

and inhibition of CD40L/CD40 receptor function
decreases leukocyte adhesion in vitro.66 CD40L also
modulates EC thrombotic function by decreasing
thrombomodulin expression and inducing TF pro-
duction.67,68 CD40L stimulates production of matrix-
degrading enzymes including MMPs.64 MMPs play an
important role in the pathogenesis of atherosclero-
sis and are involved in atherosclerotic plaque progres-
sion, neovascularization, and rupture. Furthermore,
in experimental models of atherosclerosis, antibody
inhibition or targeted gene inactivation of CD40 lig-
and reduces the formation of atherosclerotic lesions,
confirming the importance of CD40L in the pathobi-
ology of atherosclerosis.69,70

IL-1β is another important platelet-derived fac-
tor that regulates the inflammatory and thrombotic
phenotypes of vascular endothelial cells. Activated
platelets induce EC secretion of IL-6 and IL-8 in
an IL-1β–dependent manner.71 IL-6, a circulating
cytokine, initiates acute-phase responses in the liver
and increases production of fibrinogen, plasmino-
gen activator inhibitor (PAI-1), and the inflammatory
biomarker C-reactive protein. Thus, platelet IL-1β-
induced production of IL-6 by ECs at sites of peripheral
vessel inflammation generates a systemic prothrom-
botic response. Platelet-derived IL-1β also acts locally
to promote inflammation and leukocyte-EC adhesion
by increasing the expression of ICAM-1, αvβ3

72 and the
leukocyte chemoattractant protein MCP-1.73

Activated platelets also produce the chemokine
RANTES, which binds to the surface of ECs and
triggers monocyte arrest under flow conditions.74

RANTES-induced activation of ECs requires the adhe-
sion molecule P-selectin, suggesting involvement
of platelet–EC adhesion in this process.75 In vivo,
platelet-derived RANTES modulates vascular inflam-
mation75 and has been implicated in pulmonary
hypertension,76 atherosclerosis,77 and vasculitic con-
ditions78,79 (see Chapter 4). Furthermore, platelet
MPs, generated during platelet activation, also con-

tain RANTES and may serve as a delivery system to
localize its deposition at sites of tissue injury.80

PLATELET–LEUKOCYTE CROSS TALK

In response to inflammation and thrombosis, platelets
and leukocytes interact through bidirectional signal-
ing pathways that enable transcellular cross talk and
regulate effector responses. Platelet–leukocyte inter-
actions occur on the blood vessel wall and in circu-
lating blood. Adhesive interaction between platelets
and leukocytes promotes cell accumulation at sites of
injury and facilitates direct exchange of the soluble
signaling molecules that influence cell activation.

Platelet–leukocyte adhesion

Leukocytes bind directly to activated platelets
attached to inflamed ECs or exposed subendothe-
lial basement membranes.81 In addition, leukocytes
also bind to activated platelets in blood, leading to
the formation of circulating leukocyte–platelet aggre-
gates.82 Platelet-mediated leukocyte adhesion to the
blood vessel wall occurs through a multistep adhe-
sion cascade that directs leukocyte rolling, activa-
tion, arrest, and firm attachment on adherent platelets
(Fig. 7.2). Initial leukocyte tethering and rolling is
regulated by interaction between platelet P-selectin
and leukocyte PSGL-1.83 P-selectin binding to PSGL-
1 initiates outside in signals that stimulate produc-
tion of leukocyte cytokines,84,85 chemokines,86 tis-
sue factor,87 MMPs,88 and reactive oxygen species.89

P-selectin-initiated outside-in signals are transduced
through tyrosine kinases and result in increased
expression and conformational activation of β2 inte-
grins, which regulate leukocyte adhesion.90,91,92 Upon
activation, rolling leukocytes decelerate, firmly attach
to adherent platelets, and eventually migrate into sur-
rounding tissues. Firm attachment occurs through
adhesive interactions between the leukocyte inte-
grin Mac-1 and several molecules including platelet
JAM-3,93 platelet ICAM-2,94 platelet GP Ibα,95 and
bridging molecules such as high-molecular-weight
kininogen, which binds to GP Ibα,96 and/or fibrino-
gen, which binds to platelet GP IIb/IIIa.97 Recent
data have demonstrated that leukocyte Mac-1 and
platelet GP Ibα appear to be the dominant recep-
tor pair regulating platelet–leukocyte adhesion dur-
ing vascular injury, because specific targeting of
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Figure 7.2 Multi-step process of platelet-mediated leukocyte adhesion. Activated platelets which have deposited on inflamed ECs or the

subendothelial basement membrane mediate leukocyte adhesion to the blood vessel wall (secondary capture). Similar to platelet-EC adhesion,

platelet-mediated leukocyte adhesion is coordinated by selectin and integrin molecules that direct a sequential, multistep process which results in

leukocyte tethering, rolling, activation and firm adhesion. Initial tethering and rolling of leukocytes on adherent platelets is mediated by selectin

adhesion molecules. Early adhesion events facilitate transfer of platelet- and leukocyte-derived mediators that cause bidirectional cell activation.

Ligand binding to leukocyte transmembrane adhesion molecules (PSGL-1) initiates outside–in signals that activate integrins (Mac-1). Leukocyte

integrins support arrest and firm adhesion through interaction with fibrinogen bound to platelet integrins (GPIIb/IIIa) or by binding directly to

platelet receptors (GPIbα, Jam-3, ICAM-2).

Mac-1/GP Ibα binding reduces leukocyte recruitment
and vascular inflammation in experimental models.98

In addition, P-selectin-PSGL-1 interactions have been
shown to play an important role in directing incor-
poration of circulating leukocytes99 and tissue factor–
containing leukocyte microparticles100 into develop-
ing thrombi. It has also been recognized that platelet-
mediated leukocyte adhesion to the blood vessel wall,
a phenomenon termed “secondary capture,” plays
an important role in the pathobiology of inflam-
matory processes including acute lung injury,101

asthma,102 neointimal proliferation and restenosis,98

and atherosclerotic vascular disease.103,104

Platelet–leukocyte adhesion also occurs in circu-
lating blood, and formation of heterotypic platelet–
leukocyte aggregates is regulated by receptor lig-
and pairs and activation sequences that parallel
leukocyte adhesion to adherent platelets.82,105 In this
setting, P-selectin expressed on activated platelets
directs interaction with monocytes and enhances
monocyte adhesion to endothelial cells under high
shear conditions.106 In addition, P-selectin on acti-

vated platelets induces COX-2 synthesis in monocytes
through a complex signaling cascade that involves
regulation of transcriptional and posttranscriptional
checkpoints.107 Platelet–leukocyte aggregation facil-
itates transcellular activation and is thus important
in the pathophysiology of inflammatory and throm-
botic diseases. This conclusion is supported by clini-
cal studies demonstrating elevated levels of platelet–
leukocytes complexes in coronary artery disease,108

unstable angina,109 sepsis,110 inflammatory bowel dis-
ease,111 cerebrovascular ischemia,112 and asthma.113

Platelet–leukocyte signaling, thrombosis,
and inflammation

As outlined above, platelet–leukocyte adhesion pro-
motes local delivery of signaling molecules and results
in signaling events that regulate leukocyte activa-
tion and adhesion (Fig. 7.3). It is important to rec-
ognize that leukocyte-derived mediators also stimu-
late platelets, resulting in positive feedback loops that
amplify inflammation. The major signaling molecules
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Figure 7.3 Adherent platelets activate monocytes. Adherent and/or activated

platelets mainly interact with monocytic PSGL-1 via P-selectin and with monocytic

Mac-1 via GPIIb/IIIa (and fibrinogen bridging) or GPIbα. Thereby, platelets initiate

monocyte secretion of chemokines, cytokines, and procoagulatory tissue factor,

upregulate and activate adhesion receptors and proteases, and induce monocyte

differentiation into macrophages. (Reprinted with permission: Gawaz M et al. J Clin

Invest 2005;115:3378–3384).

involved in leukocyte–platelet transcellular activation
are outlined in the following section.

CD40L is an important platelet-derived cytokine-
like factor that regulates leukocyte function. CD40L
induces expression of tumor necrosis factor alpha
(TNF-α), interferon gamma (IFN-γ ), IL-1, IL-6, and
IL-8 in peripheral blood monocytes114,115 and MCP-
1, RANTES, and macrophage inflammatory pro-
tein (MIP) isoforms in macrophages.116 In addi-
tion, CD40L promotes enzymatic processes that
decrease atherosclerotic plaque stability by induc-
ing macrophage production of MMPs, which degrade
matrix components of protective fibrous caps.117,118

Platelet production of CD40L also modulates throm-
bosis by increasing TF production by monocytes and
macrophages.118

The cytokine PF4 is one of the most abundant
components of platelet α granules and is rapidly
released following platelet activation. PF4 stimu-
lates monocyte adhesion to activated endothelial
cells,119 promotes monocyte differentiation into
macrophages,120 and directly stimulates oxidative

burst and production of ROS from macrophages.121

PF4 also appears to promote foam cell production
by inhibiting macrophage degradation of LDL rece-
ptors122 and by promoting macrophage esterification
and uptake of oxidized LDLs.122 RANTES, another
important platelet-derived chemotactic agent, also
promotes leukocyte activation and P-selectin–media-
ted monocyte recruitment to inflamed endothelium.74

Inhibition of RANTES function in vivo reduces vas-
cular inflammation, neointimal proliferation, and
atherosclerosis in experimental animal models.75,123

Several leukocyte-derived mediators also regu-
late platelet–leukocyte transcellular activation. PAF
is a soluble inflammatory mediator produced by
both activated platelets and leukocytes. It functions
in autocrine and paracrine activation pathways,124,125

which direct leukocyte migration and promote
platelet–leukocyte and platelet–platelet aggrega-
tion.125,126 Leukocyte-derived cathepsin G also con-
trols platelet activation. It is released by activated
neutrophils and proteolytically cleaves the αIIb sub-
unit of the platelet integrin GP IIb/IIIa.127 This
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proteolytic event alters the conformational struc-
ture of GP IIb/IIIa, promoting fibrinogen binding,
outside-in activation, and platelet aggregation.127

Superoxide (O2
−) produced by activated leukocytes

promotes platelet secretion and aggregation and
leads to platelet–leukocyte adhesion.128,129 Following
exposure to platelet-derived P-selectin, neutrophils
increase surface expression of tissue factor, promoting
thrombin production and the activation of additional
platelets.130 By contrast, in some settings, unstimu-
lated or weakly activated neutrophils have the capac-
ity to inhibit platelets through the production of
ADPases,131 NO,132 and elastases, which cleave cell-
surface receptors involved in platelet aggregation.133

The net effect of platelet–leukocyte cross talk on cell
function depends on the complex balance between
the stimulatory and inhibitory signals generated in
response to thrombosis and inflammation.

Leukocyte–platelet cross talk is also involved in
the process of transcellular metabolism, where pre-
cursors of lipid signaling molecules are transferred
between cells. Platelets use neutrophil-derived lipid
precursors to synthesize lipoxin A4,134,135 leukotriene
(LT)C4,136 and TxB2

137; correspondingly, neutrophils
use platelet-derived lipid precursors to synthe-
size LTB4.138 Bidirectional transcellular metabolism
between platelets and leukocytes is facilitated by
heterotypic adhesion between cells139 and likely
involves outside-in activation of signaling pathways
transduced through integrin receptor–ligand interac-
tions.135,140

ANTI-INFLAMMATORY EFFECTS
OF PLATELET INHIBITION

Recent advances in our understanding of the molec-
ular pathways regulating platelet, endothelial, and
leukocyte transcellular signaling have provided insight
into the ability of antiplatelet drugs to inhibit inflam-
mation. The anti-inflammatory effects of common
antiplatelet therapies are discussed below.

COX inhibition, aspirin, and selective
COX-2 inhibitors

Aspirin is an established and effective antiplatelet drug
that functions by irreversible acetylation and inacti-
vation of COX, resulting in decreased production of
TXA2. There are multiple lines of evidence indicat-

ing that aspirin has anti-inflammatory effects outside
of its effects on thrombosis. In experimental mod-
els, aspirin reduces levels of soluble ICAM-1, MCP-1,
and interleukins and inhibits cell proliferation.141,142

In humans, aspirin has vasculoprotective actions and
prevents inflammation-induced endothelial dysfunc-
tion.143 Furthermore, in large clinical trial popula-
tions, aspirin reduces the risk of cardiovascular dis-
ease in healthy individuals in part by reducing levels
of chronic inflammation.144

Three different isoforms of COX exist, and
aspirin inhibits them all. Newer nonsteroidal anti-
inflammatory drugs (NSAID) called COX-2 selective
inhibitors have been developed with the goal of reduc-
ing gastrointestinal side effects by avoiding inhibition
of prostaglandin synthesis by COX-1. Prostaglandins
have a protective role in the gastrointestinal tract and
prevent acid-induced mucosal damage and peptic
ulcers. Despite potential benefits, several COX-2 selec-
tive inhibitors have recently been withdrawn from the
market due to evidence indicating an increased risk of
cardiovascular events with use of these agents.145,146

The mechanism of increased atherothrombosis fol-
lowing COX-2 inhibition is incompletely defined but
likely arises from inhibition of EC COX-2-dependent
PGI2 synthesis. PGI2 inhibits platelet adhesion and
aggregation. Selective COX-2 inhibition allows for
unopposed production of TXA2 by platelet COX-1.
The combined loss of the antiplatelet and vasodilatory
effects of PGI2, and relative excess of TXA2 favor vaso-
constriction, platelet activation, and platelet adhe-
sion/aggregation, which appears to increase the risk
of clinical thrombotic events.147

ADP-receptor (P2Y12) antagonists

The thienopyridine derivatives ticlopidine and clopi-
dogrel are the initial compounds in an expanding
group of drugs that reduce platelet activation by block-
ing the ADP receptor P2Y12, which plays a central
role in platelet activation.148 The active metabolite
of clopidogrel irreversibly inactivates the receptor by
binding to it through a disulfide bond149 (see Chap-
ter 20). In addition to its antithrombotic effects, clopi-
dogrel therapy has a number of anti-inflammatory
effects that result from inhibition of platelet inflam-
matory function. Some of the anti-inflammatory
actions of clopidogrel therapy include (1) reduction of
CD40L plasma levels in patients with coronary artery
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disease;150 (2) improvement of systemic endothe-
lial nitric oxide bioavailability in patients with coro-
nary artery disease;151 and (3) reduction in platelet–
leukocyte aggregation in vitro152,153 and in vivo.154

In addition, clopidogrel therapy decreases circulating
TF levels in patients with peripheral arterial disease,
probably by inhibiting platelet-mediated TF produc-
tion from leukocytes.155 The clinical benefits of clopi-
dogrel added to aspirin in reducing cardiovascular
death, myocardial infarction, and stroke have been
clearly established in patients with acute coronary
syndromes156 or undergoing percutaneous coronary
intervention (PCI).156 However, a primary/secondary
prevention study in patients with established vascular
disease or multiple cardiovascular risk factors showed
no benefit when clopidogrel was added to aspirin
therapy.157

GP IIb/IIIa receptor antagonists

Although aspirin and clopidogrel effectively inhibit
two distinct pathways of platelet activation, they
are relatively weak inhibitors of platelet aggregation.
Importantly, their inhibitory effects can be overcome
by agonists that activate platelets independent of COX
or P2Y12. In contrast, drugs targeting the platelet GP
IIb/IIIa receptor are powerful inhibitors of platelet
aggregation because they inhibit GP IIb/IIIa binding
to fibrinogen, which is the final common molecular
endpoint of activation induced by multiple agonists.
Intravenous antibody (abciximab), peptide (eptifi-
batide), and nonpeptide (tirofiban) inhibitors of GP
IIb/IIIa have been validated for therapeutic use during
acute coronary syndromes and percutaneous coro-
nary intervention (PCI) in multiple clinical trials158

(see Chapters 20 and 23). Like other antiplatelet ther-
apies, GP IIb/IIIa inhibitors have anti-inflammatory
effects related to the inhibition of platelet func-
tion.159 The anti-inflammatory mechanisms of GP
IIb/IIIa inhibitors are likely related to their ability
to reduce transcellular activation events by prevent-
ing leukocyte–platelet and platelet–platelet adhesion.
The anti-inflammatory effects of GP IIb/IIIa inhibitor
treatment include (1) inhibition of the release of sol-
uble CD40 ligand during platelet activation160 and
inhibition of CD40L and RANTES release following
coronary stenting;161 (2) protection against endothe-
lial dysfunction and tissue injury in experimental
models of endotoxin-induced shock;162 (3) reduction

in platelet GP IIb/IIIa expression and plasma TNF-
α and CRP levels after coronary stenting;163,164 (4)
decreased levels of soluble cell adhesion molecules in
patients with unstable angina pectoris; and (5) reduc-
tion of the production of monocyte tissue factor after
stenting.165

Phosphodiesterase inhibitors

Cilostazol is a selective cAMP phosphodiesterase 3
inhibitor that inhibits platelet aggregation and is
also a direct arterial vasodilator. It is approved for
the treatment of symptoms of claudication caused
by atherosclerotic vascular disease. The therapeu-
tic effects of cilostazol include arterial vasodilation,
inhibition of platelet aggregation, and reduction of
smooth muscle cell proliferation. In addition, cilosta-
zol therapy leads to beneficial effects on levels of
high-density-lipoprotein cholesterol and triglyceride
through unclear mechanisms.166,167

In platelets, cilostazol inhibits phosphodiesterase 3
(PDE3), resulting in elevation of intracellular cAMP
levels and attenuation of platelet activation. The
drug attenuates platelet activation by multiple ago-
nists including ADP, collagen, and arachidonic acid;
it inhibits both primary and secondary waves of
platelet aggregation. One of the downstream molec-
ular effects of cilostazol is inhibition of Mac-1 func-
tion, which may in part account for its ability to
reduce platelet-leukocyte aggregation and restenosis
following coronary stent implantation.168 The multi-
ple anti-inflammatory effects of cilostazol treatment
include (1) inhibition of platelet–leukocyte interac-
tions;169 (2) reduction in circulating of levels of soluble
adhesion molecules;170 (3) reduction in restenosis fol-
lowing coronary stent implantation;171,172,173 and (4)
improvement in clinical endpoints following cardiac
catheterization.174

CONCLUSIONS AND CLINICAL
IMPLICATIONS

Multiple lines of evidence support the emerging
paradigm that platelets play a key role in inflam-
mation. Platelets serve as a critical link between
thrombosis and inflammation and participate in the
initiation, progression, and complications of in-
flammatory and thrombotic diseases. Interactions
between platelets, ECs, and leukocytes result in the
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TAKE-HOME MESSAGES

� Platelets play a key role in inflammation.
� Platelets serve as a critical link between thrombosis and inflammation.
� Platelets participate in the initiation, progression, and complications of inflammatory and thrombotic diseases.
� Interactions between platelets, ECs, and leukocytes occur through bidirectional loops that amplify inflammation.
� Platelets mediate leukocyte adhesion to the blood vessel wall.
� Drugs targeting platelet function have antithrombotic and anti-inflammatory effects.

activation of transcellular signaling pathways ar-
ranged in bidirectional loops that amplify inflamma-
tion. Signaling between vascular cells in this setting is
controlled by soluble mediators and adhesive interac-
tions between receptor–ligand pairs. Adhesion of cir-
culating leukocytes to adherent platelets also results
in platelet-mediated leukocyte homing and involves
capture, rolling, activation, firm attachment, and dia-
padesis. In addition, there is mounting clinical evi-
dence that antiplatelet drugs inhibit thrombosis and
inflammation.

FUTURE AVENUES OF RESEARCH

Although experimental data abundantly link platelets
with inflammation at the molecular and cellular levels,
additional basic and clinical investigations are needed
to further clarify the inflammatory role of platelets in
human disease. In addition, randomized clinical trials
will be required to establish whether drugs that target
platelet function reduce inflammation and improve
clinical outcomes in inflammatory disorders.
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INTRODUCTION

There are numerous available laboratory methods for
the assessment of platelets. These range from the
quantification of platelet count and size to measure-
ment of the bleeding time, platelet aggregation, and
so forth (Table 8.1). Techniques applied include flow
cytometry, point-of-care assessment devices (e.g.,
PFA-100®), and enzyme linked immunosorbent assay
(ELISA) (e.g., laboratory markers of in vivo platelet
activation). Other novel techniques for the study of
platelets/megakaryocytes (MKs) are available, and
include manipulation of gene expression in MKs, use
of antisense oligonucleotides, green fluorescene pro-
tein (GFP) fusion proteins, mRNA and cDNA libraries
from platelets or MKs, gene array technologies, etc.
This chapter provides an overview of these techniques.

BLOOD SAMPLING

Accurate assessment of both platelet count and func-
tion can be highly dependent on the care and attention
paid during both venipuncture and blood processing.

The donor should not be stressed and in the pre-
ceding week should not have had medications that
may affect platelet function. A 19- to 20-gauge nee-
dle and plastic syringe should be used for venipunc-
ture and the time from venipuncture to laboratory
testing should be standardized, because loss of CO2

from the sample results in a rise in pH that generally
increases platelet responsiveness to agonists. Hemol-
ysis must be avoided, as lysed red blood cells liberate
the platelet-aggregating agent ADP. Containers should
be plastic or siliconized glass to prevent platelets from
adhering to the sides.

The choice of anticoagulant affects both platelet
count and functionality. Moreover, platelet function
can also be influenced by storage temperature; anti-
coagulated blood should be kept at room tempera-
ture or 37◦C, not at 4◦C. It is usually recommended
that blood not be drawn into vacutainers, but this pro-
cedure is acceptable for automated platelet function
tests.

The use of EDTA as an anticoagulant in blood tubes
can lead to a spuriously low platelet count, usually
as a consequence of more platelets binding as cell
aggregates following calcium chelation. A more accu-
rate platelet count can be established by collecting the
blood sample in either sodium citrate or heparin anti-
coagulants.

Similar problems can be encountered in assessing
platelet function. If EDTA is used as the anticoagu-
lant, the concentration of ionized calcium is too low
to support platelet aggregation. Sodium citrate, how-
ever, lowers the concentration of ionized calcium only
into the micromolar range (40 μM when the concen-
tration of citrate is 10.9 mM and <5 μM when 12.9 mM
is used).

Heparin is considered unsatisfactory, as often plate-
lets adhere to the sides of the container, allowing plate-
let aggregates to form and sediment with the red cells
upon centrifugation. The result is low platelet num-
bers in platelet-rich plasma (PRP). Hirudin and PPACK
(D-phenylalanyl-L-prolyl-L-arginine chloromethyl-
ketone) prevent clotting by inhibiting the actions of
thrombin. They have the advantage of preserving the
physiologic concentration of ionized calcium that is
desirable for certain tests, but hirudin is generally too
expensive for routine use.1
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Table 8.1. Platelet function tests

Functional indices
� Spontaneous aggregation – bleeding time
� Induced aggregation [in response to ADF, collagen, epinephrine, ristocetin, thrombin, thrombin receptor activation

peptide, fibrinogen, arachidonic acid, TP agonists (U46619), etc.] – optical aggregometry, impedance aggregometry,

VerifyNow®, the rapid platelet function assay

Adhesion to a substratum (collagen, epinephrine, ADP) or endothelium:

Platelet activation under controlled shear conditions – PFA-100®
Platelet function under flow – cone and plate(let) analyzer

Expression of platelet-specific surface markers
� Glycoprotein Ib/IIIa complex (CD41/61), glycoprotein Ib/IX/V complex (CD42), P-selectin (CD62P), etc. – flow cytometry

Soluble markers (plasma and/or urine)
� Beta thromboglobulin
� Platelet factor 4
� Glycoprotein V
� Soluble P-selectin
� Thromboxane(s)

TESTS OF PLATELET MORPHOLOGY

Platelet count

The normal range of the platelet count is generally
accepted as between 150 and 400 × 109/L of blood.
However, the number of peripheral blood platelets
may vary significantly without signs of impaired
hemostasis. In many cases, should the patient remain
stable, thrombocyte transfusion is not indicated, even
if the count drops below 10 to 20 × 109/L.

In most modern laboratories, platelet count is
assessed using an automated cell counter. However,
platelet count can also be approximated using a
peripheral blood film. The choice of anticoagulant
in blood sampling tubes is critical, the most reliable
additive being citrate rather than EDTA or heparin
(see above). The presence of large platelets or platelet-
to-cell aggregates can be observed while examining
a peripheral smear and can help to confirm a pseu-
dothrombocytopenia. False low platelet counts can
also be observed in patients with macrothrombo-
cytopenic syndromes, where giant platelets may be
counted as leukocytes by automated cell counters.2

Pseudothrombocytopenia is not uncommon and
must be considered whenever a low platelet count
is observed. In many cases, pseudothrombocytope-
nia is the result of platelet satellitism, a phenomenon
encountered as platelets conjugate to monocytes or

neutrophils and form platelet-cell aggregates, reduc-
ing the number of free platelets. A pseudothrombocy-
topenia associated with cold-reacting platelet agglu-
tinins can also be observed in patients with high
immunoglobulin levels or infection. Administration
of abciximab [glycoprotein (GP) IIb/IIIa antagonist]
has also been shown to cause pseudothrombocytope-
nia in some patients.3

Thrombocytopenia (low platelet count) usually
represents inadequate bone marrow production
(e.g., leukemias) or excessive platelet consumption/
destruction (e.g., idiopathic thrombocytopenic pur-
pura, thrombotic thrombocytopenic purpura and the
haemolytic-uraemic syndrome). Platelets can also
become entrapped (sequestrated) within the spleen,
for example in myelofibrosis and Gaucher’s disease.

Thrombocythemia (increased platelet count) can
occur in a variety of situations. Curiously, the platelet
count increases with exercise, which may represent
release of fresh platelets from the spleen, bone mar-
row, or other reservoir. More importantly, thrombo-
cythemia may occur as a result of bleeding, myelo-
proliferative disorders, sepsis, various inflammatory
disorders, and postoperatively. If mild, thrombocy-
themia usually does not require treatment; but if it is
severe, antiplatelet agents such as aspirin or hydroxy-
urea may be required in addition to treatment of the
underlying cause.
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Platelet enumeration as part of a full blood count
has become a routine laboratory screening investiga-
tion. A normal platelet count will eliminate some dis-
orders of primary hemostasis. A baseline value on pre-
sentation to hospital is particularly helpful and can
be referred to in case of perioperative or postopera-
tive bleeding or in the case of heparin-induced throm-
bocytopenia.

Platelet size and appearance

Circulating platelets are heterogeneous in size and
appearance. The average dimension of a platelet is
about 2 μm. As nonactivated platelets have an irreg-
ular shape, such measurements may not always be
precise. The mean platelet volume (MPV) is therefore
considered the most accurate measure of platelet size.
Normal MPV ranges from 7 to 11 fL. Newly formed
platelets tend to be larger; hence there is some corre-
lation between MPV and the rate of platelet produc-
tion and turnover. As circulating platelets age, their
size decreases slowly.

The degree of platelet activation also affects the
measurement of MPV.4 As a result of a correlation
between platelet size and platelet activity, the mea-
surement of MPV can be used as a simple marker for
activation of platelets.5

There is strong evidence indicating that larger
platelets, reflected by increased MPV, are metabol-
ically and enzymatically more active than small
platelets. Moreover, larger platelets have a higher
thrombotic potential.6 Large platelets are more
dense, aggregate more rapidly on collagen stimula-
tion, release more serotonin and β-thromboglobulin
(β-TG), demonstrate higher thromboxane B2 produc-
tion, and express more GP Ib and GP IIb/IIIa recep-
tors.7,8,9 Indeed, platelets produced under conditions
of stimulated production are called “stress” platelets
and show an increase in the MPV compared with nor-
mal circulating platelets.10

Variation in platelet size is associated with many
physiologic (e.g., exercise) and pathologic [e.g.,
atherosclerosis, unstable angina, myocardial infarc-
tion (MI), increased turnover] conditions and repre-
sents an important indicator of platelet function. True
congenital macrothrombocytopenias usually have
uniformly large platelets. In a blood smear or accord-
ing to the results of an automatic blood analyzer,
platelets are often twice or more their normal size

and may even be as large as erythrocytes. Newer tech-
niques based on messenger RNA (ribonucleic acid)
detection in platelets (reticulated platelets) may also
be helpful to indicate the rate of thrombopoiesis.11

Platelet disorders can be associated with a variety
of platelet appearances. In von Willebrand disease
(VWD), Glanzmann thrombasthenia (GT), and myelo-
proliferative disorders, the platelets typically have nor-
mal morphologic features. In Bernard-Soulier disease
and other macrothrombocytopenic syndromes, giant
platelets are seen, whereas in Wiskott-Aldrich syn-
drome, the platelets may be small.12 Platelets in the
gray platelet syndrome, an α-granule deficit, are char-
acteristic for being pale, gray, and hypogranular on
a Wright-stained blood smear.13 Some platelet stor-
age pool disorders may have morphologically normal
platelets by light microscopy but decreased α and/or
dense granules by electron microscopy.

Exercise and MPV
Treadmill exercise testing causes a rapid (within 30
min) activation of platelets, as indicated by a signifi-
cant increase in MPV.5 The effect of exercise on MPV
is not yet fully understood. However, shear forces on
an atherosclerotic, stenotic vessel wall during phys-
ical exertion may lead to higher consumption of
smaller platelets, possibly in response to local release
of thromboxane A2 (TxA2), serotonin, β-TG, or platelet
factor 4.14 Alternatively, there may be release of larger
platelets acutely from the bone marrow reservoir. Fur-
ther research is required to clarify this phenomenon.

Vascular disease
Platelets play an important role in the pathogenesis of
acute coronary syndrome (ACS). In keeping with the
observation that the MPV correlates with platelet reac-
tivity,15 MPV has been found to be higher in patients
with atherosclerotic vascular disease.

High MPV levels are an independent risk factor for
coronary atherosclerosis, MI, and stroke.16,17,18 An ele-
vated MPV is associated with poor clinical outcome
among survivors of MI and correlates well with severity
of acute ischemic cerebrovascular events.19 Changes
in platelet size and count are also well documented in
patients with ACS.20

In another study of patients with acute ST-
segment-elevation MI (STEMI) treated with primary
percutaneous coronary intervention, 6-month mor-
tality was associated with platelet size; no-reflow
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phenomenon was significantly more frequent in
patients with high MPV, but interestingly abciximab
administration resulted in significant mortality reduc-
tion only in patients with the highest MPV values.21

In addition to MPV, other platelet volume indices
including platelet distribution, width, and platelet/
large cell ratio are significantly raised in patients with
acute MI and unstable angina compared with those
with stable coronary artery disease (CAD). Thus, larger
platelets are hemostatically more active and are a risk
factor for developing coronary thrombosis, leading to
MI.22

What does a high MPV mean in the setting of acute
cardiac events? The precise mechanism for a higher
MPV with “more severe” vascular disease is unre-
solved. The change in MPV is fast, and appears to take
only a matter of minutes or hours. Is the increase in
MPV due to in vivo platelet swelling or is it driven
by bone marrow–derived larger circulating reticulated
platelets in the bloodstream? MPV has been shown
to correlate inversely with the total platelet count,
which could even suggest the consumption of small
platelets and a compensatory production of larger
reticulated platelets. Indeed, the MPV also correlates
with both MK ploidy and with the percentage of circu-
lating reticulated platelets. Another possibility is that
this increase in MPV may be a result of a shift in MK
cytoplasm fragmentation, reflecting altered platelet
biology to maintain hemostasis, rather than purely a
consequence of increased platelet production follow-
ing the formation of a hemostatic platelet plug over a
fissured atherosclerotic plaque. There could also be in
vivo platelet swelling in response to activation, since
MPV increases in stored blood ex vivo, which is clearly
independent of a bone marrow influence.

TESTS OF GLOBAL PLATELET
FUNCTION

Bleeding time

The oldest test of platelet function, bleeding time,
was developed in the early 1900s. For nearly a cen-
tury, the bleeding time was the only platelet function
screening test available. The basis of the test is the
timed, platelet-dependent cessation of bleeding from
a standardized wound. However, standardization of
the test proved difficult and various protocols were in
existence.

The initial Duke bleeding time used a small incision
in the earlobe, and the similar Ratnoff method uses an
incision in the ball of the finger. Thiagarajan and Wu23

described the skin template bleeding time as follows:

A blood pressure cuff is inflated on the upper arm to a

pressure of 40 mm of Hg and a disposable, automated device

inflicts a standardized cut of 10 mm length and 1 mm in

depth on the volar surface of the forearm. The wound is

gently blotted every 30 s until bleeding stops. The normal

bleeding time is less than 10 min.

The most commonly used technique to assess
bleeding time is the Ivy bleeding time, where a stan-
dardized incision is made on the volar surface of the
forearm with a spring-loaded device using venostatic
pressure applied on the upper arm by a sphygmo-
manometer.

Much controversy regarding the reproducibility of
bleeding time has arisen. Although bleeding time is
a physiologically relevant test, it has many disad-
vantages. The test is highly subjective, being greatly
affected by the skill of the technician, skin thickness,
and temperature. Other disadvantages include non-
specificity (e.g., it is affected by VWF), insensitivity,
and high interoperator variability. Some patients also
form unsightly scars.24 The bleeding time result per
se depends not only on platelet number and func-
tion but also on fibrinogen (Fbg) concentration, ade-
quate vascular function, site, orientation and size of
the incision, skin quality, skin temperature, operator
technique, and patient cooperation. However, advan-
tages of this test are that it is simple and quick to per-
form and requires no blood processing.

Although procedural variability affects bleeding
time, bleeding time has been included traditionally as
a screening test for suspected bleeding disorders. The
predictive value of the bleeding time used judiciously
in patients with platelet disorders or renal insuffi-
ciency has been demonstrated.25 However, studies
have shown its lack of predictive value for bleeding
problems in either noncardiac or cardiac operations.
The bleeding time also has little use as a presurgical
screen for hemostatic competence in individuals with-
out a history of bleeding and is not useful in discerning
platelet dysfunction in thrombocytopenic patients.26

Indeed, when platelet counts are less than 100×109/L,
the bleeding time can be prolonged; thus the test has
limited value to detect functional platelet defects in
these thrombocytopenic patients. It should also be
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recalled that for reproducibility, this test requires expe-
rienced operators.

Some speculation has arisen about the value of
the bleeding time in patients treated with aspirin.
Aspirin is now widely used, with up to 40% of
patients undergoing unplanned operations report-
ing recent use of this antiplatelet drug. In healthy
individuals, the hemostatic consequences of aspirin
administration are minor and usually result in only
a 1.5- to 2-min extension of the bleeding time. In
patients with abnormal hemostasis, such as von
Willebrand’s disease (VWD) or platelet dysfunction,
the effect of aspirin can be significant and even dan-
gerous.

It is well known that aspirin may increase intra-
operative and postoperative blood loss related to car-
diac operations. Interestingly, no correlation has been
found between the effect of aspirin on bleeding time
and operative blood loss in most studies.27 The only
exception may be in patients exhibiting a marked pro-
longation of the preoperative bleeding time. Accord-
ingly, the predictive value of bleeding time is limited in
patients undergoing surgical procedures, particularly
after aspirin ingestion.

Bleeding time therefore lacks consistency and
accordingly has been judged a poor indicator of bleed-
ing risk. This test is no longer recommended as a clin-
ical test of platelet function and most centers have
now discontinued it. Modern automated whole-blood
platelet function screening assays, such as the PFA-
100� (Dade Behring, Marburg, Germany), are gaining
popularity as initial screens for platelet function even
though they do not measure the vascular component
of the bleeding time.

Rapid platelet function assay

The rapid platelet function assay is a simple and
rapid means of monitoring the efficacy of GP IIb/IIIa
receptor antagonist pharmacotherapy and is based
on the principle that Fbg-coated beads agglutinate
in whole blood in proportion to the number of GP
IIb/IIIa receptors. A whole-blood sample is added
to a cartridge that contains Fbg-coated beads and a
platelet agonist. Platelet activation and aggregation
then commences, resulting in Fbg binding to exposed
GP IIb/IIIa receptors not already blocked by the recep-
tor antagonist being examined.

PLATELET AGGREGATION TESTS

Optical (turbidometric) platelet
aggregometry

Optical (turbidometric) platelet aggregometry of
platelet-rich plasma (PRP) is the most common
method of assessing platelet function by measurement
of platelet aggregation. Although a number of other
platelet function tests were developed subsequent to
bleeding time, optical platelet aggregometry, which
was independently developed in 1962 by Born and
O’Brien,28 became the de facto “gold standard.”

Turbidimetric platelet aggregation studies require
PRP prepared from a whole-blood specimen. In
the turbidimetric platelet aggregation assay, platelet
aggregation is measured spectrophotometrically by
the increase in light transmission: 0.5 or 1.0 mL of PRP
at 37◦C is placed in a cuvette containing a metal stir
bar. In an aggregometer, the stir bar is rotated magnet-
ically at 1100 rpm and light transmission through the
plasma is recorded by a photometer. This is usually car-
ried out in the presence of appropriate platelet aggre-
gating agents using a commercially available appa-
ratus. Upon the addition of aggregating agents, the
platelets change shape from discs to a more rounded
form with pseudopods, resulting in a transient small
decrease in light transmission followed by a large
increase as the platelets aggregate. The assay mea-
sures light passing through a sample of PRP; changes
in light transmittance in the sample are considered
to indicate platelet aggregation. As platelets aggre-
gate, more light passes through the sample. Maxi-
mum light transmittance is set on the aggregometer
with platelet-poor plasma (PPP), and the minimum
light transmittance is set with an aliquot of PRP before
aggregation. These parameters are surrogates to deter-
mine failure to aggregate and complete aggregation
respectively.

Sample preparation
PRP is separated from citrated blood by centrifugation
at 200 g for 10 min at room temperature. If possible, the
platelet count should be standardized by addition of
PPP. To obtain this PPP, the citrated blood remaining
after the first centrifugation is further centrifuged at
≥1500 g for ≥10 min. PRP is then diluted with PPP,
and the platelet counts are adjusted to 200 to 500 ×
109/L, ideally to 300 × 109/L.
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Advantages/limitations
The fundamental advantage of platelet aggregometry
is that it measures, albeit in an ex vivo system, the
most important function of platelets: their ability to
aggregate with one another in a GP IIb/IIIa–depen-
dent manner.

Optical aggregation has been used routinely and is
widely accepted as one of the gold standards of assess-
ing platelets. Platelet aggregation would appear to cor-
relate with the clinical efficacy of antiplatelet agents.
Several studies have reported that platelet aggregome-
try can predict major adverse cardiac events, although
the number of such events in all of these studies was
low.29,30 Thus, aspirin resistance, defined by arachi-
donic acid (AA) and adenosine-5′-diphosphate (ADP)–
induced platelet aggregation, has been reported to
be associated with an increase in major adverse car-
diac events in patients with stable CAD evaluated for
2 years.29 Aspirin resistance, as defined by whole-
blood aggregation (impedance) with ADP and colla-
gen, in patients with intermittent claudication has
been reported to be associated with a higher incidence
of arterial reocclusion postangioplasty. Clopidogrel
resistance, defined by ADP-induced platelet aggrega-
tion, has been reported to be associated with increases
in adverse cardiac events in patients who undergo per-
cutaneous coronary intervention for STEMI, who are
then evaluated for 6 months.30

The technique also has several disadvantages. The
assay is time-consuming and requires that the blood
samples be promptly sent to an onsite laboratory,
preventing the assay from being run at the bed-
side. Performance of the assay requires training to
a high level of technical proficiency. Additionally,
methods for aggregation assays vary among labora-
tories. Sources of interlaboratory variation include
adjustment of platelet concentration to some stan-
dard count, selection of agonist and agonist con-
centration, use of endpoint versus slope measure-
ments, processing temperature, stirring rate, process-
ing time (e.g., testing should be completed within 4 h
of phlebotomy), and choice of centrifugation speeds
in preparing PRP. Thus, differences in technique and
proficiency may make it difficult to compare data
between laboratories. In large clinical trials, where
it is necessary to combine data from many sources,
it may be critical to understand the magnitude of
the contribution of the different sources of variation.

Knowing the confidence interval for a single aggre-
gation determination is important if physicians plan
to use PRP aggregometry to assess platelet function
adequately.

Where possible, medications that may interfere with
the test should be discontinued well in advance (Table
8.2). The platelet aggregation test is also affected by
very low platelet counts and is not considered reliable
at platelet counts in PRP below 100 × 109/L. The test
also cannot be used if the plasma is grossly lipemic.
When platelets change shape but fail to aggregate in
response to all the agonists, the rare condition of GT
is the likely cause.

The method is also insensitive at assessing pre-
existing or developing platelet microaggregates. For
this reason, a new aggregometer has been developed
that utilizes a combination of laser light scattering and
aggregometry to monitor platelet function and the for-
mation of platelet microaggregates effectively.31

Turbidometric platelet aggregation facilitates dis-
tinguishing between the primary and secondary
phases of aggregation and is a measure of platelet
function. The advantages of the method, however, are
outweighed by its many disadvantages: (1) platelet
function in vitro does not necessarily reflect platelet
function in vivo, (2) sample aging occurs as a result
of the time required preparing PRP, and (3) the pres-
ence of substances such as lipids in PRP or PPP can
alter absorbance at the wavelength of observation.
These disadvantages may be considered as minor,
but the major concern with turbidometric aggregome-
try is that centrifugation modulates platelet behavior.
Platelets are also heterogeneous in size, density, and
metabolic activities; it is therefore likely that subpop-
ulations of platelets are lost during the preparation
of PRP, and these may be important determinants of
hemostatic function in vivo.

Agonist-induced platelet aggregation

The aggregating agents most commonly used include
ADP, epinephrine, collagen, AA, and thrombin
receptor–activating peptides such as SFLLRN, or a
TxA2 mimetic such as U46619. Thrombin itself can-
not be used in PRP as an aggregating agent because
clotting will result. Normally, aggregation in PRP in
response to the higher concentrations of all these
agonists is associated with formation of TxA2, the
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Table 8.2. Drugs that affect platelet function

Antiplatelet drugs

Aspirin

Phosphodiesterase inhibitors

Dipyridamole

Cilostazole

Adenosine diphosphate receptor

antagonists

Ticlopidine

Clopidogrel

Prasugrel

Cangrelor

GPIIb-IIIa antagonists

Abciximab

Eptifibatide

Tirofiban

Thrombolytics

Streptokinase

Urokinase

Tissue plasminogen activator

Anticoagulants

Heparin

Argatroban

Bivalirudin

Coumadin (warfarin)

Nonsteroidal anti-inflammatory drugs

Aspirin

Ibuprofen

Mefenamic acid

Indomethacin

Antimicrobial agents

Penicillins

Cephalosporins

Nitrofurantoins

Amphotericin

Cardiovascular agents

Beta-adrenergic blockers

Vasodilators (e.g., nitrates)

Diuretics

Calcium channel blockers

Quinidine

Psychotropics and anesthetics

Tricyclic antidepressants (i.e., imipramine)

Phenothiazines (i.e., chlorpromazine)

Local and general anesthetics (i.e., halothane)

Chemotherapeutic drugs

Daunorubicin

Mithramycin

Carmustine

Radiographic contrast media

secretion of granule contents, and the appearance of
P-selectin on the platelet surface. VWF and Fbg bind
to receptors on one platelet and thereby cross-link to
other platelets.

Optimal platelet aggregation shows a biphasic pat-
tern for the agonists ADP and epinephrine; the initial
increase in aggregation due to primary aggregation in
response to activation of the GP IIb/IIIa platelet mem-
brane receptor, whereas the second wave of aggrega-
tion is the result of platelet degranulation with recruit-
ment of additional platelet aggregates. Other agonists,
such as AA, thrombin receptor agonists, and collagen,
usually show only a single wave of aggregation.

“Reversible” platelet aggregation is induced by low
concentrations of platelet stimuli in the presence of
extracellular Ca2+ and/or Mg2+, whereas high con-
centrations of the agonists can cause an “irreversible”
reaction. The latter is the result of the platelet release

reaction, which relates to the release of AA metabolites,
especially endoperoxides and thromboxanes, and the
secretion of platelet constituents from the dense gran-
ules (ADP, ATP, serotonin, Ca2+), granules (β-TG,
platelet factor 4, platelet derived growth factor, etc.)
and from lysosomes. AA is derived from platelet mem-
brane phospholipids by the action of phospholipases,
which is further acted upon by the COX to form the
PG endoperoxide intermediates, PGG2 and PGH2.32

Endoperoxides can either be converted to PGs, throm-
boxane B2 via TxA2, or nonprostanoid structures.
These endoperoxide intermediates of the pathway
themselves are potent platelet aggregators.

The release reaction, which augments the platelet
aggregation, is regulated by two positive feedback
loops. Firstly, the endoperoxides, TxA2 and ADP, which
are released during the reaction, cause further expres-
sion of the Fbg receptors on the platelet surface
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by intracellular mechanisms, thus inducing further
platelet aggregation. Secondly, the synergism between
the different platelet agonists augments platelet aggre-
gation. Full platelet aggregation can also be induced
by the simultaneous addition of subthreshold levels of
platelet stimuli, which fail to induce platelet aggrega-
tion on their own merit.

Thus, the synergistic action of the primary platelet
stimulus, other subthreshold agonistic stimuli, and
the products of the platelet release reaction build
up an efficient “multistimulus” for platelet aggrega-
tion. Increased intraplatelet levels of cyclic nucleotides
also inhibit platelet aggregation.33 These activated
platelets contribute to haemostasis and it is widely
believed that these activities are relevant to thrombo-
sis, especially to arterial thrombosis, where the bulk
of the occlusion often seems to be due to platelet
mass.

ADP
ADP is a weak physiological agonist compared to
collagen or thrombin. Low concentrations of ADP
cause only a primary, incomplete, reversible phase
of aggregation in citrated PRP, but at higher con-
centrations primary aggregation of human platelets
does not reverse and is followed by a secondary, irre-
versible phase. This biphasic aggregation depends on
TxA2 formation. At high concentrations of ADP, the
two phases fuse, resulting in a smooth aggregation
curve resembling that seen upon stimulation with col-
lagen or thrombin. Drugs that inhibit TxA2 forma-
tion, such as aspirin, prevent the secondary phase of
ADP-induced aggregation. In media with a physiolog-
ical concentration of ionized calcium, only the pri-
mary phase of aggregation occurs. A severely impaired
aggregation response to ADP, and impaired aggrega-
tion in response to collagen or thrombin may indicate
the very rare abnormality of the P2Y12 ADP receptor.34

Ticlopidine and clopidogrel act through this receptor
to cause a similar selective inhibition of responses to
ADP.

Epinephrine
The weak agonist, epinephrine, aggregates platelets
in PRP without an initial change in platelet shape, but
epinephrine is the least consistent agonist. If a subject
has taken aspirin or other drugs that inhibit TxA2 for-
mation the platelets will not aggregate in response to

any concentration of epinephrine. Of note, defective
aggregation to epinephrine in patients with myelopro-
liferative disorders is common.

Collagen
Collagen fibrils cause a characteristically prolonged
(up to 1 min) lag phase before aggregation occurs.
Aggregation requires TxA2 formation and secretion of
granule contents and is essentially irreversible. Aspirin
and other drugs that inhibit TxA2 formation can block
aggregation in response to low concentrations of col-
lagen, although platelets may change shape.

Ristocetin
Another important reagent used in the evaluation of
platelet function by aggregation is the antibiotic risto-
cetin, which facilitates the binding of VWF to the GP
Ib/IX/V complex. Ristocetin-induced platelet aggre-
gation evaluates aggregation after the addition of var-
ious concentrations of ristocetin. This dose response
allows testing for both increased and decreased sen-
sitivity to ristocetin. For single dose test, a final con-
centration of 1.5 mg/mL is usually used. A primary
agglutination phase is followed by secondary aggre-
gation in citrated samples from normal subjects. For
a normal result, the patient requires the presence of
both functional VWF and normal GP Ib/IX/V. Lack of
responsiveness indicates either Bernard–Soulier syn-
drome (BSS) or a defect in VWF.

Other platelet-aggregating agents
Since AA acts as an aggregating agent by virtue of
its conversion to TxA2, aspirin and other drugs that
inhibit COX have antiplatelet aggregation properties.
However, the TxA2 mimetic, U46619, will cause aggre-
gation in the presence of such inhibitors. In the rare
disorder of defective COX, platelets do not aggregate
in response to AA, but U46619 will still result in aggre-
gation.35 SFLLRN (thrombin receptor-activating pep-
tide) mimics the strong aggregating effect of throm-
bin on platelets. The response is only slightly reduced
when TxA2 formation is blocked. Secretion defects,
particularly the lack of the potentiating effects of ADP
from the dense granules, result in abnormal patterns of
aggregation characterized by a normal primary phase
but absent secondary phase, and impaired aggrega-
tion induced by low concentrations of collagen or
SFLLRN.36
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VerifyNow®

VerifyNow®, previously known as the Ultegra Rapid
Platelet Function Analyzer, is a point-of-care test to
measure aspirin- or thienopyridine-induced defects
in platelet function. This machine uses the same prin-
ciple, and therefore has the same fundamental advan-
tages, as platelet aggregometry in measuring the most
important function of platelets: their ability to aggre-
gate with one another in a GP IIb/IIIa–dependent
manner. Fbg-coated beads are included in the
VerifyNow® system to augment the GP IIb/IIIa–
dependent signal. The direct relation between the
results of testing with the VerifyNow® IIb/IIIa Assay
and platelet aggregometry and GP IIb/IIIa has been
shown. Advantages of this system include point-of-
care use, simplicity, and that only a small sample vol-
ume of whole blood with no preparation is required.

Three VerifyNow® assays are currently available:
1. VerifyNow® Aspirin Assay (sensitive to aspirin) in

which AA is used as the agonist to induce platelet
aggregation via the activity of COX-1, which is
specifically blocked by aspirin.37

2. VerifyNow® IIb/IIIa Assay (sensitive to GP IIb/IIIa
antagonists) which predicts the incidence of major
adverse cardiac events in patients treated with a GP
IIb/IIIa antagonist (abciximab).

3. VerifyNow® P2Y12 Assay (sensitive to thienopy-
ridines) in which ADP is used as the agonist, which
stimulates platelet aggregation via its two receptors:
P2Y1 and P2Y12. A second agent, PGE1, is also added
to suppress intracellular free calcium levels and
thereby reduce the platelet activation contribution
from ADP binding to its P2Y1 receptor.
Immediately after blood has been taken into cit-

rate tubes, 0.16 mL is drawn into each of two sam-
ple channels in a disposable cartridge. The blood
is mixed with the platelet agonist FLLRN and Fbg-
coated polystyrene beads for 70 s by movement of a
microprocessor-driven steel ball. Light transmission
through the sample is subsequently measured. Agglu-
tination occurs between activated platelets and the
Fbg-coated beads such that they fall out of suspen-
sion, leading to an increase in light transmission. The
rate and extent of agglutination are used to calcu-
late the platelet Aggregation Unit, which decreases in
the presence of GP IIb/IIIa antagonists, since agglu-
tination occurs in direct proportion to the num-

ber of unblocked GP IIb/IIIa receptors on activated
platelets.

Impedance (whole-blood)
platelet aggregometry

As the optical turbidimetric method of assessment of
platelet function involves the use PRP or a washed
platelet preparation, the contributions from other
blood elements that may affect platelet function are
not estimated. Thus, an aggregometer that quanti-
fies platelet function within a whole-blood sample
was developed utilizing electrical impedance. A sam-
ple of whole anticoagulated blood is diluted and then
stirred at 37.8◦C between two platinum wire elec-
trodes set at a fixed distance. When a current is passed,
platelets adhere to the electrodes. Upon the addition
of an aggregating agent, platelets aggregate around
the platelets on the electrodes increasing the electrical
impedance and the rate and extent of the increase in
impedance is recorded.38

Advantages/limitations
Impedance platelet aggregometry has wide-ranging
applications, including the in vitro assessment of
the disaggregatory capacity of organic nitrates. The
advantages of this test are that the time-consuming
preparation of PRP is avoided (aside from the use
of an anticoagulant) and whole blood better reflects
the in vivo platelet properties. Platelet function can
be evaluated in lipemic blood, although the test is
also not suitable at very low platelet counts. Further-
more, impedance aggregometry provides the possibil-
ity to study Bernard-Soulier platelets (without the loss
of large platelets) and the opportunity to detect the
antiplatelet activity of agents not active in PRP (e.g.,
dipyridamole).

The instrument is approved for patient manage-
ment. However, measurement time for whole-blood
aggregometry is longer than the time required for mea-
surement by optical aggregometry. After each test, the
electrode unit should be carefully rinsed clean, first
in a solution of 10% bleach, then saline, then wiped
with a cellulose wipe to remove any remaining debris
and rinsed again in clean saline. Care must be taken
not to bend the electrode’s wires. The need to clean
and ensure the integrity of the electrodes may be dif-
ficult to meet in clinical practice. Other examples of
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disadvantages include a more prolonged detection of
the effect of aspirin and more variability than PRP.

Platelet activation under controlled shear
conditions: PFA-100®

The PFA-100® is a microprocessor-controlled instru-
ment that provides a quantitative measure of pri-
mary, platelet-related hemostasis at high shear stress.
The instrument utilizes test cartridges that con-
tain a collagen/ADP- or collagen/epinephrine-coated
membrane with a small central aperture (147 μm). In
response to the high shear rates of 5000–6000/s and
the agonists, a platelet aggregate forms that blocks
blood flow through the aperture. The instrument sim-
ply monitors the drop in flow rate with time as the
aperture gradually occludes and records the final clo-
sure time and volume of blood that has been aspi-
rated through the aperture. The time taken to occlude
the aperture is reported as the closure time and is
measured to a maximum of 300 s.39 Platelets initially
adhere to collagen in the membrane by an interaction
between GP Ib/IX/V and VWF, as well as by direct bind-
ing through GP Ia/IIa.40 VWF, rather than Fbg, is the
adhesive protein involved in binding to GP IIb/IIIa on
activated platelets, resulting in aggregation. The test
has both good intra-assay and inter-laboratory repro-
ducibility, whilst sample error is reported at approxi-
mately 10%.41

Variables that influence the PFA-100®

The PFA-100® is a global test of high shear-dependent
platelet adhesion and aggregation, which is sensitive
to a large number of variables that are also known
to affect platelet function: platelet count, hemat-
ocrit, drug effects (e.g., aspirin and nonsteroid anti-
inflammatory drugs), dietary effects, major platelet
receptor defects, VWF defects, release defects and
granular defects.39 Testing should always be per-
formed alongside a full blood count, as a platelet count
below 80×109/L and haematocrit below 30% can result
in prolongation of the closure time. Citrate samples
should be processed within 4 hours of collection.

There is a strong inverse correlation between
PFA-100® closure times and plasma VWF levels.42 Any
significant defect in number or functionality of GP
Ib or GP IIb/IIIa also results in prolongation of clo-
sure times. Both collagen receptors GP Ia/IIa and GP

VI seem to play a role in the direct activation and/or
adhesion of platelets to the membrane.43 In contrast to
aggregometry, PFA-100® closure times appear largely
insensitive to the absence of coagulation factors (e.g.,
Fbg, factor V, factor VIII, and factor IX).39 PFA-100®

closure times have been reported to be slightly shorter
in the morning with a gradual increase during the
day, giving rise to speculation about the impact of this
observation on result interpretation.

The PFA-100® versus the bleeding time
It is well known that the in vivo bleeding time has a
number of significant limitations as a screening test
(Table 8.3). For example the bleeding time is insensi-
tive to many mild platelet defects and does not nec-
essarily correlate with, or even predict, a bleeding
tendency. A direct comparison of the two tests with
platelet defects in an unselected population demon-
strated improved sensitivity of the PFA-100® over the
bleeding time and a high degree of agreement with
platelet aggregation.44 The PFA-100® is more sensitive
than the bleeding time to VWD and platelet defects in
children.45

Clinical utility
The PFA-100® has been successfully utilized for the
evaluation of intraoperative bleeding risk and has
proven useful in both excluding high risk patients from
surgery and also in monitoring hemostatic therapy.
Interestingly, the collagen/epinephrine cartridge was
more sensitive than the collagen/ADP cartridge. The
overall sensitivity of the collagen/epinephrine car-
tridge was the highest (91%) compared to all other
screening tests. The positive predictive value of the
collagen/epinephrine cartridge was 82%, with a neg-
ative predictive value of 93%. In a large prospective
study, impaired hemostasis was verified in 40.8% of
patients.46

Prolonged closure times with the collagen/
epinephrine cartridge are observed with mild inher-
ited platelet function disorders (e.g., storage pool
disorders) and with aspirin ingestion, whilst pro-
longed closure times with both collagen/epinephrine
and collagen/ADP cartridges are found with more
severe inherited platelet dysfunctions (e.g., GT, BSS)
and with VWD.47 Indeed, the PFA-100® appears to
be a useful screening tool for VWD (especially in
type 1 VWD) and may also be useful in identifying

133



Eduard Shantsila, Timothy Watson, and Gregory YH Lip

Table 8.3. PFA-100® versus bleeding time

Advantages Limitations

� Standardized, reproducible technique (coefficient of

variation of normal samples less 10%)
� Physiologic platelet stimulation (high shear stress)
� Easy to perform, quick results
� Small volume of blood (0.8 mL per cartridge) required
� More sensitive and accurate than the bleeding time
� Highly sensitive to VWD and severe platelet defects
� Sensitive to acquired platelet defects – drug and dietary

effects
� High negative predictive value

� No data on vascular wall function
� Results not diagnostic or specific
� Only two types of cartridges currently available
� Requires buffered citrate samples
� Vacuum transport system for samples may affect test

results
� Low sensitivity to primary secretion defects,

Hermansky-Pudlak syndrome, storage pool disease
� Possible false-negative results in type 1 VWD
� Coefficients of variations are higher in abnormals
� False and true positives must be diagnosed with a panel

of tests
� Abnormal results of closure time can be encountered,

requiring repeated testing

underlying platelet disorders or VWD in females with
menorrhagia and children with epistaxis.48 It is also
useful in monitoring response to DDAVP in patients
with type 1 VWD, and to GP IIb/IIIa antagonists in
patients undergoing percutaneous coronary interven-
tions. The quality of blood bank platelet concentrates
for transfusion can be evaluated, as well as response
to platelet transfusion therapy.49,50 Moreover, the
PFA-100® can also be used to monitor the efficacy of
preoperative correction of hemostatic abnormalities
with pro-hemostatic agents and, finally, to detect
platelet hyperreactivity.

Platelet function under flow

The Cone and Plate(let) Analyzer is a system that exam-
ines the level of platelet adhesion to an extracellular
matrix under shear-induced flow conditions. Within
the analyzer a whole blood sample is subjected to
arterial flow conditions for a period of 2 min with
platelet adhesion and aggregate formation upon the
extracellular matrix monitored using an image ana-
lyzer. The device induces laminar flow with a uniform
shear stress over a plate surface covered by a rotat-
ing cone. A small volume of citrated whole blood is
applied to the polystyrene plate and is subjected to
a defined shear rate for 2 min, followed by staining.

Adherent platelets and platelet aggregates are eval-
uated by an image analyzer. Platelet adherence to
the polystyrene plate is dependent on VWF, Fbg, GP
IIb/IIIa, GP Ib/IX/V, and platelet activation. The Cone
and Plate(let) Analyzer can be useful in quickly iden-
tifying congenital and acquired platelet defects and
VWD, in testing antiplatelet therapies, and in detecting
prothrombotic states in which there is platelet hyper-
function (e.g., diabetes).

FLOW CYTOMETRIC ASSESSMENT
OF PLATELET FUNCTION

Flow cytometry is a method of directly measuring the
specific characteristics of a large number of individ-
ual cells, and is widely used to study platelet acti-
vation directly. The principle of platelet flow cytom-
etry is relatively simple. Platelets are labeled with a
specific antibody conjugated to a fluorescent probe,
such as fluorescein isothiocyanate (FITC), peridinin-
chlorophyllprotein (PerCP), phycoerythrin (PE). In the
flow cytometer, the cell suspension which includes
labeled platelets passes through a flow chamber and
across a focused laser beam. The laser beam has a
wavelength similar to that needed to excite the fluor-
escent molecule. Light emitted by each type of fluor-
escent molecule has a characteristic wavelength and
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is detected by a specific detector in the flow cytometer.
In addition, the size of the particle can be judged by the
forward scatter (FSC) of the laser and the ‘granularity’
can be determined by side scatter (SSC).

A combination of sodium citrate, theophylline,
adenosine, and dipyridamole (CTAD) appears to be
an optimal anticoagulant for blood collection, though
sodium citrate is also often used before the platelets
are fixed with paraformaldehyde.

Flow cytometry is a rapid method of analyzing char-
acteristics of small samples of platelets either in anti-
coagulated, diluted whole blood, in PRP, or as a sus-
pension in an artificial medium. The use of whole
blood avoids the disadvantage of various manipula-
tions that may activate platelets. Flow cytometry can
be used with multiple fluorochrome labeled antibod-
ies and thereby allows simultaneous measurement of
various platelet characteristics. Flow cytometry can
also detect activated platelets by determining the cor-
responding change in platelet shape and granularity,
the detection of specific antigens on the membrane of
activated platelets (P-selectin, GP IIb/IIIa), or platelet
surface bound proteins (such as Fbg), or the detection
of the expressed procoagulant surface.51,52,53 Apart
from its ability to detect changes in antigen expres-
sion during platelet activation, the flow cytometer
could be used to detect procoagulant platelet-derived
microparticles and platelet-leukocyte aggregates.54

Platelet-leukocyte aggregates are formed by the
interaction between surface P-selectin expressing
platelets and leukocytes.55 They are detected by label-
ing the sample with a platelet specific antibody
(e.g., anti-GP IIb/IIIa) and a leukocyte-specific anti-
body (e.g., CD11b). Platelet-leukocyte aggregates are
defined by size and positive binding to both mono-
clonal antibodies and can be expressed as a percent-
age of total leukocytes. Platelet-derived microparticles
are defined by means of their size of less than 1 μm
in diameter and their positive binding to at least one
antiplatelet antibody (e.g., anti-CD61).56 Fluorescent
beads of a known size can be mixed into the sample of
interest to estimate the size of the microparticles and
their number.

In addition, the ‘strength’ of each wavelength is
measured by mean fluorescent intensity. The mean
fluorescent intensity gives an indication of the total
amount of antigen present and is used when the anti-
gen in question is present at all times on the platelet
surface (i.e., when the percentage expression of that

antigen is likely to be at or near to 100% at all times).
This is why measurement of the thrombin mediated
down-regulation of GP Ib/IX/V is usually expressed
as mean fluorescent intensity. On the other hand, the
‘percentage of positive platelets’ is used for antigens
which are not normally present on the cell surface (or
present in small amounts). This method is extremely
sensitive in detecting antigen expression on platelet
activation.

Alterations in the density of surface GPs, their lig-
ands, or the expression of new epitopes on these struc-
tures provides a possible means of detecting and quan-
tifying platelet activation. This technique involves
incubation of whole blood with monoclonal or poly-
clonal antibodies directed against platelet GPs (e.g.,
PAC1, a monoclonal antibody specific for Fbg recep-
tor or monoclonal antibody specific for P-selectin)
or their receptor–ligands (such as Fbg). The targets
for these monoclonal antibodies are found only on
activated platelets and not on resting or inactive
platelets.

Flow cytometry is useful in assessing the extent
of platelet activation ex vivo and the sensitivity of
platelets to added agonists in vitro. It has been used
to show activated platelets in patients with unstable
angina, acute MI, stable CAD, pre-eclampsia, periph-
eral vascular disease, cerebrovascular ischemia, and
coronary angioplasty.57,58 Flow cytometry has been
used to monitor the quality of blood bank platelet con-
centrates since platelets undergo measurable changes
during storage.59 Inherited platelet membrane GP
deficiencies, such as BSS and GT, are also detectable
by flow cytometry.60

Monoclonal antibodies

Monoclonal antibodies (MoAbs) can be used in the
flow cytometric assay to measure the expression of
any platelet surface antigen. Usually, the platelets
are labeled with two MoAbs conjugated to fluo-
rophores with different emission spectra. To identify
platelet-specific events, the first fluorescently conju-
gated MoAb is chosen to be specific for GP Ib, IIb
(CD41), or IIIa (CD61) and is used at a near saturat-
ing concentration. To measure an epitope of interest
concurrently, the platelets are also labeled with a sec-
ond fluorescent MoAb; this MoAb is specific for the
epitope and is used at a saturating concentration. The
fluorescence emitted by the second MoAb is directly
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Table 8.4. Platelet markers for flow cytometric detection

Resting platelet markers

GP Ib

GP IIb (CD41)

GP IIIa (CD61)

GP IIb/IIIa complex (CD41/61)

Resting platelet markers that are upregulated on activated platelets

GPIV (CD36)

Resting platelet markers that are downregulated on activated platelets

GPIb/IX/V complex (CD42)

Activation-dependent platelet markers

Granule membrane proteins

P-selectin (CD62P)

CD63

LAMP-1, LAMP-2

Secreted platelet proteins

Thrombospondin

Multimerin

sCD40L

Tissue factor

Markers of a procoagulant surface development

Factor Va

Factor VIII

Annexin V

Tissue factor

Activation-dependent GP IIb/IIIa changes

Fbg binding site exposed by a conformational change in the GP IIb/IIIa complex of activated platelets (PAC-1)

Ligand-induced conformational changes in the GP IIb/IIIa complex (ligand-induced binding sites)

Receptor-induced conformational changes in the bound ligand (Fbg; receptor-induced binding sites)

Fbg binding

Other activation markers

Platelet microparticles

Platelet/leukocyte aggregates

proportional to the density of the epitope of inter-
est and is evaluated by acquiring several thousand
platelet events. Because of spectral emission overlap,
electronic compensation must be set for each combi-
nation of fluorophores.

Activation-dependent platelet MoAbs are of par-
ticular interest. These antibodies bind specifically to
activated platelets but not to resting platelets (Table
8.4). The two most widely used types of activation-
dependent MoAbs are antibodies directed against

conformational changes in the GP IIb/IIIa complex
and those against granule membrane proteins.

The GP IIb/IIIa complex (CD41/61) is a receptor for
Fbg, VWF, fibronectin, and vitronectin that is essen-
tial for platelet aggregation. Whereas most MoAbs
directed against the GP IIb/IIIa complex bind to rest-
ing platelets, MoAb PACl is directed against the Fbg
binding site exposed by a conformational change
in the GP IIb/IIIa complex of activated platelets.61

Thus, PAC1 binds specifically to activated and not
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resting platelets. A recombinant Fab fragment of
PAC 1 produced in a baculovirus expression system
also binds to platelets in an activation-dependent
manner.62 Other GP IIb/IIIa–specific activation-
dependent MoAbs are directed against either ligand-
induced conformational changes in the GP IIb/IIIa
complex (ligand-induced binding sites) or receptor-
induced conformational changes in the bound ligand
(Fbg; receptor-induced binding sites).

Fluorescein-conjugated Fbg can also be used in
flow cytometric assays to detect the activated form of
the platelet surface GP IIb/IIIa complex.63 The most
widely studied type of activation-dependent MoAbs
directed against granule membrane proteins are
those directed against P-selectin (CD62P).64 P-selectin
mediates adhesion of activated platelets to neu-
trophils and monocytes.65 P-selectin is a component
of the α-granule membrane of resting platelets that is
only expressed on the platelet surface membrane after
α-granule secretion. Therefore, a P-selectin-specific
MoAb only binds to degranulated platelets and not
to resting platelets. In vivo circulating degranulated
platelets rapidly lose their surface P-selectin, but con-
tinue to circulate and function. Hence, platelet surface
P-selectin is not an ideal marker for the detection of
circulating degranulated platelets, unless there is con-
tinuous activation of platelets. In addition to MoAbs
that bind only to activated platelets, antibodies bind
to resting platelets but have increased binding to acti-
vated platelets [e.g., GP IV (CD36)].66 The GP Ib/IX/V
complex (CD42) is a receptor for VWF that is critical
for platelet adhesion to damaged blood vessel walls.
In contrast to above mentioned activation-specific
MoAbs, the binding of GP Ib/IX/V-specific MoAbs to
activated platelets is decreased compared with rest-
ing platelets.67 The activation-induced decrease in
the platelet surface expression of the CD36 complex
appears to be the result of a translocation of GP
Ib/IX/V complexes to the membranes of the surface-
connected canalicular system.68

If the expression of the epitope of interest changes
with time (e.g., by trafficking of membrane GPs),
platelets can be fixed with 1% paraformaldehyde
before staining provided fixation does not interfere
with antibody binding. Platelets can also be fixed
after staining if immediate access to a flow cytometer
is delayed. Many fluorescently conjugated antibody-
and non-antibody-based probes are available to label
platelet epitopes. In addition to MoAbs that bind GP

on resting platelets, there are activation-dependent
MoAbs that detect conformational changes in GPs
(e.g., PAC1 for GP IIb/IIIa) or the expression of gran-
ule membrane proteins (e.g., anti-P-selectin).22 Non-
antibody probes include PKH lipophilic dyes of mem-
branes and fluorescently conjugated annexin V that
detects exposure of the procoagulant surface after
platelet activation.

GP Ib-specific MoAbs are frequently used for whole
blood flow cytometric identification of platelets.
Because GP Ib is a platelet-specific antigen in circu-
lating blood, the activation-induced decrease in the
platelet surface expression of GP Ib generally does
not result in fluorescence below the threshold used
to distinguish platelets from other cells and thus, no
subpopulations of platelets are excluded. A method
of avoiding the activation-induced decrease in bind-
ing of a GP Ib–specific MoAb is to add a direct con-
jugate of the GP Ib–specific antibody before addition
of the agonist. To specifically analyze the activation-
induced decrease in the platelet surface expression
of the GP Ib-IX complex in whole blood, a GP IIb–
or GP IIIa–specific MoAb can be used as the platelet-
identifying reagent. Furthermore, given that different
markers reflect different aspects of platelet activation,
it is preferable to use a panel of MoAbs, to allow iden-
tification of specific activation profiles. However, the
most appropriate panel may alter depending on the
clinical setting.

MoAbs are preferable to polyclonal antibodies in
whole-blood flow cytometry, for two important rea-
sons. First, they more reliably saturate all specific
epitopes and secondly there is less nonspecific bind-
ing. This eliminates the requirement for the addi-
tion of secondary antibodies, thereby avoiding time-
consuming washing procedures that, in unfixed
samples, may result in artefactual in vitro activation
of platelets. Furthermore, the use of secondary anti-
bodies is likely to result in increased background flu-
orescence and decreased sensitivity of the assay.

Methodologic aspects

It is necessary to take care when drawing blood sam-
ples to prevent artifactual in vitro platelet activation.
Platelet aggregates can be measured by flow cytom-
etry. However, if the platelets aggregate, the amount
of antigen per platelet cannot be determined by this
method. This is because flow cytometry measures
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the amount of fluorescence per individual particle,
irrespective of whether the particle is a single platelet
or an aggregate of an unknown number of platelets.
Each sample should be monitored for evidence of
platelet aggregation (smearing of the platelets into the
upper right quadrant of the log forward light scatter
versus log orthogonal light scatter histogram). Fixa-
tion is advantageous in the clinical setting to prevent
in vitro platelet activation when immediate access to
a flow cytometer is not available.

An argument in favor of immediate fixation
is that activation-dependent changes are largely
time-dependent, at least in vitro. For example, the
platelet surface expression of the GP Ib/IX/V complex
decreases within 30 s of platelet activation, reaching
a nadir at approximately 5 min, but over the next
approximately 45 min, the platelet surface expression
of the GP Ib/IX/V complex returns to normal.69 The
activation-dependent increase in the platelet surface
expression of the GP IIb/IIIa complex is also reversible
with time, although the activation-dependent
increase in platelet surface P-selectin is not.

To ensure reproducibility, the flow cytometer should
be calibrated daily using commercially available flu-
orescent beads. Proper confirmation of satisfactory
electronics, fluidics, alignment, and electronic color
compensation are required.

Advantages/limitations

Flow cytometry is used to detect platelet activation
with a very high sensitivity. Other tests used to study
platelet function in clinical settings have limitations
compared to flow cytometry. Platelet aggregometry
may show whether a particular clinical condition
results in changes in platelet reactivity, but cannot
determine whether the condition directly activates
platelets. In contrast, plasma assays of β-TG, platelet
factor, and sP-selectin, as well as plasma and urinary
assays of TxA2 metabolites, may indirectly determine
that a clinical condition activates platelets, but cannot
measure changes in platelet reactivity associated with
the particular condition. As a result of the plasma sep-
aration procedures required, radioimmunoassays of
plasma β-TG and platelet factor 4 concentrations are
particularly vulnerable to artifactual in vitro platelet
activation. Furthermore, soluble P-selectin in plasma
may be of endothelial origin. Furthermore, none of
these assays can measure the extent of activation

of individual platelets or detect distinct subpopula-
tions of platelets. Platelet aggregation studies are semi-
quantitative and subject to standardization.

Whole-blood flow cytometric assays of platelet acti-
vation have none of these limitations. Platelets can be
directly analyzed in their physiologic milieu of whole
blood (including red blood cells and white blood cells,
both of which affect platelet activation). The mini-
mal manipulation of the samples prevents artifactual
in vitro activation and potential loss of platelet sub-
populations. Both the activation state of circulating
platelets and the reactivity of circulating platelets can
be determined. The flow cytometric method also per-
mits the detection of a spectrum of specific activation-
dependent modifications in the platelet surface mem-
brane. A subpopulation of as few as 1% partially
activated platelets can even be detected by whole-
blood flow cytometry.70 Unlike radioimmunoassays
for plasma β-thromboglobulin and platelet factor 4,
flow cytometric assays do not involve radiation.

Platelet activation by thrombin, one of the most
physiologically important platelet activators, can be
directly measured in whole blood through the use of
the synthetic tetrapeptide glycyl-L-prolyl-L-arginyl-L-
prolin (GPAP). In the absence of this, the addition
of thrombin to whole blood results in a fibrin clot,
thereby precluding the use of thrombin as an ago-
nist in the whole-blood assay. Furthermore, throm-
bin is a potent inducer of platelet-to-platelet aggre-
gation, which precludes analysis by flow cytometry of
activation-dependent changes in individual platelets.
However, the addition to whole blood of GPAP together
with thrombin inhibits both fibrin polymerization
and platelet-to-platelet aggregation, without affecting
thrombin-induced platelet activation.71 As an alter-
native to the use of thrombin and GPRP in the whole-
blood flow cytometric assay is the use of a thrombin
receptor activating peptide (TRAP), a peptide frag-
ment of the tethered ligand receptor for thrombin.
Without the need for GPRP, TRAP directly activates
platelets in whole blood without resulting in a fibrin
clot.

Flow cytometry can be used to characterize the alter-
ation in the structure of platelets, which could be due
to platelet activation, hemostatic function or due to
the maturation process. Flow cytometric analysis of
platelets is also useful for the characterization of pri-
mary or secondary platelet abnormalities. This test can
even be performed independent of the platelet count
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(if performed under appropriate conditions such as
antibody saturation) and allows follow-up monitoring
during antiplatelet therapy.53 Finally, flow cytometric
studies require only small volumes of blood. In addi-
tion, the assay can be completed within an hour of
blood collection with minimal preparation. The avail-
ability of a large number of fluorescent monoclonal
antibodies and reagents has enabled the study of a
large number of platelet activation markers.

Among limitations of flow cytometry are high cost of
equipment and reagents and complex sample prepa-
ration. The sample must also be processed quickly
(within approximately 45 min of collection). Finally,
flow cytometry permits us to evaluate only markers
on circulating platelets. Thus, if the activated platelets
are rapidly cleared or are adherent to blood vessel
walls or to extracorporeal circuits, flow cytometry may
not detect evidence of platelet activation. Flow cytom-
etry may also be a helpful tool in assessing the efficacy
of antiplatelet therapy in clinical disorders, the study
of platelet immunology, and assessment of the quality
control of stored platelet concentrate before transfu-
sion.72

SOLUBLE PLATELET ACTIVATION
MARKERS

Platelet granular contents
(β-thromboglobulin and platelet factor 4)

Platelet factor 4 andβ-TG are platelet-specific proteins
stored in the α-granules and secreted upon platelet
activation. Detection of platelet α-granule contents in
the plasma such asβ-TG and platelet factor 4 can easily
be performed using an ELISA or radioimmunoassay.
These two proteins are specific to platelets and are
detected both in the MK and the platelet with the use of
immunofluorescence and immunoperoxide methods.
Measurement of plasma levels of β-TG and platelet
factor 4 are specific to platelet release and have been
suggested as a means for detecting increased platelet
activation in vivo.

However, some problems have been shown to arise
with respect to measurement of these proteins. For
example, a significant correlation between the values
of plasma β-TG and venous platelet count has been
shown by Kutti et al.73 but not confirmed in other
work. β-TG levels are also raised in renal failure, as
β-TG is normally metabolized in the kidney. Thus,

in patients with renal failure, the plasma levels of
β-TG may be abnormally elevated and platelet factor
4 may be a better marker of platelet activation. In the
absence of renal impairment, platelet factor 4 is taken
up by endothelial cells and is therefore considered to
be a less reliable marker of platelet activation than β-
TG.74 Platelet factor 4 also has a short plasma half-life
and seems to be rapidly bound to endothelial cells.
Additionally, levels are raised during heparin therapy,
as heparin releases platelet factor 4 from its binding
sites (e.g., on endothelial cells). Crucially, true “normal
values” of these molecules are not precisely known.

β-TG and platelet factor 4 are theoretically present
in platelets in similar quantities and released at com-
parable concentrations. In many studies, however,
plasma levels of β-TG greatly exceed plasma levels of
platelet factor 4. This is possibly due to more rapid
binding of platelet factor 4 to endothelial cells and thus
results in its removal from plasma. Therefore a higher
ratio ofβ-TG to platelet factor 4 is always maintained in
vivo.74 The plasma levels of these two proteins are con-
siderably different and vary independently. A com-
parable increase in these two markers may also indi-
cate in vitro release, as endothelial cells do not take up
platelet factor 4, and the concurrent measurement of
both proteins in each blood sample may allow distinc-
tion between in vivo and artifactual in vitro release. It
has also been suggested that measurement of urinary
β-TG may be a more reliable indicator of platelet acti-
vation than measurement of its plasma level.

Glycoprotein V (GPV)

GP V is cleaved from the GP Ib/IX/V complex by the
action of thrombin. As the GP Ib/IX/V complex is
present abundantly on the platelet surface membrane,
levels of GP V may reflect the activity of thrombin on
platelets.75 The presence of soluble GP V appears in
the plasma soon after platelet activation by throm-
bin. Raised levels of soluble GP V are associated with
atherosclerotic disease states such as CAD and periph-
eral artery disease.76

sP-Selectin

It is believed that the α-granule transmembrane pro-
tein P-selectin, expressed on the surface of the acti-
vated platelet, can be cleaved or shed into the circula-
tion to form sP-selectin. The poor correlation between
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sP-selectin and β-TG may suggest that both molecules
measure different aspects of platelet activation, with
the former being a “baseline measurement” and the
latter more reflective of “acute changes.”77 Further
evidence to support this claim is that a significant rise
in sP-selectin following diagnostic angiography is evi-
dent only 24 h following the procedure.78 On the other
hand P-selectin is not exclusively platelet-specific, as
it is also expressed by endothelial cells.

However, the lack of sensitivity of sP-selectin to
acute changes in platelet activation does not neces-
sarily imply that this marker is of no clinical use. Ele-
vated sP-selectin levels have been found to be associ-
ated with diabetes, hypercholesterolemia, and hyper-
tension.79 Furthermore, raised sP-selectin may also
be associated with adverse cardiovascular outcomes
in peripheral vascular disease and CAD.79 Levels of
sP-selectin do not seem to be influenced by the vari-
ous anticoagulants and different methods of prepara-
tion of plasma, unlike the levels of β-TG and platelet
factor 4. The sP-selectin level is also not influenced by
the presence of renal failure; furthermore, it could be
a useful marker for thombotic disorders.

Platelet adhesion assay

Recently, the in vitro adhesion of platelets to Fbg-
coated plates has been described as a useful marker of
platelet activation.80 A platelet suspension of known
concentration is applied to Fbg-coated microtiter
plates. The microtiter plates are then washed with
saline and bound platelets lysed with detergent. The
supernatant is also aspirated and lysed with deter-
gent. P-selectin can then be determined in both lysate
specimens using ELISA, and the number of bound
platelets can be estimated from the ratio of bound to
total P-selectin concentrations. Use of this method has
demonstrated increased platelet activation in hyper-
tensive patients as well as those with cancer.80

Miscellaneous

By measuring the secretion of granule contents in the
lumiaggregometer, aggregation and the secretion of
ATP (a dense granule constituent) can be measured
simultaneously. ATP is detected with firefly luciferase
and the concentration of ATP with reference to a stan-
dard curve established using the subject’s PRP and
known amounts of ATP. Secretion of 14C-serotonin

from prelabeled platelets can be measured as an indi-
cation of the extent of secretion of dense-granule con-
tents following the addition of a secretion-inducing
agent.

URINARY MARKERS
OF PLATELET FUNCTION

Urinary TxA2 metabolites

Under normal conditions, secretion-inducing agents
cause the mobilization of AA from platelet phospho-
lipids, and this is then converted by platelets to TxA2.
TxA2 has a very short half-life in the circulation and
is rapidly transformed into the inactive thromboxane
B2 (TxB2).81 This is further converted to 2,3-dinor-
thromboxane B2 and 11-dehydro-thromboxane B2.
These metabolites are excreted in the urine and can be
measured by commercially available radioimmunoas-
says or enzyme immunoassays. This has the added
advantage of not requiring venepuncture. It should,
however, be remembered that TxA2 is also produced
by monocytes and therefore the measurement of its
urinary metabolites may not be specific for platelet
activation.

Urinary TxB2

Urinary thromboxane B2 is also a useful adjunct to
diagnosing acute thromboembolic disorders, espe-
cially when used in conjunction with other noninva-
sive tests.82 For example, increased urinary thrombox-
ane B2 may correlate with acute cardiac ischemia or
infarction as well as cerebral ischemia. Prostacyclin is
a metabolite of the endoperoxides of the COX pathway,
and urinary excretion of prostacyclin (or its metabo-
lites) has been used as a marker of platelet activation.
However, prostacyclin is not specific to platelets, also
being released by endothelial cells. Urinary prostacy-
clin measurement would perhaps be more appropri-
ate for patients who are difficult to bleed, as difficult
venipuncture may lead to artifactual platelet activa-
tion.

IS THERE AN IDEAL WAY
TO QUANTIFY PLATELET
PATHOPHYSIOLOGY?

Plasma samples for ELISA can be stored for a num-
ber of months at −70◦C. Despite this, there appears
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to be minimal sample degradation and ELISA results
remain comparable to those obtained by flow cytom-
etry.83 Nevertheless, there are few large, comprehen-
sive studies that directly compare various methods
of quantifying platelet pathophysiology, although one
may argue that different methods may actually reflect
different aspects of platelet physiology.

It appears that any number of tests could be applied
to assess the state of platelet activation in disease
states, although interpretation would be confined to
the relationship between the method used and dis-
ease state studied. Furthermore, the use of plasma
markers of platelet function may also allow investi-
gators to undertake large-scale epidemiologic stud-
ies, whereas other methods are time-consuming and
require expensive capital investment, such as flow
cytometry. Moreover, the targeted quantification of
platelet pathophysiology would enable us to identify
the most suitable candidates for antiplatelet therapy
as well as to evaluate the efficacy of such drugs.

NOVEL TECHNIQUES FOR THE STUDY
OF PLATELETS/MKS

Recent advances have provided an opportunity to
widen our knowledge about platelet function in both
physiologic and pathophysiologic states. Despite an
absence of genomic DNA, platelets contain MK-
derived mRNA in addition to the molecular sys-
tem necessary for translation (into proteins).84 Under
appropriate stimuli, a number of biosynthetic pro-
cesses are activated at the level of protein transla-
tion, thereby indicating the potential significance of
platelet mRNA in platelet biology.85 Various transcrip-
tion profiling methods can be employed to character-
ize these platelet transcripts. The most widely tested
are serial analysis of gene expression (SAGE) and
microarray technology.86

Microarray technology represents a rapid, semi-
quantitative system for gene expression profiling.
Numerous well-known platelet genes which encode
the most abundant transcripts (e.g., GP Ib, GP IIb, and
platelet factor 4 transcripts) involved in cytoskeletal
organization as well as novel platelet transcripts (e.g.,
neurogranin and clusterin) are characterized.86,87 The
identification and systematization of the many tran-
scripts presented within platelets forms the basis for
construction of DNA libraries. These gene catalogs are
the first step toward the identification of those genetic

variants that control fluctuations in platelet function
that occur between normal individuals and contribute
to excessive disease risk.

The characterization of a cell’s proteome is a more
complex task than definition of the transcriptome.
Two-dimensional gel electrophoresis, which permits
separation of proteins by both size and charge, has
been used for many years to study platelet biology.
Initial studies using reducing and nonreducing gels
resulted in the characterization of the number of
the platelet GPs and the clarification of the biolog-
ical basis of inherited bleeding disorders associated
with protein defects. Non–gel-based separation tech-
niques, such as multidimensional liquid chromatog-
raphy and multidimensional protein identification
technology, have the advantages that they can be auto-
mated and are able to detect membrane and basic
proteins. The development and application of elec-
trospray and matrix-assisted laser-desorption ioniza-
tion (MALDI), which permits the ionization of large
biomolecules, led to significant advances in pro-
teomic science. Indeed, these ionization techniques
can be applied in combination with mass spectrom-
etry to study the platelet proteome. Mass spectrome-
try instruments, such as MALDI–time-of-flight–mass
spectrometry and complex tandem mass spectrome-
try machines, allow the unambiguous identification of
proteins from mixtures, permitting the identification
of hundreds rather than tens of platelet proteins.

Two general approaches are commonly used to
describe the platelet proteome: the global cataloging
of proteins present in resting platelets or the char-
acterization of “subproteomes” and changes within
them in response to stimulation. More recent stud-
ies have shifted away from global profiling to the
analysis of subfractions of the proteome and the iden-
tification of changes induced upon platelet activa-
tion.88,89 These focused studies allow the identifi-
cation of many more platelet proteins than can be
achieved by global profiling, giving a more complete
view of the platelet proteome. The platelet proteome
can be broken down further by subcellular prefrac-
tionation prior to liquid chromatography or two-
dimensional gel electrophoresis, allowing the detec-
tion of low-concentration proteins that are difficult
to detect in whole-cell analysis. Platelets can rapidly
respond to a variety of agonists by secretion of pro-
teins from storage granules in response to stimuli,
and the effect of these on the platelet proteome has

141



Eduard Shantsila, Timothy Watson, and Gregory YH Lip

TAKE-HOME MESSAGES

� The normal range of the platelet count is 150 to 400 × 109/L of blood. However, the number of peripheral blood

platelets may vary significantly without signs of impaired hemostasis.
� Pseudothrombocytopenia is not uncommon and must be considered whenever a low platelet count is observed.
� Thrombocytopenia usually represents inadequate bone marrow production (e.g., leukemias) or excessive platelet

consumption/destruction.
� The mean platelet volume is the most accurate measure of platelet size. The normal MPV ranges from 7 to 11 fL.

Large platelets are metabolically and enzymatically more active than small platelets.
� Although bleeding time is a physiologically relevant test, it is highly subjective, being greatly affected by the skill of

the technician, skin thickness, and temperature.
� Platelet aggregometry measures, albeit in an ex vivo system, the most important function of platelets: their ability to

aggregate with one another in a GP IIb/IIIa–dependent manner. But the assay is time-consuming, requiring prompt

processing of blood samples.
� The platelet function analyzer is a microprocessor-controlled instrument that provides a quantitative measure of

primary platelet-related hemostasis at high shear stress and has been successfully utilized for the evaluation of

intraoperative bleeding risk.
� Flow cytometry is a method of direct measurement of the specific characteristics of a large number of individual

cells and is widely used to study platelet activation directly.
� Flow cytometry is useful in assessing the extent of platelet activation ex vivo and the sensitivity of platelets to added

agonists in vitro.
� Flow cytometry is used to detect platelet activation with a very high sensitivity.

been well studied. Analyses of the secretome from
thrombin-activated platelets has identified over 300
proteins that are secreted upon activation.89 A num-
ber of novel proteins, including secretogranin III, a
monocyte chemoattractant precursor, were identi-
fied that may represent a group of proteins medi-
ating functions secondary to blood clot formation.
In addition, a number of the secreted proteins have
been identified in atherosclerotic lesions, suggesting
a potential role in atherothrombosis.89

Novel approaches and methods to study platelet
function at the molecular level continue to be devel-
oped. These should serve to enhance our understand-
ing of the pathophysiologic mechanisms involved in
the various platelet-associated disorders and thereby
improve both diagnosis and treatment of these condi-
tions.

FUTURE AVENUES OF RESEARCH

Sequencing of the human genome has opened a new
era in the exploration of biological processes. Each of
the estimated 10000 genes expressed in the human
cell could generate hundreds of proteins, each with a

different structure or function as a result of variations
in transcription, translation, and also following post-
translational modification.90 The platelet proteome
is independent of much of this process as platelets
are anucleate.91 However, valuable information can
nonetheless be obtained from profiling platelet RNA
and protein synthesis.86,92

Proteomics offers the opportunity to comprehen-
sively explore the proteins involved in the various
pathways of platelet function. This includes pro-
cesses such as platelet adhesion to the extracellular
matrix, platelet aggregation, and granule secretion.
The detection of low-abundance proteins poses a par-
ticular challenge. The challenge for researchers is to
determine the array of proteins involved in the forma-
tion of multiprotein signaling complexes regulating
platelet activation and aggregation. The current explo-
sion in this field will undoubtedly have a major impact
on our understanding of cardiovascular biology and
on the way these diseases are diagnosed, treated, and
managed.

In addition, high-throughput, hybrid approaches
and analysis of protein complexes using affinity tag
purification appears promising.93 A suite of enabling
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technologies have recently been discovered, and com-
bining these approaches with high-resolution pro-
teome analysis methods will permit the study of
whole proteomes, thereby rivaling gene expression
analysis.94

Using these novel approaches it will be possible
to compare platelet proteins in various physiologic
and pathophysiological clinical situations (e.g., arte-
rial thrombosis and stable arterial disease) and thus
link changes in protein abundance to disease severity.
Proteomic analysis may also be employed to moni-
tor effectiveness of drug therapy. As the function of
each platelet protein is understood and the mech-
anisms regulating protein modifications are unrav-
eled, new potential therapeutic targets will be discov-
ered, forming the basis for the design of more effective
antithrombotic drugs.
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INTRODUCTION

Reduced platelet count or function is typically
expressed clinically as a bleeding problem; further
chapters of this book discuss platelet disorders in more
detail. The clinician faced with a patient presenting
hemorrhagic symptoms, however, must consider a
much broader differential diagnosis than just a platelet
problem. The present chapter describes a systematic
approach to such a bleeding patient. This involves tak-
ing initial urgent measures if required and then per-
forming a brief inspection for subcutaneous bleeding,
taking a focused medical history, completing the phys-
ical examination, and reviewing the initial laboratory
tests.

INITIAL URGENT MEASURES

If the patient is actively bleeding at the moment of pre-
sentation, it may be necessary to estimate the extent
of blood loss; in the acute phase of hemorrhage, the
hemoglobin level will be uninformative; (postural)
hypotension or tachycardia are signs of a filling defect
of the circulation and the need for fluid replacement.
In an actively bleeding patient, it is always appropri-
ate to place a peripheral venous line at the moment
of drawing blood. If there is suspicion of an impor-
tant hemostatic defect, one should avoid puncture of
a neck vein or of an artery, since catastrophic hem-
orrhage can be the consequence, resulting in com-
pression of the airways in the neck (Fig. 9.1) or of
the femoral nerve in the groin following arterial blood
sampling. This initial blood sample is used for blood
grouping and crossmatching; blood cell counting;
determination of prothrombin time, activated partial
thromboplastin time, and fibrinogen level; and limited
biochemical screening.

INSPECTION FOR SUBCUTANEOUS
BLEEDING

(Dark) red discoloration of the skin as a result of sub-
cutaneous extravasation of blood is collectively called
purpura. It is clinically useful to subdivide purpura
into petechiae, ecchymosis, hematoma, palpable pur-
pura, and purpura fulminans.

Petechiae (Fig. 9.2) are pinpoint (less than 1 mm)
hemorrhages that do not blanch with pressure. This
can be demonstrated most easily by compressing the
skin with a glass microscope slide or magnifying lens.
This sign is important for the differential diagno-
sis with another hemorrhagic syndrome, hereditary
hemorrhagic telangiectasia (Osler-Weber-Rendu syn-
drome) in which small, flat, nonpulsatile, violaceous
vessel dilatations that blanch with pressure can be
observed on the face, ears, fingertips, lips and tongue.
Epistaxis is extremely common and starts before 10
years of age. Lesions that occur in the gastrointesti-
nal tract are particularly likely to bleed and to cause
chronic iron deficiency. In addition, arteriovenous
malformations are often present in the lungs, the
cerebral vessels, or the liver, resulting in major organ
dysfunction. The inheritance is autosomal dominant,
and the responsible genes have been identified.1 It is
important to recognize this bleeding disorder clini-
cally, as hemostasis screening will not be informative.

Petechiae result from capillary bleeding. The plat-
lets are the main contributors to capillary hemostasis;
platelet defects are therefore the main cause of
petechiae. Capillary hemorrhage is most likely to
occur in areas of increased capillary pressure; if the
patient is ambulatory, petechiae are most likely to be
found around the ankles (Fig. 9.2), which therefore
should be inspected; in a patient with severe chronic
thrombocytopenia (or a patient with chronic capillary
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Figure 9.1 Extensive hematoma after puncture of the jugular vein in

an elderly woman with acquired hemophilia A. Compression of the

airways occurred and intubation could just be avoided.

hypertension as a result of venous insufficiency),
hemosiderin pigment gradually accumulates in the
subcutaneous tissue as a result of the capillary hem-
orrhages, leading to an ochreous brown discoloration.
In severe thrombocytopenia, petechiae can appear
on one arm after the patient has lain on it during
sleep; similarly, a severe bout of coughing can induce
petechiae in the face. A somewhat outdated technique
to provoke petechiae and thereby to detect platelet
or capillary dysfunction is the Rumpel-Leede test2: a

Figure 9.2 Petechiae around the ankles in an otherwise healthy

16-year old girl with acute idiopathic thrombocytopenic purpura. Since

petechiae are most likely to occur in areas of increased capillary

pressure, the largest numbers are found around the ankles in an

ambulatory patient.

sphygmomanometer cuff is inflated around the upper
arm for 5 min at a pressure halfway between sys-
tolic and diastolic blood pressure; upon releasing the
pressure, one observes the number of petechiae that
appear on a given skin surface below the elbow (usually
a circle 2.5 cm in diameter); petechiae become more
clearly visible a few minutes after releasing the pres-
sure. Spontaneous petechiae or small hemorrhagic
bullae in the mouth mucosa indicate severe throm-
bocytopenia. In a patient with multiple fractures, tho-
racic petechiae may be a sign of fat embolism syn-
drome.3

An ecchymosis is a flat subcutaneous extravasa-
tion of blood. Ecchymoses by themselves are rela-
tively nonspecific; easy bruising (sometimes called
purpura simplex) is a common complaint, especially
among women; when no other hemorrhagic symp-
toms are present, usually no abnormalities are found
after detailed laboratory study. Together with other
signs, an ecchymosis may indicate a bleeding disorder
if the extent of the ecchymosis seems excessive in rela-
tion to the degree of trauma; ecchymoses with perifol-
licular hemorrhage may indicate vitamin C deficiency
(scurvy)4; ecchymosis may also indicate defective vas-
cular support by abnormal (e.g., Ehlers-Danlos syn-
drome5) or atrophic subcutaneous connective tissue
(e.g., purpura steroidica6 or purpura senilis7; typical
flat ecchymoses are present on the forearms of affected
persons). Rarer forms of ecchymosis have more spe-
cific locations: around the eyes in amyloidosis (the
4P sign: postproctoscopic periorbital purpura8; the
ecchymosis develops, after the patient is placed for
some time in the knee-chest position, with result-
ing facial congestion as a result of vascular fragility
due to subendothelial deposition of amyloid); around
the malleoli following a ruptured popliteal (Baker’s)
cyst,9 or even around the anus following intraperi-
toneal bleeding (Bryant’s sign). Autoerythrocyte sen-
sitization syndrome10 is an unclear entity often seen
in patients with psychiatric problems, in whom the
appearance of an ecchymosis is preceded by pain in
the skin area involved, possibly as a consequence of
reaction toward extravascular erythrocytes. By careful
and prolonged observation it should be distinguished
from factitious purpura,11 often caused by deliber-
ate suction or other forms of automutilation. Trau-
matic purpura (e.g., the battered-child syndrome12)
should be considered in the appropriate circum-
stances.
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The term hematoma refers to the increase in volume
of subcutaneous tissue or of muscle as a consequence
of the accumulation of blood. It is usually due to a
continuous oozing of blood from an injured vessel,
often as a result of a disturbance of the clotting system
rather than of platelets. A patient with untreated severe
hemophilia nearly always presents with subcutaneous
hematomas, typically with a hard central core: the ooz-
ing continues until the subcutaneous pressure reaches
a level that occludes the leaking vessel; similarly, con-
tinuous oozing results in large muscle hematomas –
the high intramuscular pressure that develops even-
tually leading to muscle necrosis and late fibrosis.
A right iliopsoas hematoma in a hemophiliac can
be mistaken for acute appendicitis. Incapacitating
and painful muscle hematomas are seen not only in
hemophiliacs but also in patients overtreated with
(oral) anticoagulants (Fig. 9.3) (hematoma of the mus-
culus rectus abdominis being relatively frequent).13

Continuous oozing from the synovium is the cause
of an acute painful and incapacitating swelling of a
joint (hemarthrosis) in severe hemophilia, which can
rapidly lead to a chronic debilitating arthropathy even
in a young subject.

Palpable purpura is purpura that can be differ-
entiated from normal adjacent skin by the finger-
tip with eyes closed. The slight elevation of the
purpura is due to local vasculitis; besides extravasa-
tion of blood cells, an inflammatory exudate causes

Figure 9.3 Massive muscular haematoma in an 82-year old lady

who received an intramuscular injection with indomethacin for

shoulder pain. She was anticoagulated with phenprocoumon for atrial

fibrillation. The patient died after several weeks as a consequence of

this bleeding.

local swelling. Palpable purpura implies local depo-
sition of an antigen–antibody complex; a very typi-
cal example is Henoch-Schönlein purpura, a palpable
purpura mainly over the lower extremities and but-
tocks. Severe allergic vasculitis following medication,
cryoglobulinemia, Waldenström’s hyperglobulinemic
purpura,14 or autoimmune disorders may also cause
palpable purpura. The clinical diagnosis of palpable
purpura is important, because laboratory tests for
platelet or coagulation disturbances are usually unin-
formative.

A particularly ominous form of palpable purpura is
called purpura fulminans. In this instance, the cuta-
neous vasculitis leads to the occlusion of cutaneous
vessels, rapid appearance of areas of skin necrosis,
patches of black skin, and often symmetric periph-
eral gangrene. Purpura fulminans is typically a conse-
quence of pneumococcemia15 or meningococcemia.

Approximately 7% of children with fever and palpa-
ble purpura seen in emergency rooms are diagnosed
with meningococcemia.16 Purpura fulminans has also
been observed in heparin-induced thrombocytopenia
and thrombosis,17 following initiation of therapy with
oral anticoagulants,18 infants with congenital protein
C or S deficiency,19 or patients with the antiphospho-
lipid syndrome.20

FOCUSED MEDICAL HISTORY AND
GENERAL PHYSICAL EXAMINATION

The history should focus on the following issues:
1. Is this really a bleeding disorder? Bleeding from a

single site – such as isolated epistaxis, hemateme-
sis, hematuria, or menorrhagia – usually has a local
cause. Simultaneous bleeding from several sites,
the simultaneous presence of purpura (see above),
or oozing from puncture sites are good indications
for an underlying hemorrhagic diathesis. Mucosal
bleeding (epistaxis, menorrhagia, gingival bleed-
ing) is more typical of a platelet disorder (including
defective platelet adhesion due to von Willebrand
disease) than for a coagulation defect. Recurrent
melena in an elderly subject can result from the
combination of von Willebrand disease and intesti-
nal angiodysplasia.

2. Has the bleeding tendency developed recently or
has it always been present? Both for platelet and
coagulation disorders, the differential diagnosis
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starts with separating acquired from congenital
defects. Evidence for a long-standing, mild bleed-
ing disorder is obtained by specifically questioning
about bleeding experiences following tooth extrac-
tion or other minor surgical interventions. If a con-
genital disorder is suspected, the family history
becomes very important. An X-linked coagulation
disorder, affecting only males, makes the diagno-
sis of hemophilia very likely. X-linked thrombocy-
topenias also exist (see Chapter 10). Most other
(rare) hereditary coagulation disorders are auto-
somal recessive. Von Willebrand disease has an
autosomal dominant inheritance, although a severe
recessive form also exists.21 Both autosomal dom-
inant and autosomal recessive platelet disorders
exist (see Chapter 12). If an acquired coagulation
defect is suspected, the further differential diag-
nosis becomes relatively simple, as discussed later
in this chapter. Acquired platelet disorders are dis-
cussed in Chapter 13.

3. Is there any known underlying medical condition?
As discussed elsewhere in this book and later in this
chapter, renal or liver insufficiency, bone marrow
disorders, lymphoma, or immune disorders can be
the cause of an acquired bleeding syndrome.

4. Could drugs be involved in the bleeding disorder?
Many patients currently use antithrombotic drugs,
either oral anticoagulants because of atrial fibril-
lation or venous thromboembolism or antiplatelet
agents for the prevention of arterial disease. Allergic
thrombocytopenia as a result of medication should
always be considered (see Chapter 10). Finally,
alcohol abuse, besides causing liver damage, can
markedly reduce the platelet count.22

A complete physical examination then fol-
lows, with special attention for jaundice, lym-
phadenopathies, and hepato- or splenomegaly.
Occasionally, specific features already suggest a
diagnosis; deformed joints in a bleeding patient
suggest a coagulation disorder, in particular
hemophilia; hyperlaxity of the joints in asso-
ciation with ecchymoses suggests Ehlers-Danlos
syndrome; mucosal bleeding with deafness sug-
gests macrothrombocytopenia due to a mutation
in nonmuscle myosin heavy chain IIA (see Chap-
ter 10); a bleeding diathesis with decreased visual
acuity due to oculocutaneous albinism suggests a
platelet granule defect (see Chapter 12); upper limb
deformity in a newborn with petechiae suggests

congenital thrombocytopenia with absent radius
(see Chapter 10); the painful blue toe syndrome
with palpable ankle pulses, dramatically respond-
ing to aspirin, is a feature of a microcirculatory dis-
turbance that may occur in thrombocythemia (see
Chapter 11).

FURTHER DIFFERENTIAL DIAGNOSIS

Based on inspection of the purpura when present,
medical history, and physical examination, one usu-
ally already has an idea whether the patient suffers
from a platelet-type or coagulation-type bleeding dis-
order. Because the laboratory investigation and diag-
nosis of platelet-type defects are extensively covered
by other chapters of this book, we concentrate here on
the coagulation-type defects.

Typically the congenital coagulation defects consist
of the absence or malfunction of a single protein as
the consequence of a mutation in the implicated gene,
although rarely combinations of deficient coagulation
proteins are found resulting from a mutated protein
that is common to their biosynthesis.23,24 The screen-
ing coagulation tests are the prothrombin time (PT)
and the activated partial thromboplastin time (APTT).

The clotting scheme in Figure 9.4 indicates the clot-
ting sequence as measured by these two tests. Note
that the sequence of events as measured by these two
in vitro tests in no way corresponds to the physiologic
coagulation process; the latter is described in detail in
Chapter 5. Nevertheless, combining these two screen-
ing tests allows a reasonable approach to the further
diagnosis of the coagulation defect. There are four pos-
sible results:

Prolonged PT, normal APTT: a selective factor VII
deficiency is likely.

Normal PT, prolonged APTT: hemophilia is likely if
the patient is male and definite if there is evidence
for X-linked inheritance. Hemophilia is caused by
deficiency of either factor VIII (more frequent) or
factor IX; specific factor assay is needed to sepa-
rate the types; severe von Willebrand disease or
type N von Willebrand disease25 in both sexes can
also be associated with a low factor VIII and a
prolonged APTT. If hemophilia is excluded and
the patient has a bleeding phenotype, one should
consider factor XI deficiency, which can occur
in both sexes and be responsible for bleeding of
varying intensity.26 Occasionally an isolated, very
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Figure 9.4 A simplified scheme of blood coagulation as measured by the two screening coagulation

tests [activated partial thromboplastin time (APTT) and prothrombin time (PT)]. Both tests are

performed in plasma. Yellow rectangles depict phospholipid surfaces. Contact activation is an in vitro

phenomenon that involves prekallikrein (PK), high-molecular-weight kininogen (HMWK), and factor

XII; deficiency of one of these factors typically causes a prolongation of the APTT without apparent

clinical consequence. The APTT measures the factors of the intrinsic (factors XI, IX, VIII) and the

common (factors X, V, II, and fibrinogen) coagulation pathways; the PT measures factor VII and the

factors of the common pathway. Tissue factor (TF) is hardly present in plasma and is added to the test

mixture in the PT. In the “extrinsic tenase” reaction, activated factor X (Xa) is generated by FVIIa on a

phospholipid surface in the presence of TF and calcium; in the “intrinsic tenase” reaction, factor Xa is

generated by factor IXa in the presence of factor VIIIa and calcium. Factor Xa generates factor IIa

(thrombin) from prothrombin (factor II) in the presence of factor Va, and calcium and thrombin

converts fibrinogen into fibrin; both tests measure the speed with which fibrin is formed.

prolonged APTT is found in a patient without any
bleeding tendency; then the most likely diagnosis
is congenital factor XII deficiency, although defi-
ciencies of either prekallikrein or high-molecular-
weight kininogen could also be responsible. These
three proteins – factor XII, prekallikrein, and high-
molecular-weight kininogen – are required for
factor XI activation in the test tube, but they play
absolutely no role in coagulation in vivo, where
factor XI is activated by thrombin27 on the surface
of activated platelets.28

Prolonged PT, prolonged APTT: factor V or fibrino-
gen deficiency are most likely; rare possibilities
are prothrombin or factor X deficiency.

Normal PT, normal APTT: factor XIII deficiency
should be considered or, very rarely, an antiplas-
min deficiency. In the case of factor XIII deficiency,

the clot is less stable because of the absence
of covalent cross-links between adjacent fibrin
monomers29; in the case of antiplasmin defi-
ciency, the fibrin clot disappears before wound
healing as a result of fibrinolytic breakdown.30

The causes of acquired coagulation factor deficiency
fall into six groups:
1. Reduced synthesis. Most clotting factors are exclu-

sively synthesized by the hepatocyte. Hepatocellu-
lar damage results in impaired synthesis, related to
the severity of the disease. The earliest decrease is
that of prothrombin and factors VII, IX, and X as
well as their failure to respond to the administra-
tion of vitamin K.31 In a more advanced stage of the
disease, the synthesis of factor V and fibrinogen is
impaired. On the other hand, the level of factor VIII
is usually increased, as it is primarily synthesized
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by stimulated hepatic sinusoidal endothelial cells32

and extrahepatic endothelium.33

2. Abnormal function. This is the case when vita-
min K is absent or when vitamin K antagonists
are administered.34 The vitamin K–dependent clot-
ting factors (prothrombin and factors VII, IX and X)
undergo a posttranslational modification in which
amino-terminal glu-residues are transformed into
gla-residues by a vitamin K–dependent carboxy-
lase.35 The gla-residues are essential for the binding
to and assembly of these proenzymes on a phospho-
lipid surface, providing a sufficiently high local con-
centration for efficient interaction. When these gla-
residues are lacking, the assembly cannot take place
and the coagulation process is delayed. Poorly mon-
itored treatment with oral anticoagulants such as
warfarin, phenprocoumon, or acenocoumarol, all
vitamin K antagonists, is a frequent cause of emer-
gency admission to hospital because of uncon-
trolled bleeding. Patients with pure obstructive
jaundice may acquire vitamin K deficiency due to
poor absorption of this liposoluble vitamin. In this
instance, the coagulation defect is readily corrected
by parenteral administration of vitamin K; normally
functioning proteins then rapidly reappear in the
blood.36

3. Accelerated pathophysiologic or iatrogenic degra-
dation of clotting factors. In several disease states,
the coagulation system is activated to such an extent
that several clotting factors are consumed in the
process, leading to a decrease in their plasma con-
centration and a paradoxical bleeding tendency.37

This pathophysiologic entity is called disseminated
intravascular coagulation. The levels of fibrino-
gen and factor V decrease, the platelet count falls,
and the level of d-dimer (a marker of degraded
fibrin) rises markedly. There are multiple causes
of disseminated intravascular coagulation: obstet-
ric disorders such as abruptio placentae, amniotic
fluid embolism, or dead fetus syndrome; malig-
nancies such as adenocarcinoma of the prostate,
pancreas, uterus, or lung; or acute promyelocytic
leukemia; acute hemolysis following an incompat-
ible blood transfusion; severe burns; pancreatitis;
septic shock; snake bites; and so on.38

Administration of thrombolytic agents, in par-
ticular non-fibrin-specific ones (such as strepto-
kinase) leads to a plasmin-mediated degradation

of fibrinogen, resulting in hypofibrinogenemia and
potentially severe bleeding.39 Other clotting factors
may also be degraded by plasmin. But even fibrin-
specific thrombolytic agents, which cause much
less clotting factor depletion, can provoke extensive
bleeding, since they are unfortunately unable to dis-
tinguish between hemostatic fibrin in a wound and
the thrombotic fibrin that one wishes to remove.

4. Selective sequestration of a clotting factor. This has
been observed for factor X, which can have a high
affinity for amyloid in some patients with AL amy-
loidosis.40

5. Neutralization of the activity of a clotting factor by
autoantibodies. Probably the most frequent cause
of unexpected severe coagulation deficiency in an
elderly person is acquired hemophilia A due to the
appearance of factor VIII autoantibodies, usually of
the IgG class 1.41 Acquired hemophilia A is some-
times associated with other autoimmune disorders
and can also occur in the postpartum period.42 In
this disorder, patient plasma prolongs the APTT of
normal plasma. Autoimmune factor V deficiency43

and factor XIII deficiency44 have also very rarely
been reported.

A so-called lupus anticoagulant is an immuno-
globulin that indirectly interferes with the binding
of clotting factors to a phospholipid surface in vitro
and thus may prolong the prothrombin and acti-
vated partial thromboplastin times; paradoxically,
however, it is associated with thrombosis rather
than a bleeding tendency unless there is associated
thrombocytopenia.45

6. Massive transfusion. Bleeding associated with the
transfusion of large amounts of compatible stored
blood largely results from the dilution of the
intravascular volume with blood lacking in both cel-
lular and plasma coagulation components, result-
ing in deficiency of platelets and factors V, VIII, and
XI.46

CONCLUSION

This chapter has attempted to provide a reasoned
approach to the patient with a bleeding problem and
has emphasized how a careful inspection of purpura, a
focused medical history, and the judicious interpreta-
tion of a limited number of coagulation tests can be of
great help to the clinician seeking a correct diagnosis.
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TAKE-HOME MESSAGES

� The consideration of subcutaneous blood collections can be extremely informative for the diagnosis.
� Distinction between platelet-type and coagulation-type bleeding helps orient the diagnosis.
� Distinction between a congenital or acquired bleeding problem is very useful to help focus the diagnosis.

FUTURE AVENUES OF RESEARCH

With the current knowledge of the human genome,
new genetic defects are being discovered in pro-
tein structure (e.g., congenital defects of glycosyla-
tion) or in signal transduction mechanisms that can
lead to a complex phenotype, including a bleeding
problem.47,48 Progress in this area will depend on a
close interaction between astute pediatricians and
molecular biologists. Similarly, the increasing use of
anticancer or other drugs blocking various signal
transduction pathways is likely to affect not only nor-
mal platelet production and behavior but also vascu-
lar function, potentially resulting in new bleeding or
thrombotic manifestations. Also in this regard, careful
clinical observation will remain essential to identify-
ing and perhaps help preventing such complications.
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INTRODUCTION

This chapter focuses on the immune, nonimmune,
acquired, and hereditary thrombocytopenias. In par-
ticular, it covers immune thrombocytopenic purpura
(ITP) and alloimmune thrombocytopenia (AIT) in the
fetus and newborn. However, an attempt is made to
discuss all of the clinically significant thrombocytope-
nias. References to more detailed reviews and to spe-
cific articles in certain areas are provided. Areas that
would benefit from additional research are highlighted
as well.

IMMUNE THROMBOCYTOPENIC
PURPURA

After chemotherapy-induced thrombocytopenia, ITP
is among the most common causes of acquired throm-
bocytopenia. It has been estimated to affect approx-
imately 1 in 10 000 in the general population, about
half of whom are children, and to account for 0.18%
of hospital admissions.1 ITP is caused by autoreac-
tive antibodies that bind to platelets, shorten their life
span, and, in an unknown percentage of cases, impair
platelet production.

The clinical presentation of ITP varies from the
acute onset of severe thrombocytopenia and impor-
tant mucosal bleeding to the discovery of mild
asymptomatic thrombocytopenia during evaluation
of another illness or on a routine checkup.2 ITP can
occur as an isolated, “idiopathic” condition or it may
accompany other systemic disorders, such as systemic
lupus erythematosus (SLE) or chronic lymphocytic
leukemia. Considerable progress has been made in
understanding the pathophysiology of ITP. Several
new treatment modalities have been introduced dur-
ing the past 5 to 10 years. Finally, practice guide-

lines were developed in 19963 and have recently been
updated.

Epidemiology and presentation

Surveillance studies indicate that ITP is common in
adults of both sexes.4,5 Previously, studies had sug-
gested that the female-to-male ratio was approxi-
mately 1:1 in children but 2 to 3:1 in adults. In part this
may have reflected the fact that more women than
men obtained “routine” blood counts as a result of
pregnancies; it also appears to reflect the greater ten-
dency to autoimmune disease among women than
men, either as a function of greater estrogen effects
or as a direct or indirect result of pregnancy, includ-
ing, possibly, microchimerism. Recent studies have
demonstrated not only an increased rate of develop-
ment of ITP among the elderly but also an even sex
ratio.5,6

Many patients present with platelet counts between
5000 and 20 000/μL because they develop multiple
overt petechiae, purpura, and ecchymoses over the
course of several days. Patients with lower platelet
counts are more likely to bleed from mucosal sites,
including especially wet purpura in the oral cavity,
epistaxis, gingival bleeding, hematuria, menorrha-
gia or, less commonly, melena. Those with platelet
counts between 30 000 and 50 000/μL often give a
history of moderately easy bruising. Rarely, the ini-
tial presentation is intracranial hemorrhage (ICH) or
bleeding at other internal sites. Platelet counts above
50 000/μL are likely to be discovered incidentally. Most
patients are, with the exception of bleeding, in their
usual state of health, although complaints of fatigue
and other issues connected with quality of life are
common.7
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Differential diagnosis

ITP is the most common cause of severe throm-
bocytopenia in otherwise healthy young adults, but
it remains a diagnosis of exclusion3; however, an
increased percentage of new platelets (platelet retic-
ulated) and a substantial response to ITP-specific
treatments, especially the latter, are important diag-
nostic signs. Other disorders that need to be consid-
ered are those that cause isolated thrombocytope-
nia (i.e., familial thrombocytopenia, drug-induced
thrombocytopenias, secondary immune thrombocy-
topenias, and HIV infection) and those usually associ-
ated with additional hematologic abnormalities, such
as Epstein-Barr virus (EBV) infection (mononucleo-
sis) or leukemia. During pregnancy, the primary differ-
ential diagnosis is gestational thrombocytopenia and
(early) preeclampsia. Among older adults, an impor-
tant additional consideration is myelodysplasia, in
which thrombocytopenia can precede other manifes-
tations by months to years.8

Initial evaluation

Physical examinations reveal only signs of bleeding,
typically petechiae and purpura. Splenomegaly or
lymphadenopathy suggest another diagnosis or an
underlying illness with secondary thrombocytopenia.
Blood counts are normal except for the platelet count
unless there has been significant bleeding. “Accep-
tance” of anemia as a result of bleeding should be
very cautious and ideally be supported by micro-
cytosis reflecting iron deficiency. Thrombocytopenia
determined by automated analyzer must be con-
firmed by examination of the peripheral blood smear
to exclude pseudothrombocytopenia and hemato-
logic conditions that affect multiple cell lines, such
as thrombotic thrombocytopenia purpura (TTP) and
autoimmune hemolytic anemia.

Pseudothrombocytopenia is an in vitro artifact of
automated cell counting that occurs with a frequency
of between 1 in 1000 and 1 in 10 000 blood specimens
collected in EDTA.9 The diagnosis is suspected when
platelet clumping is observed on a blood smear made
from EDTA-anticoagulated blood as a result of EDTA-
dependent antibodies. It is confirmed by demonstrat-
ing that the platelet count is substantially higher when
measured in citrated blood, heparinized blood, or
blood obtained without an anticoagulant, such as

placing blood directly on a glass slide and reviewing
the resulting peripheral smear.

Platelet size is increased in many ITP patients;
however megathrombocytes, platelets consistently
approaching the size of erythrocytes, are more typical
of hereditary macrothrombocytopenias (see below).
Falsely low platelet counts may occur when giant (or
even large) platelets are excluded from automated
analysis. Because pseudothrombocytopenia and ITP
or other causes of thrombocytopenia can coexist,
the blood smear of all patients with ITP must be
analyzed to confirm the automated platelet count,
especially before therapy is initiated or changed. No
additional diagnostic studies are required to make a
diagnosis of ITP in a typical case, but the course and
especially response to therapy provide important diag-
nostic clues.

Not all patients require bone marrow examination
but, when performed in cases of ITP, this reveals nor-
mal erythroid and myeloid development, normal to
increased numbers of megakaryocytes, and no overt
dysplastic features such as megakaryocyte clumping.
Even when the presentation is typical, bone marrow
aspiration and biopsy are indicated in older individu-
als.2

Serologic evaluation for HIV and/or hepatitis C
infection is indicated in at-risk populations (some
hold that this is appropriate in all patients) because
of both the potential adverse effect of prolonged corti-
costeroid usage on the viral replication and the utility
of antiviral therapy in treating the thrombocytopenias.
The role of antiphospholipid antibodies (APLAs) in
patients with ITP without a history of thrombosis, pro-
longed PTT, or recurrent fetal loss is uncertain; there-
fore the place of routine testing is unclear.10 Testing for
Helicobacter pylori or the empiric use of antibiotics on
or near presentation remains controversial because
the outcome of this approach has been highly vari-
able in its effect on the platelet count even when the
presence of infection is confirmed.11 Patients are often
asymptomatic, in which case the best way to estab-
lish the diagnosis is by using the 13C-breath urea test
or stool antigen testing rather than serology, which is
unreliable and likely to be falsely positive after intra-
venous immunoglobulin (IVIG). Immunoglobulin lev-
els may be abnormally low in cases of immunodefi-
ciency [common variable immunodeficiency (CVID)
and IgA deficiency] and may also be elevated as mon-
oclonal spikes, especially in elderly patients.
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Three persistent infections – human immunod-
eficiency virus (HIV), hepatitis C virus (HCV), and
H. pylori – can be associated with immune thrombocy-
topenia. HIV has the clearest link to immune throm-
bocytopenia in that patients often respond to medi-
cations that are specifically associated with immune
thrombocytopenia (i.e., IVIG and intravenous anti-D).
Antiretroviral therapy is extremely useful in reversing
the lowering of the platelet count. This means, first,
that the virus is clearly linked to the thrombocytope-
nia and, second, that suppressing it will fix the platelet
count in the great majority of cases. There are isolated
cases in which suppressing the HIV viral load to unde-
tectable levels does not increase the platelet count and
ITP treatment is required.

Hepatitis C occurs in 1.5% of all people in the United
States and can coexist with ITP by coincidence. How-
ever, suppressing or treating hepatitis C often does
not positively affect the ITP and, typically, will initially
lower the count because of the profound antiprolif-
erative effects of interferon treatment12; there may be
improvement later. Trials of one of the thrombopoi-
etic agents (Eltrombopag) and of anti-D to support the
platelet count during interferon treatment have both
been positive, the former more than the latter.

Helicobacter pylori infection seems to be more com-
plicated in its relationship with ITP. There are multi-
ple hypotheses of how the persisting infection could
result in persisting ITP and why eradicating the infec-
tion should help the platelets.13,14

Pathogenesis and laboratory diagnosis

Eluates from ITP platelets contain autoantibodies to
platelet glycoproteins IIb/IIIa, Ib/IX, Ia/IIa, among
other determinants15; it is common to find antibod-
ies to multiple platelet antigens, possibly because of
epitope spreading. This latter phenomenon may at
least partly explain why platelet antibody testing has
never reached universal acceptance for either diag-
nostic or predictive value. Even detecting antibodies
in platelet eluates is estimated to have a sensitivity
of, at most, 66% and a specificity, at best, of 90%16,17;
interlaboratory agreement is limited at 55% to 67%.
A negative test does not exclude the diagnosis of ITP,
a positive test does not confirm the diagnosis of ITP,
and – in particular – the values referred to above may
be even less good in those patients in whom the clinical
diagnosis may be ambiguous. Using these tests to dis-

tinguish ITP from thrombocytopenia associated with
myelodysplasia, SLE, chronic hepatitis, and other con-
ditions therefore cannot be recommended. Nonethe-
less, it is undoubted that autoantibodies directed to
platelet antigens cause the thrombocytopenia in the
great majority of cases. Figure 10.1 outlines the general
pathophysiology of ITP.

Platelet life span is reduced, at least slightly, in essen-
tially all patients18,19 because of accelerated clear-
ance of antibody-coated platelets by Fcγ receptors
expressed on tissue macrophages. In certain cases,
platelet production may be increased, as evidenced
by the increased absolute number of young, retic-
ulated platelets. In others, however, production is
impaired or fails to achieve a compensatory increase
despite an increased percent of reticulated platelets,20

either because nascent antibody-coated platelets
are destroyed by intramedullary macrophages21 or
because autoantibodies impede megakaryocyte dif-
ferentiation and platelet release.22,23,24 Thrombopoi-
etin levels in patients with ITP are normal or mini-
mally elevated, in contrast to the high levels seen in
hypomegakaryocytic disorders.25

In general, if all tests were routinely available, test-
ing for a putative case of ITP in the future might
include not only a complete blood count (CBC) with
differential, a platelet count, and possibly a red cell
reticulocyte count but also a thrombopoietin level
and platelet reticulocyte count. If ITP-specific therapy,
such as IVIG, intravenous steroids, or anti-D is given,
the response to it (if substantial) confirms the diagno-
sis. A failure to respond to such treatment may merely
suggest that a bone marrow examination is required
for further confirmation of the diagnosis.

Additional clinical features of ITP

Platelet function is at least adequate even though most
identified autoantibodies bind to glycoproteins that
serve important hemostatic functions. It appears that
few patients suffer from antibody-induced storage
pool deficiency or other qualitative defects.26 Platelet
autoantibodies may rarely cause an acquired throm-
basthenia or Bernard-Soulier–like disorder.27,28

Many patients with ITP complain of fatigue and/or
depression.7 Certain patients know when their platelet
counts are low prior to any bleeding manifes-
tations because of their feeling of being utterly
drained of energy. Studies of this poorly understood
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Figure 10.1 Pathophysiology of ITP and Treatment Mechanisms. Thrombopoietin, as well as AMG531 and Eltrombopag, stimulate the

production and differentiation of megakaryocytes, which produce a large number of young, reticulated platelets. Antiplatelet antibodies produced

by B cells coat platelets, which are then cleared as they bind to Fcγ receptors on macrophages. Rituximab, a monoclonal antibody, depletes the

circulating B cells, thereby inhibiting or at least slowing the production of antiplatelet antibodies. IVIG and anti-D interact with different Fcγ

receptors on macrophages and impair the clearance of antibody-coated platelets. Prednisone, dexamethasone, and danazol impair the clearance

by macrophages of antibody-coated platelets, reduce antiplatelet antibody production, and/or promote platelet production by megakaryocytes.

phenomenon are beginning to appear, but “obvious
answers” (i.e., hypothyroidism, hepatitis, anemia, and
iron deficiency) seem rarely to explain the findings.

Clinical management

Initial treatment
Predicated on the platelet count and severity of bleed-
ing29 and because few adults remit spontaneously
soon after diagnosis, the minimal therapy to sustain
a hemostatic platelet count (>20 000 to 30 000/μL)
until the disease remits is used to manage ITP.30 Treat-
ment is therefore indicated for the typical patient with
platelet counts <20 000 to 30 000/μL. Treatment may
be required at higher platelet counts because of con-
ditions that predispose to bleeding, such as, among
others, patients over the age of 60 with a previous his-
tory of bleeding31; those with an immediate history of
head trauma or extensive bleeding (e.g., wet purpura);
patients who recently ingested warfarin, aspirin, or
other NSAIDs; patients in need of surgery; those at high
risk of trauma due to their employment; and individ-
uals who have difficulty in self-care due to physical,

mental, or emotional disturbance.29 In the absence
of an urgent need for a platelet increase or of con-
ditions contraindicating steroid use (psychiatric dis-
orders, active ulcers or gastritis, ongoing infections, to
name some but not all), treatment is generally initiated
with prednisone 1 to 2 mg/kg per day. IV anti-D (50 to
75 μg/kg) is a suitable alternative in Rh(D)-positive,
direct antiglobulin (Coombs) test (DAT)–negative
individuals but is more expensive.32,33 At the dose of
75 μg/kg, an overnight platelet increase will often be
seen in children and adults; steroid premedication
with acetaminophen is advised to reduce reactions.
Intravenous immunoglobulin 1 g/kg should be used
with intravenous methylprednisolone (30 mg/kg up
to 1 g) when platelet counts remain below 5000/μL
despite several days of corticosteroid therapy or when
there is one of the above-listed reasons implying
greater urgency in the need to increase the count. Stud-
ies indicating that initiating therapy with high-dose
dexamethasone leads to a higher proportion of sus-
tained hemostatic responses34,35,36 are very promis-
ing, although they require confirmation in controlled
trials.
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Glucocorticoids impair the clearance of antibody-
coated platelets by tissue macrophages,37 inhibit
antibody production,38 and/or increase platelet pro-
duction,21 possibly by inhibiting phagocytosis of
platelets by bone marrow macrophages (see Fig. 10.1).
Petechiae, epistaxis, and wet purpura (but not bruises,
which may, however, change color) often resolve
before the platelet count rises through a postulated
effect of steroids on vascular integrity and because
newly formed platelets are preferentially recruited to
sites of bleeding. Some 60% to 90% of patients respond
to prednisone, depending on the intensity and dura-
tion of treatment,3,39 most within 1 to 4 weeks,40

by which time considerable toxicity may be evident.
Although there is no consensus on the appropriate
duration of therapy,3 our opinion is that there is no
evidence that continuing treatment longer will alter
the natural history. Because long-term remission rates
of 10% to 30% have been reported with the initial
course of prednisone alone,3,39,40 the great majority
of patients, including steroid responders, will eventu-
ally require other forms of treatment. Alternative forms
of management (usually intravenous anti-D or IVIG)
should be sought in this early phase if the platelet
count does not increase sufficiently or falls below
hemostatic levels during tapering. Repeated dosing
with prednisone and increasing the daily dose when
the platelet count falls are common but typically inef-
fective management strategies that increase the toxi-
city of steroid therapy without much benefit.

Emergent treatment
Unless the patient is known to have responded to
treatment previously, consideration should be given
to hospitalizing all patients who present with platelet
counts of <10 000 to 20 000/μL until a beneficial effect
of treatment can be documented. General measures to
reduce the bleeding risk should be instituted, includ-
ing avoidance of drugs that interfere with platelet func-
tion, control of blood pressure, measures to minimize
the risk of trauma, and treatments that have local
effects on bleeding [e.g., epsilon aminocaproic acid or
tranexamic acid for mucosal bleeding and hormonal
(preferably a progestational agent)] therapy for heavy
menses.

Emergency treatment is indicated for internal or
profound mucocutaneous bleeding or other high-
risk situations, such as those described previously, in
patients with counts < 20 000/μL.29 Treatment is ini-

tiated with IVIG (1 g/kg per day for 1 to 3 consec-
utive days), intravenous methylprednisolone (1 to 2
g/day for 1 to 3 consecutive days), and/or intravenous
anti-D (75 μg/kg once in an Rh-positive, DAT-negative
individual) until the platelet count exceeds 30 000 to
50 000/μL.3 Vinca alkaloids (1 to 2 mg IV push of vin-
cristine or 6 mg/m2 of IV vinblastine) can be combined
with the above if an urgent platelet increase is required.
Combination treatment with three or four drugs (IVIG,
intravenous steroids, and one or both other agents) has
often been shown to be effective if there is no response
to single agents (i.e., steroids or IVIG) or in a desperate
situation.41 Plasmapheresis is also useful, but only in
experienced hands and when other treatments have
been ineffective. Ideally, it is reserved until after treat-
ments designed to inhibit production of antiplatelet
antibody have been administered because it can then
greatly hasten their effect by removing already formed
antibody.42

Platelet transfusions can effectively manage life-
threatening bleeding,43 especially when accompa-
nied by other therapies.44 Splenectomy is reserved
for the rare patient who fails to respond and requires
immediate additional treatment (e.g., prior to emer-
gency craniotomy for ICH). Rituximab and cyclophos-
phamide are also possibilities.

In assessing these situations, the initial diagnosis
of ITP must be carefully re-evaluated. A bone marrow
examination documenting a normal-appearing mar-
row with active megakaryocytopoiesis should be per-
formed.

Management of first relapse: splenectomy and
alternative medical treatments
For those who do not respond or fail to sustain
a response (platelet count <30 000 to 50 000/μL),
splenectomy or medical therapy can be pursued.
Patients treated repetitively with anti-D on an as-
needed basis can often postpone or avoid splenec-
tomy.45 There are extensive publications describing
this agent, which works in approximately 70% of
patients who are Rh+ and not splenectomized; we
recommend that they be DAT-negative as well unless
the positive DAT is from previous anti-D. The aver-
age hemoglobin decrease is 0.5 to 2 g/dL and return
to baseline is usually within 3 weeks. The platelet
effect of intavenous anti-D may last longer than that of
IVIG, but this has been well demonstrated in only two
studies of HIV-related thrombocytopenia.46,47 The
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primary toxicity is anemia, which is usually mild
(0.5 to 2.0 g/dL decrease) and temporary (return to
baseline by 3 weeks), and fever/chills after infusion,
which can be ameliorated by steroid premedication. A
recent study in children48 confirmed a previous study
in adults32 regarding the greater efficacy of the 75-
mg/kg dose, not only in more rapidly increasing the
platelet count but also to raising it to a greater height.
The longer duration of response was not tested in
the pediatric study. The effects of intavenous anti-D
appear to be mediated by Fcγ RIIA and Fcγ RIIIA, sug-
gesting that intavenous anti-D and IVIG (acting via
Fcγ RIIB) may provide additive, not redundant, bene-
fit with simultaneous use49 (in urgent situations) (see
Fig. 10.1).

A current controversy involves the occurrence of
intravascular hemolysis (IVH).50,51 Questions include
the mechanism of IVH, the rate of occurrence, and,
when it does occur, how often is it severe. Anti-D
should probably be avoided in patients with positive
direct antiglobulin tests not attributable to prior doses
and in patients with comorbidities that predispose to
these complications (e.g., ongoing hemolysis or cir-
rhosis). Other limitations of anti-D treatment include
its inapplicability to Rh(D)-negative individuals and
limited efficacy postsplenectomy.

IVIG was used similarly to intavenous anti-D as
a maintenance treatment prior to the advent of
intavenous anti-D and may still be needed in those
refractory patients failing to respond to splenectomy.
Approximately 85% of adults respond to intermit-
tent IVIG infusions (1 g/kg per day) for 2 consecutive
days with an increase in platelet count to >50 000/μL;
in approximately 65% of patients, the peak platelet
count exceeds 100 000/μL.52 Infusions are repeated as
needed every 7 to 21 days; approximately one-third
of patients who initially respond become refractory.52

IVIG impairs the clearance of IgG-coated platelets,
perhaps by indirectly activating the inhibitory recep-
tor Fcγ RIIB.53 Commercial preparations in general
appear similar in regard to both efficacy and toxic-
ity. However, they may differ in toxicity in the rare
patient with IgA deficiency and anti-IgA antibodies
and also in elderly diabetic patients in whom prepa-
rations with lower osmotic load appear less likely to
result in renal failure. Overall, toxicity is generally mild
and self-limited; however, many ITP patients com-
plain of headache, and a few develop overt aseptic
meningitis.54 Positive antiglobulin tests after infusions

are common but short-lived; hemolytic anemia occurs
rarely.55 Other important side effects include throm-
bosis,56 pulmonary or renal failure,57 and anaphylac-
toid reactions in IgA-deficient patients with IgE anti-
IgA antibodies, in whom IgA-depleted preparations
should be used.58,59 Antiviral antibodies60 can be pas-
sively acquired and result in misleading testing. There
are no documented cases of HIV or hepatitis A, B, or
C transmission with currently available preparations.
Among the limitations of IVIG are the need for frequent
prolonged infusion, often limited availability, postin-
fusion headaches, and cost. IVIG is used to treat med-
ical ITP emergencies, in preparation for splenectomy
and other surgical procedures in patients intolerant
of or resistant to corticosteroids, to treat those who
are Rh-negative or have a positive direct antiglobulin
test, to defer splenectomy in debilitated adults, during
pregnancy when potentially teratogenic drugs must
be avoided, to manage patients who are refractory to
other modalities, and while awaiting the response to
slower-acting agents.

As in the use of repeated infusions of anti-D or even
of IVIG, patients receiving high-dose dexamethasone
close to diagnosis derive a lasting benefit in at least 50%
of cases. There are three such studies, although none
are controlled.34,35,36 All three report that at least 50%
of newly diagnosed adults receiving high-dose dexam-
ethasone (40 mg/day for 4 days for one to four cycles
at 2- or 4-week intervals) achieve remission and then
remain stable without other therapy for an average of
>6 months. The toxicity has not been reported con-
sistently, with certain studies describing occasional
weight gain, hypertension, gastritis, pancreatitis, and
poor sense of well-being, ranging from being hyperen-
ergetic during the 4 days of taking the dexamethasone
to being completely drained of energy in the days fol-
lowing.

Another option for the adult with persistent ITP is
rituximab, which can be used as second line ther-
apy before and after splenectomy.61 It is a chimeric
anti-CD20 monoclonal antibody that depletes B cells
(see Fig. 10.1). When given weekly (375 mg/m2) for
4 weeks, durable complete responses lasting at least
a year are seen in 25% to 40% of patients, while oth-
ers attain relatively brief partial responses.62 Of those
obtaining complete responses, unlike those achiev-
ing partial responses, virtually all have responses last-
ing at least a year; one-half of those responses will
last at least 5 years. Patients with an initial partial or
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complete response often respond to a second course
if they relapse.63

Most patients have at least mild “first infusion”
reactions consisting of fever/chills, allergic-seeming
rashes, and scratchiness in the throat. Few side effects
other than transient serum sickness in children have
been reported.64,65 Reactivation of a fulminant form of
hepatitis B has been seen in a few cases among hepati-
tis B carriers but not in those with hepatitis C. Finally,
there have been two cases of progressive multifocal
leukoencephalopathy in patients with systemic lupus
who were receiving additional immunosuppressants
while being treated with rituximab.

Danazol is an attenuated form of testosterone well
studied in ITP although not in controlled trials.66 The
usual adult dose would be 400 to 800 mg/day (approx-
imately 10 mg/kg per day) in divided doses. It may
take up to 3 to 6 months to see an effect, although
the platelet increase, if seen, will be more rapid in
most cases. In women in whom menses are heavy
when the platelet count is low, danazol will be helpful
in temporarily abolishing menses. The mechanism of
platelet effect is debated. It may be an effect to down-
modulate Fcγ receptors, resulting in lessened destruc-
tion of the antibody-coated platelets, reduce produc-
tion of antiplatelet antibodies, and/or produce higher
levels of thrombopoietin (see Fig 10.1). The latter effect
was not identified in our preliminary (unpublished)
study. Acne is usually more of an issue than facial hair,
and some people become more aggressive. Liver tests
should be monitored monthly and serious consider-
ation given to discontinuation of the danazol if these
effects increase.

In summary, there is no set order for these agents
if the choice is made to attempt to defer and see if
it will be possible to ultimately avoid splenectomy.
In our experience, patients will have different pref-
erences given their specific clinical situations. If one
agent is chosen and does not have the desired effect,
then another may be selected or splenectomy under-
taken at that point. Additional future treatments may
include the thrombopoietic agents (see below, in the
discussion of postsplenectomy).

The decision to defer splenectomy is predicated
on disease severity, side effects of therapy, desired
level of physical activity, and mostly patient prefer-
ence. Response to splenectomy cannot currently be
predicted. A number of reports have suggested that
radioactive platelet labeling to determine the primary

site of platelet destruction (liver versus spleen) may be
useful, but others have not agreed with these findings.
Patients refractory to several prior treatments prob-
ably fare less well even though they usually “need”
to undergo the surgery more. Ideally, IVIG, anti-D,
or pulse doses of corticosteroids are used to boost
the platelet count above 50 000/μL preoperatively.
Prophylactic platelet transfusions are discouraged, as
electrocauterization is effective for superficial bleed-
ing, and tying the splenic artery usually results in a far
greater effect of platelet transfusions if they are then
required. Approximately 85% of patients attain a stable
hemostatic response,67 but about 25% of responding
patients relapse within 5 to 10 years.30,67 The short-
and long-term outcomes of laparascopic and con-
ventional transabdominal approaches are compara-
ble and the latter speed recovery.

The major risk of splenectomy is bacterial sepsis,
which occurs rarely in adults with uncomplicated ITP
managed appropriately.68 Immunization with polyva-
lent pneumoccocal Haemophilus influenzae type b
and quadrivalent meningococcal polysaccharide vac-
cines, depending on age and immunization history,
should be given at least 2 weeks prior to splenectomy
(6 to 8 weeks afterwards in those on immunosuppres-
sive therapy).69,70 Evidence is lacking to suggest a ben-
efit of prophylactic antibiotics in otherwise healthy
adults. Any febrile illness demands careful evalua-
tion. Intavenous broad-spectrum antibiotics should
be instituted immediately at the onset of a systemic
illness with fever ≥101 ◦F (38.33 ◦C). Whether there are
long-term risks of stroke, atherosclerotic heart disease,
dementia, pulmonary hypertension, or other sequelae
remains unknown.

Chronic ITP: splenectomy failures

Approximately 30% to 40% of adults require therapy
after splenectomy.3 Response to splenectomy is lower
in elderly patients and in those with Evans syndrome
or secondary immune thrombocytopenias. The inci-
dence of major hemorrhage in patients failing splenec-
tomy is about 2% to 3% per year in referral practices.29

When patients experience bleeding or severe throm-
bocytopenia after splenectomy, alternative reasons for
thrombocytopenia and bleeding must be excluded,
measures to limit bleeding instituted, and treatment
with corticosteroids and/or IVIG reinstituted depend-
ing on the severity (anti-D is much less effective after
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splenectomy). Once the platelet count has increased to
a safe level, steroids are tapered. An occasional patient
can be managed with alternate-day corticosteroids or
sufficiently low daily doses of prednisone (5 to 10 mg)
to permit long-term use, but most will require one or
more of the treatments described below. Osteoporosis
and cataracts should be monitored and prophylactic
measures taken to prevent bone loss in patients main-
tained on corticosteroids.

The goal of therapy for those who fail or relapse
after splenectomy, according to the American Society
of Hematology and others, is to maintain a platelet
count of at least 30 000/μL.29,39 Some experts recom-
mend using a platelet count as low as 10 000/μL in
the absence of bleeding.30 Treatment must be individ-
ualized, as the tolerance for severe thrombocytope-
nia varies considerably and somewhat unpredictably,
and unnecessary treatment increases mortality due to
infection.72 The risk of bleeding is influenced by the
patient’s age, bleeding history, and comorbid condi-
tions,31 which must be balanced against an estimate
of potential complications of each treatment modal-
ity. No treatment paradigm is applicable to all patients,
and intangibles such as level of physical activity, other
medical conditions, tolerance to the side effects of
therapy, and life expectancy must be considered.

Residual splenic tissue is identified using radionu-
cleotide, magnetic resonance imaging (MRI), com-
puted tomography (CT), or even heat-damaged red
cells. Response rates to the removal of an accessory
spleen vary considerably73 but appear greater if the
initial response to splenectomy was durable for at least
2 years.

Chronic, refractory ITP

Approximately 20% of patients will not respond to
these medications or splenectomy, relapse when the
medications are stopped, or prefer other choices.
As the mortality rate from bleeding increases with
age,72 most refractory patients will require treatment.
The use of immunosuppressants or experimental
approaches should be considered in this setting.

Immunosuppression
Some 10% to 40% of patients respond to azathioprine
(2 to 3 mg/kg per day as tolerated to maintain a neu-
trophil count of >1000/μL) depending on intensity
and duration of treatment,74,75 but responses are less

frequent in refractory patients. The median response
time in one study was 4 months, and maximal benefit
was not attained in some until 7 to 8 months. Complete
responses tend to be durable and occasionally persist
after treatment is discontinued. Serious side effects
are rare and predominantly limited to reversible ele-
vations of serum transaminases; some patients expe-
rience diarrhea, nausea, and depression.

Danazol, described above, is an attenuated form of
testosterone. Our recent study suggests that it is ide-
ally combined with azathioprine and has an approx-
imately 70% response rate in refractory patients.29 If
patients have previously used (and not responded to)
either agent, we presume that this lowers the response
rate to the combination, but that is not certain. The use
of the combination is not associated with increased
toxicity [i.e., there does not appear to be an increased
frequency of development of chemical hepatitis. Fur-
thermore, if a complete response is achieved, both
agents can be slowly tapered and the order chosen
according to the patients’ complaints (if any)].

Some 10% to 40% response rates have been reported
using cyclophosphamide (1 to 2 mg/kg per day titrated
on the basis of the neutrophil count, or one to
two courses given intravenously at a dose of 1 to
1.5 g/m2 every 3 weeks).74,76 Cyclophosphamide can
cause alopecia, hemorrhagic cystitis, and bladder
fibrosis and should be used cautiously in younger
patients because of its potential to cause infertil-
ity and leukemia. Cyclophosphamide combined with
prednisone, vinca alkaloids, and/or rituximab may be
effective in refractory patients, with acceptable toxic-
ity and lasting efficacy.77

Some patients have been managed successfully
with cyclosporine78,79 or mycophenylate mofetil.80

The response rates are not high, especially to the lat-
ter agent, and the former is associated with poten-
tially substantial (renal) toxicity. Another approach of
extremely limited use has been treatment by incubat-
ing plasma with columns coated with staphylococcal
protein A.81 The toxicity is quite high and efficacy low,
especially in refractory cases.

Investigational approaches
Investigational trials using thrombopoietin-receptor
mimetics have been successful with most patients,
even those with very severe disease after splenec-
tomy, showing dose-dependent increases in platelet
counts with few serious side effects.82,83,84 Although
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investigational, there are two agents (AMG531 and
eltrombopag) that have already been tested in con-
trolled trials – larger than the testing for any previous
agent – in patients with ITP. It is likely in the future
that they will become standard therapy for ITP both
before and after splenectomy. Additional thrombopoi-
etic agents are also being developed.

Several groups have used high-dose immunosup-
pression followed by autologous bone marrow or
peripheral stem cell transplantation. In the largest
reported series, 6 of 14 patients developed a complete
or partial remission.85 However, not all of the 6 had
good long-term outcomes.

ITP IN CHILDHOOD

The approach to children with ITP differs from that
to adults with respect to the differential diagnosis at
presentation, the higher frequency of spontaneous
remission, and the longer delay before medical treat-
ment and splenectomy is considered. The potential
long-term effects of treatment must be taken into
consideration. No pathophysiologic explanation has
emerged to clearly explain the difference in clinical
course between these two age groups.

Presentation

Children with acute ITP typically present with the
sudden onset of petechiae and purpura and platelet
counts <20 000 to 30 000/μL; insidious onsets and
asymptomatic measurement of a low platelet count
are far less common. ICH has been reported in approx-
imately 0.1% to 1% of children,86 which may be higher
than in adults. The peak incidence occurs between the
ages of 3 and 5, but ITP may occur at any age after 2
to 3 months.87 Many patients have a history of non-
specific viral infection or vaccination88 in the weeks
prior to developing symptoms; however, the relation-
ship between infection and ITP is hard to prove. As
in adults, the physical examination is notable only for
signs of bleeding; minimal splenomegaly is detectable
in <10% of children. Blood counts except the platelet
count should be within normal limits for age. A study
of sequential patients with apparent ITP undergoing
bone marrow examinations demonstrated that (1) if
hemoglobin and WBC were normal, there was one case
of evolving aplastic anemia among >100 patients with
ITP; (2) if, however, there were “minor” abnormali-

ties of the complete blood count (CBC), there were 7
cases of leukemia identified and 7 of aplastic anemia in
approximately 150 cases, or approximately 10% “not”
ITP. Part 1 has been confirmed by reports from cooper-
ative pediatric oncology groups documenting none of
hundreds to thousands of cases of leukemia in which
the physical examination and rest of the CBC were all
normal.

Differential diagnosis

Additional diagnoses must be considered if other
cytopenias or abnormalities are present. Severe ane-
mia, even if there has been significant epistaxis,
should lead to an investigation of alternative diag-
noses. Orthopedic abnormalities are common in chil-
dren with Fanconi’s anemia and thrombocytopenia
with absent radius (TAR) syndrome.89 If only bleed-
ing manifestations are identified on physical exami-
nation, other nonimmune inherited thrombocytope-
nias should be excluded.90 An inherited cause of
thrombocytopenia may be suspected only after the
child has failed to respond to treatment for ITP. For-
tunately, most children with inherited thrombocy-
topenias have mild to moderate thrombocytopenia
(40 000 to 100 000/μL) and do not have symptoms
or require treatment other than prior to surgery or
when platelet production is further impaired by infec-
tion. Small platelets should raise suspicion of Wiscott-
Aldrich syndrome, which may present with thrombo-
cytopenia alone; less commonly, small platelets may
be seen with congenital rubella or cytomegalovirus
(CMV). The Bernard-Soulier syndrome should be sus-
pected with moderate thrombocytopenia and giant
platelets, as should the macrothrombocytopenias,
such as May-Hegglin (MYH9-RD), which are charac-
terized by mutations in the heavy chain of nonmus-
cle myosin. Non-TAR, congenital amegakaryocytic
thrombocytopenia, may be indistinguishable from
ITP on presentation; this diagnosis is considered only
when a child <3 years of age completely fails to
respond to ITP treatment.89

Underlying disorders associated with ITP should
also be considered. HIV as a cause of ITP in child-
hood is being seen with decreased frequency in the
United States because of decreased in utero trans-
mission. SLE [with or without antiphospholipid anti-
body syndrome (APLS)] may develop in 2% to 5%
of female adolescents who present with ITP. Testing
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for antinuclear antibodies should be performed only
if additional symptoms or laboratory findings are
present that suggest the presence of SLE. Humoral
immunodeficiency is found in 1% to 2% of children
with ITP, most commonly due to CVID or IgA defi-
ciency. Almost 10% of ITP patients were IgG2-deficient
in one study91; this incidence may be sufficient to war-
rant measuring immunoglobulin and subclass levels
and documenting response to polyvalent pneumo-
coccal vaccine prior to splenectomy.92 Immunoglob-
ulin measurements may also be indicated in chil-
dren who are to receive IVIG, because the use of an
IgA-depleted preparation may prevent the formation
of anti-IgA antibodies and is tolerable and effective
when such antibodies already exist.93 Autoimmune
lymphoproliferative syndrome is characterized by
marked hepatosplenomegaly and/or lymphadenopa-
thy beginning in childhood94,95; autoimmune hemol-
ysis is common. Most patients have an abnormality in
CD95 (FAS), resulting in the persistence of autoreac-
tive T cells that fail to undergo programmed cell death;
increasingly, however other etiologies are being iden-
tified.

Management at presentation

There is no consensus regarding which children with
acute ITP should be treated and which if any treat-
ment should be used.3,96,97 Treatment is generally
intended to prevent ICH, although it is also useful
to prevent other types of bleeding, increase mental
energy in certain patients, and allow greater partic-
ipation in normal activity. The risk of ICH is higher
in children with platelet counts <10 000/μL,98 those
presenting with extensive “wet” purpura or additional
sites of bleeding beyond petechaie and ecchymoses,
with coexisting coagulopathies [i.e., von Willebrand
disease (VWD)], and in those patients with very recent
significant head trauma. Because ICH can occur in the
absence of bleeding at other sites, our approach is to
treat all children with platelet counts <20 000/μL. No
trial has demonstrated a reduction in ICH with treat-
ment, since the incidence of ICH is too low99 to allow
for a controlled study. Therefore some experienced
pediatric hematologists use more restrictive criteria
based on bleeding alone, not the platelet count. At least
80% of affected children recover spontaneously within
a year, many within the first 3 months.100 Although
chronicity is more likely to develop in teenagers and

in children with SLE or Evans syndrome, children of
any age can develop chronic ITP. There is as yet no
reason to believe that the natural history of childhood
ITP is altered by early treatment.

Prednisone (2 to 4 mg/kg per day),101 intravenous
methylprednisolone (30 mg/kg per day for 3 days),102

IVIG (1 g/kg per day for 2 days),100,103 and anti-D
(75 μg/kg)46 all shorten the duration of severe throm-
bocytopenia compared with no treatment. The com-
bination of IVIG and corticosteroids may be syner-
gistic. Platelet transfusions should be reserved for
ongoing or imminent major hemorrhage.43 We rec-
ommend that all children with acute ITP, platelet
counts <20 000/μL, and wet purpura, hematuria,
hematochezia, or metromenorrhagia be treated with
a combination of IVIG (1 g/kg per day) and intra-
venous methylprednisolone (30 mg/kg per day) for 1
to 3 days, until the platelet count exceeds 20 000 to
30 000/μL and bleeding has ceased. If bleeding con-
tinues and the platelet count does not increase, adding
intravenous anti-D (75 μg/kg in an Rh-positive, DAT-
negative patient) and/or vincristine (0.03 mg/kg) is
almost always effective. If the child fails to respond to
these therapies, the diagnosis of ITP should be recon-
sidered and a bone marrow examination performed or
repeated.

Management of acute ITP after
the first week

The goal of treatment is to maintain a platelet count
>20 000 to 30 000/μL with a minimum of toxicity.
Drugs that impair platelet function, such as aspirin
and other nonsteroidal anti-inflammatory agents and
glycerol guaiacolate, should be avoided. At platelet
counts <30 000/μL, individual guidelines must be set
to limit high-contact physical activities.

Primary reliance is often placed on prednisone
because it is relatively inexpensive, is given orally,
and has tolerable toxicity when treatment duration is
limited. The dose is usually tapered over 2 weeks to
3 months. An attempt should be made to adminis-
ter prednisone, if continued for months, on alternate
days to avoid osteoporosis, which may be the most
medically significant long-term side effect of corticos-
teroids in children.

We recommend IVIG or intravenous anti-D
(Winrho-SD) for children who require more than
0.2 mg/kg per day of prednisone as initial treatment48
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or when treatment beyond 1 to 2 months is required.
Treatment should be continued for at least 12 months
if a response is seen, as remissions may be delayed.
With this approach and the use of several other treat-
ments in those children with chronic ITP, relatively
few children require splenectomy. Treatment with aza-
thioprine104 may be used on occasion to defer splenec-
tomy. The disease will remit or improve substantially
by 1 year postdiagnosis in >80% of children with typ-
ical ITP.

Chronic ITP: management after
6 to 12 months

Durable clinical remission occurs in 70% to 80% of
children with typical ITP after splenectomy.105 Laparo-
scopic splenectomy has less long-term impact on
physical activity and childbearing. Yet most pediatric
hematologists delay recommending splenectomy for
at least a year after diagnosis because children who
have platelet counts >20 000 to 30 000/μL and are
asymptomatic can be followed safely with little or no
treatment. Virtually all children can be managed with
IVIG or anti-D if the platelet count falls below 20 000
to 30 000/μL; small doses of prednisone (<0.2 mg/kg
every other day) can be added as needed. The platelet
count often improves over time, although occasion-
ally a previously stable patient will develop thrombo-
cytopenia and menorrhagia at puberty. Also, the risk
of postsplenectomy sepsis may be as high as 2% and
greater in those less than 1 to 2 years of age. The risk
appears to be reduced substantially by administering
pneumococcal, H Flu B, and meningococcal vaccines
in conjunction with prophylactic antibiotics, which is
the current standard of care. How often to revaccinate
and the value of prophylactic antibiotics in this set-
ting remain unsettled. We currently recommend that
Pneumovax be readministered every 5 to 10 years, but
hepatitis B vaccine should not be administered unless
a specific risk is identified. We recommend prophy-
lactic antibiotics for up to a year after splenectomy.
Thereafter, intravenous antibiotics should be initiated
urgently for children with a fever >102 ◦F (38.89 ◦C).
Most pediatric hematologists prefer waiting until a
child has reached 5 years of age before recommending
splenectomy because of the frequency of infection and
high fevers, although there are insufficient data on the
risk of sepsis after the age of 2 to make firm recommen-
dations. In younger children, it may be wise to docu-

ment protective titers of antibody to the most common
serotypes of pneumococcus prior to splenectomy. No
other long-term health risks have been identified in
children who have been splenectomized for ITP to
date, but this remains a largely data-free area.

Alternate diagnoses should be reinvestigated if the
child is refractory to splenectomy. The rare, symp-
tomatic, refractory pediatric patient should be app-
roached in the same manner as the comparable
adult, although the potential side effects of various
drugs may differ depending on the age of the child.
The efficacy of treatment in this setting is entirely
anecdotal.

INHERITED THROMBOCYTOPENIA

Inherited thrombocytopenias are infrequent but not
rare and therefore have been misdiagnosed as ITP.
A number of patients have been described who
inappropriately underwent splenectomy and received
cyclophosphamide. Genetic testing is not yet possible
for all entities, but as these entities are becoming bet-
ter known, it will make the diagnosis easier to confirm
once suspected and help to define the specific syn-
dromes more precisely.106,107,108

There are a number of ways to describe these
syndromes; the reader is directed to several
reviews.108,109,110,111 They can be divided accord-
ing to platelet size based on accompanying physical
features evident on history or physical or on the site
of the thrombopoiesis defect resulting in throm-
bocytopenia. In addition, whereas the treatment of
choice is primarily platelet transfusion, they can also
be divided according to appropriate treatment. It is
worth noting that if platelet transfusion is required,
a larger number of platelets than given for severe
thrombocytopenia may be required in cases where
there is bleeding but abnormal platelets are present,
i.e., the count is greater than 30 000 to 50 000/μL. It
is important to know when to suspect these entities,
but even when assessed by experts, they do not yield
a specific diagnosis in almost 50% of cases.

There are other entities that are not normally con-
sidered inherited thrombocytopenias. For example,
inherited deficiency of ADAMTS13 results in congen-
ital TTP.112 Similarly, inherited hemolytic uremic syn-
drome (HUS) can be seen with complement pathway
defects, especially factor H in the alternative path-
way.113 Both HUS and TTP have other components
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(hemolysis, renal disease, neurologic symptoms, and
fever) that characterize them and distinguish them
from isolated thrombocytopenia.

One of the most common types of inherited throm-
bocytopenia is the May-Hegglin anomaly, now known
as MYH9-RD (myosin heavy chain 9–related disor-
ders), which includes the previously described syn-
dromes called Epstein’s, Fechtner’s, Sebastian’s, and
Alport’s. In addition to the presence of megathrom-
bocytes, there may or may not be abnormalities visi-
ble in neutrophils (i.e., Dohle-like bodies), which are
light blue and visible in the cytoplasm. This autosomal
dominant disorder should be suspected if there are
large platelets, a family history of an autosomal dom-
inant disorder, and high-tone hearing loss, chronic
renal failure, and/or cataracts. Molecular testing is
available; however, because there are multiple muta-
tions, it requires the help of an experienced labo-
ratory and, as of this writing, testing is not com-
mercially available. Genotype–phenotype correlation
of the location of the mutation within the myosin
heavy chain gene with the types of disease has not
been forthcoming thus far. Electron microscopy of
the platelets or neutrophils may also be useful; in
many cases abnormal myosin heavy chain precipi-
tates within the cell. Fortunately the platelet count
generally does not fall to less than 30 000/μL, although
isolated more severe cases have been reported. As
with any of the large-platelet disorders, it is possible
to underestimate the count. Patients with this disor-
der have very large platelets, but fortunately there are
usually not many associated bleeding symptoms and
platelet function seems relatively normal. Treatment,
if needed, is platelet transfusion. Supportive care (i.e.,
with epsilon aminocaproic acid and oral contracep-
tives) may be useful in certain situations, especially
mouth and nose bleeding, at the time of dental work,
and if there are heavy menses.

Cell-mediated immune deficiencies such as DiGe-
orge syndrome–velocardiofacial syndrome (VCF) can
be associated with thrombocytopenia in addition to
heart disease and neonatal hypocalcemia. The throm-
bocytopenia can be the primary evident clinical syn-
drome in some cases in which the hypocalcemia
is never clinically identified, the immune deficiency
manifests as autoimmunity, and the “heart disease”
consists primarily of a right-sided aortic arch, often
considered to be a normal variant. The cleft palate may
be subtle and/or may have been completely repaired

before the age of 1 year. The thrombocytopenia, if
it occurs, is almost always autoimmune but can be
related to Bernard–Soulier, since the gene for glyco-
protein Ib (GPIb) is in the chromosome 1q22 region,
the typical site of mutation for DiGeorge syndrome
and VCF. There are also reports of DiGeorge–VCF
occurring with mutations at chromosome 10p4 and
cases that seem typical but for which these muta-
tions are not identified, suggesting that other sites are
involved as well. In these cases, treatment is as for
ITP except that steroids and splenectomy in particular
carry the additional risk of exacerbating the immune
deficiency. Ideally, IVIG would be the mainstay and rit-
uximab considered if the thrombocytopenia were per-
sistent. There is a marked tendency towards Evans syn-
drome (autoimmune hemolytic anemia as well as ITP);
therefore intravenous anti-D may not be an optimal
treatment either. In children, splenectomy for Evans
syndrome is typically ineffective, which is another rea-
son to avoid it; if needed, consideration should be
given to prophylactic monthly IVIG.

Von Willebrand type IIB is associated with a vari-
able degree of thrombocytopenia. The pathogenesis
involves a gain-of-function mutation such that the
factor VIII von Willebrand multimers are too avid for
platelets, which are agglutinated, and thus thrombo-
cytopenia ensues. In certain cases, platelet counts are
almost always inaccurate because of “clumping,” and
it is hard to get an accurate determination of the true
count. There is a far rarer disease, so-called platelet-
type von Willebrand disease, in which the gain of func-
tion is a result of a mutation in the platelet receptor
for the VWF, GPIB. The pathophysiology of these two
entities is the same but treatment would be different;
that is, normal VWF via a concentrate in the former
and normal platelets by transfusion in the latter. Again,
bleeding is usually not severe. As would be expected,
in situations in which von Willebrand multimers are
increased (e.g., pregnancy, use of oral contraceptives,
or of another form of estrogen), the platelet count
is lower. In some cases the platelet count is normal
except for times of stress; in other cases the platelets
are low chronically and become lower at times of stress.

Patients with Wiskott-Aldrich syndrome can be arbi-
trarily divided into those affected by the full-blown
syndrome with immunodeficiency and eczema (WAS)
and those who have only the X-linked thrombocy-
topenia (XLT) with apparently normal immune func-
tion. In reality, this division is grayer than black and
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white, as evidenced by recent concern that splenec-
tomy for patients with XLT may be compromised by an
increased rate of sepsis. Presentation is most often ini-
tially based on the very low platelet count and the pres-
ence of bleeding at least in proportion to the platelet
count. In the newborn and neonatal period, there
may be confusion in that the typical “small” platelets
may not be evident, possibly because of immaturity of
the spleen and thus decreased platelet phagocytosis.
Patients with WAS may have lower platelet counts and
appear to have a greater likelihood of ICH and overt
bleeding, with the added feature of small, dysfunc-
tional platelets. Patients with XLT can present with
blood in their stools as part of their “milk allergy.”
Molecular diagnosis is possible, and there is gener-
ally good genotype–phenotype correlation, which can
help in assessing the likelihood that a patient has XLT.
Patients with XLT can also present as young children
(arbitrarily 1 to 5 years of age) who have “chronic”
ITP refractory to treatment, although we have also
recently seen a 30-year-old who presented similarly.
For WAS patients, the treatment (aside from platelet
transfusions and other supportive care) is human stem
cell transplantation (HSCT). For XLT, the decision lies
between HSCT and splenectomy. Testing should be
done to reveal a good response to pneumococcal vac-
cination prior to proceeding with splenectomy and
IVIG at hypogammaglobulinemic doses (400 mg/kg
every 4 weeks) should be administered afterwards for
an undetermined period of time. It is estimated that
there is a 10% lifetime risk of development of lym-
phoma for both XLT and WAS patients, which is an
argument in favor of HSCT.

There are two syndromes of abnormalities of GATA1,
depending on the site of the mutation. This can lead to
the apparent combination of thalassemia and throm-
bocytopenia in the one case or an apparent myelodys-
plasia (MDS) with marked dyserythropoiesis (and
thrombocytopenia) in the other. These are rare and
X-linked.

There is a syndrome of familial thrombocytopenia–
leukemia that has been shown to be caused by an
abnormal transcription factor called MLL or CBFA2.
This is an important syndrome to consider because
it is one of those that are premalignant, with approx-
imately half of the thrombocytopenic patients even-
tually developing a malignancy – most myeloid
leukemia, but one-third solid tumors. Initially the
thrombocytopenia is mild (i.e., 80 000 to 100 000/μL),

but the striking feature is that there are bleeding signs
and symptoms. Evaluation of platelet function will
reveal a storage pool defect. This combination is highly
unusual otherwise and should lead to molecular test-
ing.

There are several other syndromes covered in the
reviews cited at the beginning of this section.

Myelodysplasia (MDS)

This is a complex problem for which the reader is
referred to recent reviews.8,114,115 Its importance is
its occasional resemblance to ITP via presentation
with an isolated thrormbocytopenia. Classically, it can
be described as peripheral cytopenias with marrow
hypercellularity in the absence of overt malignancy –
that is, leukemia. Note that this bone marrow would fit
the description of ITP as well. There are several issues
to keep in mind: (1) it can present as a cytopenia with
a marrow revealing only mildly abnormal features and
persist that way for months to years; (2) there can be
an immune component – that is, limited responses to
“ITP” therapies can be seen; and (3) increasingly, the
development of more sensitive cytogenetics using flu-
orescence in situ hybridization (FISH) has been able
to provide earlier cytogenetic diagnosis of these syn-
dromes. As a result of the latter, MDS is currently
divided into at least three major types and treatment
with thalidomide derivatives is a mainstay of therapy
of at least one type. Nonetheless, this continues to be
a confusing entity and remains an important source
of clinical difficulty in distinguishing a truly refractory
patient with ITP from one with MDS. In this setting,
repeated marrow examinations with state-of-the-art
cytogenetic testing may help. Furthermore, the newer
thrombopoietic agents may improve the thrombocy-
topenia in these patients as well as those with refrac-
tory ITP, so it may be easier to buy time while awaiting
a specific diagnosis.

DRUG-INDUCED
THROMBOCYTOPENIA

Drug-induced thrombocytopenia is not clearly and
easily diagnosed. It is usually suspected when a patient
starts a medication and subsequently develops a sub-
stantial, otherwise unexplained thrombocytopenia.
It generally requires clinical suspicion, a temporal
linkage of thrombocytopenia to the medication, and
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Table 10.1. Agents that cause drug-induced thrombocytopenia*

Level I evidence – definitely related to thrombocytopenia Level II evidence – probably related to thrombocytopenia

Heparin, quinidine, quinine, rifampin,

trimethoprim-sulfamethoxazole, methylodopa,

acetaminophen, digoxin, danazol, diclofenac,

aminoglutethimide, amphotericin b, aminosalicyclic

acid, oxprenolol, vancomycin, levamisole,

meclofenamate, diatrizoate meglumine-diatrizoate

sodium, amiodarone, nalidixic acid, cimetidine,

chlorothiazide, diatrizoate meglumine, interferon-α,

sulfasalazine, ethambutol, iopanoic acid, sulfisoxazole,

tamoxifen, thiothixene, naphazoline, amrinone, lithium,

diazepam, haloperidol, alprenolol, tolmetin,

nitroglycerine, minoxidil, diazoxide, chlorpromazine,

isoniazid, cephalothin, difluromethylornithine,

piperacillin, diethylstilbestrol, methicillin, deferoxamine,

novodiocin, indinavir, atorvastatin, pentoxifylline,

mesalamine, octreotide, eptifibatide, rituximab,

tirofiban

Gold, carbamazepine, hydrochlorothiazide, ranitidine,

chlorpropamide, oxyphenbutazone, sulindac, ibuprofen,

phenytoin, oxytetracyclin, glibenclamide, fluconazole,

captopril, ampicillin, ticlopidine, acetazolamide,

lotrafiban, naproxen, sulfamethoxypyridine, abciximab,

roxifiban, sulfapyridine, chlordiazepoxide-clidinium

bromide, clopidogrel, terbinafine, simvastatin,

*Those in bold are the best-studied agents and/or those that cause severe thrombocytopenia most frequently.

the redeveloping of a normal platelet count when
the medication is stopped. Increasingly, however,
issues are complicated by medications, such as the
selective serotonin reuptake inhibitors (SSRIs), which
can lead to significant thrombocytopenia (and/or
leukopenia) many months after initiation of a reg-
ularly taken medicine. Furthermore, testing drug-
induced platelets reactive for antibodies is quite com-
plicated. It is not certain what fraction of “true cases” of
drug-induced thrombocytopenia can indeed be cur-
rently diagnosed by available testing. In addition to
intrinsic flaws of the tests themselves, there is also
the possibility that it is not the drug itself but the
drug metabolite that can create the drug-induced
thrombocytopenia and thereby not be detectable
in the classic model of incubating patient’s serum,
the drug, and normal platelets. Nonetheless, certain
agents are noted to cause drug-induced thrombocy-
topenia.116,117 See Table 10.1 for a list of the most
common.

The classic model involves quinidine (or quinine),
in which the drug binds to the platelet and helps to
create a neoantigen; an antiplatelet antibody is then
developed, causing severe thrombocytopenia. Among
many of the cases that have been reported, the platelet

count will return to normal with discontinuation of
quinidine. In others, however, the thrombocytopenia
persists in the absence of drugs. Mechanisms of drug-
induced thrombocytopenia are multiple and complex
and well described in reviews.118,119

The current drug-induced thrombocytopenia to
which most attention is paid is heparin-induced
thrombocytopenia (HIT).120,121 A fraction of patients
receiving heparin, especially if they received it pre-
viously, will develop antibodies that react to heparin
complexed with platelet factor 4 (PF4). These antibod-
ies bind to the heparin–PF4 complex on the platelet
surface and, with the Fc parts of the IgG antibodies,
trigger Fcγ R2A, the Fc receptor on the platelet sur-
face. The patient may initially present with throm-
bocytopenia, but the triggering of platelet activation
and degranulation can result in thrombosis. The set-
ting is typically confusing because the patient may be
on heparin for a thrombosis in the first place; there-
fore developing additional thrombosis will seem like a
failure of therapy, not a complication. General guide-
lines for HIT are (1) suspect it early; (2) send the
patient’s serum for testing, which is now generally
widely available and reasonably reliable (the heparin–
PF4 enzyme-linked immunosorbent assay, or ELISA, is
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a good screening test with the serotonin release assay
available for confirmation); (3) in suspected cases with
or without serologic confirmation, treat with direct
thrombin inhibitors to maintain anticoagulation;
and (4) stop the heparin.

In view of the lag time to the development of an
anticoagulatory effect, warfarin can be started once
anticoagulation is achieved with a direct thrombin
inhibitor, but it should not be the only anticoagulant,
especially as there may be an initial phase of hyper-
coagulability. In addition, although low-molecular-
weight heparin has a much lower incidence of devel-
opment of HIT and cross-reactivity is only seen in
approximately 20% of cases, it is nonetheless con-
cerning to start it without knowing that there is no
cross-reactivity unless no other options are available.
If testing reveals that a heparin antibody is detectable,
cross-reactivity to low-molecular-weight heparin can
be tested for.

NEONATAL THROMBOCYTOPENIAS

There are many causes of neonatal thrombocytope-
nia. Almost anything that makes a baby sick (or pre-
mature) might lower the platelet count, including
respiratory distress, sepsis, asphyxia, and other con-
ditions.122,123,124 Thrombosis – that is, of the renal
vein – can consume platelets and result in thrombocy-
topenia. Asphyxia can selectively prevent platelet pro-
duction by megakaryocytes and also cause dissemi-
nated intravascular coagulation (DIC). Drug-induced
thrombocytopenia at this age is thought to be very
infrequent and probably dependent on maternal anti-
bodies. Most of such cases of thrombocytopenia are
relatively mild (i.e., platelet counts not less than
50 000/μL).

More severe neonatal thrombocytepnia is primar-
ily caused by AIT (see below). Congenital trisomies of
13, 18, and 21 can also cause substantial thrombocy-
topenia. The former two are often incompatible with
life and the last may represent “transient megakary-
ocytic leukemia.” The inherited thrombocytopenias
are also rare causes of neonatal thrombocytopenia
(see above). The most severe cases would be caused by
the amegakaryocytic disorders TAR and CAMT (con-
genital amegakaryocytic thrombocytopenia). All but
AIT are managed by platelet transfusion almost solely.
Recent work in alloimmunity suggests that random

platelet transfusion is a good first step in this disease
as well.

In summary, almost all of the many causes are mild
to moderate and the thrombocytopenia itself does not
often cause much morbidity or mortality. The poten-
tial use of thrombopoietic agents in the future may
provide a universal treatment complementing that
currently provided by platelet transfusion.

FETAL AND NEONATAL ALLOIMMUNE
THROMBOCTOPENIA

Fetal and neonatal alloimmune thrombocytopenia
(NAIT) is the most common cause of severe throm-
bocytopenia in fetuses and neonates.125,126 Whereas
the reported incidence varies somewhat with the
assigned threshold of thrombocytopenia (50 100, or
150 × 109/L), in most unselected populations NAIT
affects 1 in 1000 to 2000 live births. Severe AIT clin-
ically diagnosed in the newborn nursery is rarer and
may be recognized in only 1 in 10 000 deliveries. In its
most severe form, NAIT has the potential for signifi-
cant morbidity including fetal ICH and in utero death.
In its mildest form, a CBC is obtained for another
indication or in a screening study (not because of
any suspicion of thrombocytopenia or bleeding) and
a mild to moderate thrombocytopenia is identified.
Although considerable progress has been made in
the diagnosis, characterization, and treatment of the
disease, strategies for early detection and interven-
tion remain controversial and additional studies are
required.

Pathogenesis

NAIT is caused by the transplacental passage of mater-
nal alloantibodies against platelet antigens shared by
the father and fetus. Shed fetal platelet antigens can
pass into the maternal circulation by the 14th week
of gestation,127 at which time the placenta has already
developed the capacity to transport maternal antibod-
ies to the fetus. Serologic diagnosis involves demon-
strating parental platelet antigen incompatibility and
antiplatelet antibody in maternal serum of match-
ing specificity. Diverse biallelic antigen systems have
been implicated. Most cases identified in non-Asian
populations occur in homozygous HPA-1b (PlA2/PlA2)
mothers.128 Most neonates are severely affected, as
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are the few cases attributable to alloantibodies against
other determinants on platelet GP IIIa [e.g., anti-HPA-
1b129 and anti-HPA-4 (Yuka/Pen)] in Asian popula-
tions130 and GP IIb [e.g., anti-HPA-3a (Baka/Lek).131

Bra/Brb incompatibility, which accounts for 15% to
20% of the cases of NAIT in Europe,128,132 is generally
milder and more likely to occur in subsequent preg-
nancies, presumably because platelets express fewer
copies of the GP Ia/IIa complex, on which the HPA-5
alleles are located. Too few cases of NAIT due to anti-
bodies to other antigens133,134 have been reported to
estimate the risk of severe NAIT. ABO and HLA anti-
bodies rarely cause NAIT. Additional alloantibodies
with novel specificities will be identified in the future.
These advances place additional demands on refer-
ral laboratories to acquire and maintain the appropri-
ate roster of typed controls, reference sera, and DNA-
based techniques for haplotyping.

Neonatal thrombocytopenia develops in 1% to 6%
of women who are homozygous for the HPA-1b allele
and carry an HPA-1a fetus.128 Production of anti-HPA-
1a antibodies occurs almost exclusively in women who
carry the HLA haplotype DRB30101135,136,137,138; the
incidence of NAIT in this subpopulation may exceed
25%,139 a relative risk 10- to 100-fold greater than
that of HPA-1b/1b women with other HLA haplo-
types. Genetic restriction in the development of anti-
HPA-5a antibodies may exist as well.140 These genetic
linkages have important implications in managing
relatives of affected women. Because fetal blood sam-
pling (FBS) may induce sensitization, it is our policy to
test previously unsensitized HPA-1b/1b, DRB30101–
positive women for anti-HPA-1a antibodies monthly
and at 36 to 38 weeks if the child’s father is HPA-
1a–positive. A percutaneous umbilical blood sampling
(PUBS) is performed if antibodies are detected.

Clinical presentation

Immune-mediated thrombocytopenia may account
for as much as 30% of neonatal thrombocytopenias,
occurring in approximately 0.3% of all newborns.141

The great majority of these cases of neonatal immune
thrombocytopenia are alloimmune, not autoimmune
(ITP). Evaluation of newborns with unsuspected AIT
will commonly be initiated after perinatal identifi-
cation of petechiae or purpura or by the incidental
finding of thrombocytopenia with a CBC obtained
for a different indication. When defined as either a

cord blood platelet count of less than 100, or 150
× 109/L, neonatal thrombocytopenia is reported in
0.5% to 0.9% of newborns, with severe thrombocy-
topenia (platelet count less than 50 000 × 109/L) in
0.14% to 0.24%.126,141,142,143,144,145 It is rare that the
first affected fetus presents with an in utero ICH. When
a fetal ICH results in death without obtaining a fetal
platelet count, parental testing for NAIT is very impor-
tant. If a fetal ICH or hydrocephalus that is not fatal
is recognized in utero, management beyond parental
testing depends on the degree of anticipated brain
damage and the general features of the case. It is not
clear what fraction of cases of unexplained fetal deaths
result from unrecognized AIT complicated by a fatal
ICH.

The frequency of hemorrhagic symptoms in AIT,
including ICH, is likely overestimated in clinical stud-
ies not based on population screening, as a substan-
tial proportion of patients with AIT either do not have
severe thrombocytopenia or have few hemorrhagic
events and go undetected. For patients with clinically
significant disease or neonatal platelet counts <100 ×
109/L, the incidence of minor hemorrhagic diatheses
(petechiae, ecchymoses, or hematomas) is as high as
80%.128,142,146

If AIT is identified through routine screening, it will
likely follow a benign course. In the first large screen-
ing study, 65% of infants with persistent in utero expo-
sure to maternal anti-HPA-1a alloantibodies had mild
or no thrombocytopenia.147 Although petechiae and
ecchymoses are important markers of clinically sig-
nificant disease, they occur in a minority of patients
with AIT. A negative family history of perinatal hem-
orrhagic symptoms should therefore not prevent the
consideration of AIT in subsequent pregnancies. Addi-
tionally, 20% to 40% of thrombocytopenic infants with
clinically evident, proven AIT will have other perina-
tal problems (e.g., poor feeding, low birth weight, or
cardiorespiratory problems), which may confuse the
etiology of the thrombocytopenia.148

Neonatal platelet counts in AIT can vary from nor-
mal to less than 10 × 109/L; as many as 35% of
platelet counts are less than 50 × 109/L.147 Thrombo-
cytopenia in AIT is usually severe in clinically identi-
fied cases of HPA-1a incompatibility.128,147 The sever-
ity should be used as a diagnostic criterion both for
institution of management appropriate for AIT as
well as for obtaining diagnostic testing to confirm the
diagnosis.
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Intracranial hemorrhage

The mortality rate of AIT has been reported to be as
high as 15% but in reality is much less even in clin-
ically recognized cases. Almost all deaths are asso-
ciated with ICH.128,139,149 AIT is the most common
cause of severe ICH in term newborns.150 Intraven-
tricular hemorrhages are the most common, but uni-
focal, multifocal, and large parenchymal hemorrhages
have been reported128,151,152,153,154,155; parenchymal
hemorrhages are characteristic of AIT. The vascular
distribution of ICH in AIT may be expected, as nor-
mal hemostasis is maintained in part through interac-
tion between platelets and the vascular endothelium.
It is unclear if glycoprotein-bound antiplatelet anti-
bodies interfere with the ability of platelets to sup-
port the vascular endothelium, but it is likely that
decreased platelet numbers significantly compromise
the integrity of vessel walls. Minimal trauma can lead
to devastating vascular hemorrhage in the developing
thrombocytopenic fetus or neonate.

Recent studies have confirmed that up to 50% to
75% of all reported ICH in AIT will occur antena-
tally.128,139,156,157,158 This finding is consistent with
one study demonstrating severe thrombocytopenia
at the initial fetal blood sampling in as many as
50% of affected fetuses, and as early as 16 to 20
weeks’ gestation.159,160,161,162 In utero hemorrhages
may present at any point in gestation with fetal distress
or demise,163,164 hydrocephalus,128,164,165 encephalo-
malacia, intracranial cysts,151,152,166 an abnormal
neurologic exam, or poor feeding or thermoreg-
ulation.146,150,158,166,167 ICH has been reported in
association with virtually all antigen incompatibili-
ties,168,169 most commonly with HPA-1a incompatibil-
ity,128,146,158 and occurs typically with platelet counts
<20 000/μL.170

Predictors of disease

A goal of many recent screening protocols has been
to define prognostic factors that may identify patients
at risk for ICH.147,171,172,173 Recent studies have sug-
gested that high (greater than 1:32) third-trimester
maternal antibody titers147,171,174 and high titers of
the IgG3 subclass173 may predict severe thrombocy-
topenia. For HPA-5b incompatibilities, neither anti-
body titer nor subclass appears to predict disease.175

Furthermore, as there is a high recurrence rate of

AIT among siblings, mildly affected or undiagnosed
first-born children may have severely affected siblings.
Antenatal ICH in the previous sibling predicts severe
disease, a recurrence of the ICH, and an early, low fetal
platelet count.162 One study suggested that the neona-
tal platelet count of the previous sibling would pre-
dict the fetal platelet count,176 whereas our study did
not.162 In utero thrombopoietin levels have generally
been reported to be normal or near normal even with
severe thrombocytopenia.177,178

Diagnosis

All infants with platelet counts less than 50 × 109/L
should be tested for AIT and managed accordingly.
The identification of other newborn disease, regard-
less of whether these other diagnoses are independent
causes of thrombocytopenia, should not prevent an
evaluation for AIT. In premature infants, where an ICH
is likely due to an underdeveloped germinal matrix,
AIT should be considered if the ICH is associated
with thrombocytopenia or if there is a parenchymal
bleed. Any thrombocytopenic infant deserves evalua-
tion because subsequent offspring and family mem-
bers may be severely affected. The confirmatory diag-
nosis of AIT in a thrombocytopenic infant or fetus
requires several laboratory observations.

Very few laboratories can do both DNA-based and
serologic testing for the frequently and infrequently
encountered HPA antigens. With the development of
oligonucleotide probes and the refinement of PCR
techniques, platelet antigen typing can routinely be
obtained on amniocytes and fetal leukocytes.179,180,181

Techniques are also available for platelet antigen geno-
typing from dried blood spots on cards to aid in
rapid perinatal diagnosis.182 Recently, several ELISA-
based183,184 and fluorescence-based185 techniques
have been developed for rapid antigen typing on large
numbers of samples. A crucial feature of laboratory
testing is to allow for both high throughput of cases as
well as identification of the unusual case (i.e., the abil-
ity to do DNA-based testing on virtually all recognized
antigens if necessary and possibly even sequencing of
platelet glycoproteins).

In 1987, Kiefel et al.186 reported accurate alloan-
tibody detection with an enzyme immunoassay, the
monoclonal antibody immobilization of platelet gly-
coprotein assay (MAIPA). The MAIPA and similar
techniques that focus on recognizing antibody to
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specific platelet glycoproteins allow identification and
quantification of glycoprotein-specific alloantibod-
ies.186,187,188 These antigen-capture assays can be uti-
lized during pregnancy to monitor antibody levels
and have been adapted for large-scale screening pro-
grams.189 Other techniques show promise for large-
scale screening programs.190,191

SCREENING PROGRAMS

There is currently no consensus on the need for rou-
tine prenatal maternal platelet antigen phenotyping
or on routinely obtaining neonatal platelet counts.
Although the financial and technical burden of screen-
ing for all maternal platelet antigens would exceed
the resources of any large-scale screening program,
a recent study indicated that antenatal screening pro-
grams can potentially reduce health-care costs sub-
stantially.192 Testing would be based on the ethnic dis-
tribution of the most likely antigen incompatibilities
and the severity of the associated thrombocytopenia.
However, this would miss incompatibilities among
the less common human platelet antigens, some of
which would result in severe disease. Furthermore,
if a woman with the HPA-1b/1b phenotype is identi-
fied, the need for treatment must still be determined,
probably by the detection of anti-HPA-1a antibody and
HLA-typing for DRB*30101.

Screening programs have the potential to prevent
the devastating or fatal hemorrhagic complications
of AIT. However, whereas the pathogenesis is rel-
atively well understood and early intervention can
prevent adverse outcomes, how and when to inter-
vene remains uncertain. There are still no unequivo-
cal predictive biological markers of severe disease.193

Petechiae and ecchymoses are important markers of
clinically significant disease but occur in only a minor-
ity of AIT patients. FBS can continue to be used
to establish diagnosis and determine management.
However, there are important complications of this
procedure even in experienced hands and with pre-
ventive platelet transfusions to avoid hemorrhagic
complications.156,157,194 Until there are better data on
the incidence and significance of the biological mark-
ers for alloimmunization and thrombocytopenia, it is
difficult to justify the number of FBSs that would result
from a screening program using the current technol-
ogy and to be sure which of the potential cases would
benefit from antenatal management.

Patients can be identified in order to be informed
for the immediate postnatal period. The largest stud-
ies thus far have claimed efficacy for routine cesarean
section approximately 2 weeks prior to term, although
very rare ICH was seen.195,196 Overall, relatively few
immunized women in these studies gave birth to
neonates with severe AIT.

Management

AIT is managed to prevent severe ICH and throm-
bocytopenia and the potentially devastating associ-
ated sequelae. There is a preliminary suggestion that
nonthrombocytopenic fetuses may do better post-
natally.197 For patients diagnosed in the newborn
period, prompt diagnosis and treatment are nec-
essary to restore normal hemostasis. If damage is
already done, optimal neonatal management (i.e.,
aggressive platelet transfusion with or without other
therapy) serves to limit the extent of damage by pre-
venting further progression of the ICH.158 Antena-
tal management of affected fetuses can significantly
reduce the morbidity and mortality associated with
AIT.

Antenatal management

There are a number of important considerations
in developing antenatal management strategies for
fetuses anticipated to have fetal AIT,198 and appro-
priate antenatal therapies are best defined in
second-affected siblings. In the absence of routine
maternal human platelet antigen typing, first-born
children are rarely diagnosed before the newborn
period.

Severity of disease
Antenatal ICH in an older affected sibling is the only
predictor of severe thrombocytopenia in subsequent
pregnancies. If an older sibling had severe AIT, sub-
sequent infants will have disease that is at least as
severe.162,166,168 If a previous pregnancy resulted in
only mild disease, the severity of disease in the sub-
sequent pregnancy is difficult to predict. There are no
reported cases of “spontaneous” increases in the fetal
platelet count; affected fetuses not initially treated
because of adequate fetal platelet counts will almost
always have precipitous decreases in their platelet
counts.
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Intracranial hemorrhage
“Spontaneous” fetal ICH is rare at platelet counts
greater than 20 × 109/L. Several early reports of ICH
in thrombocytopenic infants after vaginal delivery
prompted authors to advocate for scheduled “elec-
tive” cesarean section in severely thrombocytopenic
infants.199,200 However, it is still not clear if vagi-
nal delivery is an independent risk factor for ICH in
thrombocytopenic neonates.201,202 Successful ante-
natal therapy may increase fetal platelet counts to
greater than 50 × 109/L, the generally accepted but
unproven threshold for “safe” vaginal delivery.

Therapeutic procedures
Monitoring the efficacy of therapeutic interventions
requires fetal blood sampling using cordocentesis. The
substantial morbidity and even mortality from FBS
is now well confirmed, and this is acknowledged in
designed strategies.203,204 There is a reported fetal loss
rate of 0.2% to 7.2%, depending on the technique
(freehand technique, fixed-needle technique, or com-
bined technique), operator experience, and underly-
ing fetal disease.173,205,206,207,208 In otherwise healthy
but thrombocytopenic fetuses, the risk of fetal loss is
likely closer to 1%,194,209 but the complication rate
is higher.156,157,176,210 Whereas some authors report
no association between fetal loss and fetal platelet
count,173 thrombocytopenic fetuses appear to be at
higher risk for exsanguination after FBS194; therefore
transfusion of 10 mL of maternal or other matched,
antigen-negative platelets is the current standard of
care.

Overall approach to therapy

If a previous fetus has had an antenatal ICH, the
chances of recurrence are so high that antenatal man-
agement is mandatory. The efficacy of four therapeutic
approaches is described below.
1. Blind Treatment : This typically involves maternal

infusion of IVIG 1 g/kg per week starting at 12
to 20 weeks of gestation but could be any dose
starting at any later time and involve combination
steroid treatment. “Blind” refers to not perform-
ing FBS. Two studies did blind treatment with IVIG
1 g/kg per week and reported no cases of ICH.211,212

However, it is clear that “standard” treatment, IVIG
1 g/kg per week, will not always increase the platelet
count. Two nonoverlapping studies analyzed this

and suggested that blind treatment would result
in persistent marked thrombocytopenia (platelets
<20 000/μL in 10% to 20% of cases).156,157 This
may indicate that the risk of ICH with this treat-
ment is 10% to 20% less than the risk without treat-
ment. Another view is that it effectively increased
the platelet count only in cases not at high risk of
hemorrhage. In view of these considerations, blind
treatment can be initially increased (i.e., starting
with IVIG 2 g/kg per week or 1 g/kg per week with
0.5 mg/kg of prednisone per day or intensified, that
is, at 30 or 32 weeks, as if a sampling had been unsuc-
cessfully attempted). Studies need to clarify these
approaches.

2. A derivative of blind treatment would be to initi-
ate treatment without FBS and attempt sampling
at 32 weeks, when treatment can be intensified if
required and complications of sampling handled
with urgent delivery of a sufficiently mature fetus. A
trial utilizing this approach, which has been submit-
ted for publication, randomized initial blind treat-
ment between IVIG 2 g/kg per week and IVIG 1 g/kg
per week plus prednisone 0.5 mg/kg per day. Pre-
liminary results suggest that both arms were equal
regarding maternal toxicities and a low but signif-
icant (10% to 15%) rate of persistent thrombocy-
topenia requiring intensification to IVIG 2 g/kg per
week plus prednisone 0.5 mg/kg per day. No ICH as
a result of treatment failure was seen.

3. IVIG and Corticosteroids: The initial IVIG study
found that maternally administered IVIG (1 g/kg per
week) increased fetal platelet counts.213,214 How-
ever, in the first 5 patients, IVIG was used in combi-
nation with 3 to 5 mg/kg per day of dexamethasone,
and 4 of 5 patients developed oligohydramnios.
Additional studies demonstrated that IVIG plus 1.5
mg/kg per day of dexamethasone could prevent
oligohydramnios but was not more effective than
IVIG alone.148 Weekly IVIG plus high-dose pred-
nisone (60 mg/day) was effective in patients who
did not respond to IVIG alone; it did not cause oligo-
hydramnios.148 Variable responses of patients to
IVIG161,214,215,216,217 necessitated that fetal platelet
counts be monitored during the pregnancy by cor-
docentesis. Concentrated maternal platelets are
transfused into fetuses with a platelet count less
than 50 × 109/L or, as is often required 3 to 5 min
to obtain the count, before the platelet count is
known.
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4. Intrauterine Platelet Transfusions. Reports des-
cribed the efficacy of injecting washed maternal218

or HPA-1a–negative platelets161,219,220,221,221 into
the umbilical vein of an infant with AIT. Unfor-
tunately, transfused platelets have a short half-life
and repeat transfusions are required to maintain
an adequate platelet count (>10 to 20 × 109/μL)
and avoid hemorrhagic complications in a fetus
with severe AIT. Repeated weekly fetal blood sam-
plings for the purpose of platelet transfusions carry
a greatly increased risk of fetal loss or distress. As
a result, in utero platelet transfusions are reserved
for failures of other treatment and for prophylaxis
of acute hemorrhage during FBS. Certain centers
may use them in patients with low counts to allow a
vaginal delivery upon completion of a transfusion
performed at 37 to 39 weeks of gestation.

Specific management strategies

As the response to certain treatments varies depend-
ing on whether there was an ICH in the previous sibling
and the time at which this ICH occurred, it is suggested
that the pathobiology of AIT differs with different clin-
ical settings. To define safe and effective management
strategies for fetuses with known AIT, it is essential to
employ a grading system.

Very high risk
Patients are at extremely high risk for an adverse out-
come if they are the antigen-positive subsequent sib-
ling of a fetus who suffered an antenatal ICH before
28 weeks’ gestation. For this group, in very limited data,
2 g/kg per week (in two doses) of maternally admin-
istered IVIG starting at 12 weeks’ gestation appears to
be the optimal treatment. Prednisone 1 mg/kg per day
is usually added later.

High risk
Fetuses are at high risk for an adverse outcome if they
are antigen-positive and have a previous sibling who
suffered an antenatal ICH between 28 and 36 weeks
gestation or a perinatal ICH. IVIG at 1g/kg per week
starting at 12 weeks’ gestation may be sufficient in pre-
venting ICH in this group, although this is under study.
Monitoring of the fetal platelet count is important, as
most patients later require the addition of 1 mg/kg per
day of prednisone and sometimes also a second 1 g/kg
per week of IVIG.

Standard risk
Fetuses affected by AIT who have no history of a sib-
ling ICH and have an initial fetal platelet count greater
than 20 × 109/L have a lesser risk of an adverse out-
come. Treatment after FBS was randomized between
1g/kg per week of maternal IVIG and prednisone
0.5 mg/kg per day with essentially equal results. With-
out FBS prior to treatment, it is impossible to distin-
guish those with platelet counts <20 000/μL. Without
pretreatment FBS, treatment must be provided to all
patients without ICHs in their previous sibling such
that it would be effective even if the platelet count
were very low (<10 000/μL). IVIG 1 g/kg per week is
not sufficient; either IVIG 2 g/kg per week or IVIG plus
prednisone would be required. Monitoring after some
time on therapy to escalate treatment in nonrespon-
ders is needed as well.

No well-defined risk
There are several circumstances in which the risk is not
clear. The first is when the mother has had a throm-
bocytopenic fetus/neonate who clinically appeared to
have AIT but for whom no incompatibility accompa-
nied by sensitization can be demonstrated to establish
the probability of recurrence. In this case, workup for
unusual, rare antigens must be performed by a state-
of-the-art laboratory to see if one of the infrequently
involved antigens can be identified. These uncertain
cases may include those in which the mother has
anti-HLA antibody and the relevant incompatibility
could in fact be HLA. Also, it should be determined if
an antiplatelet antibody directed to a platelet-specific
antigen becomes detectable on repeated testing such
that the laboratory can identify the antigen corre-
sponding to the antibody. Often there may be an
incompatibility but no antibody to guide information
as to whether the incompatibility is significant or inci-
dental. In this setting the options are (1) blind antena-
tal treatment starting at various times, perhaps at 26 to
28 weeks of gestation; (2) FBS at 32 to 34 weeks prior
to initiation of treatment; (3) FBS at 32 to 34 weeks
after initiation of treatment at an earlier time; or (4)
FBS only at 36 to 38 weeks, with or without previous
treatment, to determine the mode of delivery. Severe
in utero thrombocytopenia is very infrequent in these
“undiagnosed” cases, so it is not our general policy to
favor blind treatment.

The second case of unclear risk is when there
is platelet–antigen incompatibility, no antibody
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detected, and no previous affected sibling of the fetus.
This case is identified by random population screen-
ing or when the patient has a sister with a fetus affected
by NAIT. If such a woman and her sister are HPA-
1b/1b, there is a higher possibility that she could have
an affected fetus because there is more chance that
she has the necessary immunogenetic machinery. The
woman and her sister with the affected neonate should
undergo testing for DRB*30101. If the women are the
same, frequent screening for antibody (every 6 to 10
weeks) seems appropriate during pregnancy because
the patient can develop anti-HPA-1a antibody and
have a thrombocytopenic neonate. The appearance
of antibody indicates a high likelihood that the fetus
is affected and management should be determined. If
no antibody appears, an individual decision regarding
management should be made, but there would be less
reason to be aggressive. Further studies may clarify
these cases better.

Long-term effects of antenatal
management on the treated fetus

Two centers have explored the effects of antenatal
management on the long-term outcome of the fetus.
One group demonstrated that there were no substan-
tial adverse effects of antenatal management on the
immunity of the fetus, although a small increase in the
CD8% was seen, on growth and development, or on
the incidence of infections.222 In our study, matched
affected sibling pairs, the older untreated child and the
younger child that received antenatal therapy, were
compared. The younger sibling was at least as healthy,
suggesting that platelets might possibly have a role in
fetal development.197,223

Treatment in the newborn

For most infants with presumed AIT, IVIG (1g/kg per
dose) can restore a normal platelet count; this may
require one to three doses in 24 to 72 h.128,162,224 Using
IVIG in combination with methylprednisolone (1 mg
IV every 8 h) may be more helpful. Corticosteroids
alone are a third option but should not be used in the
newborn for any prolonged period because of the risk
of sepsis.

As these drugs are not immediately effective, platelet
transfusions should be given first to increase the
neonate’s platelet count. Transfusions with maternal

platelets225 or with HPA-1a–negative platelets are used
in severe cases (platelet counts <30 000/μL) and are
the treatment of choice when available. If HPA1a–
negative platelets are not immediately available, ran-
dom donor platelets182,226 may be substituted, with
frequent assessments of platelet recovery; if neces-
sary, matched platelets should be provided as soon as
possible.227,228 Many large centers, most of which are
in western Europe, have identified HPA-1a–negative
donors and may be able to provide HPA-1a–negative
platelets on short notice.229

It is also useful to start IVIG in order to bring up the
endogenous platelets as well as to protect the trans-
fused platelets, especially if they were from a random
donor. HPA-1b/1b patients with visceral bleeding, and
especially those with an ICH, should urgently receive a
high dose of platelets, IVIG, and methylprednisolone.
The platelet count should be maintained initially at
100 000/μL and then 50 000/μL for 1 to 2 weeks total.
Serial head sonograms can confirm stabilization and
regression of the ICH if hydrocephalus is developing
and if a shunt may be necessary.

THROMBOTIC THROMBOCYTOPENIC
PURPURA (TTP) AND HEMOLYTIC
UREMIC SYNDROME (HUS)

TTP and HUS are similar diseases often considered
together, although, based on recent developments, the
pathogeneses seem to be very different despite the
clinical similarities. Therefore these entities are here
considered separately.

TTP appears to be the result of a deficiency of a
recently described enzyme called ADAMTS13, which
is a metalloproteinase also called the von Willebrand
factor (VWF)–cleaving protease.112,230,231,232,233 Defi-
ciency of this enzyme can be either acquired, the
common form, via autoantibodies that are generated
to it, or congenital. There are well-described defi-
cient patients who are asymptomatic, in particular
patients who recover from TTP clinically but remain
enzyme-deficient, making it clear that the absence
of ADAMTS13 alone is not sufficient to cause TTP.
Furthermore, clinical cases tested for ADAMTS13 are
not all deficient in it, and it remains uncertain what
other causes make up what fraction of clinically recog-
nized cases. The central hypothesis is that deficiency
of the VWF-cleaving protease allows the ultralarge
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multimers of VWF released from Weibel-Palade bod-
ies to persist in the circulation, agglutinate platelets,
and shear red cells.

Cases typically present with several but not all mem-
bers of a pentad, including fever, microangiopathic
hemolytic anemia (MAHA), thrombocytopenia, neu-
rologic disease, and renal disease. The neurologic
component is commonly expressed as coma followed
by focal lesions. The renal disease often manifests as
hematuria. Another characteristic finding is a very
high serum lactate devdrogenase (LDH); it is often
greater than 1000 (with the upper limit of normal 225),
and its reduction is used to monitor disease activity.
Clinical recognition is based on the combination of
thrombocytopenia and anemia in a patient with an
evident systemic illness. The negative Coombs test
and presence of a systemic disease distinguish it from
Evans syndrome.

ADAMTS13 levels can be sent, but turnaround is
often not rapid; it is therefore more useful as confir-
mation of a clinical diagnosis than as rejection, since
cases of clinical TTP not based on ADAMTS13 defi-
ciency are common.234 The methodology is compli-
cated, but the use of substandard tests has largely been
discontinued, as studies of testing have clarified the
optimal approach. Ideally, the presence of antibody
can be demonstrated in addition to the absence of the
enzyme; if not, the possibility of late-appearing con-
genital disease should be reconsidered.

Therapy of acquired cases has classically involved
the combination of plasma (antibody) removal com-
bined with plasma infusion (ADAMTS13 replacement)
via plasmapheresis. The mortality has decreased from
>80% to <20% currently based on this approach.
Recent advances have included the addition of
immunosuppressive therapy such as steroids and rit-
uximab despite the absence of large-scale controlled
trials of either of these agents.

Typical management requires plasmapheresis for a
number of days, typically until the platelets are normal
and the LDH is near normal. Clinical consensus then is
to taper pheresis and hope that a lasting remission has
beeninduced.Thedetailsofthisprocess,includinghow
long to administer which immunosuppressive agents,
remain unclear. Relapses are not rare and require
additional treatment, which may ultimately include
splenectomy and/or further immunosuppression.

HUS most commonly occurs in small children in
epidemic form and often presents with renal failure

manifesting as anuria. It appears to be caused by shiga-
like toxin (also called vero toxin), which is produced by
certain strains of Escherichia coli.235,236 To cause HUS,
these strains must also have pili that allow them to
bind to the intestinal wall and inject the toxin into the
patient’s circulation. Apparently there is a receptor for
the toxin, globosyl ceramide 3, which is most expressed
in the renal microvasculature.

There are also sporadic cases, which can occur at any
age from incompletely understood causes. Familial
cases may be seen when congenital deficiencies of the
alternative pathway of complement are present.113,237

These cases may require plasma infusions and/or even
plasmapheresis to improve the efficiency of plasma
replacement.

Typically the anemia and thrombocytopenia are
severe but often not life-threatening. Red cell trans-
fusions and erythropoietin may be given as needed,
but there is concern, as with TTP, that platelet transfu-
sion may fuel the microthrombi and make the disease
worse. However, platelet transfusions are sometimes
required, for example, for the insertion of a peritoneal
dialysis catheter. The uremia, if present, may be severe
enough to interfere with platelet function, which may
further complicate the risk of bleeding; individualized
decisions must be made depending on the clinical pic-
ture.

If there is anuria, it will typically reverse within
days and spontaneous recovery will ensue. If, how-
ever, anuria lasts more than 2 weeks, it is a sign that
severe chronic renal disease may ensue, possibly even
requiring transplantation in the future. There is anti-
body to the toxin in intravenous gammaglobulin and
infusions have been tried, but whether this or fresh
frozen plasma has any effect on the disease remains
largely unclear; supportive care of the renal failure is
the primary management.238

FUTURE AVENUES OF RESEARCH

In general the platelet count is used as the surrogate for
the risk of bleeding, but it is currently not known how
to test for the risk of bleeding at low platelet counts.
Currently the etiology of the thrombocytopenia is typ-
ically factored into this assessment along with the
degree of ongoing hemorrhage. Future point-of-care
testing of “platelet function” would be very useful, as
would diagnostic testing to more readily distinguish
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TAKE-HOME MESSAGES

� While ITP is the most common cause of severe thrombocytopenia, it is sometimes difficult to diagnose, as there are

other causes of isolated thrombocytopenia. Response to ITP treatments is a key diagnostic feature.
� The goal of ITP treatment is to maintain a hemostatic platelet count; this can include prednisone, IV anti-D, IVIG,

dexamethasone, rituximab, or danazol.
� Some patients with ITP may be “cured” by early use of high-dose dexamethasone.
� Patients with chronic, refractory ITP can be treated with immunosuppressants or with experimental agents such as

the thrombopoietic agents.
� Children with ITP with severe thrombocytopenia and significant bleeding should be treated in order to prevent an

ICH, which may be more likely to occur in children than in adults.
� The nonimmune, inherited thrombocytopenias can be misdiagnosed as ITP; better characterizations are needed to

help distinguish them.
� Drug-induced thrombocytopenia is difficult to diagnose and should be suspected if the patient is taking any of the

noted agents. Medications should be changed whenever possible.
� The severity of symptoms in cases of AIT (i.e., fetal platelet count, petechiae, ecchymoses, and hematomas) varies

greatly, but severe neonatal thrombocytopenia suggests AIT.
� Testing for AIT should be performed if an ICH is detected in utero or after birth, as AIT is the most common cause of

ICH in newborns.
� IVIG and prednisone are currently used as antenatal therapy to increase the fetal platelet count and decrease the

incidence of ICH in fetuses with NAIT.

various forms of thrombocytopenia. The apparently
impending widespread availability of the platelet reti-
colocyte count may help, but this remains to be deter-
mined. Finally, novel agents such as the thrombopoi-
etic agents (AMG531, eltrombopag, and others) will
likely revolutionize our ability to manage thrombocy-
topenia and end many of the current debates regarding
treatment.
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INTRODUCTION

A platelet count of >400 × 109/L far exceeds the 95th
percentile range for both women and men and is there-
fore considered to represent the threshold platelet
count for “thrombocytosis.”12,3,4,5 Recent evidence
implicates thrombopoietin (TPO) receptor (i.e., MPL)
polymorphisms as being partially responsible for the
marked variation in normal platelet counts.6 In fact,
some MPL polymorphisms – for example, G1238T,
which results in lysine-to-asparagine change at amino
acid 39, has been shown to be associated with abnor-
mally increased platelet counts in approximately 7%
of African Americans.7,8 Therefore it is important to
appreciate the possibility that some cases of “throm-
bocytosis” might not represent disease.

Causes of thrombocytosis include nonneoplastic
conditions as well as hematologic and solid malig-
nancies (Table 11.1). Because thrombocytosis asso-
ciated with a myeloid disorder is integral to the
underlying clonal process, it is usually referred to
as “primary” or clonal thrombocytosis (CT). CT is
distinguished from all other thrombocythemic states
including reactive (RT) and congenital thrombocy-
tosis. The latter condition is very rare9 and should
be distinguished from “familial ET,” which is equally
rare.10 Some cases of congenital thrombocytosis have
recently been associated with mutations of either TPO
or MPL.11,12,13,14,15,16 In the former instance, trans-
mission is usually autosomal dominant and the muta-
tion involves the 5′-untranslated regions of the TPO
mRNA (a donor splice site), resulting in efficient lig-
and production.12

In general, the degree of thrombocytosis cannot be
used to distinguish RT from CT. Conditions associated
with RT include iron deficiency anemia, postsplenec-
tomy state, perioperative period, chronic inflamma-

tion, infection, hemolysis, lymphoma, and metastatic
cancer (Table 11.1). The most recognized example
of CT is essential thrombocythemia (ET), although
other myeloproliferative disorders (MPD) – such as
polycythemia vera (PV), primary myelofibrosis (PMF),
chronic myeloid leukemia (CML), and myelodysplas-
tic syndrome (MDS) – could also be accompanied by
CT.17 In routine clinical practice, more than 85% of
cases with thrombocytosis are reactive; among the
remaining cases with CT, ET is the most frequent
diagnosis.18,19 In most instances, RT is not considered
detrimental in terms of either thrombosis or bleed-
ing.20,21 In contrast, in patients with either a history
of thrombosis or advanced age, CT has been shown
to correlate with increased prevalence of thrombo-
hemorrhagic complications and signals the need for
cytoreductive therapy.22,23

REACTIVE THROMBOCYTOSIS

Table 11.1 presents an incomplete list of conditions
associated with RT. The majority of cases of throm-
bocytosis in routine clinical practice are reactive.
For example, in a recent study from Turkey, 1.6%
of 124,340 unselected patients displayed a platelet
count of ≥500 × 109/L and 97% represented RT,
mostly associated with infection.20 RT also accounts
for the majority of cases with extreme thrombocyto-
sis defined by a platelet count of ≥1000 × 109/L.19

The prevalence of RT as the cause for routine cases
of thrombocytosis is even higher in children; among
15 000 platelet counts performed in 7539 pediatric
patients, 6.0% displayed thrombocytosis, and RT was
the diagnosis in all of them.21 Infection was the
major cause of RT in childhood thrombocytosis as
well, whereas Kawasaki disease, prematurity, and iron
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Table 11.1. Causes of thrombocytosis

Clonal thrombocytosis Reactive thrombocytosis Congenital thrombocytosis

Essential thrombocythemia Infection TPO mutations

Polycythemia vera Tissue damage MPL mutations

Myelofibrosis with myeloid metaplasia (overtly fibrotic) Chronic inflammation MPL polymorphisms

Myelofibrosis with myeloid metaplasia (cellular phase) Malignancy No known mutations

Chronic myeloid leukemia Rebound thrombocytosis

Myelodysplastic syndrome Renal disorders

Atypical myeloproliferative disorder Hemolytic anemia

Acute leukemia Postsplenectomy

Blood loss

deficiency anemia were also identified as frequent
causes. In certain inflammatory conditions, including
giant cell arteritis and Kawasaki disease, thrombocy-
tosis is remarkable enough to be considered as part of
the diagnostic component.24,25

Pathogenetic mechanisms for RT associated
with infections, inflammatory diseases, and
metastatic cancer include cytokine-mediated
increased proliferation of megakaryocytes and
platelet production. In this regard, interleukin (IL)-
6, TPO, IL-1, IL-4, and tumor necrosis factor-α,
have all been implicated, either directly or indi-
rectly.26,27,28,29,30,31,32,33,34,35,36,37,37 In essence
therefore, RT is part of a systemic acute-phase
reaction and is mediated by several rather than one
specific cytokine.38,39 In particular, TPO does not
appear to be a major contributor to RT, although the
increased catabolism of the cytokine associated with
increased megakaryocyte/platelet mass could be a
confounding factor in the interpretation of serum
TPO levels in RT.34,40 A cytokine-mediated process is
also implicated in rebound thrombocytosis following
drug- or alcohol-related myelosuppression.41,42,43 In
RT associated with iron deficiency anemia, neither
the usually suspected cytokines nor sequence homol-
ogy between TPO and erythropoietin (EPO) appear
to be causally responsible.44,45 The mechanism of
thrombocytosis associated with hyposplenism might
include platelet redistribution in the peripheral blood
as well as altered metabolism of thrombopoietic
cytokines.31,46

Hyposplenism is another major cause of RT, and it is
important to note that surgical removal of the spleen
or congenital asplenia is not the only cause of hypos-

plenism and that functional hyposplenism associated
with, for example, celiac sprue and amyloidosis, can
also be associated with RT.47,48,49 However, as under-
lined in a recent comprehensive review of hemato-
logic manifestations in celiac disease, thrombocytosis
seen in such disorders cannot all be attributed to func-
tional hyposplenism.50 Postsplenectomy thrombocy-
tosis reaches its peak within a few days of surgery and
the platelet count returns to normal in the majority
but not all of the cases in a few months. Regardless of
cause, hyposplenic thrombocytosis in the absence of
a chronic myeloproliferative disorder is seldom asso-
ciated with an increased risk of thrombosis.51,52,53,54

ESSENTIAL THROMBOCYTHEMIA

According to a modern classification system (Table
11.2), ET is categorized as a BCR-ABL–negative classic
MPD, along with PV and PMF.17 Such classification is
different from that published by the WHO-sponsored
classification system for chronic myeloid neoplasms
(Table 11.3). However, a revision of the WHO classi-
fication system is planned in the near future, and it
is hoped that it will incorporate some of the recently
discovered molecular markers in MPDs. ET was first
described by Epstein and Goedel in 1934.55 In 1951,
ET was formally classified as a “MPD” by Dameshek56;
in 1960, it was accepted as a distinct clinicopatho-
logic entity.57 Formal diagnostic criteria for ET were
first established by the polycythemia vera study group
(PVSG) in the 1970s.58 In 1981, clonal studies con-
firmed that ET is a stem cell–derived clonal myelo-
proliferation.59 In 2001, the WHO criteria for ET were
first published (Table 11.4).60 In 2005, an activating
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Table 11.2. Semimolecular classification of chronic myeloid neoplasms

Main categories Clinicopathologic subcategories Molecular subcategories

I. Myelodysplastic

syndrome

According to WHO classification system

II. Classic myeloproliferative

disorders

1. Chronic myeloid leukemia 100% BCR-ABL(+)

2. Polycythemia vera ∼100% JAK2V617F(+)

3. Essential thrombocythemia ∼50% JAK2V617F(+)

∼1% MPLW515L/K(+)

4. Myelofibrosis ∼50% JAK2V617F(+)

∼5% MPLW515L/K(+)

III. Atypical

myeloproliferative

disorders

1. Chronic myelomonocytic leukemia ∼3% JAK2V617F(+)

2. Juvenile myelomonocytic leukemia ∼30% PTPN11 mutation(+)

∼15% NF1 mutation(+)

∼15% RAS mutation(+)

3. Chronic neutrophilic leukemia ∼20% JAK2V617F(+)

4. Chronic eosinophilic leukemia/eosinophilic MPD A. PDGFRA-rearranged

B. PDGFRB-rearranged

C. FGFR1-rearranged

D. Molecularly undefined

5. Hypereosinophilic syndrome

6. Chronic basophilic leukemia

7. Systemic mastocytosis A. KITD816V(+)

B. Other KIT mutation

C. FIP1L1-PDGFRA(+)

D. Molecularly undefined

8. Unclassified MPD ∼20% JAK2V617F(+)

i. Mixed/overlap MDS/MPD

ii. CML-like butBCR-ABL(−)

Table 11.3. The World Health Organization classification system for chronic myeloid disorders

Major categories Subcategories

Myelodysplastic syndrome (MDS)

Myeloproliferative disorder (MPD) Chronic myeloid leukemia (CML)

Polycythemia vera

Essential thrombocythemia

Primary myelofibrosis

Chronic neutrophilic leukemia

Chronic eosinophilic leukemia

Hypereosinophilic syndrome

Unclassified MPD

MDS/MPD Chronic myelomonocytic leukemia

Juvenile myelomonocytic leukemia

Atypical CML

Systemic mastocytosis (SM)
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Table 11.4. World Health Organization criteria for essential thrombocythemia

Positive criteria

1. Sustained platelet count ≥ 600 × 109/L

2. Bone marrow biopsy specimen showing proliferation mainly of the megakaryocytic lineage with increased numbers of

enlarged, mature megakaryocytes

Criteria of exclusion

1. No evidence of polycythemia vera

a. Normal red cell mass or hemoglobin < 18.5 g/dL in men, 16.5 g/dL in women

b. Stainable iron in marrow, normal serum ferritin, or normal MCV

c. If the former condition is not met, failure of iron trial to increase red cell mass or hemoglobin levels to the PV range

2. No evidence of chronic myeloid leukemia

a. No Philadelphia chromosome and no BCR-ABL fusion gene

3. No evidence of chronic idiopathic myelofibrosis

a. Collagen fibrosis absent

b. Reticulin fibrosis minimal or absent

4. No evidence of myelodysplastic syndrome

a. No del(5q), t(3;3)(q21;q26), inv(3)(q21q26)

b. No significant granulocytic dysplasia, few if any micromegakaryocytes

5. No evidence that thrombocytosis is reactive due to:

a. Underlying inflammation or infection

b. Underlying neoplasm

c. Prior splenectomy

JAK2 mutation ( JAK2V617F) was described in approx-
imately 50% of patients with ET.61,62,63,64 However,
this mutation is not specific to ET and is also present
in PV, PMF, and other myeloid disorders. In 2006,
another gain-of-function mutation (MPLW515L/K)
was described in approximately 1% of patients with
ET and 5% with PMF.65,66 Most recently, other JAK2
mutations (exon 12 mutations) were described in
JAK2V617F-negative PV.67

Epidemiology

ET is the most frequent among the MPDs, with
an annual incidence estimated between 0.2 and
2.5/100 000 and point prevalence rates that exceed
10/100 000,68–74 although true incidence rates are
probably higher, because most patients with ET
are asymptomatic and thus unrecognized.68,74,75

Median age at diagnosis is between 55 and 60
years and females constitute about two-thirds of the
cases.73,76,77 Although about 10% of ET patients are
younger than age 30 years, the disease is rare in chil-
dren.78,79 There is currently no hard evidence that links
ET with environmental toxins.80,81 Genetic predispo-

sition to ET has been suggested by the demonstration
of a higher disease prevalence in Ashkenazi Jews com-
pared to both Sephardic Jews and Arabs.71

Clinical manifestations

ET is often an incidental finding, and about half of
the patients present without symptoms. Furthermore,
most of these patients remain asymptomatic for many
years into the disease. The most frequent disease
manifestation comprises the so-called “microvascular
symptoms” including headaches, visual disturbances,
dizzy spells, atypical chest pain, and acral dysesthe-
sia, which can sometimes evolve into erythromelal-
gia.82,83,84 Approximately 50% of patients experience
at least one of these symptoms either at diagnosis or
during their clinical course. However, erythromelal-
gia, which is a painful red discoloration of the feet
and/or hands, occurs in less than 5% of ET patients and
may also be seen with PV. Erythromelalgia is believed
to be the result of an abnormal platelet–endothelium
interaction, and the associated symptoms are often
relieved by low-dose (40 to 100 mg/day) aspirin
therapy.85,86
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Table 11.5. Thrombotic, hemorrhagic, and microvascular events in essential thrombocythemia (ET) reported at
diagnosis (references are given in the text)

ET n

Major thrombosis

(%)

Major arterial

thrombosis* (%)

Major venous

thrombosis* (%) MVD %

Total bleeds %

(major)

Fenaux, 1990 147 18% 83% 17% 34% 18% (4%)

Cortelazzo, 1990 100 11% 91% 9% 30% 9% (3%)

Colombi, 1991 103 23.3% 87.5% 12.5% 33% 3.6% (1.9%)

Besses, 1999 148 25% NA NA 29% 6.1% (NA)

Jensen, 2000 96 14% 85% 15% 23% 9% (5.2%)

Chim, 2005 231 13% 96.7% 3.3% 5.6% 3% (1.7%)

Wolanskyj, 2006 150 21.3% NA NA 13.3% 9.3%

Campbell, 2005 776 9.7% 82.7% 17.3% NA NA

Carobbio, 2006 439 29.4% 68.2% 31.8% NA NA

MVD, microvascular disturbances; NA, not available.

* Percentage of total major thrombotic events.

Life-threatening complications of ET include
thrombosis, bleeding, and disease transformation into
either acute myeloid leukemia (AML) or post-ET MF.
Table 11.5 (at diagnosis)22,68,83,84,87–94 and Table 11.6
(during follow-up)22,68,77,83,84,87–94 present incidence
figures of “major” thrombotic and bleeding events in
ET (9.7% to 29.4% at diagnosis and 8% to 30.7% dur-
ing follow-up). As is evident from these tables, arte-
rial events are more prevalent than venous events
and thrombotic complications are more frequent than
major bleeding. Abdominal vein thrombosis (AVT) is
particularly characteristic of MPDs; its incidence in
ET is approximately 4%, either at diagnosis or dur-
ing the disease course.95 In one study, patients with
AVT displayed a more aggressive disease with a higher
AML transformation rate and inferior survival.95 Fur-
thermore, recent studies have shown a high incidence
of JAK2V617F, a molecular marker for MPDs, in “idio-
pathic” AVT, suggesting the presence of an underly-
ing MPD that does not necessarily meet conventional
diagnostic criteria.96 Other disease manifestations in
ET include splenomegaly, ill-defined constitutional
symptoms, and first-trimester miscarriages (30% to
40% incidence).97

PATHOGENETIC MECHANISMS
IN ESSENTIAL THROMBOCYTHEMIA

Although ET is now considered a stem cell–derived
clonal MPD, the BCR-ABL equivalent primary event
remains undefined.98,99 In early 2005 and 2006, two

gains-of-mutations involving JAK2 (JAK2V617F)100

and MPL (MPLW515L/K)66 were described in 50% and
1% of patients with ET, respectively. However, neither
mutation is specific to ET. JAK2V617F is also found
in PV, PMF, and other myeloid disorders, whereas the
MPL mutation is also found in PMF.101,102 JAK2V617F
represents a guanine-to-thymine (G-to-T) transver-
sion at nucleotide 1849 in exon 14 of JAK2, result-
ing in a valine-to-phenylalanine amino acid sub-
stitution at codon 617.63 The MPLW515L mutation
represents a G-to-T transition at nucleotide 1544,
resulting in a tryptophan-to-leucine substitution at
codon 515 of the transmembrane region of MPL,
the thrombopoietin receptor.65 The precise patho-
genetic role of these mutations remains unclarified,
although both mutations induce an MPD-like disease
in mice.103 JAK2V617F appears to be more important
in the pathogenesis of PV because (1) it induces a
PV-like disease in mice, (2) prevalence in PV exceeds
95%, and (3) a homozygous mutation pattern is rela-
tively specific to PV.103

The pathogenetic relevance of other biological fea-
tures in ET might not be specific to the disease,
since most of the observed abnormalities are also
present in other MPDs: in vitro growth-factor inde-
pendence of both erythroid and megakaryocyte pro-
genitor cells,104,105 low serum erythropoietin level,106

altered megakaryocyte/platelet Mpl expression,107,108

increased neutrophil PRV-1 expression,109,110 and
decreased platelet serotonin content.111 Some of these
abnormalities may be related to the above-mentioned
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Table 11.6. Thrombotic and hemorrhagic events in essential thrombocythemia (ET) reported at follow-up
(references are given in the text)

ET n

Major

thrombosis (%)

Major

arterial

thrombosis

(%)*

Major

venous

thrombosis

(%)*

Total

bleeds %

(major)

% of deaths

from

hemorrhage

% of deaths

from

thrombosis

Fenaux, 1990 147 13.6% 86% 14% NA (0.7%) 0 25%

Cortelazzo, 1990 100 20% 71% 29% NA (1%) 0 100%

Colombi, 1991 103 10.6% 91% 9% 8.7% (5.8%) 0 27.3%

Besses, 1999 148 22.3% 94% 6% 11.5%

(4.1%)

0 13.3%

Jensen, 2000 96 16.6% 69% 31% 13.6%

(7.3%)

3.3% 16.7%

Chim, 2005 231 10% 91.3% 8.7% 6.5% (5.2%) 10% 10%

Passamonti, 2004 435 10.6% 71.7% 28.3% NA 1% 26%

Wolanskyj, 2006 150 30.7% NA NA 10% NA NA

Campbell, 2005 776 8% 74.2% 25.8% 4.1% (3.5%)

Carobbio, 2006 439 17.8% 65.4% 34.6% NA NA NA

* Percentage of total major thrombotic events.

mutations involving molecules of the JAK-STAT
pathway. Similarly, decreased megakaryocyte/platelet
expression of MPL has been demonstrated in ET as well
as PV and PMF, but its specific pathogenetic contribu-
tion is uncertain.8,107,108,112

The pathogenesis of microvascular symptoms in ET
is currently believed to involve abnormal thrombox-
ane A2 (TxA2) generation and platelet–endothelium
interactions.113,114 The pathogenesis of thrombo-
sis and bleeding in ET is not as well understood.
Recent information implicates granulocytes rather
than platelets as being more important in throm-
bosis in ET.23,115,116,117 The underlying mechanisms
might include cross talk between granulocytes and
platelets and/or endothelial cells. Patients with ET
or PV display increased baseline/induced platelet
P-selectin expression, platelet–granulocyte/platelet–
monocyte complexes, granulocyte activation, and
baseline/lipopolysaccharide-induced expression of
tissue factor (TF) by both monocytes and neutrophils.
Similarly, a recent study suggested in vivo downregula-
tion of both neutrophil TF expression and number of
neutrophil–platelet complexes by hydroxyurea ther-
apy, in patients with either ET or PV.118

Earlier studies in ET suggested an association
between bleeding, mostly gastrointestinal, and
extreme thrombocytosis, especially in the presence of

aspirin therapy.84 However, more recent studies did
not show such an association and platelet count by
itself did not influence the risk of either thrombosis or
bleeding in a study from the Mayo Clinic involving 99
low-risk patients.119 On the other hand, it is now well
established that some patients with ET associated
with extreme thrombocytosis display an acquired
von Willebrand syndrome (AvWS) whose origin
might involve a platelet count–dependent increased
proteolysis of high-molecular-weight von Willebrand
protein.120 This abnormality has been associated
with bleeding, especially during aspirin therapy.114 In
contrast, other qualitative platelet defects in ET are
believed to play a minor role in disease-associated
hemorrhage; these include defects in epinephrine-,
collagen-, and ADP-induced platelet aggregation,
decreased ATP secretion, and acquired storage pool
deficiency resulting from abnormal in vivo platelet
activation.121

DISTINGUISHING REACTIVE FROM
CLONAL THROMBOCYTOSIS AND
MAKING A SPECIFIC DIAGNOSIS

History and physical examination remain the main
methods of distinguishing RT from CT. In this regard,
the most important piece of information concerns

191



Ayalew Tefferi

BCR-ABL–negative
myeloproliferative

disorder (MPD)
Negative

Third Step:  
Bone marrow biopsy along with FISH or RT-PCR for BCR-ABL and mutation screening for 

JAK2V617F   

JAK2V617F-positive BCR-ABL–positive

Chronic myeloid
leukemia

Use histology to
i. Determine presence of MPD 
ii. Distinguish ET from other MPD  

First Step:
Rule out reactive thrombocytosis by history, physical examination, blood count and smear 

evaluation, serum ferritin, and C-reactive protein level determination 

Second Step:
If the diagnosis of reactive thrombocytosis is not obvious, perform peripheral blood mutation 

screening for JAK2V617F 

Figure 11.1 A diagnostic algorithm for thrombocytosis.

review of previous documents of platelet count in
order to determine the duration of thrombocytosis.
With additional review of laboratory tests including
peripheral blood smear and parameters of acute-
phase reaction – for example, serum C-reactive pro-
tein level (CRP) – the particular distinction should
be possible in over 90% of cases. The likelihood of
CT as opposed to RT is higher in the absence of
comorbid conditions known to be associated with
RT (Table 11.1) and the presence of ET-characteristic
clinical features such as microvascular symptoms,
splenomegaly, thrombosis, or bleeding. Initial labora-
tory tests should include the measurement of serum
ferritin concentration and CRP levels in order to enter-
tain the possibility of RT from iron deficiency anemia
or an inflammatory condition, respectively.122 How-
ever, it should be noted that patients with CT are
not immune to the concurrent presence of conditions
associated with RT, and the presence of either a low
serum ferritin or increased serum CRP level does not
necessarily rule out CT. In general, neither serum Tpo
level nor platelet indices (mean volume, size distribu-
tion, width) or platelet function tests (e.g., bleeding
time,123 epinephrine-, collagen-, and ADP-induced

platelet aggregation,124,125 ATP secretion,126 throm-
boxane generation,127 spontaneous whole blood
platelet aggregation128) are diagnostically accurate
enough to distinguish ET from RT.129,130,131 In con-
trast, because the recently discovered JAK2V617F is
present in about 50% of ET patients but not in those
with RT, mutation screening in the peripheral blood
has a role in the diagnostic workup of thrombocy-
tosis (Fig. 11.1). In this regard, patients with clini-
cally obvious RT should not undergo JAK2V617F muta-
tion screening, which should be reserved for those
cases where bone marrow examination is contem-
plated because the distinction is not clear. To that
effect, a positive test is highly suggestive of CT, and
a bone marrow examination is recommended to clar-
ify the specific diagnosis. However, the absence of
JAK2V617F does not exclude the diagnosis of CT
and a bone marrow examination is still necessary
(Fig. 11.1).

A bone marrow examination is recommended in
order to (1) confirm the presence of an underlying
myeloid malignancy including MPD and (2) distin-
guish ET from other causes of CT including CML,132

MDS,133 and the cellular phase of PMF.134 In this
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regard, it should be noted that the latter causes of
CT can present with isolated thrombocytosis that
cannot be easily distinguished from ET. Cytogenetic
studies and reticulin staining of the bone marrow
should accompany initial bone marrow biopsy in all
instances. The need for additional tests depends on
the results of the peripheral blood JAK2V617F analy-
sis. In the presence of JAK2V617F, a diagnosis of a BCR-
ABL–negative MPD is assured, and there is no need to
perform additional testing for BCR-ABL. If JAK2V617F
is absent, however, it is advised to obtain fluorescent
in situ hybridization (FISH) or RT-PCR for BCR-ABL in
order to exclude the possibility of CML.

The presence of JAK2V617F does not distinguish
ET from another BCR-ABL–negative MPD. Therefore
bone marrow histologic evaluation remains a major
tool for making a specific diagnosis. In ET, bone mar-
row findings are subtle and restricted to the pres-
ence of large but mature megakaryocyte morphology
and clustered distribution. The presence of dysery-
thropoiesis, macrocytosis, monocytosis, or pseudo
Pelger-Huet anomaly suggests MDS.133 The presence
of marked cellularity and immature and dysplastic
megakaryocytes suggests “cellular phase” PMF.135 The
latter should also be favored over ET in the presence of
an increased level of serum lactate dehydrogenase and
a leukoerythroblastic peripheral blood smear.136,137

Most MPDs, including ET, display mild excess in reti-
culin fibers. Therefore the presence of mild reticulin
fibrosis in ET does not imply a diagnosis of PMF, which
is based on morphologic grounds. Similarly, clonal
cytogenetic lesions in ET are detected in <5% of the
cases and are diagnostically nonspecific.138 Finally,
although the WHO system for the classification of
hematologic malignancies sets the platelet count limit
at 600 × 109/L for the diagnosis of ET, a lower platelet
count (i.e., between 400 and 600 × 109/L) does not rule
out the diagnosis if the bone marrow features are oth-
erwise consistent.60 On the other hand, an ultrahigh
platelet count (i.e., >3000 × 109 /L) might be more a
characteristic feature of CML than that of ET.139

PROGNOSIS IN ESSENTIAL
THROMBOCYTHEMIA

Among the classic BCR-ABL–negative MPDs (i.e., ET,
PV, PMF), ET carries the best prognosis, with a median
survival of approximately 20 years.89 However, ET
patients live a significantly shorter time than the sex-

Table 11.7. Risk-based treatment algorithm in
essential thrombocythemia

Risk category Variables Treatment

Low risk Age below 60 years

and

Aspirin

(81 mg/day)

No history of

thrombosis

High risk Age 60 years or

older or

Hydroxyurea*

plus

A positive history

of thrombosis

aspirin

* Substitute interferon-α for hydroxyurea in women

of childbearing potential (see text for details).

and age-adjusted general population.89 This inferior
survival is attributed to death from disease-related
complications, including leukemic or fibrotic transfor-
mation and thrombohemorrhagic events.121 Risk fac-
tors for poor survival in ET include a lower than normal
hemoglobin level, age ≥60 years, and leukocyte count
≥15 × 109/L.76 Similarly, anemia and extreme throm-
bocytosis (platelet count ≥1000 × 109/L) have been
shown to predict a higher risk of leukemic transfor-
mation. In the absence of these risk factors, the risk
of leukemic transformation in the first decade of the
disease is less than 1% and median survival exceeds
20 years.76 In contrast, in the presence of all the afore-
mentioned risk factors, median survival is estimated
at approximately 10 years and the leukemic transfor-
mation rate approaches 7%.

Risk factors for thrombosis in ET differ from those
discussed for both survival and leukemic transforma-
tion. Most investigators agree on the adverse prognos-
tic relevance of advanced age and thrombosis history,
and these two variables are used to classify ET patients
into low- and high-risk disease categories (Table
11.7).115,121,140 In addition, although traditional car-
diovascular risk factors (including smoking, hyperten-
sion, diabetes, and hypercholesterolemia) might con-
tribute to the underlying thrombotic risk in high-risk
patients, their disease-specific thrombogenic poten-
tial in low-risk patients in uncertain. Similarly, there
is no controlled evidence to warrant the considera-
tion of extreme thrombocytosis (platelet count ≥1000
× 109/L) by itself as a risk factor for thrombosis in
ET.119
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Other disease parameters currently being inves-
tigated for their potential prognostic value in ET
include the presence of JAK2V617F and leukocytosis.
Patients with JAK2V617F-positive ET, compared to
their mutation-negative counterparts, are older at
diagnosis and feature a higher hemoglobin level,
higher leukocyte count, and lower platelet count.90,100

However, the mutation does not appear to influ-
ence either survival or leukemic transformation in
ET, although an association with venous thrombosis
has been suggested.90,100 Most recently, leukocytosis
was identified as a possible independent risk factor
for thrombosis in ET, although controlled prospec-
tive studies are needed to confirm this particular
observation as well as those that suggest a simi-
lar association with hereditary and acquired causes
of thrombophilia,121 a “monoclonal” as opposed to
“polyclonal” X chromosome inactivation pattern of
myelopoiesis,98,141,142,143 and altered PRV-1, platelet
Mpl, or EEC expression.89,141,144

TREATMENT IN ESSENTIAL
THROMBOCYTHEMIA

Treatment in ET does not alter either survival or the
risk of leukemic transformation. On the other hand,
both antiplatelet (e.g., aspirin) and cytoreductive (e.g.,
hydroxyurea) therapy has been shown to reduce the
risk of thrombosis in high-risk ET patients.23,145 There-
fore the goal of therapy in low-risk disease is to
alleviate symptoms when they occur. In this regard,
aspirin therapy is often used in low-risk ET to control
microvascular symptoms. In the presence of extreme
thrombocytosis, one should rule out the possibility of
clinically relevant AvWS (e.g., ristocetin cofactor activ-
ity <30%).120 Cytoreductive therapy based on platelet
count only is not recommended in otherwise low-risk
disease.119

Evidence based on randomized controlled stud-
ies supports the use of hydroxyurea in high-risk ET
patients in order to reduce the risk of thrombosis.23,117

Similar evidence is absent to support the use of other
cytoreductive agents, such as anagrelide and inter-
feron α. In addition to hydroxyurea, high-risk patients
with ET are also treated with low-dose aspirin (81
mg/day), based on demonstrated benefit of aspirin
therapy in PV.145 Based on retrospective studies, the
therapeutic platelet target in high-risk ET is 400 000/μL

or less.146,147 In hydroxyurea-intolerant patients, inter-
feron α is a reasonable alternative and is the drug of
choice during pregnancy.148 Physicians in practice are
often confronted with the possibility of leukemia aris-
ing from the use of hydroxyurea, but they should be
reassured by the fact that the two largest studies in
ET76 and PV149 do not support such a concern.

The management of women with ET who are of
childbearing age or pregnant is based on mostly
retrospective case series. The first-trimester spon-
taneous abortion rate in ET is about twice that in
the control population and does not appear to be
influenced by treatment or platelet count.97 In con-
trast, late obstetric complications as well as maternal
thrombohemorrhagic events are relatively infrequent.
Therefore cytoreductive treatment is currently not rec-
ommended for low-risk ET patients who are either
pregnant or wish to become pregnant. Patients with
high-risk disease are managed by the use of interferon
α therapy based on anecdotal evidence of safety.150

Finally, ET-associated thrombosis should be managed
with both systemic anticoagulation and concomitant
cytoreductive therapy.151 Platelet apheresis if often uti-
lized in the acute setting if the platelet count is above
800 × 109/L, although there is no controlled evidence
to support such practice. The latter is also used in
low-risk ET as a prophylactic measure before major
surgery.120,152–155 The present author uses systemic
anticoagulation indefinitely in patients with ET who
experience venous thrombosis. Depending on risk of
hemorrhage in an individual patient, low-dose aspirin
is used in addition to systemic anticoagulation.

FUTURE AVENUES OF RESEARCH

The recent discovery of JAK2 and MPL mutations in
ET and related MPDs has strengthened the implied
role of JAK-STAT signaling in the molecular patho-
genesis of the disease. In this regard, it is possible
that dysregulated signaling could arise from different
but functionally similar mutations of molecules across
the particular pathway. Also ill defined is the patho-
genesis of thrombosis in ET, although hydroxyurea
and aspirin therapy have effectively addressed man-
agement issues in that regard. It is hoped that small-
molecule therapy that targets JAK2 or other JAK-STAT
participant molecules could do the same in terms of
leukemic transformation and survival.
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TAKE-HOME MESSAGES

� A patient with thrombocytosis should be evaluated first for reactive thrombocytosis and then for a specific diagnosis

among myeloid neoplasms.
� Clinical history, physical examination, and evaluation of previous complete blood count records are usually adequate

to differentiate between reactive and clonal thrombocytosis.
� The demonstration in the peripheral blood of JAK2V617F confirms the presence of an underlying myeloproliferative

disorder but cannot distinguish essential thrombocythemia from another myeloproliferative disorder.
� During management of patients with essential thrombocythemia, one should pay attention to risk groups and not

platelet count per se.
� Low-risk patients do not require cytoreductive therapy. Use of aspirin in such patients is advised; but in the presence

of extreme thrombocytosis, acquired von Willebrand disease must be excluded.
� Treatment of choice for high-risk patients is hydroxyurea.

REFERENCES

1. Ruocco L, Del Corso L, Romanelli AM, Deri D, Pentimone F.

New hematological indices in the healthy elderly. Minerva

Med 2001;92:69–73.

2. Brummitt DR, Barker HF. The determination of a reference

range for new platelet parameters produced by the Bayer

ADVIA120 full blood count analyser. Clin Lab Haematol

2000;22:103–7.

3. Lozano M, Narvaez J, Faundez A, et al. Platelet count and

mean platelet volume in the Spanish population. Med Clin

(Barc) 1998;110:774–7.

4. Gevao SM, Pabs-Garnon E, Williams AC. Platelet counts in

healthy adult Sierra Leoneans. West Afr J Med

1996;15:163–4.

5. Ross DW, Ayscue LH, Watson J, Bentley SA. Stability of

hematologic parameters in healthy subjects.

Intraindividual versus interindividual variation. Am J Clin

Pathol 1988;90:262–7.

6. Zeng SM, Murray JC, Widness JA, Strauss RG, Yankowitz J.

Association of single nucleotide polymorphisms in the

thrombopoietin-receptor gene, but not the thrombopoietin

gene, with differences in platelet count. Am J Hematol

2004;77:12–21.

7. Moliterno AR, Williams DM, Gutierrez-Alamillo LI,

Salvatori R, Ingersoll RG, Spivak JL. Mpl Baltimore: a

thrombopoietin receptor polymorphism associated with

thrombocytosis. Proc Natl Acad Sci USA 2004;101:

11444–7.

8. Moliterno AR, Hankins WD, Spivak JL. Impaired expression

of the thrombopoietin receptor by platelets from patients

with polycythemia vera. N Engl J Med 1998;338:572–80.

9. Slee PH, van Everdingen JJ, Geraedts JP, te Velde J, den

Ottolander GJ. Familial myeloproliferative disease.

Hematological and cytogenetic studies. Acta Med Scand

1981;210:321–7.

10. Eyster ME, Saletan SL, Rabellino EM, et al. Familial

essential thrombocythemia. Am J Med 1986;80:497–502.

11. Kondo T, Okabe M, Sanada M, et al. Familial essential

thrombocythemia associated with one-base deletion in the

5′-untranslated region of the thrombopoietin gene. Blood

1998;92:1091–6.

12. Wiestner A, Schlemper RJ, Vandermaas APC, Skoda RC. An

activating splice donor mutation in the thrombopoietin

gene causes hereditary thrombocythaemia. Nature Genet

1998;18:49–52.

13. Wiestner A, Padosch SA, Ghilardi N, et al. Hereditary

thrombocythaemia is a genetically heterogeneous disorder:

exclusion of TPO and MPL in two families with hereditary

thrombocythaemia. Br J Haematol 2000;110:104–9.

14. Ghilardi N, Wiestner A, Kikuchi M, Ohsaka A, Skoda RC.

Hereditary thrombocythaemia in a Japanese family is

caused by a novel point mutation in the thrombopoietin

gene. Br J Haematol 1999;107:310–16.

15. Stuhrmann M, Bashawri L, Ahmed MA, et al. Familial

thrombocytosis as a recessive, possibly X-linked trait in an

Arab family. Br J Haematol 2001;112:616–20.

16. Ding J, Komatsu H, Wakita A, et al. Familial essential

thrombocythemia associated with a dominant-positive

activating mutation of the c-MPL gene, which encodes for

the receptor for thrombopoietin. Blood 2004;103:

4198–200.

17. Tefferi A, Gilliland DG. Classification of myeloproliferative

disorders: from Dameshek towards a semi-molecular

system. Best Pract Res Clin Haematol 2006;19:361–4.

18. Griesshammer M, Bangerter M, Sauer T, Wennauer R,

Bergmann L, Heimpel H. Aetiology and clinical significance

of thrombocytosis: analysis of 732 patients with an elevated

platelet count. J Intern Med 1999;245:295–300.

19. Wiwanitkit V. Extreme thrombocytosis: what are the

etiologies? Clin Appl Thromb Hemost 2006;12:85–7.

195



Ayalew Tefferi

20. Aydogan T, Kanbay M, Alici O, Kosar A. Incidence and

etiology of thrombocytosis in an adult Turkish population.

Platelets 2006;17:328–31.

21. Matsubara K, Fukaya T, Nigami H, et al. Age-dependent

changes in the incidence and etiology of childhood

thrombocytosis. Acta Haematol 2004;111:132–7.

22. Cortelazzo S, Viero P, Finazzi G, A. DE, Rodeghiero F,

Barbui T. Incidence and risk factors for thrombotic

complications in a historical cohort of 100 patients with

essential thrombocythemia. J Clin Oncol 1990;8:

556–62.

23. Cortelazzo S, Finazzi G, Ruggeri M, et al. Hydroxyurea for

patients with essential thrombocythemia and a high risk of

thrombosis. N Engl J Med 1995;332:1132–6.

24. Gonzalez-Gay MA, Lopez-Diaz MJ, Barros S, et al. Giant cell

arteritis: laboratory tests at the time of diagnosis in a series

of 240 patients. Medicine (Baltimore) 2005;84:

277–90.

25. Yamazaki-Nakashimada MA, Espinosa-Lopez M,

Hernandez-Bautista V, Espinosa-Padilla S,

Espinosa-Rosales F. Catastrophic Kawasaki disease or

juvenile polyarteritis nodosa? Semin Arthritis Rheum

2006;35:349–54.

26. Haznedaroglu IC, Ertenli I, Ozcebe OI, et al.

Megakaryocyte-related interleukins in reactive

thrombocytosis versus autonomous thrombocythemia.

Acta Haematol 1996;95:107–11.

27. Dan K, Gomi S, Inokuchi K, et al. Effects of interleukin-1

and tumor necrosis factor on megakaryocytopoiesis:

mechanism of reactive thrombocytosis. Acta Haematol

1995;93:67–72.

28. Ishiguro A, Ishikita T, Shimbo T, et al. Elevation of serum

thrombopoietin precedes thrombocytosis in Kawasaki

disease. Thromb Haemost 1998;79:1096–1100.

29. Heits F, Stahl M, Ludwig D, et al. Elevated serum

thrombopoietin and interleukin-6 concentrations in

thrombocytosis associated with inflammatory bowel

disease. J Interferon Cytokine Res 1999;19:757–60.

30. Ertenli I, Haznedaroglu IC, Kiraz S, et al. Cytokines affecting

megakaryocytopoiesis in rheumatoid arthritis with

thrombocytosis. Rheumatol Int 1996;16:5–8.

31. Chuncharunee S, Archararit N, Hathirat P, et al. Levels of

serum interleukin-6 and tumor necrosis factor in

postsplenectomized thalassemic patients. J Med Assoc Thai

1997;80(Suppl 1):S86–91.

32. Estrov Z, Talpaz M, Mavligit G, et al. Elevated plasma

thrombopoietic activity in patients with metastatic

cancer-related thrombocytosis. Am J Med 1995;98:

551–8.

33. Wolber EM, Jelkmann W. Interleukin-6 increases

thrombopoietin production in human hepatoma cells

HepG2 and Hep3B. J Interferon Cytokine Res

2000;20:499–506.

34. Wolber EM, Fandrey J, Frackowski U, Jelkmann W. Hepatic

thrombopoietin mRNA is increased in acute inflammation.

Thromb Haemost 2001;86:1421–4.

35. Blay JY, Rossi JF, Wijdenes J, et al. Role of interleukin-6 in

the paraneoplastic inflammatory syndrome associated

with renal-cell carcinoma. Int J Cancer 1997;72:424–30.

36. Takagi M, Egawa T, Motomura T, et al. Interleukin-6

secreting phaeochromocytoma associated with clinical

markers of inflammation. Clin Endocrinol (Oxf) 1997;46:

507–9.

37. Hwang SJ, Luo JC, Li CP, et al. Thrombocytosis: a

paraneoplastic syndrome in patients with hepatocellular

carcinoma. World J Gastroenterol 2004;10:2472–7.

38. Alexandrakis MG, Passam FH, Perisinakis K, et al. Serum

proinflammatory cytokines and its relationship to clinical

parameters in lung cancer patients with reactive

thrombocytosis. Respir Med 2002;96:553–8.

39. Dodig S, Raos M, Kovac K, et al. Thrombopoietin and

interleukin-6 in children with pneumonia-associated

thrombocytosis. Arch Med Res 2005;36:124–8.

40. Karakus S, Ozcebe OI, Haznedaroglu IC, et al. Circulating

thrombopoietin in clonal versus reactive thrombocytosis.

Hematology 2002;7:9–12.

41. Schmitt M, Gleiter CH, Nichol JL, et al. Haematological

abnormalities in early abstinent alcoholics are closely

associated with alterations in thrombopoietin and

erythropoietin serum profiles. Thromb Haemost

1999;82:1422–7.

42. Radley JM, Hodgson GS, Thean LE, Zangheri O, Levin J.

Increased megakaryocytes in the spleen during rebound

thrombocytosis following 5-fluorouracil. Exp Hematol

1980;8:1129–38.

43. Haselager EM, Vreeken J. Rebound thrombocytosis after

alcohol abuse: a possible factor in the pathogenesis of

thromboembolic disease. Lancet 1977;1:774–5.

44. Akan H, Guven N, Aydogdu I, Arat M, Beksac M, Dalva K.

Thrombopoietic cytokines in patients with iron deficiency

anemia with or without thrombocytosis. Acta Haematol

2000;103:152–6.

45. Geddis AE, Kaushansky K. Cross-reactivity between

erythropoietin and thrombopoietin at the level of Mpl does

not account for the thrombocytosis seen in iron deficiency.

J Pediatr Hematol Oncol 2003;25:919–20; author reply 920.

46. Ichikawa N, Kitano K, Shimodaira S, et al. Changes in

serum thrombopoietin levels after splenectomy. Acta

Haematol 1998;100:137–41.

47. Croese J, Harris O, Bain B. Coeliac disease. Haematological

features, and delay in diagnosis. Med J Aust 1979;2:

335–8.

48. Gertz MA, Kyle RA, Greipp PR. Hyposplenism in primary

systemic amyloidosis. Ann Intern Med 1983;98:475–7.

49. Chanet V, Tournilhac O, Dieu-Bellamy V, et al. Isolated

spleen agenesis: a rare cause of thrombocytosis mimicking

196



CHAPTER 11: Reactive and Clonal Thrombocytosis

essential thrombocythemia. Haematologica 2000;

85:1211–3.

50. Halfdanarson TR, Litzow MR, Murray JA. Hematological

manifestations of celiac disease. Blood 2007;109:412–21.

51. Gordon DH, Schaffner D, Bennett JM, Schwartz SI.

Postsplenectomy thrombocytosis: its association with

mesenteric, portal, and/or renal vein thrombosis in

patients with myeloproliferative disorders. Arch Surg

1978;113:713–15.

52. Visudhiphan S, Ketsa-Ard K, Piankijagum A, Tumliang S.

Blood coagulation and platelet profiles in persistent

post-splenectomy thrombocytosis. The relationship to

thromboembolism. Biomed Pharmacother 1985;39:264–71.

53. Dawson AA, Bennett B, Jones PF, Munro A. Thrombotic

risks of staging laparotomy with splenectomy in Hodgkin’s

disease. Br J Surg 1981;68:842–5.

54. Boxer MA, Braun J, Ellman L. Thromboembolic risk of

postsplenectomy thrombocytosis. Arch Surg

1978;113:808–9.

55. Epstein E, Goedel A. Hamorrhagische thrombozythamie

bei vascularer schrumpfmilz (Hemorrhagic

thrombocythemia with a vascular, sclerotic spleen).

Virchows Archiv A Pathol Anat Histopathol 1934;293:

233.

56. Dameshek W. Some speculations on the myeloproliferative

syndromes. Blood 1951;6:372–5.

57. Gunz FW. Hemorrhagic thrombocythemia: a critical review.

Blood 1960;15:706–23.

58. Murphy S, Iland H, Rosenthal D, Laszlo J. Essential

thrombocythemia: an interim report from the

polycythemia vera study group. Semin Hematol

1986;23:177–82.

59. Fialkow PJ, Faguet GB, Jacobson RJ, Vaidya K, Murphy S.

Evidence that essential thrombocythemia is a clonal

disorder with origin in a multipotent stem cell. Blood

1981;58:916–19.

60. Vardiman JW, Brunning RD, Harris NL. WHO histological

classification of chronic myeloproliferative diseases. In

Jaffe ES, Harris NL, Stein H, Vardiman JW (eds). World

Health Organization Classification of Tumors: Tumours of

the Haematopoietic and Lymphoid Tissues. Lyon, France:

International Agency for Research on Cancer (IARC) Press,

2001:17–44.

61. Levine RL, Wadleigh M, Cools J, et al. Activating mutation in

the tyrosine kinase JAK2 in polycythemia vera, essential

thrombocythemia, and myeloid metaplasia with

myelofibrosis. Cancer Cell 2005;7:387–97.

62. Baxter EJ, Scott LM, Campbell PJ, et al. Acquired mutation

of the tyrosine kinase JAK2 in human myeloproliferative

disorders. Lancet 2005;365:1054–61.

63. James C, Ugo V, Le Couedic JP, et al. A unique clonal JAK2

mutation leading to constitutive signalling causes

polycythaemia vera. Nature 2005;434:1144–8.

64. Kralovics R, Passamonti F, Buser AS, et al. A gain-of-

function mutation of JAK2 in myeloproliferative disorders.

N Engl J Med 2005;352:1779–90.

65. Pikman Y, Lee BH, Mercher T, et al. MPLW515L is a novel

somatic activating mutation in myelofibrosis with myeloid

metaplasia. PLoS Med 2006;3:e270.

66. Pardanani AD, Levine RL, Lasho T, et al. MPL515 mutations

in myeloproliferative and other myeloid disorders: a study

of 1182 patients. Blood 2006;108:3472–6.

67. Scott LM, Tong W, Levine R, et al. JAK2 exon 12 mutations

in polycythemia vera and idiopathic erythrocytosis. N Engl

J Med 2007;356:459–68.

68. Jensen MK, de Nully Brown P, Nielsen OJ, Hasselbalch HC.

Incidence, clinical features and outcome of essential

thrombocythaemia in a well defined geographical area. Eur

J Haematol 2000;65:132–9.

69. Ridell B, Carneskog J, Wedel H, et al. Incidence of chronic

myeloproliferative disorders in the city of Goteborg,

Sweden 1983–1992. Eur J Haematol 2000;65:267–71.

70. McNally RJ, Rowland D, Roman E, Cartwright RA. Age and

sex distributions of hematological malignancies in the U.K.

Hematol Oncol 1997;15:173–89.

71. Chaiter Y, Brenner B, Aghai E, Tatarsky I. High incidence of

myeloproliferative disorders in Ashkenazi Jews in northern

Israel. Leuk Lymph 1992;7:251–5.

72. Heudes D, Carli PM, Bailly F, Milan C, Mugneret F, Petrella

T. Myeloproliferative disorders in the department of Cote

d’Or between 1980 and 1986. Nouvelle Rev Francaise

Hematol 1989;31:375–8.

73. Mesa RA, Silverstein MN, Jacobsen SJ, Wollan PC, Tefferi A.

Population-based incidence and survival figures in

essential thrombocythemia and agnogenic myeloid

metaplasia: an Olmsted County study, 1976–1995. Am J

Hematol 1999;61:10–15.

74. Johansson P, Kutti J, Andreasson B, et al. Trends in the

incidence of chronic Philadelphia chromosome negative

(Ph-) myeloproliferative disorders in the city of Goteborg,

Sweden, during 1983–99. J Intern Med 2004;256:

161–5.

75. Ruggeri M, Tosetto A, Frezzato M, Rodeghiero F. The rate of

progression to polycythemia vera or essential

thrombocythemia in patients with erythrocytosis or

thrombocytosis. Ann Intern Med 2003;139:470–5.

76. Gangat N, Wolanskyj AP, McClure RF, et al. Risk

stratification for survival and leukemic transformation in

essential thrombocythemia: a single institutional study of

605 patients. Leukemia 2007;21:270–6.

77. Passamonti F, Rumi E, Pungolino E, et al. Life expectancy

and prognostic factors for survival in patients with

polycythemia vera and essential thrombocythemia. Am J

Med 2004;117:755–61.

78. Randi ML, Putti MC, Fabris F, Sainati L, Zanesco L, Girolami

A. Features of essential thrombocythaemia in childhood: a

197



Ayalew Tefferi

study of five children. Br J Haematol 2000;108:

86–9.

79. Dror Y, Zipursky A, Blanchette VS. Essential

thrombocythemia in children. J Pediatr Hematol Oncol

1999;21:356–3.

80. Mele A, Visani G, Pulsoni A, et al. Risk factors for essential

thrombocythemia: a case-control study. Italian Leukemia

Study Group. Cancer 1996;77:2157–61.

81. Falcetta R, Sacerdote C, Bazzan M, et al. [Occupational and

environmental risk factors for essential thrombocythemia:

a case-control study]. G Ital Med Lav Ergon 2003;

25(Suppl 3:9–12).

82. Tefferi A, Fonseca R, Pereira DL, Hoagland HC. A

long-term retrospective study of young women with

essential thrombocythemia. Mayo Clin Proc 2001;76:

22–8.

83. Besses C, Cervantes F, Pereira A, et al. Major vascular

complications in essential thrombocythemia: a study of the

predictive factors in a series of 148 patients. Leukemia

1999;13:150–4.

84. Fenaux P, Simon M, Caulier MT, Lai JL, Goudemand J,

Bauters F. Clinical course of essential thrombocythemia in

147 cases. Cancer 1990;66:549–56.

85. Michiels JJ, Abels J, Steketee J, van Vliet HH, Vuzevski VD.

Erythromelalgia caused by platelet-mediated arteriolar

inflammation and thrombosis in thrombocythemia. Ann

Intern Med 1985;102:466–71.

86. van Genderen PJ, Lucas IS, van Strik R, et al.

Erythromelalgia in essential thrombocythemia is

characterized by platelet activation and endothelial cell

damage but not by thrombin generation. Thromb Haemost

1996;76:333–8.

87. Colombi M, Radaelli F, Zocchi L, Maiolo AT. Thrombotic

and hemorrhagic complications in essential

thrombocythemia. A retrospective study of 103 patients.

Cancer 1991;67:2926–30.

88. Chim CS, Kwong YL, Lie AK, et al. Long-term outcome of

231 patients with essential thrombocythemia: prognostic

factors for thrombosis, bleeding, myelofibrosis, and

leukemia. Arch Intern Med 2005;165:2651–8.

89. Wolanskyj AP, Schwager SM, McClure RF, Larson DR,

Tefferi A. Essential thrombocythemia beyond the first

decade: life expectancy, long-term complication rates,

and prognostic factors. Mayo Clin Proc 2006;81:

159–66.

90. Campbell PJ, Scott LM, Buck G, et al. Definition of subtypes

of essential thrombocythaemia and relation to

polycythaemia vera based on JAK2 V617F mutation status:

a prospective study. Lancet 2005;366:1945–53.

91. Polycythemia vera: the natural history of 1213 patients

followed for 20 years. Gruppo Italiano Studio Policitemia.

Ann Intern Med 1995;123:656–64.

92. Passamonti F, Brusamolino E, Lazzarino M, et al. Efficacy of

pipobroman in the treatment of polycythemia vera:

long-term results in 163 patients. Haematologica 2000;85:

1011–18.

93. Marchioli R, Finazzi G, Landolfi R, et al. Vascular and

neoplastic risk in a large cohort of patients with

polycythemia vera. J Clin Oncol 2005;23:2224–32.

94. Carobbio A, Finazzi G, Guerini V, et al. Leukocytosis is a risk

factor for thrombosis in essential thrombocythemia:

interaction with treatment, standard risk factors and Jak2

mutation status. Blood 2007;109:2310–13.

95. Gangat N, Wolanskyj AP, Tefferi A. Abdominal vein

thrombosis in essential thrombocythemia: prevalence,

clinical correlates, and prognostic implications. Eur J

Haematol 2006;77:327–33.

96. Patel RK, Lea NC, Heneghan MA, et al. Prevalence of the

activating JAK2 tyrosine kinase mutation V617F in the

Budd-Chiari syndrome. Gastroenterology 2006;130:

2031–8.

97. Wright CA, Tefferi A. A single institutional experience with

43 pregnancies in essential thrombocythemia. Eur J

Haematol 2001;66:152–9.

98. Harrison CN, Gale RE, Machin SJ, Linch DC. A large

proportion of patients with a diagnosis of essential

thrombocythemia do not have a clonal disorder and may

be at lower risk of thrombotic complications. Blood

1999;93:417–24.

99. Antonioli E, Guglielmelli P, Pancrazzi A, et al. Clinical

implications of the JAK2 V617F mutation in essential

thrombocythemia. Leukemia 2005;19:1847–9.

100. Wolanskyj AP, Lasho TL, Schwager SM, et al. JAK2 mutation

in essential thrombocythaemia: clinical associations and

long-term prognostic relevance. Br J Haematol 2005;131:

208–13.

101. Steensma DP, Dewald GW, Lasho TL, et al. The JAK2 V617F

activating tyrosine kinase mutation is an infrequent event

in both “atypical” myeloproliferative disorders and

myelodysplastic syndromes. Blood 2005;106:1207–9.

102. Pardanani AD, Levine RL, Lasho T, et al. MPL515 mutations

in myeloproliferative and other myeloid disorders: a study

of 1182 patients. Blood 2006;108:3472–6.

103. Levine RL, Gilliland DG. JAK-2 mutations and their

relevance to myeloproliferative disease. Curr Opin Hematol

2007;14:43–7.

104. Juvonen E, Ikkala E, Oksanen K, Ruutu T. Megakaryocyte

and erythroid colony formation in essential

thrombocythaemia and reactive thrombocytosis:

diagnostic value and correlation to complications. Br J

Haematol 1993;83:192–7.

105. Axelrad AA, Eskinazi D, Correa PN, Amato D.

Hypersensitivity of circulating progenitor cells to

megakaryocyte growth and development factor (PEG-rHu

MGDF) in essential thrombocythemia. Blood 2000;96:

3310–21.

198



CHAPTER 11: Reactive and Clonal Thrombocytosis

106. Messinezy M, Westwood NB, El-Hemaidi I, Marsden JT,

Sherwood RS, Pearson TC. Serum erythropoietin values in

erythrocytoses and in primary thrombocythaemia. Br J

Haematol 2002;117:47–53.

107. Yoon SY, Li CY, Tefferi A. Megakaryocyte c-Mpl expression

in chronic myeloproliferative disorders and the

myelodysplastic syndrome: immunoperoxidase staining

patterns and clinical correlates. Eur J Haematol 2000;

65:170–4.

108. Harrison CN, Gale RE, Pezella F, Mire-Sluis A, MacHin SJ,

Linch DC. Platelet c-mpl expression is dysregulated in

patients with essential thrombocythaemia but this is not of

diagnostic value. Br J Haematol 1999;107:139–47.

109. Passamonti F, Pietra D, Malabarba L, et al. Clinical

significance of neutrophil CD177 mRNA expression in

Ph-negative chronic myeloproliferative disorders. Br J

Haematol 2004;126:650–6.

110. Tefferi A, Lasho TL, Wolanskyj AP, Mesa RA. Neutrophil

PRV-1 expression across the chronic myeloproliferative

disorders and in secondary or spurious polycythemia.

Blood 2004;103:3547–8.

111. Koch CA, Lasho TL, Tefferi A. Platelet-rich plasma serotonin

levels in chronic myeloproliferative disorders: evaluation of

diagnostic use and comparison with the neutrophil PRV-1

assay. Br J Haematol 2004;127:34–9.

112. Horikawa Y, Matsumura I, Hashimoto K, et al. Markedly

reduced expression of platelet c-mpl receptor in essential

thrombocythemia. Blood 1997;90:4031–8.

113. Rocca B, Ciabattoni G, Tartaglione R, et al. Increased

thromboxane biosynthesis in essential thrombocythemia.

Thromb Haemost 1995;74:1225–30.

114. Michiels JJ, Berneman ZN, Schroyens W, Van Vliet HH.

Pathophysiology and treatment of platelet-mediated

microvascular disturbances, major thrombosis and

bleeding complications in essential thrombocythaemia

and polycythaemia vera. Platelets 2004;15:67–84.

115. Barbui T, Barosi G, Grossi A, et al. Practice guidelines for the

therapy of essential thrombocythemia. A statement from

the Italian Society of Hematology, the Italian Society of

Experimental Hematology and the Italian Group for Bone

Marrow Transplantation. Haematologica 2004;89:215–32.

116. Falanga A, Marchetti M, Vignoli A, Balducci D, Barbui T.

Leukocyte-platelet interaction in patients with essential

thrombocythemia and polycythemia vera. Exp Hematol

2005;33:523–30.

117. Harrison CN, Campbell PJ, Buck G, et al. Hydroxyurea

compared with anagrelide in high-risk essential

thrombocythemia. N Engl J Med 2005;353:33–45.

118. Maugeri N, Giordano G, Petrilli MP, et al. Inhibition of

tissue factor expression by hydroxyurea in

polymorphonuclear leukocytes from patients with

myeloproliferative disorders: a new effect for an old drug?

J Thromb Haemost 2006;4:2593–8.

119. Tefferi A, Gangat N, Wolanskyj AP. Management of extreme

thrombocytosis in otherwise low-risk essential

thrombocythemia; does number matter? Blood 2006;108:

2493–4.

120. Budde U, Schaefer G, Mueller N, et al. Acquired von

Willebrand’s disease in the myeloproliferative syndrome.

Blood 1984;64:981–5.

121. Elliott MA, Tefferi A. Thrombosis and haemorrhage in

polycythaemia vera and essential thrombocythaemia. Br J

Haematol 2005;128:275–90.

122. Tefferi A, Ho TC, Ahmann GJ, Katzmann JA, Greipp PR.

Plasma interleukin-6 and C-reactive protein levels in

reactive versus clonal thrombocytosis. Am J Med 1994;

97:374–8.

123. Murphy S, Davis JL, Walsh PN, Gardner FH. Template

bleeding time and clinical hemorrhage in

myeloproliferative disease. Arch Intern Med 1978;138:

1251–3.

124. Boneu B, Nouvel C, Sie P, et al. Platelets in

myeloproliferative disorders. I. A comparative evaluation

with certain platelet function tests. Scand J Haematol

1980;25:214–20.

125. Waddell CC, Brown JA, Repinecz YA. Abnormal platelet

function in myeloproliferative disorders. Arch Pathol Lab

Med 1981;105:432–5.

126. Lofvenberg E, Nilsson TK. Qualitative platelet defects in

chronic myeloproliferative disorders: evidence for reduced

ATP secretion. Eur J Haematol 1989;43:435–40.

127. Zahavi J, Zahavi M, Firsteter E, Frish B, Turleanu R,

Rachmani R. An abnormal pattern of multiple platelet

function abnormalities and increased thromboxane

generation in patients with primary thrombocytosis and

thrombotic complications. Eur J Haematol 1991;47:

326–32.

128. Balduini CL, Bertolino G, Noris P, Piletta GC. Platelet

aggregation in platelet-rich plasma and whole blood in 120

patients with myeloproliferative disorders. Am J Clin Pathol

1991;95:82–6.

129. Small BM, Bettigole RE. Diagnosis of myeloproliferative

disease by analysis of the platelet volume distribution. Am J

Clin Pathol 1981;76:685–91.

130. Sehayek E, Ben-Yosef N, Modan M, Chetrit A, Meytes D.

Platelet parameters and aggregation in essential and

reactive thrombocytosis. Am J Clin Pathol 1988;90:431–6.

131. Osselaer JC, Jamart J, Scheiff JM. Platelet distribution width

for differential diagnosis of thrombocytosis. Clin Chem

1997;43:1072–6.

132. Michiels JJ, Berneman Z, Schroyens W, et al. Philadelphia

(Ph) chromosome-positive thrombocythemia without

features of chronic myeloid leukemia in peripheral blood:

natural history and diagnostic differentiation from

Ph-negative essential thrombocythemia. Ann Hematol

2004;83:504–12.

199



Ayalew Tefferi

133. Bennett JM. The myelodysplastic/myeloproliferative

disorders: the interface. Hematol Oncol Clin North Am

2003;17:1095–1100.

134. Thiele J, Kvasnicka HM, Diehl V, Fischer R, Michiels JJ.

Clinicopathological diagnosis and differential criteria of

thrombocythemias in various myeloproliferative disorders

by histopathology, histochemistry and immunostaining

from bone marrow biopsies. Leuk Lymph 1999;33:207–18.

135. Thiele J, Kvasnicka HM. Hematopathologic findings in

chronic idiopathic myelofibrosis. Semin Oncol

2005;32:380–94.

136. Tefferi A, Elliott MA. Schistocytes on the peripheral blood

smear. Mayo Clin Proc 2004;79:809.

137. Arora B, Sirhan S, Hoyer JD, Mesa RA, Tefferi A. Peripheral

blood CD34 count in myelofibrosis with myeloid

metaplasia: a prospective evaluation of prognostic value in

94 patients. Br J Haematol 2005;128:42–8.

138. Steensma DP, Tefferi A. Cytogenetic and molecular genetic

aspects of essential thrombocythemia. Acta Haematol

2002;108:55–65.

139. Tefferi A. Ultra high platelet count might be a characteristic

feature of chronic myeloid leukemia rather than essential

thrombocythemia. Leuk Res 2007;31:416–17.

140. Harrison CN. Essential thrombocythaemia: challenges and

evidence-based management. Br J Haematol 2005;130:

153–65.

141. Vannucchi AM, Grossi A, Pancrazzi A, et al. PRV-1, erythroid

colonies and platelet Mpl are unrelated to thrombosis in

essential thrombocythaemia. Br J Haematol 2004;127:

214–19.

142. Chiusolo P, La Barbera EO, Laurenti L, et al. Clonal

hemopoiesis and risk of thrombosis in young female

patients with essential thrombocythemia. Exp Hematol

2001;29:670–6.

143. Zamora L, Espinet B, Florensa L, Besses C, Bellosillo B, Sole

F. Clonality analysis by HUMARA assay in Spanish females

with essential thrombocythemia and polycythemia vera.

Haematologica 2005;90:259–61.

144. Tefferi A, Elliott M. Thrombosis in myeloproliferative

disorders: prevalence, prognostic factors, and the role of

leukocytes and JAK2V617F. Semin Thromb Hemost

2007;33:313–20.

145. Landolfi R, Marchioli R, Kutti J, et al. Efficacy and safety of

low-dose aspirin in polycythemia vera. N Engl J Med

2004;350:114–24.

146. Storen EC, Tefferi A. Long-term use of anagrelide in young

patients with essential thrombocythemia. Blood

2001;97:863–6.

147. Regev A, Stark P, Blickstein D, Lahav M. Thrombotic

complications in essential thrombocythemia with

relatively low platelet counts. Am J Hematol 1997;56:

168–72.

148. Silver RT. Interferon alfa: effects of long-term treatment for

polycythemia vera. Semin Hematol 1997;34:40–50.

149. Finazzi G, Caruso V, Marchioli R, et al. Acute leukemia in

polycythemia vera. An analysis of 1,638 patients enrolled in

a prospective observational study. Blood 2005;105:

2664–70.

150. Elliott MA, Tefferi A. Interferon-alpha therapy in

polycythemia vera and essential thrombocythemia. Semin

Thromb Hemost 1997;23:463.

151. Cortelazzo S, Finazzi G, Ruggeri M, et al. Hydroxyurea for

patients with essential thrombocythemia and a high risk of

thrombosis. N Engl J Med 1995;332:1132–6.

152. van Genderen PJ, Leenknegt H, Michiels JJ. The paradox of

bleeding and thrombosis in thrombocythemia: is von

Willebrand factor the link? Semin Thromb Hemost 1997;

23:385–9.

153. Grima KM. Therapeutic apheresis in hematological and

oncological diseases. J Clin Apheresis 2000;15:28–52.

154. Greist A. The role of blood component removal in

essential and reactive thrombocytosis. Ther Apher

2002;6:36–44.

155. Adami R. Therapeutic thrombocytapheresis: a review of

132 patients. Int J Arti Organs 1993;16(Suppl 5):

183–4.

200



C H A P T E R

12 CONGENITAL DISORDERS OF PLATELET FUNCTION

Marco Cattaneo
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INTRODUCTION

When a blood vessel is injured, platelets adhere to the
exposed subendothelium (platelet adhesion), are acti-
vated (platelet activation), and secrete their granule
contents (platelet secretion), including some platelet
agonists [adenosine diphosphate (ADP), serotonin]
that, by interacting with specific platelet receptors,
contribute to the recruitment of additional platelets
to form aggregates (platelet aggregation). In addition,
platelets play a role in the coagulation mechanism,
providing the necessary surface of procoagulant phos-
pholipids (platelet procoagulant activity). Congenital
or acquired abnormalities of platelet number or func-
tion are associated with a heightened risk of bleed-
ing, proving that platelets play an important role in
hemostasis. Typically, patients with platelet disorders
have mucocutaneous bleeding of variable severity and
excessive hemorrhage after surgery or trauma.

CLASSIFICATION OF CONGENITAL
DISORDERS OF PLATELET FUNCTION

Inherited disorders of platelet function are generally
classified based on the functions or responses that are
abnormal. However, since platelet functions are inti-
mately related, a clear distinction between disorders of
platelet adhesion, aggregation, activation, secretion,
and procoagulant activity is in many instances prob-
lematic. For example, platelets deficient in the gly-
coprotein (GP) complex Ib/IX/V, which is a receptor
for von Willebrand factor (VWF), do not adhere nor-
mally to the subendothelium and are therefore gener-
ally included in the group of abnormalities of platelet
adhesion. However, they also do not undergo normal
activation and aggregation at high shear, do not aggre-
gate normally to thrombin, and display abnormal pro-

coagulant responses. For this reason, I propose a clas-
sification of the inherited disorders of platelet function
based on abnormalities of platelet components that
share common characteristics: (1) platelet receptors
for adhesive proteins, (2) platelet receptors for solu-
ble agonists, (3) platelet granules, (4) signal transduc-
tion pathways, and (5) procoagulant phospholipids.
Inherited disorders of platelet function that are less
well characterized are lumped into a sixth category of
miscellaneous disorders.

ABNORMALITIES OF THE PLATELET
RECEPTORS FOR ADHESIVE
PROTEINS

Abnormalities of the GP Ib/V/IX complex

Bernard-Soulier syndrome
Bernard-Soulier syndrome (BSS) is associated with
quantitative or qualitative defects of the platelet glyco-
protein complex GP Ib/IX/V, which is formed by four
glycoproteins, since GP Ib consists of two subunits: GP
Ibα and GP Ibβ. BSS is associated with genetic defects
in GP Ibα, GP Ibβ, or GP IX, whereas defects in GP V
do not lead to BSS. BSS is characterized by autosomal
recessive inheritance (only one case was character-
ized by autosomal dominant inheritance), prolonged
bleeding time, variable degrees of thrombocytopenia,
giant platelets, and decreased platelet survival. The
degree of thrombocytopenia may be overestimated
when the platelet count is performed with automatic
counters, because giant platelets, which may repre-
sent as many as 70% to 80% in occasional patients, can
attain the size of red blood cells and, as a consequence,
are not recognized as platelets by the counters.1,2,3

BSS is a relatively severe bleeding disorder: typ-
ical bleeding manifestations include epistaxis, gum
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bleeding, and postsurgical/posttraumatic bleeding.
With few exceptions, most heterozygotes do not have
a bleeding diathesis.1,2,3

Typically, BSS platelets do not agglutinate when
exposed to ristocetin or botrocetin because GP Ibα

is unable to bind VWF; at variance with von Wille-
brand disease (VWD), this defect is not corrected by
the addition of normal plasma. The interaction of BSS
platelets with the subendothelium is impaired at both
high and low shear forces, although the defect is more
pronounced at the high shear forces encountered in
the normal microcirculation. Because VWF does not
interact with GP Ibα, leading to platelet aggregation,
thrombus formation on subendothelium is also defec-
tive. The platelet responses to physiologic agonists are
normal with the exception of low concentrations of
thrombin: GP Ibα plays a critical role in the platelet
aggregatory, secretory, and procoagulant responses
to thrombin, because the binding of thrombin to
its high-affinity binding sites on GP Ibα accelerates
the platelet response mediated by its two moderate-
affinity platelet receptors, protease-activated recep-
tor (PAR)-1 and PAR-4.4,5,6,7 BSS platelets also dis-
play defective procoagulant activity8 – which is prob-
ably secondary to defective binding of factor XI9 and
decreased fibrin polymerization and is crucial for
thrombin formation in platelet-rich plasma – in a
VWF/GP Ibα–dependent process.10

The diagnosis of BSS is based on the demonstra-
tion of GP Ib/IX/V deficiency by flow cytometry or
immunoblotting. Heterozygotes usually have inter-
mediate amounts of the GP complex and may have
few giant platelets.

Molecular Defects

Defects of the GP Ibα gene. Mutations causing com-
plete absence of the glycoprotein include inser-
tions and deletions followed by frameshifts; non-
sense mutations are also frequent.2,3 Missense
mutations have been described that can either
lead to failure to translocate to the membrane or to
the synthesis of dysfunctional proteins.2,3 In the
A156 V mutation, also called the Bolzano variant,
which is particularly common in southern Italy,
the binding of thrombin to platelets is conserved,
while that of VWF is severely impaired.11 Het-
erozygous patients have macrothrombocytope-
nia and may have mild bleeding symptoms.12

Another BSS variant, associated with Leu57Phe

mutation, has autosomal dominant inheritance
and is characterized by increased susceptibility
of platelets to proteolysis and slightly decreased
platelet agglutination induced by ristocetin.13 The
1542G>A nonsense mutation results in amino
acid substitution Trp498>STOP, leading to a trun-
cated GP Ibα containing part of the transmem-
brane domain, which is normally expressed and
complexed to GP Ibβ, but is dysfunctional.14

Defects of the GP Ibβ gene. The first patient
with BSS associated with defects of the GP Ibβ

gene described in the literature suffered from a
developmental disorder, the DiGeorge/velocar-
diofacial syndrome, which was due to deletion at
22q11.2, including the GP Ibβ gene, in one allele.15

The patient also had a mutation in the GP Ibβ pro-
moter within a binding site of the GATA-1 tran-
scription factor in the other allele, which, in com-
bination with the 22q11.2 deletion in the other
allele, caused a severe deficiency of the GP Ib/IX/V
complex and a phenotype typical of BSS. Other
mutations in the GP Ibβ gene associated with the
DiGeorge syndrome have been described.3 Non-
sense and missense mutations and a 13-base-pair
(bp) deletion in the signal peptide coding region
of the GP Ibβ gene have also been described.3

Defects of the GP IX gene. Nonsense and mis-
sense mutations in the GP IX gene have been
reported.2,3 Of these, the Asn45>Ser mutation is
particularly common in populations of northern
European origin.

Platelet-type or pseudo–von Willebrand disease
Von Willebrand disease (VWD) is a disorder of pri-
mary hemostasis due to complete or partial defects
in VWF, an adhesive protein that plays an essential
role in platelet adhesion and aggregation under high
shear forces (see further on). Platelet-type (or pseudo-)
VWD is not due to defects of VWF but to a gain-of-
function phenotype of the platelet GP Ibα, which has
an increased avidity for vWF, leading to the binding of
the largest VWF multimers to resting platelets and their
clearance from the circulation.2 Because the high-
molecular-weight VWF multimers are the most hemo-
statically active, their loss is associated with bleed-
ing risk, as in type 2B vWD, which is caused by a
gain-of-function abnormality of the VWF molecule.
Platelet-type VWD is an autosomal dominant disease
associated with amino acid substitutions occurring
within the disulfide-bonded double-loop region of
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Table 12.1. Inherited disorders of platelet function

a. Abnormalities of the platelet receptors for adhesive proteins

i. GP Ib/V/IX complex (Bernard-Soulier syndrome, platelet-type von Willebrand disease)

ii. GP IIb/IIIa (αIIbβ3) (Glanzmann’s thrombasthenia)

iii. GP Ia/IIa (α2β1)

iv. GP VI

b. Abnormalities of the platelet receptors for soluble agonists

i. P2Y12 receptor

ii. Thromboxane A2 receptor

iii. α2-adrenergic receptor

c. Abnormalities of the platelet granules

i. δ-granules (δ-storage pool deficiency, Hermansky-Pudlak syndrome, Chediak-Higashi syndrome,

thrombocytopenia with absent radii syndrome, Wiskott-Aldrich syndrome)

ii. α-granules (gray platelet syndrome, Quebec platelet disorder, 11q terminal deletion disorder, white platelet

syndrome, Medich platelet disorder)

iii. α- and δ-granules (α,δ-storage pool deficiency)

d. Abnormalities of the signal-transduction pathways

i. Abnormalities of the arachidonate/thromboxane A2 pathway (defects in phospholipase A2, cyclooxygenase,

thromboxane synthetase)

ii. Abnormalities of GTP binding proteins (Gαq deficiency, Gαi1 defect, hyper-responsiveness of platelet Gsα)

iii. Defects in phospholipase C activation (partial selective PLC-β2 isozyme deficiency)

e. Abnormalities of membrane phospholipids

i. Scott syndrome

ii. Stormorken syndrome

f. Miscellaneous abnormalities of platelet function

i. Primary secretion defects

ii. Other platelet abnormalities (Montreal platelet syndrome, osteogenesis imperfecta, Ehlers-Danlos syndrome,

Marfan’s syndrome, hexokinase deficiency, glucose-6-phosphate deficiency)

GP Ibα (Gly233Val and Met239Val).16,17A similar phe-
notype is caused by a 27-bp deletion in the macrogly-
copeptide coding region of the GP Ibα gene.18

Abnormalities of GP IIb/IIIa (αIIbβ3)

Glanzmann’s thrombasthenia
Glanzmann’s thrombasthenia (GT) is an autosomal
recessive disease caused by lack of expression or qual-
itative defects in one of the two GPs forming the inte-
grinαIIbβ3, which in activated platelets binds the adhe-
sive glycoproteins (fibrinogen at low shear, VWF at
high shear) that bridge adjacent platelets, securing
platelet aggregation. GT patients display a phenotype
similar to that of BSS patients, albeit perhaps less
severe. Heterozygotes do not have a bleeding diathe-
sis.1,2,3

The diagnostic hallmark of the disease is the lack or
severe impairment of platelet aggregation induced by
all agonists; severe forms (GT type I) are characterized
by lack of fibrinogen in platelet α granules, whereas
patients whose platelets have some residual albeit
very low GP IIb/IIIa have normal fibrinogen content
(normally, platelet fibrinogen is acquired from plasma
through a GP IIb/IIIa–dependent uptake). Clot retrac-
tion is defective. GT platelets bind normally to the
subendothelium, but they fail to spread. Some reports
have demonstrated impaired ability of GT platelets
to generate thrombin and procoagulant microparti-
cles.1,2,3

Diagnosis of GT is based on the presence of typ-
ical abnormalities of platelet function and on the
demonstration that GP IIb/IIIa is absent or severely
reduced on the platelet membrane, with flow cytom-
etry used as the screening test.
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Molecular Defects

Mutations in GP IIb (αIIb). Splice-site and nonsense
mutations involving frameshifts and giving rise
to truncated proteins are usually associated with
severe forms of GT (type I GT, according to early
nomenclature).2,3 Missense mutations may give
rise to less severe deficiency of the complex or to
dysfunctional proteins.2,3

Mutations in GP IIIa (β3). Deletions, splice muta-
tions, and inversions involving frameshifts and
giving rise to truncated proteins are usually asso-
ciated with severe forms of GT.2,3 The vitronectin
receptor (αv/β3) shares the β3 subunit with αIIb/
β3; therefore it is absent in GT patients with
defects in β3, whereas its expression in patients
with defects in αIIb may be increased. Despite the
fact the the vitronectin receptor is found in many
cell types, in addition to platelets and megakary-
ocytes, the phenotype of GT patients with β3

defects does not differ from that of other GT
patients.2,3 Variants of β3 due to missense muta-
tions have been described that are associated
with impaired expression of the ligand-binding
pocket, complex instability, and defective signal
transduction through β3. A homozygous gain-
of-function Cys560Arg mutation was associated
with binding of fibrinogen to resting platelets.3

The patient had a bleeding diathesis, presumably
becauseαIIbβ3 complexes are monovalently occu-
pied by fibrinogen.

Abnormalities of GP Ia/IIa (α2β1)

Two patients with mild bleeding disorders associ-
ated with deficient expression of the platelet recep-
tor for collagen GP Ia/IIa (α2β1) and selective impair-
ment of platelet responses to collagen have been
described.19,20 Their platelet defect spontaneously
recovered after menopause, suggesting that α2β1

expression is under hormonal control.

Abnormalities of GP VI

A selective defect of collagen-induced platelet aggre-
gation was also described in another mild bleeding
disorder characterized by deficiency of the platelet GP
VI,21 a member of the immunoglobulin superfamily of
receptors, which mediates platelet activation by colla-
gen. The molecular defects responsible for this platelet

abnormality have not yet been characterized. Another
patient with the GP VI defect, whose pathogenesis is
unclear, has been described.22

ABNORMALITIES OF THE PLATELET
RECEPTORS FOR SOLUBLE AGONISTS

Abnormalities of the platelet ADP receptor
P2Y12

The first patient with severe P2Y12 deficiency (VR)
was described in 1992.23 He had a lifelong history
of excessive bleeding, a prolonged bleeding time
(15 to 20 min), and abnormalities of platelet aggre-
gation similar to those observed in patients with
defects of platelet secretion (reversible aggregation in
response to weak agonists and impaired aggregation in
response to low concentrations of collagen or throm-
bin) except that the aggregation response to ADP was
severely impaired even at very high ADP concentra-
tions (>10 μM). Other abnormalities of platelet func-
tion found in this patient were (1) no inhibition by
ADP of prostaglandin E1–stimulated platelet adenylyl
cyclase but normal inhibition by epinephrine; (2) nor-
mal shape change and borderline normal (or mildly
reduced) mobilization of cytoplasmic Ca2+ induced
by ADP; and (3) presence of approximately 30% of the
normal number of binding sites for [32P]2MeSADP on
fresh platelets24 or [3H]ADP on formalin-fixed plate-
lets.23 Four additional patients, one Frenchman
(ML),25 two Italian sisters (IG and MG),26 and a Japa-
nese woman (OSP-1)27 with very similar character-
istics were described in the years 1995, 2000, and
2005. Another patient, with dysfunctional P2Y12, was
described in 2003.31

The study of the son of patient MG allowed the
characterization of a heterozygous P2Y12 defect.26 His
platelets bound intermediate levels of [32P]2MeS-ADP
and underwent a normal first wave of aggregation
after stimulation with ADP but did not secrete normal
amounts of ATP after stimulation with different ago-
nists. This secretion defect was not caused by impaired
production of TxA2 or low concentrations of platelet
granule contents and is therefore very similar to that
described in patients with an ill-defined and prob-
ably heterogeneous group of congenital defects of
platelet secretion, sometimes referred to by the general
term “primary secretion defect” (PSD).1 The impor-
tant role of ADP’s interaction with its P2Y12 receptor in
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primary hemostasis is emphasized by the finding that
the patient, like others with PSD, despite the mild
defect of P2Y12, has a prolongation of his bleeding time
(13 min).

P2Y12 defects should be suspected when ADP, even
at relatively high concentrations (10 μM or higher),
induces a slight and rapidly reversible aggregation pre-
ceded by normal shape change. Of the available confir-
matory diagnostic tests, measurement of the platelet
binding sites for radiolabeled 2MeSADP and inhibi-
tion of stimulated adenylyl cyclase by ADP [which can
be tested by measuring the platelet levels of cAMP
or of vasodilator-stimulated phosphoprotein (VASP)
phosphorylation], the latter is preferred because it is
easier to perform, cheaper, more specific, and sen-
sitive not only to quantitative abnormalities of the
receptor but also to functional defects.

Molecular defects
The P2Y12 gene of patient VR displayed a homozygous
2-bp deletion in the open reading frame, located at
bp 294 from the start methionine (near the N terminal
end of the third transmembrane domain), thus shifting
the reading frame for 33 residues before introducing
a stop codon, causing a premature truncation of the
protein.28

Like VR, patients IG and MG displayed a homozy-
gous single-bp deletion in the P2Y12 gene occurring
just beyond the third transmembrane domain, thus
shifting the reading frame for 38 residues before intro-
ducing a stop codon, causing a premature trunca-
tion of the protein.28 Patient OSP-1 was found to be
homozygous for a single nucleotide substitution in
the transduction initiation codon; transfection of the
mutant P2Y12 construct into human embryonic kidney
293 cells failed to express the P2Y12 protein, demon-
strating that the mutation was responsible for P2Y12

deficiency in this patient.27 In contrast, the molec-
ular defect responsible for the abnormal phenotype
of patient ML is less well defined. The patient has
one mutant and one wild-type allele, which is prob-
ably silenced by an additional as yet unknown muta-
tion.29 Recently, a patient with a heterozygous defect of
P2Y12 was described.30 DNA analysis of the P2Y12 gene
revealed a novel heterozygous base pair C–>A substi-
tution in exon 3, changing codon 258 from proline to
threonine in the third extracellular loop of the P2Y12

receptor. He had a rather severe phenotype, which

suggests that he may harbor other as yet unidentified
mutations.30

A patient with dysfunctional P2Y12 displayed, in one
allele, a G-to-A transition, changing the codon for
Arg256 in transmembrane 6 to Gln and, in the other,
a C-to-T transition, changing the codon for Arg265 in
extracellular loop 3 to Trp.31 Neither mutation inter-
fered with receptor surface expression but both altered
receptor function, since ADP inhibited the forskolin-
induced increase of cyclic adenosine monophosphate
(cAMP) markedly less in cells transfected with either
mutant P2Y12 than in wild-type cells.31

Defects of the platelet thromboxane A2

receptor

In 1981, three reports of impaired platelet responses to
TxA2 in patients with bleeding disorders were pub-
lished.32,33,34 The platelets from these patients could
synthesize TxA2 from exogenous arachidonate but
were unable to undergo normal TxA2-dependent ag-
gregation and secretion in response to a variety of ago-
nists. In one patient only, however, the stable TxA2

mimetic U46619 was tested and found unable to elicit
normal platelet responses,34 providing convincing evi-
dence that his platelets had a defect at the receptor
level.

In 1993, a similar patient with a mild bleeding dis-
order was described whose platelets did not undergo
shape change, aggregation, and secretion in response
to the synthetic TxA2 mimetic STA2.35 Binding studies
of radiolabeled TxA2 agonists and antagonists revealed
that the patient’s platelets had a normal number of
TxA2 binding sites and normal equilibrium disso-
ciation rate constants. Despite the normal number
of TxA2 receptors, the TxA2-induced IP3 formation,
Ca2+ mobilization, and GTPase activity were abnor-
mal, suggesting that the abnormality of these platelets
was impaired coupling between TxA2 receptor, G pro-
tein, and phospholipase (PLC). The platelet aggrega-
tion and secretion responses to several agonists were
impaired. A similar patient, who was also affected by
polycythemia vera, had previously been described by
Ushikubi et al.36

Molecular defects
These two last patients were subsequently found
to have an Arg60-to-Leu mutation in the first cyto-
plasmic loop of the TxA2 receptor,37 affecting both
isoforms of the receptor.38,39 The mutant receptor
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Figure 12.1 Schematic, simplified representation of platelet structure and functions, with indication of 5 categories of the proposed

classification of inherited disorders of platelet function. A sixth category, which is not indicated in this figure, includes the so-called Primary

Secretion Defects and other, miscellaneous disorders (see text for details). Abbreviations: PLA2, phospholipase A2; PLC, phospholipase C; COX-1,

cyclooxygenase-1; FII, factor II (prothrombin); FIIa, factor IIa (thrombin); FV, coagulation factor V; FXA, activated factor X; ADP, adenosine

diphosphate; TxA2, thromboxane A2; 5HT, serotonin.

expressed in Chinese hamster ovary cells showed
decreased agonist-induced second-messenger for-
mation despite its normal ligand-binding affinities.
The mutation was found exclusively in the affected
members of the two unrelated families and was
inherited as an autosomal dominant trait. Although
the heterozygous patients did not differ from the
homozygous patients in terms of aggregation and
secretion responses of platelets to TxA2, subsequent
studies showed that in heterozygous patients, the
mutant TxA2 receptor suppresses wild-type receptor-
mediated platelet aggregation and secretion by a
mechanism independent of inhibition of PLC activa-
tion.40,41

α2-Adrenergic receptors

Two families whose members had impaired platelet
aggregation and secretion in response to epinephrine
but normal responses to other agonists have been
reported.42 Surprisingly, inhibition of platelet adenylyl
cyclase by epinephrine was normal in one family. How-
ever, the relationship between this defect and bleeding
manifestations still needs to be clarified.42

DEFECTS OF PLATELET GRANULES

Defects of platelet granules comprise a heteroge-
neous group of disorders, including deficiencies of the
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δ- (or dense) and/or α-granules or their consituents
(δ-, α, δ- and α- storage pool deficiency) and other,
less common defects of the α-granules.

Defects of the δ-granules

δ-Storage pool deficiency
The term δ-storage pool deficiency “or δ-storage pool
disease” (δ-SPD) defines a congenital abnormality of
platelets characterized by deficiency of dense gran-
ules in megakaryocytes and platelets. It is manifest
as a bleeding diathesis of variable degree, mildly
to moderately prolonged bleeding time, abnormal
platelet secretion induced by several platelet agonists,
impaired platelet aggregation, and decreased platelet
content of dense granules.43

Studies of δ-granules with the uranaffin reac-
tion (staining by uranyl ions of both the δ-granule
membrane and core), with the fluorescence probe
mepacrine (which concentrates in the δ-granules), or
with electron microscopy have revealed that platelets
from patients with isolated δ-SPD have a slightly
reduced number of uranaffin- and mepacrine-positive
granules but a shift in uranaffin-positive distribution
toward those lacking a dense core (“empty granules”),
suggesting a more qualitative than quantitative type
of δ-granule defect.43 In accordance with these find-
ings, platelets from patients with isolated platelet δ-
SPD had normal amounts of the δ-granule membrane
protein granulophysin.43

The characteristic δ-SPD platelets have decreased
levels of δ-granule constituents: ATP and ADP,22,23

serotonin, calcium, and pyrophosphate.43 ADP and
ATP are contained in platelets in a metabolic pool,
which represents about one-third of the total con-
tent, and in theδ-granules, which represent the storage
pool. ADP is present in greater amounts in the storage
pool, while the concentration of ATP is higher in the
metabolic pool. The ratio of total ATP:ADP in normal
platelets is <2.5:1, while that of the metabolic pool is
about 10:1. Due to the deficiency of δ-granules, the
ratio of total ATP:ADP in δ-SPD platelets typically rises
to values >2.5:1.44

Platelets are the main storage site for serotonin
of the human body. Normal platelets avidly take up
serotonin from the bloodstream and store it in the
δ-granules, where it is protected from the action of
mitochondrial monoamine oxidases. When radioac-
tive serotonin is incubated with normal platelets

in vitro, more than 90% of it is rapidly incorpo-
rated. In contrast, when it is incubated with δ-SPD
platelets, the initial rate of uptake (through the platelet
plasma membrane) is normal, but the saturation
level is decreased due to the catabolism of serotonin,
resulting in the loss of the radioactive label from the
platelets.45

In citrated platelet-rich plasma, primary aggre-
gation induced by ADP or epinephrine and the
agglutination response to ristocetin are normal, but
the second wave of aggregation and the aggrega-
tion in response to collagen are generally absent or
greatly reduced.46,47 The production of arachidonate
metabolites can be defective after stimulation with
epinephrine or collagen but normal with arachido-
nate48; however, the aggregation induced by sodium
arachidonate or prostaglandin endoperoxides may be
normal or decreased,47,48 depending on the sever-
ity of ADP deficiency in platelet granules.48 Normal
responses to ADP or epinephrine have been observed
in some patients,49 indicating that there is a large vari-
ability in platelet aggregation in patients with δ-SPD;
this has been well documented in a large study of 106
patients with δ-SPD (congenital in 51 and acquired in
55) showing that about 25% of the patients had nor-
mal aggregation responses to ADP, epinephrine, and
collagen whereas only 33% had aggregation tracings
typical of a platelet secretion defect.50 In agreement
with these findings, it was later shown that, among 46
patients with prolonged bleeding times, normal VWF
levels and normal platelet aggregation, 17 (35%) had
δ-SPD.51

High concentrations of thrombin induced a normal
extent of aggregation of δ-SPD platelets, but the aggre-
gates deaggregated more readily than normal.52 This
defect was corrected by the addition of exogenous ADP
immediately after thrombin stimulation, suggesting
that released ADP plays a role in the stabilization of
platelet aggregates.52 Other platelet function abnor-
malities described inδ-SPD patients include abnormal
secretion of acid hydrolases,53 which was corrected by
exogenous ADP,54 and defective aggregation at high
shear.55,56

The in vitro interaction of δ-SPD platelets with the
subendothelium was impaired in an experiment of
perfusion of citrated blood through a chamber con-
taining everted segments of rabbit aorta.57 Subse-
quent experiments performed at different flow con-
ditions (shear rates varying from 650 to 3300 s−1) with
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nonanticoagulated blood showed that thrombus for-
mation was decreased in δ-SPD patients in proportion
to the magnitude of the granule defect.58

Weiss and Lages showed that the prothrombinase
activity induced by collagen, thrombin, or collagen
plus thrombin was impaired in δ-SPD platelets and
was corrected by the addition of ADP.59 However, a
previous study failed to demonstrate an abnormal pro-
coagulant activity of δ-SPD platelets under slightly dif-
ferent experimental conditions.60

Between 10% and 18% of patients with congenital
abnormalities of platelet function have SPD.43,50 The
inheritance is autosomal recessive in some families
and autosomal dominant in others.

Patients with δ-SPD have mild to moderate bleed-
ing diathesis, characterized mainly by mucocutaneous
bleedings, such as epistaxis, menorrhagia, and easy
bruising. Patients with the most severe forms may
also experience postsurgical hemorrhagic complica-
tions, especially after tooth extraction and tonsillec-
tomy. Only one case with intracranial bleeding has
been reported.43

Studies of a family that includes several members
with autosomal dominant δ-SPD showed an associ-
ation between δ-SPD and the development of acute
myelogenous leukemia61: on this ground, the hypoth-
esis was raised that a gene coding for a protein impor-
tant for the formation of dense granules is located
adjacent to a gene that, when abnormal, may predis-
pose to the development of leukemia.62 An association
of δ-SPD with primary pulmonary hypertension was
described in one patient, suggesting a role for the high
plasma serotonin levels found in δ-SPD in the patho-
genesis of this disorder.63

Lumiaggregometry, which measures platelet aggre-
gation and secretion simultaneously, may prove to be
a more accurate technique than platelet aggregom-
etry for diagnosing patients with δ-SPD and, more
generally, those with platelet secretion defects. The
diagnosis of δ-SPD is essentially based on the find-
ing of defective platelet secretion induced by several
agonists, decreased platelet content of total ADP and
ATP, increase in the ATP/ADP ratio >2.5, and nor-
mal serum concentration of the stable TxA2 metabo-
lite TxB2. Methods involving the identification of
mepacrine-loaded platelets by flow cytometry64 may
also prove to be useful for the diagnosis of this
disorder.

Hermansky–Pudlak syndrome
Hermansky-Pudlak syndrome (HPS) is a rare auto-
somal recessive disease involving the subcellular
organelles of many tissues as well as abnormalities of
melanosomes, platelet δ-granules, and lysosomes.43

It is characterized by tyrosinase-positive oculocuta-
neous albinism, a bleeding diathesis due to δ-SPD, and
ceroid-lipofuscin lysosomal storage disease.65,66 The
oculocutaneous albinism manifests itself as congeni-
tal nystagmus, iris transillumination, decreased visual
acuity, and various degrees of skin and hair hypopig-
mentation. Ceroid lipofuscin is a lipid–protein com-
plex accumulating in lysosomal organelles that is
believed to be responsible for the development of
progressive pulmonary fibrosis67 and granulomatous
colitis68 in affected patients. Eight HPS subtypes are
known66,69; HPS-1 represents the most severe form of
the disease, in which pulmonary fibrosis is particu-
larly frequent. In albino patients, the absence of visible
δ-granules in the platelet cytoplasm under the elec-
tron microscope and/or a deficiency of platelet ade-
nine nucleotides is pathognomonic for the disease.
The bleeding diathesis of HPS patients, like that of
other types of δ-SPD, becomes manifest as easy bruis-
ing, epistaxis, gum bleeding, menorrhagia, and post-
surgical bleeding. Just as the degree of hypopigmen-
tation is not uniform in all patients, the severity of the
bleeding diathesis varies substantially. A report doc-
umented that major bleeds, some of which were life-
threatening, occurred in 40% of the patients studied.70

HPS is rare in the general population but occurs with
relatively high frequency in certain isolated areas, such
as northwestern Puerto Rico, where its prevalence is 1
in 1800,71 and an isolated village in the Swiss Alps.72

The number of δ-granules in platelets from seven
HPS patients was markedly diminished when studied
with electron microscopy, loading of the fluorescent
probe mepacrine, or the uranaffin reaction,43 indicat-
ing that the basic defect of HPS, at variance with that
of isolated platelet δ-SPD, is a specific abnormality in
organelle development that prevents the formation of
an intact granule structure. In accordance with these
findings, the platelet content of the δ-granule mem-
brane protein granulophysin was shown to be very low
in HPS patients.73

The bleeding time is prolonged in most but not
all HPS patients. A variable degree of abnormalities
of tests of platelet function can be observed in HPS

208



CHAPTER 12: Congenital Disorders of Platelet Function

patients as well as in patients with isolated δ-SPD.
The release of α-granule proteins induced by throm-
bin was impaired in one patient and was normalized by
the simultaneous stimulation of platelets with ADP.74

These findings are consistent with the recent demon-
stration that released ADP directly potentiates platelet
secretion induced by U46619 or thrombin by interact-
ing with the platelet P2Y12 receptor.26,75

Molecular Defects

The molecular basis for HPS has begun to be unraveled
in the last decade. To date, HPS has been associated
with eight human genes: HPS-1 (HPS subtype: HPS-1),
AP3B1 (HPS-2), HPS-3 (HPS-3), HPS-4 (HPS-4), HPS-
5 (HPS-5), HPS-6 (HPS-6), HPS-7 (HPS-7), and BLOC1
S3 (HPS-8).66,69

Chediak–Higashi syndrome
Chediak-Higashi syndrome (CHS) is a rare auto-
somal recessive disorder characterized by variable
degrees of oculocutaneous albinism, very large
peroxidase-positive cytoplasmic granules in a variety
of hematopoietic (neutrophils) and nonhematopoi-
etic cells, easy bruisability due to δ-SPD, and recur-
rent infections associated with neutropenia, impaired
chemotaxis, and bactericidal activity, and abnormal
NK function.66,67 Many patients may undergo an
accelerated phase, characterized by nonmalignant
lymphoid infiltration of multiple organs. The syn-
drome is lethal, leading to death usually in the first
decade of life.

The bleeding diathesis and the abnormalities of
platelet aggregation and secretion are similar to those
of other forms of δ-SPD.77 Levels of the δ-granule
membrane protein granulophysin are very low in CHS
platelets,73 as would be expected in platelets lacking
δ-granules.78 The pathognomonic feature of CHS is
peroxidase-positive granules that can be seen in poly-
morphonuclear leukocytes as well as in megakary-
ocytes, neurons, and other cells.

Molecular Defects

CHS results from mutations in the lysosomal traffic
regulator (LYST) gene, which encodes a large cyto-
plasmic protein with unknown function.66,79 Like HPS,
CHS may prove to be a genetically heterogeneous dis-
order, with mutations at different loci resulting in a
similar phenotype.

Hereditary thrombocytopenias
Two types of hereditary thrombocytopenia may be
associated with δ-SPD: the thrombocytopenia and
absent radii syndrome (TAR) and the Wiskott-Aldrich
syndrome (WAS).81,82

TAR is a developmental disorder characterized by
thrombocytopenia and bilateral absence of the radii.
Platelet counts are usually in the range of 15 000
to 30 000/μL in infancy but increase with age. TAR
can be either autosomal recessive or dominant. Poor
response to collagen and absent secondary waves
of aggregation in response to ADP or epinephrine,
which are typical of defects of δ-granules, have been
described in these patients.66

WAS is an X-linked recessive disease of microthrom-
bocytopenia, immunodeficiency, and eczema. It is
caused by mutations in the WASP gene. The WASP pro-
tein regulates signal-mediated actin cytoskeleton rear-
rangement. Bleeding manifestations may be mild or
severe. WAS patients have marked reduction in dense
granules and, more rarely, also in α-granules.66

Defects of the α-granules

α-Storage pool deficiency (gray platelet
syndrome)
This condition owes its name to the gray appear-
ance of the patient’s platelets in peripheral blood
smears as a consequence of the rarity of platelet gran-
ules. Since its first description in 1971 by Raccuglia,83

about 50 new cases have been reported in the litera-
ture,84,85,86,87,88,89 many of which were found in a sin-
gle family in Japan.90 The inheritance pattern seems to
be autosomal recessive, although it seemed to be auto-
somal dominant in some families84,86,90 and X-linked
in one.88

Affected patients have a lifelong history of muco-
cutaneous bleeding varying from mild to moderate
in severity, prolonged bleeding time, mild thrombo-
cytopenia, abnormally large platelets, and isolated
reduction of the platelet α-granules content. Occa-
sional patients may have more severe bleeding symp-
toms, including intracranial hemorrhage and post-
surgical bleeding.43 Mild to moderate myelofibrosis,
which seems to be nonprogressive, has been described
in some patients91 and hypothetically ascribed to the
action of cytokines that are present in abnormally high
concentrations in the bone marrow as a consequence
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of their release by the hypogranular platelets and
megakaryocytes.92 Splenomegaly may be present,83,91

and splenectomy may be followed by normalization
of the platelet count but not by an amelioration of the
bleeding diathesis.91 A case report describing a gray
platelet syndrome (GPS) patient with idiopathic pul-
monary fibrosis suggested the intriguing hypothesis
that the abnormal megakaryocytes of GPS may have a
role in the pathogenesis of this condition.93

Gray platelets are severely and selectively deficient
in soluble proteins contained in theα-granule: platelet
factor 4, β-thromboglobulin, VWF, thrombospondin,
fibrinogen, fibronectin, immunoglobulins, albumin,
etc. The extent of the deficiency is more severe for
proteins endocytosed from plasma, such as albumin
and immunoglobulins, than for proteins synthesized
by the megakaryocytes.94,95,96,97 In contrast to solu-
ble proteins, the α-granule membrane proteins are
normal in GPS,96,98,99,100 consistent with the demon-
stration of the presence of empty α-granules in the
GPS platelets101 and the normal production of pre-
cursors of α-granules in GPS megakaryocytes.102 It is
therefore conceivable that GPS platelets have defective
targeting and packaging of endogenously synthesized
proteins in platelet α-granules. This hypothesis is also
consistent with the finding of increased plasma levels
of β-thromboglobulin in GPS patients.103 The target-
ing defect seems to be specific for the megakaryocyte
cell line, as GPS patients have normal Weibel-Palade
bodies, the endothelial cell storage granules equiva-
lent to the platelet α-granules104; however, a decrease
of secondary granules and secretory vesicles in poly-
morphonuclear neutrophils was recently described in
some GPS patients.85,89

Circulating platelets are reduced in number, rela-
tively large, vacuolated, and contain normal numbers
of mitochondria, δ-granules, peroxisomes, and lyso-
somes but specifically lack α-granules.105 The degree
of thrombocytopenia is usually mild, although cases
with platelet counts as low as 20 000/μL have been
described. Platelet aggregation studies show variable
results in GPS patients. Platelet aggregation induced
by ADP and adrenaline in citrated plasma were usually
normal, but impaired aggregation responses induced
by ADP or low concentrations of thrombin or colla-
gen have been described in some patients.91,93,94,95,106

In one patient, defective aggregation induced by
thrombin was associated with reduced expression of
PAR-1,86 while in another patient, defective platelet

response to collagen was associated to an acquired
defect in GP VI expression.107 The secretion of 14C-
serotonin was impaired in some patients103 but not in
others.106

Bevers et al. reported normal platelet prothrom-
binase activity in three patients with GPS.60 In
contrast, another study showed that the collagen-plus-
thrombin–induced prothrombinase activity of plate-
lets from one GPS patient was greatly impaired and
not completely corrected by the addition of exoge-
nous factor Va.59 The results of the latter study are
consistent with the demonstration that α-granule fac-
tor V bound to the surface of platelets that had been
stimulated simultaneously with thrombin and colla-
gen plays a unique role in generating prothrombinase
activity.108

Molecular defects
A family with GPS segregating as a sex-linked trait was
recently described.88 Linkage analysis revealed a 63-
cM region on the X chromosome between markers
G10578 and DXS6797 that segregated with the platelet
phenotype and included the GATA1 gene. Sequenc-
ing of GATA1 revealed a G-to-A mutation at position
759, corresponding to amino acid change Arg216Gln.
Because this mutation was previously described as a
cause of X-linked thrombocytopenia with thalassemia
(XLTT), it is possible that XLTT is within a spectrum of
disorders comprising the GPS and that GATA1 is an
upstream regulator of the genes required for platelet
α-granule biogenesis.88

Quebec platelet disorder
The Quebec platelet disorder (QPD) is an autoso-
mal dominant qualitative platelet abnormality char-
acterized by abnormal proteolysis of α-granule pro-
teins, severe deficiency of platelet factor V, deficiency
of multimerin, low to normal platelet counts, and
markedly decreased platelet aggregation induced by
epinephrine.109,110 Multimerin, one of the largest pro-
teins found in the human body, is present in platelet
α-granules and in endothelial cell Weibel-Palade
bodies111,113; it binds factor V and its activated form,
factor Va. Its deficiency in patients with the QPD is
probably responsible for the defect in platelet fac-
tor V, and other proteins stored in α-granules, as
a consequence of increased generation of plasmin.
This is associated with increased expression and stor-
age of active urokinase-type plasminogen activator
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(u-PA) in platelets in the setting of normal to increased
u-PA in plasma.114–116 Other α-granule proteins are
degraded along with factor V in this disorder, including
VWF, fibrinogen, osteonectin, fibronectin, P-selectin,
and thrombospondin, whereas platelet factor 4, β-
thromboglobulin, albumin, IgG, CD63, and external
membrane glycoproteins are not affected, indicat-
ing that there is restriction in the platelet proteins
degraded.117,118 In addition, electron microscopic and
immunoelectron microscopy studies have indicated
preserved α-granular ultrastructure and normal to
reduced labeling for platelet α-granule proteins, sug-
gesting that the pathologic proteolysis of α-granule
proteins is not secondary to a defect in targeting pro-
teins to α-granules.118

Patients with QPD experience severe posttraumatic
and postsurgical bleeding complications, joint bleeds,
and large bruises that are unresponsive to platelet
transfusion but well controlled by the administration
of antifibrinolytic agents.119

Paris–Trousseau syndrome thrombocytopenia
and the Jacobsen syndrome (or 11q terminal
deletion disorder)
Paris–Trousseau syndrome (PTS) and Jacobsen syn-
drome (JS, now termed 11-q terminal deletion dis-
order) are related disorders associated with a mild
hemorrhagic diathesis; they are characterized by con-
genital thrombocytopenia, normal platelet life span,
and an increased number of marrow megakaryocytes,
many of which show signs of abnormal maturation
and intramedullary lysis. A fraction of the circulating
platelets have giant α-granules, which are unable to
release their contents upon platelet stimulation with
thrombin. A deletion of the distal part of one chro-
mosome 11120–122 involving the Fli.1 gene was found
in the affected patients.120–122 Although the platelet
defect is predominant in PTS, JS, which is character-
ized by a larger deletion of chromosome 11, has a
more severe phenotype, which also includes congen-
ital heart defects, mental retardation, gross and fine
motor delays, trigonocephaly, facial dysmorphism,
and ophthalmologic, gastrointestinal, and genitouri-
nary problems.123

Other congenital abnormalities of the platelet
α-granules
The white platelet syndrome (WPS) is a hereditary,
autosomal dominant macrothrombocytopenia char-

acterized by mild to moderate bleeding symptoms,
prolonged bleeding times, poor responses to all aggre-
gating agents, and unique structural abnormalities of
the platelets, which was described in a large family
of Minnesota.124 Structural abnormalities, which were
seen in a fraction of circulating platelets, included
the presence of fully developed Golgi complexes,
reduced α-granule content, cytoplasmic sequestra-
tion by residual dense tubular system membranes,
autodigestion, larger than normal mitochondria, and
half normal–sized dense bodies.

The Medich platelet disorder was described in a sin-
gle patient and is characterized by macrothrombocy-
topenia and markedly decreased α granules but nor-
mal dense granules. At variance with GPS platelets,
the patient’s platelets did not contain large amounts
of empty vacuoles without granule contents but rather
membranous cigar-shaped inclusions.125

Defects of the α- and δ-granules

α,δ-Storage-pool deficiency
α,δ–Storage-pool deficiency (α,δ-SPD) is a heteroge-
neous congenital disorder of platelet secretion charac-
terized by deficiencies of both α- and δ-granules.126,127

It is important to note that blood samples should
be collected in sodium citrate for measurement of
platelet granule contents, because platelets from some
individuals may undergo degranulation in vitro when
blood is collected into EDTA, resembling α,δ-SPD.43

The phenotypic heterogeneity of this disorder is illus-
trated by the finding that the platelet content of P-
selectin was normal in three members of a family with
mild α,δ-SPD, whereas it was approximately halved
in a patient with severe α,δ-SPD.128 Approximately
80% of platelets from the patient with severe α,δ-
SPD expressed little or no P-selectin after stimula-
tion, whereas the remaining 20% expressed normal
amounts of it. This heterogeneity was not found in the
platelets of the three patients with mild α,δ-SPD. Com-
pared to δ-SPD platelets, which have a normal density,
α,δ-SPD platelets show a shift to the left of the density
distribution, suggesting that α-granules are a major
determinant of platelet density.129 A recent report doc-
umented severe α,δ-SPD in four members of three
generations of the same family and suggested that in
this disorder, theα-granules and dense bodies become
connected to channels of the open canalicular system
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(OCS) and lose their contents to the exterior without
prior activation of the cells.130

The clinical picture and the platelet aggregation
abnormalities are similar to those of patients with
GPS or δ-SPD. As in GPS, the platelet prothrombi-
nase activity in response to collagen plus throm-
bin was impaired in a patient with severe α,δ-SPD
and was not completely corrected by added factor
Va.59 Platelet thrombus formation on everted rabbit
vessel segments under various flow conditions was
severely impaired,58 as was the production of arachi-
donate metabolites after stimulation with arachido-
nate, epinephrine, or collagen.48

ABNORMALITIES OF THE
SIGNAL-TRANSDUCTION PATHWAYS

Impaired liberation of arachidonic acid
from membrane phospholipids

Liberation of arachidonic acid from membrane phos-
pholipids occurs under the action of phospholipase
A2 (PLA2), a Ca2+-dependent enzyme. Four patients
were described with abnormal thrombin-induced
liberation of 3H-arachidonic acid from prelabeled
platelets. TxB2 production after stimulation with ADP
or thrombin was impaired, whereas it was normal
with arachidonic acid.131 However, subsequent stud-
ies of one of these patients showed that his platelets
contained normal amounts of PLA2, while agonist-
induced Ca2+ mobilization (144), G-protein activa-
tion, and immunologic Gaq levels were reduced.132,133

Defects of cyclooxygenase (aspirin-like
defect)

Patients with congenital abnormalities in cyclooxy-
genase, the enzyme catalyzing the first step in
prostaglandin synthesis from arachidonate, have
been described.43 The platelets from these patients
have the same functional defect seen in normal
platelets that had been treated with aspirin, which
irreversibly acetylates the platelet cyclooxygenase:
impaired aggregation and secretion induced by ADP,
epinephrine, collagen or arachidonic acid, normal
responses to TxA2/endoperoxides analogs, and absent
platelet TxA2 production. The actual concentration of
cyclooxygenase antigen in platelet lysates, measured
with an immunoassay, was found to be defective in

some patients only.134,135 It has therefore been pro-
posed that the platelet cyclooxygenase defect can be
subdivided in type 1, characterized by undetectable
levels of the enzyme protein, and type 2, characterized
by the presence of normal levels of a dysfunctional pro-
tein. However, before a diagnosis of type 2 cyclooxy-
genase deficiency can be safely made, caution should
be taken to rule out the possibility of surreptitious or
inadvertent ingestion of acetylsalicylic acid, which is
contained in several generic medications.

In one patient, the synthesis of both platelet TxA2

and vessel wall PGI2 were measured and found to be
severely impaired.136 Since that patient had a mild
bleeding diathesis, the finding suggested that the con-
temporary abolition of TxA2 and PGI2 synthesis results
in a hemorrhagic diathesis rather than in a thrombotic
tendency, as had been previously hypothesized.

6.3 Defects of thromboxane synthetase

Two reports of patients with congenital defects of
platelet thromboxane synthetase have been pub-
lished.137,138 Defreyn et al. described three family
members of three successive generations with mod-
erate bleeding tendency, markedly prolonged bleed-
ing time, absent aggregation induced by arachidonic
acid, and monophasic aggregation induced by ADP
or epinephrine. The platelet production of TxB2 was
decreased, while that of PGF2α , PGE2, and PGD2 was
increased. Plasma levels of the PGI2 metabolite 6-keto
PGF1α were raised. These findings are compatible with
a partial platelet thromboxane synthetase defect and
reorientation of cyclic endoperoxide metabolism to
increased production of the inhibitory prostaglandins
PGI2 and PGD2, which would contribute, in conjunc-
tion with the reduced synthesis of TxA2, to the abnor-
mality of primary hemostasis.

Abnormalities of GTP-binding proteins

Gabbeta et al. described a patient with a mild bleeding
disorder as well as abnormal platelet aggregation and
secretion in response to a number of agonists and evi-
dence of defect in human platelet G-protein α-subunit
function.139 GTPase activity (a function of α-subunit)
in platelet membranes was normal in the resting state
but diminished compared with normal subjects on
stimulation with thrombin, platelet-activating factor,
or the thromboxane A2 analog U46619. Binding of 35S-
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labeled GTP[γ S] to platelet membranes was decreased
under both basal and thrombin-stimulated states.
Immunoblot analysis of Gα subunits in the patient’s
platelet membranes showed a decrease in Gαq (<50%)
but not Gαi, Gαz, Gα12, and Gα13. Gαq mRNA levels
were decreased by >50% in platelets but not in neu-
trophils, which also had normal responses and nor-
mal levels of the protein, suggesting a hematopoietic
lineage–specific defect, possibly due to defects in tran-
scriptional regulation or mRNA stability.140

A patient with a bleeding diathesis and severely
impaired platelet responses to the weak agonists ADP
and epinephrine had markedly reduced platelet lev-
els of Gαi1, a minimally expressed species in human
platelets.141 This finding is somewhat surprising, con-
sidering that Gαi1 has not been recognized to have a
role in platelet function and that studies with Gαi1

knockout mice have so far not revealed any obvious
physiologic abnormalities. Further studies are needed
to elucidate this issue.

Three patients with a bleeding syndrome had a poly-
morphism of the gene encoding the extra large stim-
ulatory G-protein α-subunit (XLSα), associated with
hyperresponsiveness of platelet Gsα and enhanced
intraplatelet cAMP generation.142 The functional poly-
morphism in these patients involves the imprinted
region of the XLSα gene, a phenomenon not described
previously for platelet disorders but already known for
defects expressing phenotypically in other tissues.

Defects in phospholipase C activation

In 1989, Rao et al. described a 42-year-old white
woman and her 23-year-old son who suffered
from a mild hemorrhagic diathesis and whose
platelets underwent abnormal secretion and aggre-
gation induced by ADP, epinephrine, PAF, arachi-
donic acid, and ionophore A23187.143 In both patients,
platelet ADP and ATP contents and TxA2 synthesis
were normal, while the concentration of cytoplas-
mic Ca2+ [Ca2+]i in resting platelets, peak [Ca2+]i
concentrations stimulated by ADP, PAF, collagen,
the prostaglandin endoperoxides analog U46619, and
thrombin were impaired. Subsequent studies indi-
cated that, upon platelet activation, the formation of
inositol 1,4,5-trisphosphate (In1,4,5-P3) and diacyl-
glycerol and the phosphorylation of plekstrin were
abnormal.144 These data suggested that the patients’
platelets had a defect in PLC activation. This hypoth-

esis was confirmed by the finding that platelets from
one of these patients had a selective decrease in one of
the seven PLC isoforms present in platelets, PLC-β2,
suggesting that this isoenzyme may have an impor-
tant role in platelet activation.145 The decreased PLC-
β2 protein levels were associated with a normal cod-
ing sequence and reduced PLC-β2 mRNA levels in
platelets but not in neutrophils, providing evidence
for a lineage (platelet)-specific defect in PLC-β2 gene
expression.146

In 1997, Mitsui et al. described a patient with a
mild bleeding disorder since early childhood, which
was characterized by a prolonged bleeding time and
defective platelet aggregation responses to U46619
and arachidonic acid despite normal binding of [3
H]-labeled U46619. Normal GTPase activity was also
induced in the patient’s platelets by stimulation with
U46619; however, inositol 1,4,5-triphosphate (IP3) for-
mation was not induced by U46619, suggesting that
the patient’s platelets had a defect in PLC activation
beyond TxA2 receptors.147

ABNORMALITIES OF MEMBRANE
PHOSPHOLIPIDS

Scott syndrome

Scott syndrome (SS) is a rare bleeding disorder asso-
ciated with the maintenance of the asymmetry of the
lipid bilayer in the membranes of blood cells, includ-
ing platelets,148,149 leading to reduced thrombin gen-
eration and defective wound healing. The asymmet-
ric phospholipid distribution in plasma membranes
is normally maintained by energy-dependent lipid
transporters that translocate different phospholipids
from one monolayer to the other against their respec-
tive concentration gradients. When cells are activated
or enter apoptosis, lipid asymmetry can be perturbed
by other lipid transporters (scramblases), which shut-
tle phospholipids nonspecifically between the two
monolayers. This exposes phosphatidylserine (PS) at
the cells’ outer surface and in cell-derived microvesi-
cles, which, by providing a catalytic surface for inter-
acting coagulation factors, promotes thrombin gen-
eration. Therefore, the abnormality of this process
accounts for the bleeding diathesis of SS patients,
which is characterized by bleeding episodes following
trauma or surgery, epistaxis, and postpartum bleed-
ing that can be extremely severe, and long-lasting
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menorrhagia resulting in iron-deficiency anemia. SS
is probably transmitted as an autosomal recessive
trait.150

Prothrombin consumption during clotting of whole
blood is defective and clotting time after recalcifica-
tion of kaolin-activated platelet-rich plasma in the
presence of Russell’s viper venom is prolonged. In con-
trast, platelet count and structure are normal, and
no abnormalities of platelet secretion, aggregation,
metabolism, granule content, or platelet adhesion to
subendothelium have been described. Although SS
was originally described as an isolated disorder of
platelet procoagulant activity, the underlying defect
in Ca2+-induced lipid scrambling is not restricted to
platelets but also evident in erythrocytes and Epstein-
Barr virus–transformed B lymphocytes.

It was proposed that defective store-operated Ca2+

entry is a property of the Scott phenotype. How-
ever, recent observations on Epstein-Barr virus–
transformed B lymphocytes from SS patients showed a
perfectly normal store-operated Ca2+ entry, suggest-
ing that a defect in this mechanism is not a general
feature of Scott syndrome.151 A possible defect of the
Gardos channel was recently suggested.152 A novel
missense mutation in the adenosine triphosphate
(ATP)–binding cassette transporter A1 (ABCA1),
C6064G>A (ABCA1 R1925Q), which contributes to the
defective PS translocation phenotype, was found in a
patient with SS.153 A putative second mutation in a
trans-acting regulatory gene in the same patient was
also hypothesized.

Stormorken syndrome

Compared with Scott syndrome, Stormorken syn-
drome, first described in 1985, represents the other
side of the coin, in that resting platelets from affected
patients display full procoagulant activity; yet para-
doxically, the syndrome is associated with a bleed-
ing tendency.154,155 Three members of a kindred were
affected: grandmother, mother, and one son. In addi-
tion to the presence of platelets with a spontaneously
expressed procoagulant surface and microvesicles,
clot retraction was clearly reduced in these patients,
while all other coagulation and fibrinolytic activi-
ties tested were normal. Platelet aggregation in cit-
rated platelet-rich plasma was in the lower normal
range with all the usual agonists except collagen,
which induced clearly reduced platelet aggregation

and secretion of ATP. It must be noted, however, that
studies of platelet aggregation were complicated by a
tendency toward spontaneous platelet aggregation in
whole blood, which resulted in a loss of platelets and
selection of platelet population after centrifugation.
Thrombus formation on purified human collagen type
III under standardized flow conditions was reduced at
shear rates of 650 s−1 and 2600 s−1, whereas platelet
adhesion to the collagen surface was higher than nor-
mal.155 Other clinical manifestations of the syndrome
include asplenia, reduced platelet survival time, mio-
sis, dyslexia, muscle fatigue, and ichthyosis.154

MISCELLANEOUS DISORDERS
OF PLATELET FUNCTION

Primary secretion defects

The term “primary secretion defect” was probably
used for the first time by Weiss to indicate all those ill-
defined abnormalities of platelet secretion not associ-
ated with platelet granules deficiencies.156 The term
was later used to indicate PSDs not associated to
platelet granule deficiencies and abnormalities of the
arachidonate pathway26,75 or, more generally, all the
abnormalities of platelet function associated with
defects of signal transduction.42 With the progression
of our knowledge of platelet pathophysiology, this het-
erogeneous group, which lumps together the majority
of patients with congenital disorders of platelet func-
tion, will become progressively smaller, losing those
patients with better-defined biochemical abnormali-
ties responsible for their platelet secretion defects. An
example is that of patients with heterozygous P2Y12

deficiency who were included in this group of disor-
ders until their biochemical abnormality was identi-
fied.157

In 1981, Wu et al. described a large family with a
hereditary bleeding disorder associated with defective
platelet secretion despite normal platelet granule con-
tents and normal TxA2 production.158 Although the
platelets of these patients might have had an abnor-
mality of TxA2 receptors because they did not respond
to a PGH2 analog, their biochemical abnormality
has not been further elucidated. Hardisty et al. later
reported a patient with similar platelet abnormalities,
including the lack of response to PGH2 and TxA2.159

Of interest are some abnormalities of platelet secre-
tion described in patients with psychiatric disorders,
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such as the attention deficit disorder160 and con-
duct disorder161: these reports emphasize the role of
platelets as a model for neurons in functional disor-
ders.

Other platelet abnormalities

Spontaneous platelet aggregation and decreased
responses to thrombin are observed in patients
with the Montreal platelet syndrome, a rare and
poorly characterized congenital thrombocytopenia
with large platelets.162

Platelet function abnormalities have been reported
in osteogenesis imperfecta, the Ehlers-Danlos syn-
drome, Marfan’s syndrome, hexokinase deficiency,
and glucose-6-phosphate deficiency.1

HEREDITARY DEFECTS OF
ADHESIVE PROTEINS AFFECTING
PLATELET FUNCTION

The interaction of platelets with the vessel wall that
brings about the formation of a hemostatic plug is
secured by the interaction of adhesive proteins, such
as VWF and fibrinogen, with specific platelet recep-
tors. Therefore inherited abnormalities of primary
hemostasis due to impaired platelet interaction with
the vessel wall are caused not only by defects of the
platelet receptors but also by inherited defects of adhe-
sive proteins, such as vWD and afibrinogenemia.

VWD is a bleeding disorder caused by inherited
defects in the concentration, structure, or function of
VWF, which mediates platelet–vessel wall and platelet–
platelet interaction, especially at high shear rates, and
binds factor VIII. VWD is classified into three pri-
mary categories. Type 1 includes partial quantitative
deficiency; type 2 includes qualitative defects, and
type 3 includes virtually complete deficiency of VWF.
VWD type 2 is divided into four secondary categories.
Type 2A includes variants with decreased platelet
adhesion caused by selective deficiency of high-
molecular-weight VWF multimers. Type 2B includes
variants with increased affinity for platelet glycopro-
tein Ib. Type 2M includes variants with markedly
defective platelet adhesion despite a relatively normal
size distribution of VWF multimers. Type 2N includes
variants with markedly decreased affinity for factor
VIII. These six categories of vWD correlate with impor-

tant clinical features and therapeutic requirements.
Inherited VWD has recently been reviewed.163

Inherited fibrinogen disorders can be classified
into qualitative and quantitative anomalies: dysfib-
rinogenemia is characterized by normal circulat-
ing levels of fibrinogen with abnormal function;
hypofibrinogenemia and afibrinogenemia are charac-
terized by reduced or absent fibrinogen in circulation
respectively; and hypodysfibrinogenemia is defined
by reduced fibrinogen with reduced function. All are
due to mutations in one of the three fibrinogen genes,
FGA, FGB, and FGG, which are clustered in a region
of 50 kb on the long arm of human chromosome
4. Inherited fibrinogen disorders have recently been
reviewed.164

PREVALENCE OF CONGENITAL
DISORDERS OF PLATELET FUNCTION
AND THEIR DIAGNOSTIC
EVALUATION

The prevalence of congenital platelet disorders among
the general population is unknown, but it may be
much higher than is generally assumed, probably as
high as that of VWD. Disorders that affect platelet
secretion, either due to platelet granule defects or
to abnormalities of signal transduction, are by far
the most common congenital disorders of platelet
function.

The diagnostic laboratory assessment appropriate
for evaluation of a suspected congenital platelet disor-
der is complex and should be done in specialized lab-
oratories. A two-step diagnostic strategy is suggested.
The first step, based on screening tests, should help
in raising a diagnostic hypothesis, while the second
step, based on specific tests, should confirm the diag-
nostic hypothesis. The first step should include an
assessment of blood counts, a careful evaluation of
the blood smear, and an evaluation of platelet size. As
already mentioned, light-transmission platelet aggre-
gometry is relatively insensitive to the most com-
mon inherited disorders of platelet function, which
involve abnormalities of platelet secretion. Therefore
laboratory tests that measure platelet aggregation and
secretion simultaneously, such as lumiaggregometry,
should be preferred to traditional light-transmission
aggregometry. The first step in the diagnostic workup
of these patients should also include clot retraction,
which, in addition to giving important information
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on platelet function, makes it possible to save patient
serum in which TxB2 can be measured to rule out sur-
reptitious intake of nonsteroidal anti-inflammatory
drugs(NSAIDs) and/or to diagnose inherited abnor-
malities of the arachidonate pathway of platelet acti-
vation.

TREATMENT OF INHERITED PLATELET
FUNCTION DISORDERS

The management of patients with inherited defects of
platelet function focuses on preventing bleeding with
major and minor hemostatic challenges and control-
ling major hemorrhagic events. Minor hemorrhagic
events, such as bruising, do not require treatment.
Four treatment options are available: platelet transfu-
sions, desmopressin (DDAVP), fibrinolytic inhibitors,
and recombinant factor VIIa (rFVIIa).

Platelet transfusions should be reserved for patients
with serious bleeding unresponsive to medical ther-
apies or the most severe platelet function defects,
such as BSS, GT, and SS. In individuals with defi-
cient platelet membrane glycoproteins, there is an
increased risk of alloimmunization from platelet
transfusion therapy, which can limit future responses
to platelet transfusion. This risk appears to be higher
for GT than for BSS.165

Desmopressin can be used in the management of the
more common, less severe platelet disorders and of
milder bleeding manifestations. Desmopressin short-
ens the prolonged bleeding times in most patients with
defects of platelet function; however, the evidence on
its effectiveness in the prophylaxis and treatment of
bleeding in these patients is based on case reports
and clinical experience.166 Desmopressin can be given
intravenously, subcutaneously, or even intranasally.
Common side effects of desmopressin include facial
flushing, temporary fluid retention (regardless of the
route of administration), and, in some individuals,
mild headaches.

Fibrinolytic inhibitors (epsilon-aminocaproic acid
and tranexamic acid) are useful as adjunctive therapy
for preventing and controlling bleeding with dental
extractions or oral/nasal surgery. Short courses (5 to 7
days) of treatment may be helpful for recurrent epis-
taxis. Fibrinolytic inhibitors should not be used to treat
hematuria, and they should be avoided for operative
procedures associated with a high risk of thrombosis
(e.g., orthopedic surgery). Fibrinolytic inhibitor drugs

are the only therapy helpful to prevent and control
bleeding in the QPD.165

Recombinant FVIIa can be used for the management
of serious bleeding in patients with BSS or GT who
no longer respond to platelet transfusions because of
alloimmunization.165

Medical treatment with oral contraceptives and fib-
rinolytic inhibitors is the usual first line therapy in
women with congenital disorders of platelet func-
tion who are experiencing menorrhagia; fibrinolytic
inhibitors may be useful when oral contraceptives
are discontinued to attempt pregnancy. Intrauterine
devices designed to reduce menstrual blood loss are
another option to consider, particularly when patients
are intolerant of medical therapies and do not wish
to become pregnant. Desmopressin nasal spray can
reduce the symptoms of menorrhagia; however, side
effects are common with repeated dosing, so desmo-
pressin therapy for menorrhagia is often restricted to
managing days of heavier menstrual flow in those with
an inadequate response to other therapies.165

CONCLUSIONS
� The prevalence of congenital platelet disorders in

the general population is unknown; it may be much
higher than is generally assumed, probably at least
as high as that of VWD.

� The severity and type of bleeding is influenced by the
severity and nature of the defect. Mucocutaneous
bleeding is typical, including easy bruising, epis-
taxis, and menorrhagia. Postsurgical or posttrau-
matic bleeding typically occurs with a rapid onset.
In severe forms involving abnormalities of platelet
coagulant activity (e.g., SS), bleeding manifestations
more typical of disorders of coagulation, such as
hematoma and hemarthrosis, may occur.

� A two-step diagnostic strategy is recommended. The
first step, based on screening tests, should help in
raising a diagnostic hypothesis, while the second
step, based on specific tests, should confirm the
diagnostic hypothesis. In the first step, laboratory
tests that measure platelet aggregation and secretion
simultaneously, such as lumiaggregometry, should
be preferred to traditional light transmission aggre-
gometry.
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TAKE-HOME MESSAGES

Prevalence
� The prevalence of congenital platelet disorders among the general population is unknown, but it may be much

higher than generally assumed, probably at least as high as in vWD.

Bleeding manifestations
� The severity and type of bleeding is influenced by the severity and nature of the defect. Mucocutaneous bleeding

and early-onset postsurgical and posttraumatic bleeding are typical.
� In severe forms involving abnormalities of platelet coagulant activity, bleeding manifestations that are more typical

of disorders of coagulation, such as hematoma and hemarthrosis, may occur.

Diagnosis
� The evaluation of platelet function should be done in specialized laboratories only. A two-step diagnostic strategy is

recommended:

1. The first step, based on screening tests, should help in raising a diagnostic hypothesis; laboratory tests that

measure platelet aggregation and secretion simultaneously, such as lumiaggregometry, should be preferred to

traditional, light-transmission aggregometry.

2. The second step, based on specific tests, should confirm the diagnostic hypothesis.

Management
� This focuses on preventing bleeding with major and minor hemostatic challenges and controlling major hemorrhagic

events.
� Minor hemorrhagic events, such as bruising, do not require treatment.
� Four treatment options are available:

1. Platelet transfusions: these should be used only to treat serious bleeding unresponsive to medical therapies or

the most severe platelet function defects, such as BSS, GT, and SS.

2. Desmopressin (DDAVP): anecdotal evidence suggests that DDAVP can be used in the management of the more

common, less severe platelet disorders and of milder bleeding manifestations.

3. Recombinant factor VIIa (rFVIIa) can be used for the management of serious bleeding in patients with BSS or GT

who no longer respond to platelet transfusions because of alloimmunization.

4. Fibrinolytic inhibitors are useful as adjunctive therapy for preventing and controlling bleeding with dental extrac-

tions or oral/nasal surgery. They represent the only treatments helpful in preventing and controlling bleeding in

QPD.

� The management of patients with inherited defects
of platelet function is focused on preventing
bleeding with major and minor hemostatic chal-
lenges and controlling major hemorrhagic events.
Minor hemorrhagic events, such as bruising, do
not require treatment. Four treatment options
are available: platelet transfusions, desmopressin
(DDAVP), fibrinolysis inhibitors, and recombinant
factor VIIa (rFVIIa). Platelet transfusions should be
used only to treat serious bleeding that is unrespon-
sive to medical therapies or in the face of the most
severe platelet function defects, such as BSS, GT, and

SS. Recombinant FVIIa can be used for the man-
agement of serious bleeding in patients with BSS or
GT who no longer respond to platelet transfusions
because of alloimmunization. Fibrinolysis inhibi-
tion is the only therapy that can help to prevent and
control bleeding in QPD.

FUTURE AVENUES OF RESEARCH

In our experience, about 50% of patients with clinical
suspicion of inherited defects of primary hemostasis in
whom the diagnosis of VWD had been ruled out do not
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have any of the known inherited disorders of platelet
function. This observation suggests that these patients
may have disorders of platelet function that we do not
yet know and are therefore unable to recognize. The
search for abnormalities of some key molecular tar-
gets, such as the platelet receptors P2Y1 and PAR-1,
has so far been unsuccessful. The rapidly expanding
knowledge of platelet physiology, based on studies in
humans and normal and transgenic animals, will help
to identify molecular targets that may be abnormal in
such patients. On the other hand, better characteriza-
tion of the known defects of platelet function will be
of great value in expanding our knowledge of platelet
physiology and the structure–function relationship.
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INTRODUCTION

A qualitative abnormality of platelet function should
be considered in patients with mucocutaneous bleed-
ing and normal platelet counts. An investigation for
an acquired platelet disorder should commence when
there is no family history – defined as no known
bleeding disorder among first-degree relatives – and
no laboratory evidence for von Willebrand disease
(VWD). In contrast to congenital platelet disorders,
which are rare, acquired disorders of platelet func-
tion are encountered commonly in hematology prac-
tice. Their clinical significance is defined almost exclu-
sively by the patient encounter and, particularly in the
intensive or coronary care unit setting, the impact of
platelet dysfunction on clinical bleeding or bleeding
risk is difficult to extricate from the complex coagu-
lopathies that sometimes arise in the setting of multi-
organ failure, sepsis, and treatment of acute coronary
syndromes with several antithrombotic drugs.1

A variety of medications and systemic diseases have
been implicated in the pathophysiology of platelet
dysfunction. Antiplatelet drugs are the most common
cause, but uremia, hepatic cirrhosis, myeloma, myelo-
proliferative disorders, and cardiopulmonary bypass
have long been recognized as clinical situations in
which platelet dysfunction contributes to bleeding.
Such recognition is the first step needed to correct
the hemostatic defect, as it then directs an effective
treatment – such as platelet transfusion, hemodialysis,
or administration of a nonspecific hemostatic drug.
Recognition must also be coupled to an understand-
ing of the pathophysiology of an acquired disorder of
platelet function.2 This is perhaps of even greater con-
sequence, as it contributes to defining mechanisms
that direct normal platelet function in vivo. Elucida-
tion of the mechanisms of platelet function that are

clinically relevant – those that are essential for normal
hemostasis – is likely to be the best path to the devel-
opment of better, more selective therapeutic agents
for treating bleeding disorders.

CLINICAL ASPECTS

A history of superficial mucocutaneous bleeding is
useful but neither necessary nor sufficient for mak-
ing the diagnosis of platelet dysfunction. At least one-
quarter of persons who complain of serious bleeding
do not have a bleeding disorder and at least one-third
of those who are found to have VWD or a platelet disor-
der offer no bleeding complaints. One must therefore
be precise and exhaustive in asking about or examin-
ing for bleeding, and try to confirm all symptoms with
a physical sign or by repetitive interviews. Table 13.1
lists historical elements of bleeding that point toward
a true bleeding disorder that could be due to VWD or
acquired platelet dysfunction. Table 13.2 lists histor-
ical features suggestive of a true hemorrhagic disor-
der. These include two or more distinct bleeding sites,
such as the skin, nose, gums, vagina, gastrointestinal
tract, or genitourinary tract. Bleeding may be sponta-
neous or provoked, as occurs with dental work, par-
turition, trauma, or surgery. A bleeding history is also
considered significant when there is only a single site
of bleeding so severe that it leads to red cell transfu-
sions. Finally, significant bleeding is indicated by a sin-
gle symptom recurring on three separate occasions.3

Less stringent criteria may also be applied, such as two
bleeding sites, a single site on two different occasions,
or any bleeding accompanied by a targeted interven-
tion, such as desmopressin (DDAVP) or platelet trans-
fusions.4 Questions directed at establishing a solid his-
tory of mucocutaneous bleeding, such as those listed
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Table 13.1. Historical elements of platelet
dysfunction

1. Atraumatic nose bleeding lasting >10 min or

requiring transfusion

2. Atraumatic skin bleeding/bruising as chief complaint

3. Trivial wound bleeding >15 min or recurring

spontaneously within 7 days

4. Oral, tooth extraction, or any other mucocutaneous

bleeding requiring medical attention

5. Spontaneous GI bleeding or menorrhagia causing

anemia or requiring medical attention

in Tables 13.1 and 13.2, should be incorporated into
the medical interview and could even be used as part
of a clinical questionnaire.

When an acquired platelet disorder is suspected, it
may be helpful to examine platelet function by mea-
suring the bleeding time (BT), examining platelet-
dependent closure time in a platelet function ana-
lyzer (PFA), and performing platelet aggregometry.
The ideal situation – a reliably predictive “screening”
test for platelet dysfunction – does not exist: neither
the BT nor the PFA is good for screening asymptomatic
persons.5 They are, however, routinely used to nar-
row diagnostic considerations among patients with
a history of superficial bleeding.6 Neither is affected
by the presence of an acquired or congenital coagu-
lation factor abnormality, attesting to their potential
utility for exclusively evaluating platelet-dependent
hemostasis. Both, however, are influenced by variables
that are easily overlooked; in particular a hematocrit
<30% and common dietary ingestions such as cocoa
or caffeine can result in prolonged PFA closure times
unrelated to a true hemostatic defect.6 Unfortunately,
each also has limited sensitivity: when the BT and
PFA were used to examine platelet function among
148 patients with known platelet disorders associated
with mucocutaneous bleeding, their individual sen-
sitivities were only 36% and 30%, respectively; their
combined sensitivity was only 48%.7 Subset analysis
suggests that the BT is better at identifying platelet
storage-pool deficiency and the PFA is better for diag-
nosing type I VWD.6 It is therefore important to rec-
ognize that a normal BT or PFA closure time does
not rule out a clinically significant acquired platelet
abnormality.

Table 13.2. Significant mucocutaneous bleeding

1. At least two symptoms in the absence of a blood

transfusion history

2. One symptom requiring treatment with blood

transfusion

3. One symptom recurring on at least three separate

occasions

What about the specificity of an abnormal BT or
PFA? This question was addressed by another study
of normal persons.7 Data from 155 tests performed
on these 61 volunteers revealed a PFA false-positive
rate [in this case defined by a prolongation of either
an epinephrine- or adenosine diphosphate (ADP)-
closure time] of almost 16%. For persons ultimately
diagnosed with an acquired platelet disorder, the
specificity of the combined PFA (a prolongation of
both epinephrine and ADP closure times) or the BT
were 79% or 91%, respectively, suggesting that either
test could be used to confirm with reasonable certainty
that platelet dysfunction is the basis for a positive
bleeding history as established by the criteria listed
in Tables 13.1 and 13.2.8 The positive predictive value
of the BT or PFA alone for an acquired platelet function
disorder remains low, however, as most patients with
a prolongation of either are ultimately diagnosed with
VWD.9

Nonetheless, a reasonable first tier of testing is the
BT and PFA closure time, which, when used together,
have a sensitivity of about 50% for diagnosing an
acquired platelet disorder. This can then be followed
by a panel of tests to evaluate for VWD, which can be
useful even when the BT and PFA are normal.4 Test-
ing for VWD is important because it is common (up to
1% of screened schoolchildren may be affected), the
history and screening tests for VWD are unreliable at
making or excluding the diagnosis, and the diagnosis
of VWD often leads to specific clinical interventions.3

One approach for additional diagnostic testing to
evaluate a clinically significant bleeding history after
VWD is ruled out is suggested. Platelet aggregation
testing should be used next, even when the results
of BT and PFA are normal in patients with a con-
vincing bleeding history. Platelet aggregation is help-
ful in identifying a functional platelet disorder that
may not be clear from the history, such as an aspirin
effect (absent response only to arachidonic acid), a
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thienopyridine effect (diminished or absent response
to ADP), or the effects of a β lactam antibiotic or a
paraprotein (decreased aggregation in response to all
agents). When aggregometry fails to reveal a functional
platelet disorder, one can explore for a more subtle
activation defect using flow cytometry to measure the
surface expression of activated αIIbβ3 or the α-granule
constituent P-selectin (CD62P).10 One can also look for
a secretory defect using a lumiaggregometer, which
measures dense-granule release of ADP and ATP by
luminescence; by using direct measurements of the
ratio of ATP/ADP following platelet stimulation;10 or
by platelet electron microscopy, which reveals dense-
and α-granule number and morphology.

There are many additional tests reported to have
some value in objectively documenting platelet dys-
function.11,12,13,14 None of these are known to be of
any reliable predictable diagnostic utility except per-
haps in monitoring antiplatelet therapy or the efficacy
of a hemostatic drug (see below). The retention test
Homberg measures platelet counts before and after
citrate-anticoagulated platelet-rich plasma (PRP) is
centrifuged through a polyurethane filter.11 The clot
signature analyzer is considered to be a test of “global
hemostasis.”12 This utilizes a commercial device that
pushes nonanticoagulated whole blood through a cas-
sette that has two perfusion channels, one of which
includes bovine type I collagen. Luminal pressure is
continuously monitored. The first perfusion chan-
nel is punctured twice; its pressure drops as blood
flows through the punctures, and the time it takes for
the pressure to be restored by platelets plugging the
two punctures is considered the “platelet hemostasis
time.” Flow is then redirected through the first cas-
sette until its lumen becomes completely occluded by
a fibrin clot; this is called the “clot time.” Occlusion
of flow through the second collagen-containing cas-
sette is measured by the drop in pressure to 0; the time
it takes for “collagen-induced thrombus formation” is
considered to reflect shear- and Von Willebrand fac-
tor (VWF)-dependent platelet thrombus formation.
The platelet reactivity index (PR) measures circulat-
ing platelet aggregates by comparing platelet counts in
EDTA-anticoagulated whole blood in the absence and
presence of 1% formalin.14 The theory behind the test
is that spontaneous platelet aggregates or aggregates
formed during phlebotomy will be fixed by formalin
but dispersed during incubation with EDTA for 30 min.
After correction for sampling error (by establishing the

ratio of red cells in the two specimens), the PR is calcu-
lated as the ratio of the platelet count in EDTA/platelet
count in EDTA-formalin. The PR has been mainly
applied as a measure of platelet hyperfunction or for
examining in vivo effects of antiplatelet drugs. The
thromboelastograph platelet mapping system mea-
sures the strength of heparinized whole blood clots
generated by reptilase and factor XIII in the absence
and presence of either arachidonic acid or adenosine
ADP. The impact cone and plate(let) analyzer is an
automated system that uses a rotating Teflon cone to
generate a shear rate of 1200 s−1. The cone is placed in a
cup coated with subendothelial matrix and filled with
citrate-anticoagulated whole blood, which is sheared
for 2 min. The matrix is washed, stained, analyzed by
quantitative imaging, and the extent of cup coverage
and size of aggregates are reported. Plateletworks�

is a simple automated system that compares single
platelet counts in EDTA-anticoagulated whole blood
with single platelet counts in ADP- and collagen-
stimulated citrate-anticoagulated whole blood. The
VerifyNow� is a FDA-approved system for rapid anal-
yses of platelet inhibition by αIIbβ3 [glycoprotein (GP)
IIb/IIIa] blockers, aspirin, and thienopyridines (see
below). It is considered a “point-of-care” test and has
been reported to predict efficacy – or the lack thereof –
of these antiplatelet agents.13 Citrate-anticoagulated
whole blood is mixed with fibrinogen-coated beads
and stimulated with either a thrombin receptor–
activating peptide, arachidonic acid, or ADP. Aggre-
gation is measured by light transmission, exactly as
is done in conventional nephelometric platelet aggre-
gometry.

IATROGENIC ACQUIRED
PLATELET DISORDERS

Medications

Many drugs affect platelet function in vitro.15 Only
a limited number of them predictably cause clinical
bleeding, however, and they are usually readily iden-
tifiable because they are antiplatelet drugs commonly
used to prevent or treat arterial thrombosis.16

Aspirin
The antiplatelet effect of aspirin is mediated via irre-
versible acetylation of platelet cyclooxygenase 1 (COX-
1) with resultant inhibition of thromboxane A2 (TxA2)
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production for the life span of the platelet (7 to 10
days). Small doses of aspirin (e.g., a dose of 81 mg
taken for several days) cause complete inhibition of
TxA2 production, but larger doses (325 mg or more)
are needed to prolong the BT (which usually remains
within the normal range).17,18 The clinical hemostatic
risk associated with aspirin is predictable: about 5%
to 10% minor bleeding and 1% to 2% major bleed-
ing (defined as bleeding requiring hospitalization or
red cell transfusion). In the U.S. Physicians Health
study of 22 000 male physicians receiving 325 mg of
aspirin (or placebo) every other day, hemorrhagic
stroke was observed in 0.2% of the aspirin group ver-
sus 0.1% of the placebo group (not significant), but
gastrointestinal (GI) bleeding requiring transfusions
was significantly increased by aspirin (0.5% vs. 0.3%
in the placebo group). GI bleeding is dose-dependent,
but the antithrombotic and antihemostatic effects of
aspirin remain constant at all doses above 75 mg,
indicating a direct adverse effect of aspirin on COX–
mediated gastric mucosal cytoprotection.

Laboratory monitoring of aspirin

There have been numerous reports examining the util-
ity of testing for the effects of aspirin in vivo as a
way to predict or measure its efficacy in atherothrom-
botic disorders. In no case has such testing been con-
clusively shown to be beneficial,5 and “no test of
platelet function is currently recommended to assess
the antiplatelet effects for aspirin (or clopidogrel) in
individual patients.”19 Nonetheless, a summary of
the rapidly expanding activity in this field of clinical
research – which may someday lead to new standards
of care – is germane and likely to be interesting to those
who investigate and/or treat arterial thrombotic dis-
orders (see Chapter 22).

Neither the BT nor most of the tests of platelet func-
tion listed above are useful for objective measure-
ment of the effect of aspirin on platelet function. The
PFA closure time in response to epinephrine but not
ADP is prolonged in 95% of healthy volunteers taking
aspirin but is prolonged in far fewer patients (<50%)
receiving aspirin for coronary or peripheral arterial
diseases,5 suggesting that it is not a good way to assess
an aspirin effect in those populations in which mea-
surement could be considered most desirable. The
VerifyNow� Aspirin assay is very specific because it
uses arachidonic acid to stimulate platelet aggrega-
tion and, in in vitro systems, arachidonic acid works

exclusively through COX-1–mediated conversion to
TxA2. Its clinical utility remains unproven, however.
Perhaps the best way to measure the effect of aspirin
on platelets in vivo is to assay serum TxB2, which is
the metabolite of TxA2, or the urinary excretion of
the TxA2 metabolite 2,3 dinor-TxB2.20 These measure-
ments have been used to establish mechanistically the
best example of true biochemical aspirin resistance:
that due to interference by nonselective nonsteroidal
anti-inflammatory drugs (NSAIDs) (see below).

Aspirin resistance exists when ex vivo platelet acti-
vation is unaffected by aspirin ingestion.21,22,23,24 This
is discussed in Chapter 22. It is advised that “other than
in research trials, it is not currently appropriate to test
for aspirin ‘resistance’ in patients or to change therapy
based on such tests.”21,22,23

One well-worked-out example of “aspirin resis-
tance” has been established by measuring serum TXB2

levels in persons taking aspirin and another NSAID.20

Non-aspirin NSAIDs reversibly inhibit platelet COX-
1, and platelet function is quickly restored after the
NSAID is stopped. For example, PFA closure times
return to baseline 24 h after a 7-day course of ibuprofen
(600 mg thrice daily) is completed.25 Clinical bleed-
ing due to the effect of an NSAID on hemostasis
is unlikely, but there is a paradoxical prothrombotic
effect of ibuprofen when it is ingested within 2 h of
taking aspirin (Table 13.3). When taken shortly before
aspirin, 400 mg ibuprofen antagonizes the antiplatelet
effect of aspirin because it transiently blocks aspirin’s
target acetylation site on serine 529 of COX-1.20 This
effect may also be seen with the nonselective NSAID
naproxen, but it is not seen with a selective COX-
2 inhibitor such as rofecoxib or with diclofenac or
acetaminophen.21,26

Thienopyridines
Thienopyridine antiplatelet agents are increasingly
being used in patients with vascular disease. Clopi-
dogrel has virtually supplanted ticlopidine because of
the latter’s association with life-threatening hemato-
logic effects (thrombotic thrombocytopenic purpura,
agranulocytosis, and aplastic anemia). Both of these
medications bind irreversibly to the purinergic P2Y12

ADP receptor on platelets, thereby inhibiting platelet
aggregation triggered not only by ADP directly but also
by ADP released from dense granules when platelets
are activated by other stimuli.27 Steady-state inhi-
bition of platelet function occurs after three to five
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Table 13.3. AHA scientific advisory on the use of
NSAIDS

1. There is evidence that ibuprofen and naproxen, but

not the COX-2 inhibitor rofecoxib, acetaminophen, or

diclofenac, interfere with the ability of aspirin to

irreversibly acetylate the platelet COX-1 enzyme, and

it would be expected, although it has not been

proven, that this would reduce the protective effect of

aspirin on risk for atherothrombotic events

2. There is an increased risk for MI, stroke, CHF, and

hypertension among users of NSAIDS

3. Risk is greatest in patients with history or risk factors

for cardiovascular disease

4. For these patients COX-2 inhibitors should only be

given in the absence of alternative treatments, in

lowest dose and shortest duration

5. The use of any COX inhibitor – even OTC NSAIDS – for

any long periods should “only be considered in

consultation with a physician”

daily doses of 75 mg clopidogrel, but it is achieved
much sooner when a 300-mg loading dose is given,
as is frequently done in acute coronary syndromes.
Clopidogrel prolongs the BT more than aspirin
does – to about 2.5 times baseline levels.18 Despite this
difference, the risk of clinical bleeding with clopido-
grel is similar to the risk with aspirin. After cessation of
clopidogrel, platelet function is about 50% of normal
at 3 days and back to normal after 7 days.28

Clopidogrel in combination with aspirin is being
used with increasing frequency to prevent or treat
arterial thrombosis. One might expect that increased
antithrombotic efficacy will be achieved at the cost
of increased hemostatic toxicity, as clopidogrel plus
aspirin synergistically prolong the BT to almost five
times baseline levels, but so far the bleeding compli-
cations of chronic dual antiplatelet therapy are barely
greater than that observed with aspirin alone. For
example, the recently reported CHARISMA (Clopido-
grel for High Atherothrombotic Risk and Ischemic Sta-
bilization, Management, and Avoidance) study of over
15 000 persons with risks for or overt coronary artery
disease showed fatal, severe, and moderate bleeding in
0.3%, 1.7%, and 2.1% annually among enrollees given
dual antiplatelet therapy versus 0.2%, 1.3%, and 1.3%,
respectively, among those receiving aspirin alone. The

only significant difference was in moderate bleeding,
defined as bleeding requiring transfusion, but that was
not intracranial, did not lead to hemodynamic com-
promise, and did not require surgical intervention.29

Laboratory monitoring of clopidogrel and

clopidrogel “resistance”

The concept that one might measure clopidogrel’s
antiplatelet effects or clopidrogel resistance and apply
such a measurement to determine clinical progno-
sis or modify therapeutic interventions is derived
directly from the aspirin paradigm. Like aspirin,
however, thienopyridines’ effect on platelets is nar-
rowly specific, and there are numerous proaggrega-
tory biochemical activation pathways that bypass its
inhibitory effect. In fact, the platelet possesses at least
two proaggregatory purinergic receptors (the P2Y1 and
P2X receptors) in addition to the P2Y12 receptor, and
neither of these is affected by clopidogrel or ticlopi-
dine.

Currently there are no reliable platelet function
tests for measuring clopidogrel’s antiplatelet effect or
clopidogrel resistance.13 The PFA closure time is noto-
riously unreliable.5,6 Platelet aggregometry and the
VerifyNow� P2Y12 assay may be the most specific,
but they are technically challenging and suffer from
poor reproducibility, largely because of the effect of
the exogenous ADP reagent added as the stimulus –
as well as the effect of endogenous ADP released from
activated platelets – on the P2Y1 and P2X receptors.
To circumvent this, the VerifyNow� P2Y12 assay adds
the adenylyl cyclase stimulator prostaglandin E1 to
the reaction mixture. This raises platelet cyclic AMP,
which antagonizes many activating pathways in addi-
tion to those induced by the P2Y1 and P2YX receptors,
thus introducing confounding effects into the system
that make its standardization and interpretation even
more difficult.

The αIIbβ3 blockers
GP IIb/IIIa (integrin αIIbβ3) antagonists are the most
potent inhibitors of platelet function. Three drugs
are currently marketed in the United States. Abcix-
imab is a chimeric human–mouse Fab immunoglob-
ulin fragment that binds to platelet αIIbβ3 and inhibits
platelet interactions with fibrinogen and/or VWF. It is
the prototypical inhibitor of the final common path-
way of platelet aggregation. Tirofiban is a cyclic pep-
tide that has an amino acid sequence recognized by
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the platelet αIIbβ3 receptor. Eptifibatide is a linear
peptide blocker of αIIbβ3. Although structurally
unique, these three commercially available αIIbβ3

inhibitors present similar mechanisms of action and
therapeutic indices. All are administered as bolus
injections followed by a continuous infusion. In
patients undergoing a percutaneous coronary inter-
vention (PCI), such as angioplasty and stenting, they
are almost always coadministered with heparin and
with aspirin, clopidogrel, or both aspirin plus clopi-
dogrel. In this setting, the αIIbβ3 blockers reduce mor-
tality at 30 days by at least 25%. There does not appear
to be a net increase in the benefit/risk ratio whenαIIbβ3

inhibitors are used in acute coronary syndromes with-
out PCI or with thrombolytic therapy.16 With multiple
antithrombotic drugs being given simultaneously, it
follows that αIIbβ3 blockade is part of an overall clini-
cal picture inevitably associated with poor hemostasis.
Bleeding occurs in about 10% of patients receiving an
αIIbβ3 antagonist. Intracranial bleeding and death due
to bleeding are, however, extremely rare (<0.5% and
<0.1%, respectively). The antiplatelet effect of αIIbβ3

antagonists is of shorter duration than that of aspirin
or clopidogrel. There is variability between abciximab
and the small molecules in this respect, since abcix-
imab has a higher affinity and a lower dissociation con-
stant. Whereas unbound abciximab is rapidly cleared
(within the first 6 h after the infusion is stopped), elimi-
nation of the αIIbβ3-bound drug is significantly slower,
and some residual receptor blockade (about 25%) can
be seen up to 7 days later. The antiplatelet effect of the
small molecules is directly proportional to their elim-
ination half-life, and it typically subsides within hours
of stopping the infusion.30

Laboratory monitoring of αIIbβ3 blockers

Platelet point-of-care testing was developed in large
part to optimize the therapeutic index of the αIIbβ3

blockers. Both the VerifyNow�IIb/IIIa assay and the
Plateletworks� assay rapidly and reliably measure
αIIbβ3 blockade, comparable to platelet aggregome-
try.13,31 They are capable of quantifying the magni-
tude of platelet αIIbβ3 blockade, including differences
in blockade resulting from different αIIbβ3 blockers.31

Although these assays have been used as a prognostic
tool (for example, the VerifyNow� IIb/IIIa assay may
predict clinical outcomes after abciximab is used in
patients undergoing PCIs 32), their utility in guiding
management is at this time uncertain.

Managing bleeding associated with αIIbβ3 blockers

Bleeding associated with αIIbβ3 blockers occurs within
a clinical context that requires emphatic attention to
two specific facts: (1) the top priority is to optimize
antithrombotic therapy and minimize risk of arterial
vasoocclusion and (2) the hemostatic defect is multi-
factorial. One must therefore remain vigilant for clin-
ical, electrocardiographic, laboratory, or radiographic
evidence of ongoing ischemia and react cautiously to
bleeding even when it appears severe. The fact that
the top clinical priority is maintaining coronary artery
perfusion provides a reasonable explanation for why
a potent nonspecific hemostatic agent such as recom-
binant activated factor VIIa – which appears to be an
effective treatment for intractable bleeding related to
congenital αIIbβ3 deficiency (Glanzmann’s thrombas-
thenia) – will require careful clinical investigation in
order to elucidate whether and how it should be used
in this setting.33

The best initial treatment for bleeding-associated
platelet αIIbβ3 blockade is to turn off the infusion.34

This is all that is generally needed with tirofiban and
eptifibatide because of their short half-lives. Platelet
transfusions should be given after abciximab is dis-
continued because abciximab has a long-lasting effect
on blocking platelet αIIbβ3, and they are also recom-
mended in any setting in which potentially hemody-
namically significant bleeding continues despite turn-
ing off the αIIbβ3 blocker infusion.

Paradoxical prothrombotic drug effects

Although αIIbβ3 inhibitors are indicated in selected
patients with acute coronary syndrome (ACS), sev-
eral studies have shown a paradoxical increase in
adverse events. Five trials investigating oral antag-
onists showed statistically significant increases in
mortality and two trials with intravenous agents
showed trends toward increased mortality. The com-
mon thread among these trials is that the drug was
given over a more prolonged time at less than satu-
rating doses. There is evidence that >80% blockade of
αIIbβ3 is required for an antithrombotic effect, and it
is theorized that lesser blockade leads to increased
inflammation and risk of thrombosis, possibly
because platelets become activated by ligand binding
to residual unblocked αIIbβ3.35

COX-2–specific inhibitors were developed to avoid
the GI side effects of COX-1 inhibition seen with
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nonselective NSAIDs. These medications have no
effect on platelets, which do not express COX-2. Ini-
tial short-term studies investigating analgesic effects
revealed no adverse cardiovascular events. These stud-
ies largely excluded patients at high risk of cardio-
vascular events. Recent studies using these medica-
tions in trials of colorectal adenoma prevention and
after cardiac surgery have demonstrated an increased
risk for cardiovascular complications.36 The mecha-
nism appears to be that COX-2–mediated production
of prostacyclin is inhibited while platelet production
of TxA2 production is unaffected. Because prostacy-
clin inhibits platelet function and is vasodilatory, its
decrease tips the prothrombotic–antithrombotic bal-
ance in favor of thrombosis. Future investigations will
determine if nonselective NSAIDs also unfavorably
influence the natural history of arterial atherothrom-
bosis.37 For now, one should use the recommenda-
tions of an American Heart Association (AHA) Advi-
sory Committee – summarized in Table 13.3 – to guide
patient management.38

Sildenafil and related medications used to treat erec-
tile dysfunction work by inhibiting phosphodiesterase
and elevating vascular smooth muscle cyclic guano-
sine 3′,5′ monophosphate (cGMP), which is vasodila-
tory. Platelets also have a phosphodiesteras, which
is considered to be a mediator of a generally antiag-
gregatory response. Mucocutaneous bleeding has not
been a side effect of these medications, but ischemic
retinopathy and acute coronary syndromes have been
reported. In neither case has the pathophysiology of
the side effect been proven to be related to platelet
activation. Retinal ischemia appears to be due to a
drug effect on the vessel wall and blood flow.39 The
cause of sildenafil-related platelet-mediated coronary
ischemia is less certain; concerns about a proaggrega-
tory effect of cGMP40 appear to be diminishing in the
face of abundant contradictory evidence.41,42

Miscellaneous medications, supplements,
and even foods associated with
platelet dysfunction

Clinical bleeding and abnormal platelet function can
be seen with various β-lactam antibiotics (penicillins
more commonly than cephalosporins). This is in large
part attributable to impairment of the interaction
between agonist–receptor pairs because the β-lactam
binds robustly – and reversibly – to the platelet sur-

face.43 The clinical effect is most severe in hypoalbu-
minemic patients because higher levels of unbound
drug interact with the platelet surface. It may be
long-lasting due to a residual impairment of recep-
tor function even after the antibiotic is discontinued.
β-Lactam compounds probably contribute to clinical
bleeding only when there is a coexisting hemostatic
defect, such as uremia, thrombocytopenia, or vitamin
K deficiency.

A number of commonly used prescription drugs
that affect platelets in vitro probably have little or
no clinical effect. Although statins, cilostazol, fluox-
etine, and epoprostenol have been reported to cause
abnormal platelet function testing, none have yet
been observed to cause significant bleeding side-
effects.44,45,46,47 There are also nonprescription drugs,
commonly used herbal medications, foods, and spices
that affect platelet function in vitro for which there
is only anecdotal evidence of clinical bleeding.47,48

Included among these are flavonoid-containing
chocolate, cocoa, green tea, and red wine; allicin
and ajoene-containing garlic; ginkgolides-containing
ginkgo biloba concoctions; turmeric-containing cur-
ries; and onion.49

Iatrogenic causes unrelated to drugs

Although there are many causes for bleeding during
and after cardiopulmonary bypass (e.g., the use of hep-
arin, complement activation, and contact-induced
fibrinolysis), platelet dysfunction is considered to be
an important factor. Platelets become activated and
degranulate in the extracorporeal circuit, thus impair-
ing their ability to function in vivo. In addition to
degranulation caused by the artificial membranes,
platelet function is compromised by the large doses
of heparin and the hypothermia they encounter dur-
ing prolonged cardiopulmonary bypass.50 Cardiopul-
monary bypass–related platelet dysfunction is com-
mon enough that its presence can be taken for granted
whether or not a patient suffers from postbypass
mucocutaneous bleeding. Testing to confirm it is
rarely needed, although platelet aggregometry, PFA
closure times, and flow cytometry are good at demon-
strating “spent platelets.” The ubiquitous hemostatic
risk caused by antithrombotic therapy and extracor-
poreal blood flow has in the past been treated preven-
tively by infusing the antiproteolytic drug aprotonin to
patients undergoing coronary artery bypass surgery.
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Recent data indicate that aprotonin’s therapeutic
index is dangerously narrow, leading the U.S. FDA to
publish a clinical alert recommending that its use be
limited.51,52

PLATELET DYSFUNCTION ASSOCIATED
WITH KIDNEY DISEASES

The most common systemic disorder implicated in
clinically important platelet dysfunction is uremia.
Mucocutaneous bleeding occurs in nearly one-third
of all uremic patients, and several dangerous clini-
cal sequelae, such as overt GI bleeding and hemor-
rhagic pericarditis, are commonly observed in the ure-
mic state.53 Mucocutaneous, epithelial, and serosal
bleeding is in large part due to intrinsic platelet dys-
function.53,54 Additionally, anemia from erythropoi-
etin deficiency results in defective platelet adhesion
due to its rheologic effect of reducing the proportion
of circulating platelets distributed to the periphery of
flow and available to collide with and stick to a dam-
aged vessel wall.53

The intrinsic platelet abnormality appears to be
due to various circulating substances that impair
platelet adhesion, activation, and aggregation. The
most important substance is probably nitric oxide
(NO), which diffuses into platelets, activates soluble
guanylate cyclase, and inhibits platelet adhesion, acti-
vation, and aggregation. NO is present at higher levels
in uremic patients for several reasons, one of which
is accumulation of guanidinosuccinic acid (GSA) sec-
ondary to inhibition of the urea cycle.54

A recently described abnormality of uremic platelets
has been suggested to provide a mechanistic expla-
nation for the apparently paradoxical prothrombotic
complication of treated uremia manifested by recur-
rent graft and/or fistula occlusion. This “hyperco-
agulability” was observed to be related to increased
platelet surface exposure of phosphatidylserine (PS).55

Following platelet activation, PS is normally trans-
ported from the inner to the outer leaflet of the
plasma membrane, where it promotes the assembly
of soluble coagulation factor complex and the gen-
eration of fibrin. Evidence suggests that PS “flips”
to the external surface of platelets due to the activ-
ity of the apoptotic enzyme caspase-3, and it is
hypothesized that caspase-3 becomes activated in
uremic platelets or perhaps is constitutively over-
active in platelets released from megakaryocytes

altered by uremia and/or its treatment with erythro-
poietin.55,56

The diagnosis of uremic thrombocytopathy is usu-
ally made clinically. It requires that anemia first be
partially corrected to a hemoglobin concentration
of about 11 g/dL57 and that other conditions such
as thrombocytopenia and coagulopathy be excluded.
Although the BT, platelet aggregometry, PFA closure
times, and platelet flow cytometry have been used to
try to objectify uremic platelet dysfunction (each test
is abnormal in approximately 50% of uremic patients),
none has emerged as an essential – or even a par-
ticularly useful – tool for routinely managing ure-
mic or dialysis patients when they are bleeding or
in preparing for an invasive procedure.58,59,60 Keep
in mind that anemia causes false-positive prolon-
gation of the BT and PFA closure times and that
platelet aggregometry is the best way to identify an
intrinsic platelet defect in uremic patients who are
anemic.58

Dialysis is the mainstay for treating platelet dysfunc-
tion in uremic patients. Both hemodialysis and peri-
toneal dialysis remove many potentially platelet-toxic
substances, including GSA. Dialysis improves clinical
bleeding and decreases the bleeding time but appears
to have no effect on the PFA closure times.59,60 In cer-
tain circumstances, uremic bleeding can be treated for
a short period – perhaps two to three doses over 24 to
48 h – with the hemostatic agent desmopressin, which
stimulates the release of stored VWF from endothelial
cells. Over the longer term but limited to about 1 to
2 weeks, uremic bleeding can be treated with con-
jugated estrogens, which stimulates endothelial VWF
synthesis. Neither approach is supported by well-
controlled, reproducible clinical trials but rather on
the assumption that desmopressin-induced improve-
ment in bleeding time61 or PFA closure times6 reflects
improvement in hemostasis in vivo.

PLATELET DYSFUNCTION ASSOCIATED
WITH LIVER DISEASE

Patients with cirrhosis demonstrate slightly abnormal
platelet function, which may contribute to impaired
hemostasis.58 Most bleeding in these patients is unre-
lated to a functional platelet disorder, however, and
serious bleeding is usually caused by thrombocy-
topenia, coagulopathy, and acquired vascular abnor-
malities.62 In patients with viral hepatitis, bleeding
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occurs despite elevated VWF levels,63 perhaps because
of a qualitative platelet abnormality caused by platelet
“preactivation,” resulting in granule-depleted (or
“spent”) platelets. This problem may be reversible with
effective antiviral therapy.64

Specific treatments for cirrhosis-related platelet
dysfunction are lacking. Desmopressin has been used
as a prophylactic treatment for patients with muco-
cutaneous bleeding and a prolonged BT or PFA clo-
sure time when they are undergoing invasive diag-
nostic procedures, but it is not an effective control for
acute GI bleeding in patients with cirrhosis.61 Cirrhotic
patients with severe variceal bleeding and a complex
coagulopathy may benefit from treatment with recom-
binant activated factor VII.65

DISSEMINATED INTRAVASCULAR
COAGULATION

Disseminated intravascular coagulation (DIC) is a
clinical syndrome manifested by consumptive coag-
ulopathy, thrombocytopenia, and microangiopathic
hemolytic anemia. It is associated more commonly
with bleeding than with thrombosis, but hypercoagu-
lable DIC patients may be anticoagulated and thereby
suffer this additional iatrogenic hemostatic defect.
There is some evidence that an acquired storage-
pool disorder due to in vivo platelet hyperactivity also
occurs and that intrinsic platelet dysfunction associ-
ated with DIC is measurable with platelet function
testing.66

Within the complicated clinicopathologic milieu
typical of DIC, it is rare to identify an acquired
platelet function abnormality as a major pathologic
element. Bleeding associated with thrombocytope-
nia in these patients is treated with platelet transfu-
sions, which will also provide an effective treatment for
any qualitative platelet abnormality. Otherwise, DIC-
associated platelet dysfunction remains a pathophysi-
ologic epiphenomenon best treated by fixing the cause
of DIC.

PLATELET DYSFUNCTION ASSOCIATED
WITH BLOOD DISEASES

Patients with hematologic disorders experience hem-
orrhagic complications for a number of reasons. Most
commonly the primary etiology is thrombocytopenia
or coagulopathy. In some cases, however, platelet dys-

function may be a contributing or even a predomi-
nant factor.

Myeloproliferative disorders

The myeloproliferative disorders (MPDs) have long
been known to be associated with an increased risk
of both thrombotic and hemorrhagic complications.
The overall incidence of thrombosis in these patients
is higher and the clinical consequences of thrombosis
tend to be more severe than those caused by bleed-
ing. In fact, it has been shown to be safe to treat high-
risk patients with essential thrombocythemia (those
above age 60 with risk factors for thrombosis or a
prior history of thrombosis) with aspirin to reduce
their risk of thrombosis.67 It is clear, however, that cer-
tain patients have significant problems with bleeding
and that some have both thrombotic and hemorrhagic
complications during the course of their disease.

The pathophysiology of bleeding in MPD in some
cases is due to the acquired von Willebrand syndrome
(AvWS). In these patients, extreme thrombocytosis
(i.e., platelet counts in excess of 1 million/μL) results
in accelerated clearance of large VWF multimers from
the circulation. This appears to be due to direct bind-
ing of platelets to the large VWF multimers and to
increased VWF proteolysis by the ADAMTS-13 pro-
tease.68,69 These abnormalities are often associated
with mucocutaneous bleeding.

Although there are reports of AvWS with bleeding
in patients with secondary thrombocytosis,3,4 it is not
clear how the diagnosis of essential thrombocythemia
(ET) was excluded.70 Other investigators have demon-
strated a decrease in the percentage of large VWF
multimers in patients with secondary thrombocytosis
(such as postsplenectomy patients), but these patients
do not have an increased risk of bleeding.71 In gen-
eral, in contrast to patients with MPD, patients with
secondary thrombocytosis are not at increased risk
of either thrombosis or hemorrhage; even with very
high platelet counts, they do not require cytoreduc-
tion. This may be due to the fact that the platelets in
MPD also have several intrinsic functional abnormal-
ities that can contribute to thrombosis and/or hemor-
rhage. These include abnormal aggregation responses
(both decreased aggregation to agonists and sponta-
neous aggregation), an acquired storage-pool defect,
abnormal surface receptor expression or function, and
abnormal arachidonic acid metabolism.72
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The BT is prolonged in less than one-quarter of
patients with MPD. In contrast, impaired aggrega-
tion with at least one agonist can be demonstrated
in more than half of patients. The most character-
istic abnormality is a lack of the primary response
to epinephrine. Often the secondary response is also
absent and patients may have abnormal responses to
ADP and collagen but aggregate normally with arachi-
donic acid (in the absence of aspirin use).68 How-
ever, none of these abnormalities correlate with risk
for bleeding complications; therefore they are not
useful to screen asymptomatic patients. In contrast,
in patients with extreme thrombocytosis (platelets
>1 million/μL), it is advisable to rule out clinically sig-
nificant AvWS prior to initiating aspirin therapy. Labo-
ratory tests will reveal normal levels of factor VIII and
VWF antigen but decreased ristocetin cofactor and
collagen binding activity, consistent with a type II–like
AvWS.71

In cases of AvWS, platelet cytoreduction causes nor-
malization of laboratory parameters and resolution of
bleeding symptoms.68 Platelet apheresis may be bene-
ficial if rapid reduction of the platelet count is required,
but its effects are short-lived. Hydroxyurea is gener-
ally the drug of choice in all situations except preg-
nancy, where interferon α is recommended.73 DDAVP
and VWF-containing factor VIII concentrates may also
have transient effectiveness, but they are associated
with thrombotic complications and thus should be
used with extreme caution, if at all.68

Leukemias

Platelets from many patients with leukemia or
preleukemic states demonstrate abnormal function in
vitro. Platelets of patients with acute myeloid leukemia
may display impaired aggregation when stimulated
with thrombin and collagen. The specific defect is not
precisely known; however, it appears to be an intrin-
sic abnormality of the platelets rather than a circulat-
ing inhibitor because plasma from affected patients
does not affect aggregation of normal platelets.74

It is hypothesized that the abnormal platelets are
derived from a leukemic stem cell. There are reports
of similar, less severe abnormalities in patients with
myelodysplastic syndromes75; it is hypothesized that
the attenuated phenotype is due to the presence
of abnormal clones of platelets in the preleukemic
state.

In hairy cell leukemia, bleeding is a common cause
of morbidity and even mortality. Although this is usu-
ally a result of severe thrombocytopenia, platelet dys-
function can often be detected in vitro; occasion-
ally, patients with normal platelet counts (includ-
ing splenectomized patients) experience mucocuta-
neous bleeding. Decreased aggregation in response
to epinephrine, collagen or ADP; poor availability
of platelet factor 3; and impaired uptake of sero-
tonin have been demonstrated in a high percentage of
patients.76 However, these abnormalities do not cor-
relate with the clinical phenotype, as only a small per-
centage of nonthrombocytopenic patients bleed.

It is perhaps not surprising that patients with acute
megakaryoblastic leukemia often have dysfunctional
platelets because they are likely derived from the
abnormal clone. These patients may present with
bleeding and often have severe platelet dysfunc-
tion with a prolonged bleeding time, impaired or
absent aggregation with all agonists, and decreased
intraplatelet serotonin.77 The platelets are usually
also abnormal in morphology, with giant forms and
hypogranular or agranular platelets being very com-
mon.78

Abnormal platelet function has also been reported
in other types of leukemia, including chronic myel-
ogenous leukemia (CML) and acute lymphoblastic
leukemia (ALL). In CML, patients may have throm-
bocytosis similar to that occurring in other MPDs.
Patients will occasionally manifest mucocutaneous
bleeding. This bleeding has been associated with
impairment in platelet aggregation in response to
epinephrine or collagen, but aggregation in response
to the metabolism of arachidonic acid remains
intact.79,80 In ALL, only a few rare cases of an acquired
qualitative platelet abnormality have been reported,81

suggesting that platelet function is reasonably normal
in patients with ALL.

The clinical role of platelet function testing is vague.
It could be done for patients with normal platelet
counts who are bleeding but not thrombocytopenic
if one plans to use an abnormal test result to direct
platelet transfusion therapy. This plan is of no known
clinical benefit, however, and one must be cautious
about exposing leukemic patients unnecessarily to
platelet transfusions.

In general, treatment of the leukemia results in nor-
malization of laboratory parameters and improve-
ment in bleeding. Platelet transfusions are also
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effective in the short term. In some cases of hairy
cell leukemia, splenectomy ameliorates bleeding.76 In
other cases the abnormal platelet function persists
despite splenectomy.82

Multiple myeloma and other
paraproteinemias

Hemorrhagic complications are not uncommon in
paraproteinemias. They are due to a wide range of
defects, including deficiencies or inhibitors of coagu-
lation factors, circulating heparin-like anticoagulants,
abnormal fibrin polymerization, increased fibrinoly-
sis, immune thrombocytopenia, AvWS, or hypervis-
cosity.83 Platelet dysfunction has also been reported
to occur and is more common when the paraprotein
is of the IgA or IgM variety rather than IgG.84 This may
be a function of the size of the immunoglobulins, as,
owing to polymerization, IgA and IgM complexes are
significantly larger than IgG. Support for this theory
comes from experiments showing that dissociated IgM
monomers do not have the same inhibitory effect on
platelet function as intact pentamers. In addition, the
“anticoagulant” activity of dextran may arise from a
similar interference with platelet function; this effect is
greater with increasing size of the dextran molecules.85

The mechanism of impairment of platelet function
is likely due to coating of the platelet surfaces with
immunoglobulins, thereby impeding their ability to
adhere to one another or to the subendothelial sur-
face and preventing release of procoagulants such
as platelet factor 3.85,86 Yet another mechanism is
reflected in a case report of a patient with an IgA para-
protein that bound to GP IIIa (integrin β3), causing a
severe acquired thrombasthenia that was ultimately
fatal.87

Platelet function testing of patients with parapro-
teinemias will variably demonstrate prolonged BT
and impaired aggregation with collagen, ADP, and
epinephrine.83,84 These abnormalities are not predic-
tive of bleeding events; therefore, screening for them
in asymptomatic patients is not recommended. In
patients with clinically significant bleeding but normal
platelet numbers and coagulation parameters, testing
for the AvWS and platelet function may help direct
decisions about which hemostatic agent to use. It is
important to also consider checking the serum vis-
cosity, especially in patients with IgM or IgA parapro-
teins or high immunoglobulin levels, as hyperviscosity

can cause hemorrhage and requires prompt treatment
with plasmapheresis.

The main goal of the treatment of bleeding in these
cases is to reduce the amount of circulating para-
protein. In severe or refractory cases, plasmaphere-
sis may be necessary and can provide rapid improve-
ment in hemostasis. If a platelet defect has been iden-
tified, platelet transfusion even in the presence of nor-
mal numbers of platelets may provide some transient
improvement in bleeding. Large quantities of trans-
fused platelets may be necessary, as the exogenous
platelets will rapidly become coated with the parapro-
tein and thereby acquire the underlying hemostatic
defect. In patients with AvWS, options include desmo-
pressin, VWF-containing factor VIII concentrates, and
intravenous immunoglobulin.88

ACQUIRED VON WILLEBRAND
SYNDROME

AvWS has been reported to cause bleeding associ-
ated with a variety of systemic diseases, most notably
clonal hematologic and autoimmune disorders. The
common defect is a decrease in large VWF multi-
mers. As stated previously, patients with myelopro-
liferative disorders, especially polycythemia vera and
essential thrombocythemia, are at increased risk for
both thrombosis and bleeding, but thrombosis is
more common and either is more likely to occur with
platelet counts above 1 million/μL. When bleeding
occurs, it is usually mucocutaneous bleeding due to
platelet dysfunction. Recent studies suggest that many
of these patients have AvWS. As in most cases of AvWS,
desmopressin or VWF concentrates may not correct
the hemostatic defect, and treatment of the underly-
ing disease – in this case platelet cytoreduction – is
required to control bleeding.

Aortic stenosis (AS) may also be associated with
AvWS. The mechanism is believed to be increased
proteolysis of large VWF multimers due to structural
changes induced by shear stresses across the valve. A
recent study of patients with moderate (mean pres-
sure gradient of 31 mmHg) or severe (mean pres-
sure gradient of 57 mmHg) AS revealed a 20% preva-
lence of clinical bleeding in the severe cohort. Platelet
function assays were abnormal in 92% of those with
severe AS and 50% of patients with moderate AS.
Additionally, the percentage of circulating large VWF
multimers correlated negatively with the severity of
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the AS, and lower levels of large VWF multimers
were associated with more significant intraoperative
blood loss. Correction of AS with valve replacement
normalized the assays and led to resolution of clinical
bleeding.89

AUTOIMMUNE PLATELET
DYSFUNCTION

A rare but clinically important syndrome of acquired
platelet dysfunction occurs with autoantibodies that
interfere with platelet surface function but are not rec-
ognized and cleared by splenic macrophages and do
not cause thrombocytopenia.90 These antibodies are
most dangerous when they interfere with αIIbβ3, but
significant bleeding has also resulted from antibodies
that affect the collagen receptors (GP VI and α2β1) and
the VWF receptor (GP Ib/IX/V). Although rare, these
acquired platelet disorders have certain patterns of
clinical associations or underlying conditions.90,91,92

They have been recognized in patients with known
autoimmune diseases such as systemic lupus erythe-
matosis and autoimmune hepatitis and viral hepati-
tis with or without cirrhosis. They have also been
noted in patients receiving intensive immune sup-
pression after solid organ transplants and those with
hematologic malignancies such as Hodgkin’s disease,
nonHodgkin’s lymphoma, ALL, acute myelogenous
leukemia and myelodysplasia, and even after splenec-
tomy for immune thrombocytopenia. When treat-
ment of the underlying condition is either impossible
or ineffective, the platelet autoantibody is usually con-
trolled with immune suppression therapy, although
plasmapheresis has sometimes been required.93

SURGICAL ISSUES

Hematologists may be asked to assist in the man-
agement of antiplatelet medications in the perioper-
ative setting. Aspirin has an effect on platelets last-
ing their life span (about 10 days), and studies in
which patients have taken aspirin up to the time of
surgery show a slight increase in bleeding complica-
tions. A retrospective study of 1900 patients who had
ingested aspirin within 12 h of coronary artery bypass
grafting (CABG) versus 706 who had not, showed that
aspirin slightly increased requirements for transfu-
sion of various blood products and reoperation for
excessive bleeding.94 In contrast, studies of patients

receiving clopidogrel within a few days of surgery have
demonstrated a significant increase in bleeding com-
plications. A prospective study of 470 cardiac surgery
patients, 91 of whom had received clopidogrel within
5 days of operation, found an increased risk of serious
complications (need for intra-aortic balloon pump,
arrhythmia, intubation, and neurologic events) and
mortality in patients who had received clopidogrel,
although the number of events was small. Six of the
seven deaths in patients taking clopidogrel occurred in
patients who received it within 48 h of surgery.95 Fewer
data are available to assess surgical bleeding risks in
patients receiving αIIbβ3 inhibitors, but they would be
expected to have a much lower impact as their effects
are more rapidly reversible upon cessation.

Several studies have addressed the question of
whether platelet function testing can identify patients
at risk of excessive perioperative bleeding or help
direct management. A decrease in ADP-mediated
platelet aggregation does appear to correlate with
bleeding. This test may allow accurate preopera-
tive identification of clopidogrel-treated patients who
will require significant transfusion support. In addi-
tion, use of an algorithm in which transfusions were
directed by platelet aggregometry and coagulation
parameters reduced the number of units transfused
by about one-third.92 However, platelet aggregome-
try is not universally available and is time-consuming,
thus limiting its utility for clinical decision making.
As discussed previously, a number of point-of-care
platelet function tests have been developed which pro-
vide rapid turnaround times; these include the PFA,
thromboelastography (TEG), and the Plateletworks

test system. Both the PFA and the Plateletworks test
were found to be less accurate than aggregometry in
predicting bleeding and transfusion requirements in
patients undergoing CABG.96 In two small trials, the
maximum amplitude on TEG was shown to correlate
with excessive bleeding,97,98 but validation of this and
all preoperative platelet function testing in large ran-
domized trials is needed.99

Thus the question of when to discontinue anti-
platelet agents preoperatively is difficult to answer
precisely. The simple answer is that it must be indi-
vidualized, taking into account the type of surgery,
the risk–benefit ratio of perioperative bleeding versus
thrombotic events, and the drug’s usual pharmacoki-
netics and pharmacodynamics. For stable patients
undergoing elective CABG, the American College of
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Table 13.4. Special issues related to surgery

1. Risk of clinically significant surgical bleeding is

mainly with cardiac and neurological surgery

2. ACC recommends that aspirin be stopped 7–10 days,

clopidogrel be stopped 5 days, and abciximab be

stopped 12 hours before all elective cardiac or

neurological surgery

3. For all other surgery, monotherapy can be continued;

if the patient is on dual antiplatelet therapy the

clopidogrel can be stopped

4. The antiplatelet effect of nonselective COX inhibitors

(e.g., ibuprofen) resolves 24 hours after

discontinuation

Cardiology/AHA guidelines recommend cessation of
aspirin 7 to 10 days before and clopidogrel 5 or more
days before surgery (Table 13.4). However, in certain
situations, the benefit of aspirin therapy may outweigh
the risks of increased perioperative bleeding. This
may be the case for patients with ACSs or recent PCI
who require urgent operation.100 In these instances,
antiplatelet therapy is generally continued up to the
time of surgery. In practice, stable patients with mild
to moderate bleeding are often continued on aspirin
therapy to improve graft patency.101

For noncardiac, nonneurologic surgery, the use of
perioperative antiplatelet agents probably has a min-
imal impact on morbidity and may theoretically have
beneficial effects in reducing ischemic and throm-
botic complications. In these cases, monotherapy with
aspirin or clopidogrel does not have to be discontin-
ued. When the two are used together, the risks of peri-
operative bleeding are substantially higher and con-
sideration should be given to stopping the clopido-
grel. Patients receiving abciximab should have surgery
delayed for at least 12 h if possible.101 For neurologic
surgery, further caution must be exercised because
of the potentially disastrous complications that can
result from bleeding in the brain and spinal cord.
Therefore antiplatelet therapy should be withheld at
least 7 days before surgery; if this is not feasible,
platelet transfusions may be advisable.

SUMMARY

The most important issue is to establish a convincing
history of mucocutaneous bleeding. The diagnostic

evaluation should then move immediately to looking
for an obvious underlying medical condition, a drug
effect, or a previously undiagnosed VWD. In the event
that a bleeding patient has abnormal platelet func-
tion tests without any clear-cut explanation, just plow
through the etiologic ambiguities (which are to be
expected9) to decide if platelet transfusions or desmo-
pressin is required to restore pathologically compro-
mised hemostasis or protect a patient with hemo-
static risk. There is, at this time, no evidence to sug-
gest that persons who end up being diagnosed with
a syndrome of unexplained mucocutaneous bleeding
accompanied by abnormal platelet function testing
suffer greater morbidity or lesser longevity because
of it.

FUTURE AVENUES OF RESEARCH

An immense flow of data about the biology of platelets
has occurred in the past two decades. This has resulted
in the molecular characterization of innumerable
mechanisms of platelet function operating in vitro and
has led to an increasingly clear understanding of the
importance of several key molecules – such as COX-
1 and αIIbβ3 – in human physiology, pathology, and
pharmacology. The next step is to fine-tune our under-
standing of the mechanisms by which these molecules
work within a complex in vivo milieu involving many
different rheological and vascular environments and
microenvironments. When such knowledge is applied
to investigations of clinical conditions associated with
overt bleeding or a risk of mucocutaneous bleeding,
it will identify new pathophysiologic elements and
thereby add a layer of understanding about general
mechanisms of platelet function that will have broad
interdisciplinary importance.

As we dig deeper and deeper into how platelets work
and what can go wrong with them, new targets for
antiplatelet drugs will be identified. New antiplatelet
drugs will be invented and they will have to be tested in
humans. For this task, it will be important to establish
exactly how currently available platelet function stud-
ies can be used to predict the therapeutic index of a
drug in patient populations and in individual patients.
It may also be necessary to develop better laboratory
measures of platelet function. Any laboratory test of
platelet function that reliably predicts hemostatic risk
and points to a mechanism of effect will also be an
immensely useful tool for the clinical management of

237



Michael H. Kroll and Amy A. Hassan

TAKE-HOME MESSAGES

1. Acquired platelet dysfunction is common and may cause or contribute to significant bleeding.
2. Diagnosis relies heavily on clinical evaluation as laboratory tests are neither sensitive nor specific.
3. Medications are the most frequent cause and may predispose to bleeding or thrombosis.
4. When systemic disorders are implicated, treatment of the underlying disorder may ameliorate bleeding.

� Uremia – dialysis; restore Hgb to normal; use a hemostatic drug like desmopressin (DDAVP).
� Cirrhosis – platelet transfusions are only rarely needed; rFVIIa may be particularly good for variceal bleeding

associated with complex coagulopathies.
� MPD-related AVWS – platelet reduction.
� Myeloma and related disorders – reduce the paraprotein and use platelet transfusions (may need a lot).
� Cardiopulmonary bypass – platelet transfusions only.

patients suffering from unexplained mucocutaneous
bleeding.
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INTRODUCTION

Platelet transfusions were first introduced in the
1960s as a separate component for transfusion. Since
then, the use of platelet transfusions has continued
to increase, with current concerns focused on the
appropriate use of this therapy for thrombocytopenic
patients or those with platelet dysfunction.

PLATELET PRODUCTS AVAILABLE
FOR TRANSFUSION

Whole blood–derived platelet concentrates
or apheresis platelets

Platelets are obtained from either donated whole
blood or by apheresis procedures. Two methods of
preparing platelets from whole blood are illustrated in
Figure 14.1.1,2 Almost all of Europe uses the buffy-coat
method of platelet preparation from whole blood, and
Canada is converting to this method of platelet prepa-
ration. Only the United States continues to use the
platelet-rich plasma (PRP) method of platelet prepa-
ration. Comparative studies have shown no differ-
ences in the quality of these platelet concentrates,
with storage times up to 5 days.3,4 However, there are
several advantages to the buffy-coat platelet prepara-
tion system: (1) preparation can be fully automated;
(2) platelets can be prepared from whole blood up
to 24 h from collection rather than requiring platelet
preparation within 6 h, as mandated for PRP platelet
concentrates; (3) platelets are routinely pre–storage
pooled, allowing rapid platelet release from the pro-
duction facility; (4) the residual WBC count is less
than that of PRP platelets; (5) pooled platelets are usu-
ally stored in additive solution rather than plasma,
making more plasma available for other purposes as

well as reducing the risk of transfusion-related acute
lung injury (TRALI); and (6) with storage of platelets
beyond the current 5 days, platelet viability may be
better maintained in the buffy-coat form rather than
in PRP concentrates.5,6 There is emerging evidence
that when platelets are stored beyond 5 days, the
method of platelet collection and storage media influ-
ence posttransfusion platelet viability.7 Therefore the
hard-spinning of the platelets against a red cell layer in
the buffy-coat method versus against the bottom of the
bag in the PRP method, requiring resuspension of
the platelets, may compromise the long-term storage
of PRP platelets.

Considering apheresis platelets, the available data
suggest that platelets collected by apheresis proce-
dures are equivalent in posttransfusion viability to
whole blood–derived platelet concentrates.8 Platelets
obtained from one apheresis procedure are sufficient
to constitute a transfusion dose for most thrombo-
cytopenic patients. In order to provide an equivalent
dose using platelet concentrates, a pool of three to six
platelet concentrates is required. Therefore, the num-
ber of donor exposures, with their attendant risks, is
greater when pooled platelet concentrates are used.9

However, with increasing use of viral and bacterial
disease tests to exclude potentially infectious donors
and studies documenting that platelet alloimmuniza-
tion rates are not different between patients receiving
leukoreduced pooled random-donor platelets versus
leukoreduced apheresis platelets,10 the advantages of
single-donor platelets are not as evident as they were
in the past.11 In addition, the amount of plasma from
each individual donor in a pool is less than that with
an apheresis transfusion, potentially reducing the risk
of TRALI. Furthermore, there are also potential risks
to the apheresis donor.12
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BC Platelet Concentrate
(European System)

Whole blood

Hard spin

Remove supernatant PPP

Remove buffy coat

Pool 4 to 6 buffy coats

Soft spin

Remove and store supernatant pooled BC 
platelet concentrates in a storage bag

PRP Platelet Concentrate
(U.S. System)

Whole blood

Soft spin

Remove supernatant PRP to a storage bag

Hard-spin PRP

Remove most of the supernatant PPP

Resuspend packed platelets in residual plasma

Retain and store individual platelet concentrates

TWO  METHODS  OF  PREPARING  AND  STORING

PLATELET  CONCENTRATES  FROM  WHOLE BLOOD

PRP=Platelet-rich plasma

PPP=Platelet-poor plasma

BC = Buffy coat

Figure 14.1 Preparation of platelet concentrates from whole blood. Two methods of preparing

platelet concentrates from whole blood have been described. The main differences are related to the

centrifugation steps used, proceeding from whole blood to a platelet concentrate. Specific details of the

methods are described in Ref. 1 for PRP platelet concentrates and Ref. 2 for BC platelet concentrates.

Leukoreduction

There are clear indications for providing leukore-
duced platelets: (1) reduction in platelet alloimmu-
nization rates,10 (2) prevention of cytomegalovirus
(CMV) transmission by transfusion,13 and (3) reduc-
tion in febrile transfusion reactions.14 In addition,
there are studies suggesting that WBCs that contami-
nate platelet and red cell transfusions may contribute
to possible immunomodulatory effects of transfu-
sion, such as an increased incidence of postopera-
tive infections and metastasis formation in cancer
patients.15 However, much controversy still surrounds
this issue.16

Another controversial issue is universal leukoreduc-
tion.17 In spite of the increased costs associated with
leukoreduction and a loss of up to 25% of the platelets
when leukoreduced by filtration,18 many countries,
organizations, and individual blood centers and hos-
pitals have instituted universal leukoreduction of the
blood supply rather than limiting leukoreduction only
to the established indications outlined above.

Bacterial testing

With the institution of a variety of assays to detect
viruses that may be transmitted by transfusion, the

major residual infectious risk is bacterial transmis-
sion by transfusion.19 This risk is particularly relevant
for platelet transfusions, as they are stored at room
temperature (22◦C) rather than at 4◦C, as are red cells.
Bacterial contamination is usually related to inade-
quate sterilization of the venipuncture site or asymp-
tomatic bacteremia in the donor. Of the two causes,
inadequate sterilization is much more common. It has
been estimated that 1 in 2000 to 3000 platelet concen-
trates are contaminated with bacteria and that 1 in
5000 of these transfusions result in sepsis.19 Efforts
to reduce the incidence of bacterial contamination
have involved improvements in skin sterilization tech-
niques,20 diverting the initial 10 mL of blood drawn
to remove the skin plug,21 and bacterial detection.22,23

Bacterial testing of all platelet products has been man-
dated in the United States by the American Associa-
tion of Blood Banks.24 This has substantially increased
the use of apheresis platelets because the cost of test-
ing an apheresis donation versus testing individual
platelet concentrates is significant. This situation will
be resolved with the availability of pre–storage pooled
platelet concentrates.25 The currently available bacte-
rial tests are culture-based, requiring time to obtain a
positive result. What is needed are bacterial tests that
can be rapidly performed just before platelet release.
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Pathogen reduction

An alternative to preventing both viral and bacte-
rial transmission by transfusion is pathogen reduc-
tion. Two procedures are currently being evaluated,
and both are based on adding a compound to
platelets – either Amotosalen HCl or riboflavin – fol-
lowed by exposing the platelets to UV-A light to acti-
vate the compound, which prevents replication of
viruses and bacteria.26,27 One of these procedures
has been licensed in Europe,26 but neither has been
approved by the U.S. Food and Drug Administration
(FDA).

γ-Irradiation

Gamma irradiation of platelets is indicated to prevent
transfusion-related graft-versus-host disease (GVHD),
which is uniformly fatal.28 γ -irradiation with the usual
dose of 25 Gy in one study did not affect posttrans-
fusion platelet survival or function.29 However, in a
more recent transfusion study in thrombocytopenic
patients, γ -irradiation decreased 1-h posttransfusion
increments by 2800 platelets/μL and showed an in-
creased hazard ratio of 1.45 for the development
of platelet refractoriness.30 Proven situations where
γ -irradiation should be performed are for patients
receiving allogeneic stem cell transplants and for
those who are severely immunocompromised, usually
because of their disease or its treatment (e.g., patients
with Hodgkin’s disease or other lymphomas).28

Extended stored platelets

Because of concerns about bacterial overgrowth with
increasing platelet storage times, platelet storage has
previously been limited to 5 days. However, with the
introduction of bacterial detection or pathogen reduc-
tion, it is now possible to extend platelet storage to at
least 7 days.8,31,32 As most bacteria grow to confluence
by 4 to 5 days,33 extension of storage time as long as
platelet quality is maintained is clearly possible.34 Cur-
rent studies suggest that platelet quality can be main-
tained using noninjurious collection procedures and
storage in an additive solution for at least 13 days with
posttransfusion platelet recoveries of 49 ± 10% and
survivals of 4.6 ± 1.0 days.7 Considering that the in
vivo life span of platelets in a normal individual is only
8 to 10 days,35 these studies suggest that platelets age

less in vitro than in vivo making long-term platelet
storage possible.

EXPECTED RESPONSE TO
PLATELET TRANSFUSIONS

Adults

Normally, a fixed percentage, amounting to about
30% of the platelets produced by the bone mar-
row, are pooled in the spleen.36 Similarly, the initial
recovery of platelets given to thrombocytopenic
patients averages only 60 ± 15% of those transfused.35

Platelet recovery approaches 90% to 95% in asplenic
patients and is proportionally reduced in hyper-
splenic patients based on spleen size. Although autol-
ogous platelet life span is 8 to 10 days in nor-
mal individuals, life span becomes progressively
reduced in thrombocytopenic patients with platelet
counts of ≤70 000/μL in direct relation to their cir-
culating platelet count (Fig. 14.2).35 In addition,
there is also a progressive decrease in both platelet
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Figure 14.2 Relationship between platelet count and platelet

survival. Relationship between platelet count and the survival of

autologous (closed symbols) and donor (open symbols) 51Cr-labeled

platelets in normal and thrombocytopenic subjects with no evidence

of hypersplenism (circles). Complications included splenectomy

(squares), splenomegaly (triangles), and prior transfusions

(diamonds). At platelet counts of <100 × 103/μL, there is a direct

relationship between the platelet count and the platelet survival.35

(This research was originally published in Blood. Hanson SR, Slichter

SJ. Platelet kinetics in patients with bone marrow hypoplasia:

evidence for a fixed platelet requirement. Blood 1985;56:1105–9.

c© The American Society of Hematology.)
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increments (posttransfusion minus pretransfusion
platelet count) and interval to next transfusion with
sequential transfusions (Fig. 14.3).30 Although the
changes in posttransfusion platelet responses with
sequential transfusions were observed in patients with
acute myelogenous leukemia undergoing induction
chemotherapy, it is likely that they will also occur in
other chronically transfused thrombocytopenic can-
cer patients receiving chemotherapy.

The hemostatic effectiveness of transfused platelets
can be monitored by several different methods. In clin-
ical trials, hemostasis usually involves direct monitor-
ing of blood loss in multiple organ systems, and bleed-
ing grades are based on a system developed by the
World Health Organization (WHO).37 The cutaneous
bleeding time has been used to monitor the effec-
tiveness of transfused human platelets in patients38

as well as in a thrombocytopenic rabbit model.39

In both situations, there is a direct inverse relation-
ship between bleeding time and platelet count. In
patients, the bleeding time starts to become prolonged
at platelet counts <100 000/μL and becomes unmea-
surable at >30 min with platelet counts <20 000/μL.
The expected relationship between bleeding times
and platelet count can be predicted by the equation:

Bleeding time = 30.5 −
(

platelet count × 109/L
3.85

)

Finally, it is possible to quantitatively evaluate the
hemostatic efficacy of transfused platelets by moni-
toring the amount of 51Cr-labeled red cells detected
in daily stool collections.40

Infants

The goal of most platelet transfusions in infants and
children is to raise the blood platelet count to >50
× 109/L. For life-threatening bleeding, particularly in
sick preterm infants, some prefer a posttransfusion
goal of >100 × 109/L. This can be achieved consis-
tently by the infusion of 5 to 10 mL/kg of standard
(i.e., unmodified by centrifugation) platelet concen-
trates or by apheresis platelets. Platelets from either
source should be transfused as rapidly as the infant’s
overall condition permits, certainly within 2 h.

Routinely reducing the volume of platelets for
infants by additional centrifugation steps is both
unnecessary and unwise in most instances for the
following reasons (reviewed in Saxonhouse et al.41).
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Figure 14.3 Relationship between number of platelet

transfusions and platelet increments at 1 h and 18 to 24 h after

transfusion and days to next transfusion. A. The mean 1-h

posttransfusion platelet increments are plotted for the first 25

transfusions given to all study patients. These data represent 6334

transfusions given to 533 patients (●). Similar data for the 18- to 24-h

posttransfusion platelet increments are shown for 5555 transfusions

given to 531 patients (©). Data for days to next transfusion for 5955

transfusions given to 530 patients (▲). B. When the same analyses

are plotted for only lymphocytotoxic antibody–negative patients, the

results are similar. One-hour increments for 5484 transfusions given to

477 patients (●), 18- to 24-h increments for 4833 transfusions given

to 475 patients (©), and days to next transfusion for 5144

transfusions given to 474 patients(▲). Dotted lines are best fit of the

data for 1-h posttransfusion increments, dashed lines for 24-h

posttransfusion increments, and solid lines for days to next

transfusion. (This research was originally published in Blood. Slichter

SJ, Davis K, Enright H, et al. Factors affecting post-transfusion platelet

increments, platelet refractoriness, and platelet transfusion intervals in

thrombocytopenic patients. Blood 2005;105:4106–14. c© The

American Society of Hematology.)
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Transfusion of 10 mL/kg of unmodified platelets pro-
vides a dose of approximately 10 × 109 platelets.
Assuming that the blood volume of an infant is esti-
mated to be 70 ml/kg body weight and the “recovery”
of transfused platelets to be 50%, a platelet dose of
10 mL/kg will increase the immediate posttransfusion
platelet count by about 100 to 150 × 109/L.41,42 Gener-
ally, 10 mL/kg is not an excessive transfusion volume
provided that the intake of other intravenous fluids,
medications, and nutrients is monitored and adjusted
per the infant’s clinical condition (i.e., volume reduc-
tion of platelets is not needed for fluid management).

It is highly desirable for the infant and platelet donor
to be of the same ABO blood group because large quan-
tities of passive anti-A or anti-B can lead to hemolysis.
Thus, it is important to select donors – particularly if
multiple platelet transfusions might be needed – so as
to avoid repeated transfusions of group O platelets to
group A, B, or AB recipients. Although reported meth-
ods exist to reduce the volume of platelets when truly
warranted (i.e., many platelet transfusions anticipated
in which multiple doses of passive anti-A or anti-B
should be avoided), additional processing should be
performed with great care because of probable platelet
loss, clumping, and dysfunction caused by the addi-
tional handling.41,43,44 Also, if a reasonable imme-
diate posttransfusion platelet count is not achieved
by transfusing 10 mL/kg of unmodified platelets and
infusing a larger volume (e.g., 20 mL/kg) is unwise,
then volume reduction to transfuse more concen-
trated platelets should be attempted.

ADVERSE REACTIONS TO
TRANSFUSED PLATELETS

The major adverse reactions to transfused platelets are
nonhemolytic transfusion reactions (NHTRs), which
can vary from mild urticarial reactions or fever to
severe anaphylactic shock.45 Currently it is consid-
ered that such reactions are predominantly caused by
cytokines released from WBCs during platelet stor-
age.46 However, prestorage leukoreduction has not
entirely prevented this problem. It has been shown
that plasma removal is more effective than leukore-
duction in preventing NHTR after platelet transfu-
sion.47 However, this procedure requires centrifuga-
tion of the platelets, resulting in reduced platelet yields
and possible platelet damage from the centrifugation
procedure; it is not always successful.

In addition to NHTR, platelet transfusions can cause
volume overload, TRALI, and posttransfusion pur-
pura. These reactions are not discussed further here.

MECHANISMS OF POOR RESPONSES
TO PLATELET TRANSFUSIONS AND
THEIR MANAGEMENT

Refractoriness to platelet transfusions can be sep-
arated into nonimmune- and immune-mediated
mechanisms. Because isolated poor responses to an
individual platelet transfusion are not uncommon, the
clinical definition of platelet refractoriness requires
two serial platelet transfusions with poor responses.48

Responses are usually measured by determining cor-
rected count increments (CCIs) or percent platelet
recovery (PPR) based on the preference of the investi-
gator. The formulas for these two calculations involve
the determination of the platelet increment (post-
transfusion minus pretransfusion platelet count), cor-
rected for the number of platelets transfused and
adjusted for the patient’s estimated blood volume as
follows:

CCI

= (platelet increment/μL) × (body surface area [BSA] in sq m)
number of platelets transfused (×10−11)

PPR

= (platelet increment/μL) × (weight in kg × 75 mL)
(platelet count of product/μL) (volume of platelets in mL)

× 100

Posttransfusion platelet counts obtained between 10
min to 1 h posttransfusion give comparable results,
and these counts are used to determine the ade-
quacy of a platelet response.49 The recovery of trans-
fused platelets in thrombocytopenic patients with
platelet counts <50 000/μL averages 60 ± 15%.35 For
a patient receiving a pool of five platelet concentrates
or one apheresis platelet collection each containing
approximately 4 × 1011 platelets who has a 2 m2

BSA with a platelet increment of 40 000/μL, the CCI
will be 20 000. Refractoriness is usually defined as
a CCI of ≤7500 or ≤5000 (equivalent to a PPR of
30% to 20%, respectively) within 1 h posttransfusion
and is approximately 40% less at 24 h (i.e., a CCI
of ≤4500 or ≤3000 at 18 to 24 h; posttransfusion
PRP of ≤15%).50 The lower values of the acceptable
CCIs correspond to an absolute platelet increment
of about 6000 and 2000 platelets/μl per platelet con-
centrate transfused at 1 and 18 to 24 h posttransfusion,
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REFRACTORY  TO  POOLED  RANDOM  DONOR  PLATELETS
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PLATELET  ANTIBODY  TESTS

ALGORITHM  FOR  MANAGING  PLATELET-REFRACTORY  PATIENTS

SELECT  COMPATIBLE  DONORS  BY:

• HLA  MATCHING
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DRUGS
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Figure 14.4 Platelet-refractory algorithm. The sequence of steps, detailed in the text, for

providing platelet support for platelet-refractory patients.52 (Permission has been granted by John

Wiley & Sons, Inc. to reuse this figure. This research was originally published in Slichter SJ.

Algorithm for managing the platelet refractory patient. J Clin Apher 1997;23:4–9.)

respectively. Knowing the expected platelet increment
is helpful, as the number of platelets transfused is
not usually known to the clinician. Furthermore, the
absolute platelet increment may be a better mea-
sure of platelet responses than either the CCI or
PPR because of difficulties in estimating blood vol-
umes based on the patient’s weight and/or height
measurements.51

Management of the platelet-refractory patient is
outlined in Figure 14.4.52 A platelet-refractory patient
should first be given ABO-compatible fresh platelets
drawn within 48 to 72 h of transfusion. ABO compat-
ibility is defined as the donor platelets not express-
ing A or B antigens incompatible with the patient’s
naturally occurring anti-A and/or anti-B antibod-
ies. Because O patients may have high titer anti-
A antibodies, A or AB platelets given to O recip-
ients resulted in posttransfusion platelet recover-
ies of only 19% and 8%, respectively, compared
to 63% recoveries for ABO-compatible platelets.53

If the patient remains refractory to two sequential
transfusions of ABO-compatible fresh platelets, it is
worthwhile to proceed with platelet antibody tests
to determine if the patient is alloimmune platelet–
refractory or has adverse clinical or drug effects that
are producing poor platelet responses.30 Most alloim-
munized platelet-refractory patients have developed

antibodies to class I human leukocyte antigens (HLAs)
expressed on the surface of transfused platelets.54

Class I antibodies are detected by lymphocytotoxic-
ity or flow cytometry assays using a panel of lympho-
cytes that express most HLAs. Panel reactivity of ≥20%
usually indicates alloimmune platelet refractoriness,
but some patients respond well to non-HLA-matched
platelets even when antibodies are detected. Although
antibodies against platelet-specific glycoproteins can
occur [human platelet antigen (HPA) antibodies], they
are infrequent and rarely associated with platelet
refractoriness.10,54

Alloimmune platelet refractoriness

Prevention

ABO-compatible platelets

In a prospective randomized transfusion trial in
26 thrombocytopenic patients, platelet refractori-
ness was significantly lower in the 13 patients who
were randomized to receive only ABO-compatible
platelets (8%) compared to those who received ABO-
mismatched platelets (69%) (p <0.001).55 Not only
did patients increase their anti-A or anti-B titers –
depending on whether they received A or B incom-
patible platelets, respectively – they also formed anti-
HLA and anti-HPA antibodies at a higher rate than
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in the group who received ABO-compatible platelets.
The authors postulated that stimulating a recipient’s
immune system with the transfusion of incompati-
ble A and B antigens might also increase a patient’s
propensity to also make other types of antibodies.

Modified platelets

Almost all of the prevention of platelet alloim-
munization trials have been performed in acute
myeloid leukemia (AML) patients undergoing induc-
tion chemotherapy. This is a highly immunosup-
pressed population of patients; therefore it is unknown
whether strategies that prevent platelet alloimmu-
nization in these patients will be equally effective
in less immunosuppressed patient populations (e.g.,
patients with aplastic anemia, myelodysplasia, solid
tumors, etc.) In the largest study reported, the Trial
to Reduce Alloimmunization to Platelets (TRAP), both
leukoreduction and UV-B irradiation were equally
effective in reducing HLA alloimmunization rates from
45% in the control arm to 18% to 21% in either of
the treatment arms.10 The desired level of leukoreduc-
tion was a residual leukocyte count of any transfused
platelets or red cells of ≤5 × 106 WBCs/transfusion.
Antigen-presenting cells (i.e., monocytes, B cells, and
dendritic cells) are considered the predominant type
of WBCs that need to be removed. There was no addi-
tional advantage in providing leukoreduced single-
donor apheresis platelets compared to leukoreduced
pooled random-donor PRP platelet concentrates. The
effectiveness of leukoreduction in preventing platelet
alloimmunization in patients with AML has been doc-
umented in several other prospective randomized tri-
als (reviewed in Ref. 54).

Interestingly, the incidence of alloimmune platelet
refractoriness in the TRAP trial was only 13% in the
control arm versus 3% to 5% in the treated arms; i.e.,
less than the number of patients who had HLA anti-
bodies. This may reflect several factors: (1) alloim-
munization was documented as an antibody to even
one cell in a lymphocyte panel and consistent platelet
refractoriness may require 70% reactivity with panel
cells,50 (2) a lower CCI of ≤5000 at ≤1 hour posttrans-
fusion was required for a diagnosis of refractoriness
rather than the more common ≤7500 CCI criterion,
and (3) some of the patients may no longer have been
receiving platelet transfusions when their antibodies
developed. Most antibodies were first detected 2 to
3 weeks after transfusions were initiated. HPA anti-

bodies developed in only a small percentage of the
patients (8%), and their occurrence was not reduced
with either leukoreduction or UV-B irradiation. HPA
antibodies were observed only in patients who also
had lymphocytotoxic antibodies, and HPA antibodies
were not predictive of platelet refractoriness.

Management of alloimmunized patients

There are basically three strategies for managing
alloimmunized platelet-refractory patients: (1) select
HLA-compatible donors from an HLA-typed reg-
istry of apheresis donors, (2) identify HLA-antibody
specificities and select antigen-compatible apheresis
donors, and (3) perform platelet crossmatch tests to
select compatible platelets.50 All of these strategies
are equally effective in selecting compatible donors.
Which strategy is used depends on the resources avail-
able in the patient’s community. Recently, another
method of expanding the donor pool of HLA-
compatible donors has been developed based on iden-
tifying HLA at the molecular level.56 This approach
has been evaluated in a small group of 16 patients
with aplastic anemia and has shown improved pre-
dictability for selecting compatible donors. Molecular
typing also increases the compatible donor pool size
compared to identifying donors with HLA serologi-
cally defined cross-reactive groups (CREG).57 Unfortu-
nately, donors selected by any of these techniques may
still give poor platelet responses following 20% to 30%
of the transfusions. These poor responses are likely
related to (1) non-immune causes of platelet refrac-
toriness that may also be present in alloimmunized
patients (see below), (2) drug-related or autoantibod-
ies, or (3) failure to detect relevant antibodies because
of insensitivity of the assay systems.

It should be remembered that up to 40% of patients
may lose their antibodies over time (1 week to
several months) despite continued platelet transfu-
sions.50 Therefore periodic assessments of antibody
status may allow some patients to be returned to
random-donor-platelet transfusions with continued
good responses to these platelets for extended peri-
ods of time.58

Nonimmune platelet refractoriness

When platelet refractoriness in the TRAP was rede-
fined as two sequential posttransfusion platelet
increments of≤11 000/μL at 1 h posttransfusion rather
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Table 14.1. Clinically important factors affecting the outcomes of platelet transfusion

1-h platelet

increment, × 109/L

18- to 24-h platelet

increment, × 109/L

Refractoriness

(hazard ratio)

Days to next

transfusion

Factor

Overall response 24.9 12.0 1.75

Clinically important change ≥5.0* ≥2.4* ≥2.0† ≥0.35*

Improved platelet responses

Splenectomy +24.8‡ +12.4‡ — —

ABO-compatible +4.6 +6.3‡ — —

Decreased platelet responses

Lymphocytotoxic

antibody-positive

−9.3‡§ −4.0‡ 3.48‡ −0.36‡

Females with ≥2 pregnancies

and males

−8.9‡ −5.7‡ 2.78‡ −0.40‡

Palpable spleen −3.5 −4.4‡ — −0.23

Heparin — −3.8‡ 2.43‡ −0.37‡

Bleeding −1.7 −3.1‡ 2.00‡ −0.33

Fever −1.6 −2.0 2.12‡ −0.25

Amphotericin −2.7 −2.5‡ — −0.28

DIC — — — −0.40‡

*A clinically important change for 1-h and 24-h posttransfusion increments and days to next transfusion was considered to

be a ≥20% difference (either an increased or a decreased response) from the overall responses observed in the trial.
†For the hazard ratio, an increase of ≥2.0 was considered clinically important.
‡Value meets the criteria for a clinically important change. If a result is given but not noted with ‡, it is statistically

significantly different but does not meet the clinically important criterium. If no value is listed (—), there was neither a

clinically important nor a statistically significant difference for the outcome measure.
§The platelet increment was estimated to be 9.3 × 109 less at 1 h after transfusion for all study arms except UV-B. UV-B

platelets were reduced by only 0.75 × 109 platelets/L. The platelet increment was estimated to be 4.0 × 109 platelets/L less

at 18 to 24 h after transfusion for all arms.

Source: This research was originally published in Slichter SJ, Davis K, Enright H, Braine et al. Factors affecting

posttransfusion platelet increments, platelet refractoriness, and platelet transfusion intervals in thrombocytopenic

patients. Blood 2005;105:4106–4114. c© The American Society of Hematology.

than basing refractoriness on CCI measurements, 27%
of the 533 patients receiving induction therapy for
AML developed platelet refractoriness. Analyses of
the results of 6379 transfusions given to these TRAP
trial patients was used to determine the clinically
important patient- and product-related factors that
affected transfusion outcomes (Table 14.1).30 Only two
factors improved platelet increments: splenectomy
and giving ABO-compatible platelets. Conversely, fac-
tors that reduced transfusion outcomes, progress-
ing downward from the most adverse, were patients
who developed lymphocytotoxic antibodies; females

with two or more pregnancies as well as males;
those with splenomegaly; those receiving heparin;
patients who are bleeding; those who have fever;
amphotericin-treated patients; and those with dis-
seminated intravascular coagulation (DIC). Because
of the known relationship between platelet count and
platelet survival,35 the factors that reduced platelet
increments usually also reduced platelet survival.
Most of those adverse factors were also related to the
onset of platelet refractoriness. In a separate popula-
tion of patients undergoing hematopoietic stem cell
transplantation, factors specific to these patients that
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adversely affected platelet transfusion outcomes were
venoocclusive disease of the liver (VOD), GVHD, high
bilirubin levels, total body irradiation (TBI), and high
serum tacrolimus or cyclosporine levels.59

Management strategies for persistently
refractory patients

Whether the cause of the refractoriness is immune or
nonimmune, there are patients who remain platelet-
refractory in spite of our best efforts to find compat-
ible donors for alloimmunized patients or eliminate
adverse clinical conditions associated with refractori-
ness. For patients who are having major bleeding
that is considered life-threatening, several approaches
may provide some benefit, but there are only anecdo-
tal data supporting their use: (1) giving small-dose fre-
quent platelet transfusions (e.g., three to four platelet
concentrates every 6 to 8 h), which may be helpful
in maintaining vascular integrity even though there
is no increase in the patient’s posttransfusion platelet
count; (2) intravenous IgG may transiently increase
posttransfusion platelet increments (reviewed in Ref.
56); (3) fibrinolytic inhibitors may help stabilize any
clots that are being formed60; and (4) recombinant fac-
tor VIIa may control bleeding.61,62

PROPHYLACTIC PLATELET
TRANSFUSIONS

There are three aspects of prophylactic platelet trans-
fusion therapy that can be physician-controlled: (1)
whether to provide prophylactic platelet transfusions
to chronically thrombocytopenic patients, (2) what
prophylactic platelet count should initiate a platelet
transfusion (i.e., what is the appropriate “platelet
transfusion trigger”), and (3) what dose of platelets
should be used.63

Efficacy of transfused platelets

Evidence from several early studies has convincingly
demonstrated that platelet transfusions are able to
prevent bleeding in chronically thrombocytopenic
patients.64,65 The next question that has not yet been
resolved and awaits the results of ongoing trials is
whether prophylactic platelet transfusions are indi-
cated in chronically thrombocytopenic patients to

prevent bleeding or whether an equally effective strat-
egy would be to simply transfuse platelets only with the
onset of active bleeding. The latter strategy has been
documented to be safe in a select group of patients
(i.e., those undergoing autologous peripheral blood
stem cell transplants).66 In these patients, the need
for platelet transfusions was reduced by as much as
50% when transfusions were given only for active
bleeding.

Transfusion trigger

Currently, most clinicians provide prophylactic
platelet transfusions to prevent bleeding rather than
transfusing platelets with the onset of bleeding. Previ-
ously, a ≤20 000/μL platelet count was used as an indi-
cator for a prophylactic platelet transfusion. However,
two early studies in thrombocytopenic patients who
were not receiving platelet transfusions suggested that
the critical platelet level to prevent clinically signifi-
cant bleeding is ≤5000/μL.40,67 Recently, several large
prospective randomized transfusion trials have eval-
uated platelet transfusion triggers of 10 000/μL versus
20 000/μL.68,69,70,71 These studies have uniformly
demonstrated no increase in bleeding risk with a
10 000/μL platelet trigger and reductions in the num-
ber of platelet transfusions with cost savings of 20%
to 30%. Based on these studies, two standard-setting
groups have recommended the use of a platelet trigger
of 10 000/μL.72,73

Platelet dose

As opposed to the relative consensus that has been
reached on the safety and efficacy of a prophylac-
tic platelet transfusion trigger of ≤10 000/μL, well-de-
signed prospective studies to evaluate the effects of
platelet dose on hemostasis and rates of platelet uti-
lization are not available. The usual dose of pooled
platelets is 3 to 6 units per transfusion. On average, a
platelet concentrate contains 8 × 1010 platelets (min-
imum required is 5.5 × 1010) and an apheresis collec-
tion contains, on average, 4.2 × 1011 platelets (min-
imum required is 3 × 1011).74 One platelet concen-
trate should increase the 1-h posttransfusion platelet
count by 7000 to 10 000/μL when given to a 75-kg
recipient. With the usual dose, a posttransfusion CCI
of 10 000 to 20 000/m2/L /1011 (median 15 000) is
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considered an excellent response and <7500 a poor
response.

The effects of platelet dose on transfusion outcomes
has recently been reviewed.75 All three prospective
studies evaluating posttransfusion platelet counts
and interval to next transfusion have been performed
by giving different doses of platelets to the same
patient. These studies showed both a greater increase
in the posttransfusion platelet count as well as
a longer interval to next transfusion with higher
compared to lower-dose platelet transfusions.76,77,78

These results would have been predicted based on
the known relationship between platelet count and
platelet survival.35 However, these studies did not
address the clinically relevant issue of outcomes when
a patient receives repeated transfusions of the same
dose of platelets compared to other patients who
are receiving another dose. Theoretically, lower-dose
platelets should reduce the total number of platelets
transfused but would increase the frequency of
transfusions received.79 As the major cost of a platelet
transfusion is the platelets themselves (88% of the
cost),80 low-dose, frequent transfusions should be the
most cost-effective strategy as long as hemostasis is
maintained. The issue of hemostasis is critical, as low-
dose platelet transfusions will likely result in patients
spending more time at lower platelet counts. How-
ever, as hemostasis seems well maintained at platelet
counts of 5000 to 10 000/μL, bleeding may not be an
issue with low-dose platelet transfusions. Although a
low-dose platelet transfusion strategy may be cost-
effective for hospitalized patients, who can be given
frequent platelet transfusions at nominal cost, this
may not be the case for outpatient platelet transfusion
therapy. For outpatients, a better approach may be to
give high-dose platelet transfusions, which will reduce
their transfusion frequency and thereby the number
of required clinic visits. A large prospective random-
ized clinical trial sponsored by the National Heart,
Lung, and Blood Institute is ongoing comparing three
platelet doses: medium dose of 2.2 × 1011/m2; low
dose of 1.1 × 1011/m2 (half the medium dose); and
high dose of 4.4 × 1011/m2 (twice the medium dose)
in hospitalized thrombocytopenic patients.81 This
trial should provide definitive data on the most
cost-effective dosing strategy for maintaining
hemostasis while also reducing platelet utilization
rates.

THERAPEUTIC PLATELET
TRANSFUSIONS

Any patient with active bleeding in association with
either a low platelet count and/or platelet dysfunc-
tion (see Chapter 13) is a candidate for a thera-
peutic platelet transfusion to control bleeding. By
“active bleeding” is meant more than just petechiae,
ecchymosis, epistaxis controlled by local pressure, etc.
Rather, therapeutic platelet transfusions are usually
given for WHO bleeding grades of 2 or greater (i.e.,
major organ bleeding such as hematemesis, hema-
turia, hemoptysis, melena). As previously discussed,
prophylactic platelet transfusions are usually given for
platelet counts of 10 000/μL to prevent bleeding. How-
ever, if the vascular system is not intact, as may occur
with a surgical procedure or following trauma, the con-
sensus of medical opinion is that a platelet count of
at least 50 000/μL should be maintained.82 Unfortu-
nately there are no definitive studies to substantiate
this platelet transfusion trigger. Because the bleed-
ing time starts to become longer at platelet counts
of <100 000/μL38 and owing to the potential for sig-
nificant adverse outcomes associated with intracere-
bral bleeding, patients with intracerebral bleeding and
during and following neurosurgical procedures should
have platelet counts maintained at >100 000/μL. With
platelet counts between 50 000 and 100 000/μL, the
decision to transfuse platelets is based on the extent of
surgery/trauma, ability to control bleeding with local
measures, rates of bleeding, risk of bleeding, the pres-
ence of platelet dysfunction, and other coagulation
abnormalities. Two specific situations often requir-
ing therapeutic platelet transfusions are discussed
here.

Trauma

There are several mechanisms associated with trauma
that may result in low platelet counts and/or platelet
dysfunction necessitating platelet transfusions.

Disseminated intravascular coagulation (DIC)
Using various types of surgical procedures as a tem-
plate for the effects of trauma/surgical injuries on
the hemostatic system, the extent of tissue injury is
directly associated with increased consumption of
both platelets (Fig. 14.5) and fibrinogen at comparable
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Figure 14.5 Platelet consumption as a consequence of surgery.

The greater the amount of tissue injury, the shorter the survival of

autologous platelets; it also takes longer, after surgery, for platelet

survival time to return to normal. Autologous platelets were labeled

on the day before each operative procedure; in some cases, the

labeling was repeated on the second, third, fourth, or eighth

postoperative day. Mediastinal (●), nephrectomy (■), hysterectomy

(▲), cholecystectomy (�), hernia repair (�), and lipectomy (©)

procedures are shown. The average normal survival + 1 SD is given

in the hatched area.83 (Permission has been granted by Wiley-

Blackwell Publishing to reuse this figure. This research was originally

published in Slichter SJ, Funk DD, Leandoer LE, Harker LA. Kinetic

evaluation of haemostasis during surgery and wound healing. Br J

Haematol 1974;27:115–25.)

rates.83 In these studies, fibrinogen survivals were
used as a surrogate marker for the effects of tis-
sue injury on all plasma clotting factors. Thus, tissue
injury produces DIC as defined by an increased rate
of consumption of both platelets and plasma clotting
factors.

Dilutional thrombocytopenia
Trauma is often associated with massive bleeding. The
patient’s intravascular volume is maintained by trans-
fusing large amounts of fluids and/or blood. Neither
of these products contains platelets. After replacement
of approximately two blood volumes (10 to 12 units of
red cells) in a 70-kg man in ≤8 h, the platelet count
is diluted to levels <50 000, where consideration of
the need for transfused platelets becomes relevant.84

Depending on the extent of tissue injury and thereby
the amount of platelet consumption, critical platelet

levels may be reached even before the loss and replace-
ment of two blood volumes.

Platelet dysfunction
Not only is there a loss of platelets through con-
sumption or dilution but trauma patients are often
hypothermic and acidotic; both of these conditions
are associated with platelet dysfunction.85,86 Patients
should be monitored for these conditions and appro-
priate procedures initiated to reverse them. Measures
to warm the patient as well as the use of blood warm-
ers to increase the temperature of transfused red cells
are both associated with improved hemostasis.87

Open heart surgery

Not surprisingly, open heart surgical procedures pro-
duce many of the same effects on platelet counts
and function as are found following trauma (i.e.,
substantial tissue injury, hypothermia, and, on occa-
sion, massive bleeding). In addition, the use of car-
diopulmonary bypass procedures results in substan-
tial platelet dysfunction caused by platelet activation
resulting from platelet contact with nonendothelial-
ized surfaces in the bypass circuit.88 Although there
is dilutional thrombocytopenia that occurs with the
bypass priming solution, the platelet count usually
does not fall to levels <100 000/μL on this basis. How-
ever, with the onset of bypass, the bleeding time pro-
gressively increases over time and becomes unmea-
surable at >30 min if bypass lasts ≥2 h.88 With the
end of bypass, the bleeding time usually returns to
normal values within 2 to 4 h (Fig. 14.6). However,
in a subgroup of 10 patients who had pathologic
bleeding postbypass requiring >10 units of blood,
their bleeding times remained prolonged even though
their platelet counts were >100 000/μL. Their bleed-
ing times averaged 23 ± 7.5 min, compared with
8.9 ± 0.1 (p < 0.01) for the 21 nonbleeding patients.
The prolonged bleeding times in the 10 patients cor-
related with measurements of blood loss (correla-
tion coefficient = 0.77, p < 0.01). In six of these
patients, whose bleeding times were >30 min, platelet
transfusions raised their platelet counts by 71 000 ±
23 000/μL, bleeding times decreased to 14 ± 4 min,
and their bleeding was controlled. This study strongly
suggests that a platelet transfusion should be given
to any actively bleeding postbypass surgical patient
regardless of his or her platelet count.
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Figure 14.6 Changes in platelet behavior during cardiopulmonary bubble oxygenator

bypass. Platelet count (�) falls progressively during the initial operative and bypass period,

in part owing to dilution by nonblood priming solutions. Thereafter, the platelet count

remains about half baseline, exceeding 100 × 109/L throughout the 4-day period of

observation. The bleeding time (●) is unaffected by heparinization but increases abruptly

after the initiation of bypass and lengthens progressively during the first 2 h of bypass, at

which time it is greater than 30 min. Bleeding time measurements fall quickly after

termination of bypass. The horizontal solid bar identifies the period of bypass. Symbols on

the horizontal axis are as follows: B, baseline; PH, preheparin; H, heparin; BP, bypass; time

on bypass in hours; P, postprotamine; followed by hours postbypass. (This figure is a

modification of research originally published in Blood: Harker LA, Malpass TW, Branson HE,

et al. Mechanism of abnormal bleeding in patients undergoing cardiopulmonary bypass:

acquired transient platelet dysfunction associated with selective α-granule release. Blood

1980;56:824–34. c© The American Society of Hematology.)

A subsequent study has confirmed the prolongation
of the bleeding time during cardiopulmonary bypass
and correlated it with both the duration of bypass
and the amount of blood lost within the first 4 h after
bypass.89 However, there was no relationship between
platelet count and either bleeding time or blood loss,
suggesting that the prolonged bleeding time and sub-
sequent blood loss were caused by bypass-induced
platelet dysfunction. Interestingly, in this study, it took
up to 72 h postbypass for the bleeding time to return
to normal values. Bleeding was also related to the
hematocrit,89 and some studies have suggested that
thrombocytopenic bleeding can be reduced by elevat-
ing the hematocrit.90,91 The postulated mechanisms
of the effects of the hematocrit on bleeding time are
twofold: (1) increased amounts of circulating red cells
tend to push the platelets to the periphery, facilitating
their interaction with the vessel wall, and (2) release of

adenosine diphosphate (ADP) from red cells enhances
platelet aggregation.

Concern has recently been raised about the poten-
tial adverse consequences of platelet transfusions
given during coronary artery bypass grafting (CABG).
Based on a retrospective analysis of six trials that
were performed to evaluate the efficacy of aprotinin
to prevent bleeding in CABG, platelet transfusions
were reported to increase the likelihood of death,
postoperative infections, use of vasopressor or res-
piratory medications, stroke, and death.92 Since all
patients received aprotinin (a drug with multiple pos-
sible adverse effects in the cardiac surgery setting),
the adverse effects may have been due to a com-
bined effect of aprotinin plus platelets. However, in
an accompanying editorial, a number of flaws with
this retrospective analysis of the patients enrolled in
these studies were discussed.93 Chief among these
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flaws was that the patients who received platelet trans-
fusions were clearly different in many clinical, treat-
ment, and laboratory parameters, which may have
caused an excess of adverse events in the patients who
received platelet transfusions. In a prospective ran-
domized study designed specifically to evaluate the
effects of transfused platelets on clinical outcomes,
there was no increase in either morbidity or mortal-
ity in cardiac surgery patients who received platelet
transfusions versus those who did not.94

In cardiac surgery patients, the hemostatic abnor-
malities associated with the procedure are often com-
pounded by antiplatelet drugs that many of these
patients are taking to prevent cardiovascular events.
In general, recommendations are to avoid these drugs
prior to surgery; i.e., discontinue the use of aspirin for
5 days prior to surgery, the ADP receptor antagonists
clopidogrel and ticlopidine for 7 days and 10 to 14 days,
respectively,95 and GP IIb/IIIa inhibitors [abciximab
(Reopro)] for 12 h before surgery.96 Because of par-
ticularly excessive bleeding in patients receiving Reo-
pro when surgery must be done emergently, not only
should platelet transfusions possibly be given prior to
surgery but consideration should be given to reduc-
ing heparin dosage during bypass by at least half or
performing surgery without bypass. Other GP IIb/IIIa
inhibitors (eptifibatide and tirofiban) have a shorter
effect on platelet function of only 2 h, often making
it possible to delay surgery until the effect has dis-
sipated. For all patients requiring emergent surgery
who are receiving platelet function inhibitors, platelet
transfusions may be useful in controlling bleeding
both during and after surgery. In addition, fibrinolytic
inhibitors (e.g., aprotinin) may help to control bleed-
ing in these patients.

THROMBOCYTOPENIC DISORDERS IN
FETUSES, NEONATES, AND INFANTS

Fetal/neonatal alloimmune
thrombocytopenia

Fetal/neonatal alloimmune thrombocytopenia
(FNAT) is a consequence of maternal alloimmu-
nization to platelet antigens absent on the mother’s
platelets but inherited from the father and expressed
on fetal platelets. The resultant maternal IgG anti-
bodies cross the placenta and destroy fetal platelets
expressing the paternal antigens. Although nearly

all described platelet antigens have been implicated
in FNAT, among white women this is by far most
often caused by antibodies to the human platelet
antigen HPA-1 a.97 Although incompatibility for the
HPA-1 a antigen is present in approximately 2% of
maternal–paternal couples, only about 10% of these
women develop antibodies, with only about 50% with
detected antibodies having affected fetuses/infants.
Thus, the incidence of FNAT is approximately 1
per 2000 to 10 000 live births, with severe disease
present in only about 10% of infants born of alloim-
munized mothers. Because of the unexpectedly low
numbers of severely affected fetuses/infants per the
total number of pregnancies “at risk” and the poor
predictability of maternal testing, routine antenatal
testing of all pregnant women has not been widely
adopted.

In about 10% of cases, FNAT will occur during the
first pregnancy. Following the index infant, the vast
majority of subsequent pregnancies will be affected by
FNAT, with the severity of disease generally increas-
ing.98 Because approximately 10% to 20% of infants
will suffer intracranial hemorrhage, which can occur
in utero, it is important that the therapy for these
women and their fetuses/infants begin during preg-
nancy. Details of management are beyond the scope of
this presentation but involve administration of intra-
venous IgG and corticosteroids to the pregnant mother
and transfusions to the fetus/infant of either washed
maternal platelets or donor platelets known to lack the
offending antigen.99

Congenital thrombocytopenias

Approximately 1% of all neonates will have a blood
platelet count <150 × 109/L at birth or shortly there-
after, with 0.1% to 0.2% of infants having blood
platelet counts <50 × 109/L. When only small preterm
infants are studied, approximately 30% will have
blood platelet counts <150 × 109/L, with 5% of these
neonates having blood platelet counts <50 × 109/L.
Thrombocytopenia in distressed preterm infants is
caused by a combination of diminished platelet pro-
duction and increased platelet consumption.100

When thrombocytopenia occurs during infancy
and cannot be ascribed either to the transient
thrombocytopenia seen in distressed preterm infants
or to the placental passage of maternal alloanti-
bodies or autoantibodies directed against platelet
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antigens, then congenital/familial platelet disorders
must be considered.101 These disorders are relatively
rare, and a thorough evaluation of other family mem-
bers (e.g., medical history and hematology laboratory
studies) must be performed, along with evaluation of
the infant. Examples of a few of these disorders are
given below.

Thrombocytopenia with absent radii
(TAR syndrome)
Thrombocytopenia with absent radii (TAR syndrome)
is recognized once in every 500 000 to 1 million births.
It is characterized by profound thrombocytopenia
occurring during the first 4 months of life, with
improvement during later childhood. Megakaryocytes
are either absent from the marrow or are abnor-
mally small due to dysmegakaryocytopoiesis, with
progenitor cells blocked at an early stage of differ-
entiation. The most typical skeletal defect is bilateral
absence of the radii with the presence of hands and
fingers.102

Fanconi’s anemia
Fanconi’s anemia is another disorder characterized by
skeletal anomalies and thrombocytopenia. Because
thrombocytopenia generally does not occur until
later in childhood, Fanconi’s anemia is not usu-
ally much of a consideration during infancy. It is
characterized by pancytopenia, hyperpigmentation
and café-au-lait spots on the skin, skeletal abnor-
malities including absent or hypoplastic thumbs, a
variety of anomalies of other organs, and sponta-
neous or clastogen-induced chromosomal breaks. The
chromosomal instability and defective DNA repair is
related to an increased incidence of leukemia and
other cancers.101

Wiskott–Aldrich syndrome (WAS) and X-linked
congenital thrombocytopenias
These thrombocytopenias are related disorders
caused by mutations of the same gene on the X
chromosome. WAS is an X-linked recessive disorder
characterized by thrombocytopenia, small platelet
volume, eczema, recurrent infections, autoimmune
phenomena, increased risk of cancer, and abnor-
mal lymphoid function. Expression of the clini-
cal/laboratory features can be quite variable; in
X-linked congenital thrombocytopenia, thrombocy-
topenia is the only manifestation.103

Macrothrombocytopenias
Several familial disorders are characterized by throm-
bocytopenia and the presence of large platelets seen
on stained blood smears.104 Four of these syndromes
are the May-Hegglin anomaly and the Fechtner,
Epstein, and Sebastian syndromes. All four are due
to mutations of the MYH9 gene on chromosome 22.
Thrombocytopenia is usually not life-threatening and
is due to diminished platelet production. The sever-
ity of thrombocytopenia varies markedly, and all four
disorders share morphologic abnormalities of other
blood cells (e.g., Döhle-like bodies in neutrophils).
Other disorders of thrombocytopenia, large platelets,
and a variety of associated clinical/laboratory features
include the Bernard–Soulier, the gray platelet, Paris–
Trousseau, and Jacobsen syndromes.104

Management of congenital thrombocytopenias
As is true for all patients with chronic thrombocytope-
nia, platelet transfusions should be prescribed only
when needed to treat bleeding or prevent it in high-
risk situations such as surgery. Alloimmunization to
HLA and platelet-specific antigens has been reported
only occasionally during infancy, but it has occurred,
and platelet transfusions should be given sparingly
and only when warranted. Because the immune sys-
tem of many of these patients is competent – in
contrast to oncology or transplant patients receiv-
ing immunosuppressive therapy – the risk of alloim-
munization may be even greater than seen in many
transfused patients. Thus it is desirable to transfuse
leukocyte-reduced cellular blood components and
avoid selecting family members as platelet donors if
there is a chance that they may be considered later as
donors of hematologic progenitor/stem cells for the
patient.

FUTURE AVENUES OF RESEARCH

Several questions still deserve answers in platelet
transfusion medicine.

Possible ways of answering some important ques-
tions are to compare the viability and function of buffy
coat, PRP, and apheresis platelets when stored for
extended time periods in plasma or storage solutions;
to determine the composition of storage solutions
that best maintain platelet viability during extended
storage; to clarify the immunomodulatory effects of
transfusions and the role of type and number of

255



Sherrill J. Slichter and Ronald G. Strauss

TAKE-HOME MESSAGES

� Patient responses to whole blood–derived platelet concentrates are comparable to apheresis platelets during storage

for 5 days. With longer storage times, the viability of apheresis platelets and buffy-coat platelets may be better

maintained than PRP platelet concentrates.
� Leukoreduction is effective in preventing or reducing platelet alloimmunization, CMV transmission by transfusion,

and febrile transfusion reactions.
� Approximately 30% of transfused platelets are normally pooled in the spleen. Asplenic patients have increased

platelet increments; conversely, hypersplenic patients have reduced increments.
� There is a direct relationship between platelet count and platelet survival; i.e., the lower the posttransfusion platelet

count, the shorter the interval to the next transfusion.
� The accepted transfusion trigger for prophylactic platelet transfusions is 10 000 platelets/μL.
� Whenever possible, the platelet donor and recipient should be ABO-compatible. At a minimum, A platelets should

not be given to O recipients as the titer of anti-A in O recipients may markedly reduce platelet increments. Conversely,

O platelets given to A recipients may need to be volume reduced to prevent lysis of the recipient’s red cells.
� Platelet dose for prophylactic platelet transfusion would be 5 to 10 mL/kg in children for prophylactic platelet

transfusions and the equivalent of 4 to 6 platelet concentrates in an adult.
� For therapeutic platelet transfusions to control active bleeding or prior to a planned surgical procedure, the desired

posttransfusion platelet count is 50 000 to 100 000/μL.
� Persistent platelet dysfunction after cardiopulmonary bypass may result in active bleeding regardless of the platelet

count, necessitating a platelet transfusion.
� Alloimmune platelet–refractory patients should be given HLA-compatible donors selected by antigen matching,

identification of antibody specificity to select antigen compatible donors, or by crossmatch testing.
� Alloantibodies are often not durable; therefore periodic retesting for antibodies or transfusion of random donor

platelets may identify patients who no longer need HLA-compatible platelets.
� Patients with congenital thrombocytopenias should be transfused only for active bleeding to prevent alloimmuniza-

tion to platelets. These patients should always be given leukoreduced blood products.

residual WBCs in these processes; to develop bac-
terial tests that can be used at point of release
rather than the current time-consuming culture meth-
ods, which depend on the aliquot taken for cul-
ture containing the contaminating organisms; to con-
tinue evaluating methods of pathogen removal or
inactivation that are effective against a wide range
of transfusion-transmissible pathogens; to develop
platelet substitutes; to identify in vitro assays that are
predictive of posttransfusion viability and function;
and to determine if there are hemostatic agents
effective in managing bleeding in platelet-refractory
patients.
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15 CLINICAL APPROACH TO THE PATIENT
WITH THROMBOSIS

Brian G. Choi and Valentin Fuster
Zena and Michael A. Wiener Cardiovascular Institute, Mount Sinai School of Medicine, New York, NY, USA

INTRODUCTION

The diagnostic and therapeutic approach to throm-
bosis is dependent upon not only the vascular ter-
ritory at risk but also the mechanism of thrombo-
sis (Table 15.1). The composition of thrombus is
dynamically dependent upon the local environment
in which clot formation occurs. Arterial thrombi are
more likely to be “white” clots, rich in platelets. By prin-
ciples of physics, shear stress is highest at the fluid–
endothelium interface in settings of typical arterial
laminar flow. Erythrocytes and leukocytes predomi-
nate in the center of the flow and platelets are concen-
trated closer to the arterial wall as the larger blood cells
are propelled with blood flow.1 The platelets’ proxim-
ity to the endothelium allows for rapid platelet plug
formation in case of arterial injury, which is a key
adaptation for survival from trauma. Prothrombotic
shear-dependent factors released by the endothe-
lium – including von Willebrand factor, tissue factor,
and adhesion molecules – allow for rapid activation of
platelets in this setting.2 Hence, thrombus formation
under high-shear conditions (i.e., within arteries) is
more platelet-dependent with initial thrombus more
platelet-rich until local rheology changes with the
occlusiveness of the thrombus and low-shear dynam-
ics predominate resulting in greater fibrin deposition.

The principles of Virchow’s triad still hold true –
stasis, endothelial injury, and hypercoagulability –
for venous thrombosis.3,4 These same factors also
increase fibrin deposition after initial platelet adhe-
sion in arterial thrombosis resulting in occlusive arte-
rial thrombi and also within the chambers of the heart
resulting in thromboemboli.

Venous thrombi are typically “red” clots, rich in
fibrin. In low-shear settings, initial thrombus forma-
tion is more fibrin-dependent with less involvement

of platelets. Therefore the therapeutic intervention
must be tailored to the pathophysiology of the throm-
botic process: thrombosis under high-shear settings is
more likely to be prevented by antiplatelet strategies,
whereas low-shear thrombosis is more adequately
managed with anticoagulants.

The clinical consequences of thrombosis are depen-
dent upon the vascular territory at risk. In the case of
arterial thrombosis, a clot may result in distal end-
organ ischemia and infarction in the absence of ade-
quate collateral blood supply. In venous thrombo-
sis, congestion proximal to the thrombosis may result
in edema, but embolization of the venous clot may
result in pulmonary embolism, which can have more
severe consequences, or with a right-to-left shunt,
may potentially embolize to anywhere in the arte-
rial system. Therefore, the therapy must be tailored
to account for the organs at risk – thrombosis with
consequent high morbidity and mortality must be
intervened with greater expediency and with higher
tolerance for risk because the potential benefit is
much greater; but perhaps, the greater focus should be
placed upon the prevention of thrombus formation.

CLINICAL PRESENTATION
OF ARTERIAL THROMBOSIS

The clinical presentation of arterial thrombosis is
dependent upon the absence of adequate collateral
blood supply to the end organ at risk distal to the
site of arterial occlusion. If adequate collaterals exist,
the arterial thrombosis may be clinically silent. In
the absence of collaterals, symptoms associated with
thrombosis are typically of acute onset: stroke or
transient ischemic attack (TIA), myocardial infarc-
tion (MI), mesenteric ischemia or infarction, renal
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Table 15.1. The clinical presentation – dynamics and thrombus composition – and pharmacologic management of
arterial thrombosis*

High shear Irrelevant Low shear

Region, disease Platelets†/fibrin‡ Platelets†/fibrin‡ Fibrin‡

Arterial CAD, CVD, PVD + +/− −
Chamber, AF, DCM − +/− +
Venous, DVT − +/− +

*Pharmacologic management is dependent upon the mechanism of thrombosis. Thromboembolism that occurs in

high-shear dynamics – coronary artery disease (CAD), cerebrovascular disease (CVD), or peripheral vascular disease (PVD)

– is more platelet-rich and requires antiplatelet therapy, whereas thrombosis in low-shear states – atrial fibrillation (AF),

dilated cardiomyopathy (DCM), and deep venous thrombosis (DVT) – is more fibrin-dependent and requires

anticoagulation.
†Platelet inhibitors.
‡Anticoagulants.

infarct, splenic infarct, fetal loss, and limb ischemia.
The consequences of arterial thrombosis can be dev-
astating. Coronary artery disease (CAD) is the single
largest killer of Americans,5 and cerebrovascular acci-
dent (CVA) is the single leading cause of disability.6

Underrecognized but also very prevalent is peripheral
vascular disease (PVD), as over 20% of persons over the
age of 75 have this disease.7 Whereas these diseases
are associated with atherosclerotic disease, arterial
thrombosis may also occur in its absence. Preeclamp-
sia and other manifestations of placental insufficiency
are presumed to occur from microvascular thrombo-
sis of placental arteries.8,9,10 The clinician’s objectives
should focus on elucidating – from the history and
physical examination – the predisposing factors con-
tributing to this event, with particular emphasis on
modifiable risk factors, treatment of the acute event,
and prevention of a second event by risk-factor mod-
ification and therapeutic intervention.

Risk factors for arterial thrombosis

Although many risk-factor scoring systems exist for
atherosclerotic disease, the Framingham Heart Study
Prediction Score for coronary heart disease, despite
its known racial and socioeconomic biases, remains
the standard because of its ease of implementation
and high reproducibility across populations.11 Fur-
thermore, its scoring system’s main variables are
modifiable risk factors (with the exception of age and
sex), making it also a useful tool for patient education.

The Framingham Score uses the following variables
to assess risk: blood pressure, total cholesterol, high-
density-lipoprotein cholesterol (HDL-C), the presence
or absence of cigarette smoking, and the presence or
absence of diabetes (readers may refer to http://www.
nhlbi.nih.gov / about / framingham / riskabs.htm for
score sheets based on the Framingham data to calcu-
late CAD risk).11 Each of these variables in multivariate
analysis independently contributes to cardiovascu-
lar risk (Fig. 15.1),11 and the modification of these
factors lowers or increases risk accordingly. While
these factors independently accelerate atheroma
development, they also increase thrombogenicity.12

Hypertension, as defined in the Seventh Report of
the Joint National Committee on Prevention, Detec-
tion, Evaluation, and Treatment of High Blood Pres-
sure (JNC-7), as >140/>90 or >130/>80 for those
with diabetes or chronic kidney disease,13 is pre-
dictive of vascular mortality. Higher blood pressure,
both systolic and diastolic, is strongly and contin-
uously correlated with increasing mortality and is
independent of other risk factors.14 As blood pres-
sure increases, shear stresses are accentuated, which
activate platelets.15 Platelet activation can lead to
increased arterial thrombosis. As a modifiable risk
factor, emphasis should be placed upon blood pres-
sure reduction as a cornerstone of prevention, since
reduction of blood pressure has been demonstrated to
decrease vascular and all-cause mortality (Fig. 15.2).16

Elevated low-density-lipoprotein cholesterol (LDL-
C) has also been highly correlated to CAD in
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Figure 15.1 Relative risk of coronary artery disease (CAD) based on multivariate analysis of the Framingham Heart Study.11 Higher blood

pressure, higher LDL cholesterol, lower HDL cholesterol, diabetes, and cigarette smoking all elevate risk of CAD.

multiple population-based studies,17,18 but impor-
tantly the reduction of cholesterol has been demon-
strated to lower CAD risk consistently across epidemi-
ologic, lifestyle intervention–based, and pharmaco-
logic intervention–based studies and even surgical
ileal bypass for the prevention of cholesterol resorp-

tion.19,20 The National Cholesterol Education Project
Adult Treatment Panel III (NCEP ATP-III) provides
an easily implementable algorithm for the identifi-
cation of those with elevated cholesterol at high risk
for cardiovascular disease (Table 15.2).19,20 Increased
LDL-C has been shown to predispose to greater blood
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Table 15.2. National Cholesterol Education Project Adult Treatment Panel III (NCEP ATP-III) guidelines for treatment
of hyperlipidemia∗

Risk factors Goal Start TLC (drug Rx optional) TLC; drug Rx

0–1 <160 160–189 >190

≥2 <130 130–159 >160 (>130 if 10-year risk >10%)

CHD or 10-year risk >20% <100 100–129 >130

*Guidelines are based upon LDL-C level (mg/dL).44 Risk factors are hypertension, cigarette use, low HDL

(<40 mg/dL), family history of premature CHD (CHD in first-degree male relative <55 years or female <65 years), age

(men >45 years, women >55 years). High HDL (>60 mg/dL) is considered a negative risk factor. Abdominal aortic

aneurysm, symptomatic carotid artery stenosis, peripheral artery disease, and diabetes are considered to be CHD risk

equivalents. TLC: therapeutic lifestyle change (diet, weight management, increased physical activity).

thrombogenicity; lipid-lowering therapy, specifically
with statins, decreases this process of thrombus for-
mation in experimental models.21,22

Even with low LDL-C, a low HDL-C may also por-
tend increased risk of arterial thrombosis.23,24 Serum
level of HDL-C is negatively correlated with platelet-
dependent thrombus formation in an ex vivo model,
which points to the important role that HDL-C may
play in overall thrombogenicity.25 HDL-C appears
to activate fibrinolytic pathways, which would fur-
ther decrease thrombus formation.26 HDL-C may
directly affect platelet function by stabilizing prosta-
cylin, which decreases platelet–vessel wall interac-
tion.27 A meta-analysis of multiple population studies
found that each 1% decrease in HDL-C portends a 2%
to 3% increase in CAD risk.28 Clinical trials to date are
largely suggestive that HDL-C elevation may be benefi-
cial, but most of these trials were conducted with phar-
macologic interventions that also lowered LDL-C (i.e.,
niacin, fibric acid derivatives, bile acid sequestrants,
statins), thus confounding the interpretation of iso-
lating the benefit of HDL-C alone.19,29,30,31,32,33 How-
ever, a recent randomized controlled trial of a choles-
terol ester transfer protein (CETP) inhibitor that raises
HDL-C without other lipid-modifying effects failed to
demonstrate a benefit and actually increased mortal-
ity.34 Therefore, while low HDL-C remains a proven
risk factor, intervention to increase HDL-C has yet to
be conclusively demonstrated as beneficial.

Cigarette smoking in population studies is strongly
correlated with increased cardiovascular disease,35,36

and exposure to secondhand smoke also increases
atherosclerosis.37 By increasing sympathetic nerve
activity, smoking increases catecholamine release,

which would increase platelet activation and fibrino-
gen levels.38 Smoking cessation is effective in lower-
ing risk close to the profile of never-smokers,39,40 and
pharmacologic and behavioral interventions facilitate
smoking cessation. However, the elimination of expo-
sure to secondhand tobacco smoke, which also con-
tributes to increased cardiovascular risk,41 may require
greater public policy involvement to balance the rights
of smokers versus those whom they expose.42

Diabetes has been demonstrated to increase cardio-
vascular risk43; it is considered to pose a risk equivalent
to that of CAD by the NCEP ATP III.44 Glycemic con-
trol is directly correlated with blood thrombogenicity;
in experimental models, as hemoglobin A1 C levels
increase, blood thrombogenicity also increases,45 and
platelets from diabetic patients show greater activ-
ity and are hyperaggregable.46 Multiple studies have
demonstrated that the risk of MI for those who have
diabetes and no history of prior MI is similar to that of
nondiabetics with a prior history of MI.47,48,49 Again,
the weight of evidence suggests that optimal con-
trol of diabetes, both type 1 (insulin-dependent) and
type 2 (non-insulin-dependent), reduces macrovascu-
lar complications, including MI and CVA.50,51

Hypercoagulable states may also predispose to arte-
rial thrombosis, but their management for throm-
botic risk reduction is not without controversy.
Pregnancy-induced hypercoagulability is adaptive to
prevent postterm bleeding; however, when combined
with an additional underlying hypercoagulable state,
thrombotic complications to mother and/or child
can have significant consequences. Antiphospho-
lipid syndrome is frequently associated with recur-
rent fetal loss, but this disease may also accelerate
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atherosclerosis,52 thus increasing the likelihood of
MI or CVA.53 Hypercoagulability may also be iatro-
genic, particularly with hormone-based therapies. For
patients at risk, caution is advised before prescribing
postmenopausal estrogen therapy, which is associated
with increased cardiovascular risk.54 Hyperhomocys-
teinemia has also been associated with increased car-
diovascular risk,55 but lowering serum homocysteine
levels (via oral supplementation of vitamins B6, B12,
and folic acid) has failed to demonstrate a bene-
fit in cardiovascular risk reduction56,57 and possibly
resulted in harm.58

Treatment and prevention
of arterial thrombosis

In Table 15.1, prevention of arterial thrombosis focuses
on platelet inhibitors, since the high-shear setting
predisposes to platelet-mediated thrombus forma-
tion. Once thrombi become nearly or completely
occlusive, lower shear dynamics predominate, lead-
ing to increasing fibrin deposition. Because arte-
rial thrombosis occurs suddenly and does not man-
ifest clinically until thrombus formation is nearly
or completely occlusive, the acute management of
thrombosis focuses on reperfusion either mechan-
ically (either catheterization- or surgery-based) or
pharmacologically by thrombolytic therapy, since the
occlusive thrombus is fibrin-rich. Prevention, how-
ever, focuses on antiplatelet therapies to provide pro-
phylaxis against initial platelet accumulation, which
may lead to fibrin deposition and thrombus forma-
tion, and lower shear-dependent fibrin deposition
is not as relevant (Table 15.1). The current phar-
macologic armamentarium for antiplatelet therapy
includes aspirin, thienopyridines (clopidogrel and
ticlopidine), dipyridamole, cilostazol, and glycopro-
tein (GP) IIb/IIIa inhibitors. Because arterial thrombi
are more dependent upon platelet aggregation, the
use of long-term anticoagulation for the prevention of
myocardial infarction has met with some controversy.
Nevertheless, anticoagulation may prevent fibrinous
propagation of a thrombus, and anticoagulation has
demonstrated incremental benefit in MI prophylaxis –
at the cost, however, of increased bleeding.

Aspirin
Aspirin exerts its antiplatelet effect via permanent
inactivation of platelet cyclooxygenase-1 (COX-1),

thereby blocking platelet formation of thromboxane
A2 (TxA2).59 TxA2 increases platelet aggregability, and
since platelets are anucleate, the antiplatelet effect
lasts for the lifetime of the platelet (i.e., 7 to 10 days).60

Aspirin also inhibits cyclooxygenase-2 (COX-2), but
it is much more selective for COX-1; therefore, anti-
inflammatory and analgesic effects mediated by COX-
2 inhibition are not manifest with aspirin therapy
unless it is given in high doses. High doses of aspirin
(e.g., 1500 mg) also exert some direct anticoagulant
effect by vitamin K antagonism and direct thrombin
inhibition,61,62 but these require doses that are fre-
quently not tolerated. Aspirin increases gastric acid
production via inhibition of COX-1–mediated gas-
tric prostaglandin synthesis, leading to increased gas-
tric irritation and gastrointestinal (GI) bleeding.63 In
an effort to determine the optimal aspirin dose that
provides antiplatelet effect without GI toxicity, the
Antithrombotic Trialists’ Collaboration conducted a
meta-analysis of 287 studies involving 212 000 pati-
ents and determined that a loading dose of at least
150 mg is necessary for full effect in the acute set-
ting, a low dose (75 to 150 mg) given chronically
achieves antiplatelet effects within a week for preven-
tive purposes; doses less than 70 mg may not be fully
effective, whereas doses greater than 325 mg may not
confer added benefit but result in excess bleeding.64

Since benefit is seen with low doses but excess bleed-
ing is seen in doses over 100 mg,65 the lowest effec-
tive dose should be used. In the acute setting, where
rapid and full onset of action is needed, aspirin should
be chewed and swallowed for faster absorption, and
the enteric-coated form should not be used. Enteric
coating delays absorption,66 and platelet inhibition is
more than twice as fast when aspirin is chewed before
ingestion.67

Thienopyridines
The commercially available thienopyridines clopido-
grel and ticlopidine inhibit ADP-mediated platelet
aggregation via irreversible binding to the platelet
P2Y12 receptor.60,68 Because of ticlopidine’s less con-
venient twice-daily dosing and need for hemato-
logic surveillance (due to its association with aplastic
anemia, neutropenia, thrombocytopenia, and throm-
botic thrombocytopenic purpura),69 clopidogrel has
become the thienopyridine standard. In addition,
ticlopidine should not be used in the acute setting
because of its 1- to 2-day delayed onset of action.70,71 If
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rapid effect is needed (i.e., in the acute setting), clopi-
dogrel loading doses of 300 to 600 mg result in rapid
platelet inhibition with acceptable bleeding risk72;
however, there is a trend toward increased bleeding
at higher doses (i.e., 900 mg).73

The only large trial to compare aspirin and clopi-
dogrel directly against each other was the Clopidogrel
versus Aspirin in Patients at Risk of Ischemic Events
(CAPRIE).74 CAPRIE enrolled a heterogeneous pop-
ulation of 19 185 persons who had had an ischemic
stroke within 6 months of enrollment, an MI within 35
days, or symptomatic PVD; they were randomized to
aspirin 325 mg daily or clopidogrel 75 mg daily. Largely
because of the large sample size, clopidogrel was found
to be statistically superior to aspirin, finding that the
primary endpoint of vascular death, MI, or CVA was
reduced by 8.7% for those treated with clopidogrel,
representing an absolute risk reduction from 5.83% to
5.32%. GI bleeding was also marginally reduced from
2.7% to 2.0%. This landmark trial established clopi-
dogrel as, at the very least, a therapeutic equivalent
to aspirin for antiplatelet therapy and some indica-
tion that it may be clinically superior to aspirin. More
recent trials, however, have almost exclusively exam-
ined clopidogrel in combination with aspirin and have
established this dual regimen as the standard in ST-
segment-elevation MI (STEMI) prethrombolytic ther-
apy (CLARITY-TIMI 28),75 STEMI without mechanical
reperfusion (COMMIT),76 unstable angina, and non-
STEMI (NSTEMI) pre–percutaneous cardiology inter-
vention (PCI) (CURE),77 and mandatory after any stent
placement.78

Dipyridamole
Dipyridamole’s antiplatelet mechanism is not fully
elucidated, but its vasodilatory effect via adeno-
sine reuptake inhibition is well characterized. The
combination of dipyridamole and aspirin for sec-
ondary prevention of CVA was until recently contro-
versial because of the inconsistent results from tri-
als that had previously tested this combination, but
now two well-conducted randomized controlled tri-
als (ESPRIT, ESPS-2) have established the efficacy
of this combination over aspirin alone.79,80 How-
ever, the vasodilatory effect of dipyridamole prob-
ably contributed significantly to the higher degree
of noncompliance with the dual therapy owing to
the side effect of headaches. This vasodilatory effect,
though, may contribute to its antithrombotic prop-

erties by increasing vessel patency and thereby
decreasing shear stress, which contributes to platelet
activation.15

Cilostazol
Cilostazol is a phosphodiesterase III (PDE III) inhibitor
used primarily for the treatment of intermittent clau-
dication secondary to peripheral artery disease (PAD).
By inhibiting PDE III, cilostazol has a mild vasodila-
tory effect but also exhibits antiplatelet effect ulti-
mately via the ADP receptor pathway.81 Other oral
PDE III inhibitors (i.e., vesnarinone) have been asso-
ciated with increased mortality from sudden car-
diac death in patients with New York Heart Associa-
tion (NYHA) class III and IV congestive heart failure
(CHF)82; therefore caution is advised before cilosta-
zol is prescribed to patients with reduced systolic
function. In East Asia, cilostazol is also used for the
prophylaxis of post-coronary-stent thrombosis, show-
ing equivalent effect to clopidogrel in the preven-
tion of stent thrombosis and other major adverse
cardiovascular events.83 Triple therapy with aspirin,
clopidogrel, and cilostazol compared favorably to
dual therapy with aspirin and clopidogrel poststent-
ing by demonstrating decreased stent thrombosis
without increased bleeding complications.84 How-
ever, these results have yet to be replicated in a
randomized controlled trial in a western population
and with drug-eluting stents. Nevertheless, cilostazol
may emerge as a potential alternative for antiplatelet
therapy in the clopidogrel-intolerant or -resistant
patient.

Glycoprotein IIb/IIIa inhibitors
GP IIb/IIIa inhibition targets the final common path-
way of platelet activation and thus potently inhibits
platelets. Its potency makes this class frequently used
as adjunctive antiplatelet therapy for PCI, but the
specter of increased bleeding also associated with this
class has curtailed its use. Three intravenous formu-
lations are available: two small-molecule inhibitors
(tirofiban and eptifibatide) and one large-molecule
antibody (abciximab). Thrombocytopenia is associ-
ated with this class, but abciximab, since it is a
mouse/human chimeric antibody, may also be partic-
ularly immunogenic; therefore, patients should not be
rechallenged.85 Oral GP IIb/IIIa inhibitors have been
a class failure, with demonstration of increased mor-
tality and bleeding.86
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Anticoagulation
Anticoagulation has shown benefit in secondary pre-
vention of MI, but not in primary prevention. Anti-
coagulation may currently be achieved with hepari-
noids or oral vitamin K antagonists (VKAs); but in the
prophylaxis setting, heparinoids, which require intra-
venous or subcutaneous injection, lack sustainabil-
ity with patient compliance. A randomized controlled
trial demonstrated that subcutaneous unfractionated
heparin does reduce reinfarction, but when the data
were analyzed on an intention-to-treat basis, because
of nonadherence with the medication regimen in
the heparin group, the finding was not statistically
significant.87 The Sixty Plus Trial, WARIS (Warfarin
Aspirin Reinfarction Study), and ASPECT (Antithrom-
botics in the Secondary Prevention of Events in
Coronary Thrombosis) have shown that oral antico-
agulation with VKA also reduces the rate of reinfarc-
tion compared to placebo, but at the cost of increased
major bleeding.88,89,90 Aspirin appears to be equally
protective, but without the increased risk of bleeding
seen with VKA. In the AFTER trial, patients randomized
to VKA with INR 2 to 2.5 or aspirin 150 mg daily follow-
ing thrombolysis for acute MI had equivalent cardiac
death or nonfatal MI rates, but the rate of major bleed-
ing or stroke was significantly higher with VKA ther-
apy.91 The addition of VKA therapy with a goal INR >2
to aspirin, though, appears superior to aspirin alone
in terms of reducing cardiovascular events; however,
this reduction again comes at the cost of increased
bleeding.

Two recent large meta-analyses of over 20 000
patients enrolled in trials that assessed VKA plus
aspirin versus aspirin alone arrived at the follow-
ing conclusions.92,93 Low-intensity VKA therapy with
a goal INR <2 is equivalent to aspirin but has in-
creased bleeding risk and therefore cannot be rec-
ommended.92 Moderate-intensity VKA with an INR
goal 2–3 was superior to aspirin alone in reducing car-
diovascular events but came at the risk of increased
bleeding. Cardiovascular events were reduced by 27%
over aspirin alone but had a 2.3 times risk of major
bleeding; the number needed to treat to avoid one
cardiovascular event was 33, but the number needed
to treat to increase bleeding was 100.93 The dilemma,
then, for the clinician in search of additional risk
reduction is the cost of increased major bleeding;
therefore the addition of VKA should probably be

reserved only for the highest-risk post-MI patient
(i.e., secondary indication for anticoagulation, large
aneurysmal MI, or severely reduced left ventricular
function, intracardiac thrombus, or prior thromboem-
bolic event).94 Clopidogrel plus aspirin, too, is superior
to aspirin alone in terms of cardiovascular risk reduc-
tion, and clopidogrel plus aspirin is also associated
with a higher bleeding risk.77 A strategy of clopido-
grel plus aspirin has yet to be tested against VKA plus
aspirin in patients at risk for MI,95 so no clear guidance
can be given between these two strategies.

CLINICAL PRESENTATION OF
CHAMBER-BASED THROMBOSIS

Intracardiac thrombus formation is dependent upon
relative stasis and influenced by hypercoagulability;
therefore, thrombus formation is more fibrin-
dependent than platelet-dependent (Table 15.1). Clin-
ical scenarios in which intracardiac thrombus forma-
tion most commonly occurs are in atrial fibrillation,
CHF with severely decreased left ventricular func-
tion, and left ventricular aneurysms. Thromboem-
bolism from valvulopathy or bioprosthetic valves may
be more platelet-rich and benefit from antiplatelet
therapy, but in the case of mechanical valves, anti-
coagulation is the norm.96 The lower shear dynamics
make anticoagulants the mainstay of therapy, but the
increased bleeding risks associated with anticoagula-
tion make antiplatelet-based therapies especially rel-
evant for patients in whom the bleeding risk of anti-
coagulation outweighs the potential benefit. As Table
15.1 illustrates, platelet inhibitors play an intermedi-
ate role in chamber-based thrombosis prophylaxis.

Risk factors for chamber thrombosis

Because atrial fibrillation results in poor, unorganized
atrial contractility, relative stasis, particularly in the left
atrial appendage, predisposes to thrombus formation
that may potentially embolize. By echocardiography,
this stasis may be visualized by the presence of sponta-
neous echo contrast, or “smoke,” which is the product
of fibrinogen-mediated erythrocyte rouleaux forma-
tion.97 Atrial flutter is also associated with increased
risk for thromboembolism, which occurs by the same
mechanism as atrial fibrillation.98 The presence of
spontaneous echo contrast alone does not predict
risk of thromboembolism; but since thrombi are most
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likely to develop in the left atrial appendage, decreased
left atrial appendage flow velocity by echocardiogra-
phy is predictive of increased thromboembolic risk,
probably by reflecting the increased risk of thrombo-
genesis.99 CHF exacerbates cardiovascular events in
atrial fibrillation,100 possibly by the low output state
contributing to increased stasis. Hypertension also
decreases flow in the left atrial appendage, which
could explain why hypertension increases the risk of
stroke in atrial fibrillation.99,101 Advancing age is also
predictive of increased cardioembolic risk in atrial fib-
rillation102; older patients have reduced flow velocity
in their left atrial appendage.99 Both atrial fibrillation
and diabetes increase platelet activation,103,104 which
may explain why diabetes increases risk for throm-
boembolism in atrial fibrillation.105,106,107 The factors
that increase thromboembolic risk in atrial fibrillation
have been validated in a clinical rule known as CHADS-
2: Congestive heart failure, Hypertension, Age greater
than 75 years, Diabetes, and Stroke or TIA.107 As seen
in Figure 15.3, with one point given to each risk fac-
tor except stroke or TIA which is given two points,
the CHADS-2 score predicts increasing stroke rate.
Clinical guidelines for treatment108 are based upon
this scale as seen under “Treatment and Prevention
of Chamber Thrombosis,” below.

In CHF secondary to systolic dysfunction, increased
stasis from poor left ventricular contractility may con-

tribute to the increased risk of thromboembolism seen
in this population.109 Furthermore, there is sugges-
tion that systolic dysfunction itself may contribute to
hypercoagulability.110,111 In the modern era of CHF
management, the risk of thromboembolism is approx-
imately 2% to 3% per patient per year, and the role
of anticoagulation is controversial.112 Some retrospec-
tive studies found no benefit to anticoagulation,113 yet
others seem to indicate a benefit.114 Randomized con-
trolled trials to date have not been supportive of anti-
coagulation,115,116 but larger, more robust trials may
provide future guidance.117,118 Beyond global systolic
dysfunction, following transmural MI, left ventricular
aneurysm formation may generate localized areas of
stasis that can predispose to formation of left ventric-
ular thrombi. Currently established clinical guidelines
do not consistently advocate anticoagulation, since
the benefit is not certain.119,120

Valvulopathy may also cause thromboembolic dis-
ease. Turbulent flow across a valve can result in areas
of relative stasis in which thrombogenesis may occur.
Right-sided valvulopathy is not as clinically manifest,
since thrombi embolize to the lungs, but the conse-
quences of left-sided thromboemboli can be severe.
Since the pressure gradient across the mitral valve
is relatively low (compared to that across the aor-
tic valve), the mitral valve may generate thrombi in
the setting of stenosis; but the higher flow across the

Stroke Rate Per 100 Patient-Years without Antithrombotic 

Therapy in Atrial Fibrillation
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30%

0 1 2 3 4 5 6
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Figure 15.3 The CHADS-2 criteria. One point for congestive heart failure, hypertension, age >75 or diabetes and two points for prior stroke or

TIA predicts increasing risk of stroke in atrial fibrillation.106 Error bars represent 95% confidence interval.
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aortic valve tends to protect it from thrombogenesis
in the setting of aortic stenosis. The need for throm-
boembolism prophylaxis in the setting of prosthetic
valves is well established,96 but native valves may
also become thrombogenic. Abnormal valves from
Libman-Sacks endocarditis from connective tissue
disease also benefit from anticoagulation,121 and
mitral valve prolapse can also result in thromboem-
bolism. Valves damaged by endocarditis may lose lam-
inar flow and also become thrombogenic.

Treatment and prevention of chamber
thrombosis

Antithrombotic therapy for atrial fibrillation is guided
by risk assessment via the CHADS-2 score in the
most recent ACC/AHA/ESC practice guidelines (Table
15.3).108 Patients with no risk factors may be ade-
quately treated with aspirin alone (81 to 325 mg per
day), since in this low-risk population the increased
bleeding risk from anticoagulation with warfarin out-
weighs its benefit, and as illustrated in Table 15.1,
platelet inhibition plays an intermediate role in pre-
vention of chamber-based thrombus formation. With
one moderate-risk factor, the bleeding risk of war-
farin versus its potential benefit may be equivocal
based upon different trials, so in this category, the
choice of aspirin versus warfarin should be individ-
ualized to the patient based upon individual bleed-
ing risk and patient preference. With more than one
moderate-risk factor or one or more high-risk fac-
tors (prior CVA or TIA, mitral stenosis, mechani-
cal valve), anticoagulation with warfarin is recom-
mended since this population is at much higher
risk for stroke, which outweighs the increased bleed-
ing risk with vitamin K antagonist therapy, and
anticoagulants are the treatment of choice in the
low-shear setting of chamber-based thrombogenesis
(Table 15.1).

As mentioned above, currently established guide-
lines do not provide guidance on the benefit of anti-
coagulation for systolic dysfunction. However, antico-
agulation should be considered in selected patients
who may be of particularly high risk: those with a
prior CVA, left ventricular noncompaction, amyloi-
dosis, and those having first-degree relatives with
idiopathic dilated cardiomyopathy who have expe-
rienced a CVA.120 The algorithm that we employ in
our treatment decisions for anticoagulation in the set-

Table 15.3. ACC/AHA/ESC practice guidelines for
antithrombotic therapy in the prevention of stroke in
atrial fibrillation108,∗

CHADS-2 score Recommended therapy

0 Aspirin 81–325 mg daily

1 Aspirin 81–325 mg daily or warfarin

(INR 2–3 with 2.5 target)

2 or greater Warfarin (INR 2–3 with 2.5 target)

* CHADS-2 is an acronym standing for the following

criteria: Congestive heart failure, Hypertension, Age

greater than 75 years, Diabetes, and Stroke or TIA. Two

points are assigned for stroke or TIA; one point is given

for any other criterion.

ting of severely reduced ejection fraction is summa-
rized in Figure 15.4, which is a composite of the rec-
ommendations from the American College of Chest
Physicians, the European Society of Cardiology, the
American College of Cardiology, the American
Heart Association, and the Heart Failure Society of
America.122 Anticoagulation should be considered for
patients with severely reduced left ventricular func-
tion and with prior embolic events, atrial fibrilla-
tion, recent MI, intracardiac thrombus, or mechanical
valve.

10% to 20% of patients with mitral stenosis have a
thromboembolic event,96,123 and despite the paucity
of randomized controlled trials, clinical guidelines
recommend that patients with mitral stenosis and
either atrial fibrillation, prior embolic event, or left
atrial thrombus should be anticoagulated and may
be anticoagulated if they have a left atrial dimension
greater than 55 mm by echocardiography or sponta-
neous echo contrast. Randomized clinical trials for
embolism prophylaxis in mitral valve prolapse (MVP)
are also scarce, but the consensus is for aspirin in
MVP patients with prior TIA and otherwise gener-
ally follows the CHADS-2 scale.96 Other native valve
diseases do not routinely require thromboembolism
prophylaxis. As for prosthetic valve management,
bioprosthetic valves generally are adequately prophy-
laxed with aspirin unless the patient has other high-
risk factors (atrial fibrillation, prior thromboemboliza-
tion, systolic dysfunction, or hypercoagulability); with
mechanical valves, warfarin therapy is mandatory
(Table 15.4).
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• Prior embolic events
• Atrial fibrillation
• Recent MI and mural thrombus
• Protuberant or mobile intracardiac thrombus
• Mechanical heart valve*

Warfarin
(INR 2-3)

Established CAD
or high risk for CAD

Warfarin
(INR 2-3)

OR
Aspirin

(81-325 mg/day)

Warfarin
(INR 2-3)

OR
No antithrombotic

therapy

Yes No

Yes No

*INR goal should be higher than 2.5
†Patients undergoing PCI should receive aspirin and clopidogrel

Left ventricular dysfunction (EF < 35%) with

Figure 15.4 Antithrombotic recommendations for thromboembolism prophylaxis in

setting of systolic dysfunction.122

CLINICAL PRESENTATION OF
VENOUS THROMBOSIS

The clinician’s suspicion of deep venous thrombo-
sis (DVT) should be raised when conditions for Vir-
chow’s triad are met: physical immobility, endothelial
injury, and hypercoagulability. DVT most typically
occurs in the lower extremities; upper extremity
DVT (Paget-Schroetter syndrome) is a rarer clinical
entity.124 The consequences of DVT are pain and
edema of the affected extremity, but if the DVT
embolizes, a potentially fatal pulmonary embolism
(PE) may occur125; or if the patient has a right-to-left
shunt, the embolized venous thrombus can poten-
tially have any of aforementioned consequences asso-
ciated with arterial thrombosis (i.e., stroke, MI, etc.).

Risk factors for venous thrombosis

The best-established approach to clinical prediction
for DVT are the Wells criteria,126 especially when
used in conjunction with d-dimer assay,127 which
is a marker of endogenous fibrinolysis.4 The Wells
score, the determination scale for which is seen
in Table 15.5, suggests DVT with a score of 2 or
more and with less than 2 is deemed unlikely. If
the d-dimer is negative and the Wells score is less
than 2, diagnostic ultrasonography may be omit-
ted, since the incidence of DVT in this population

is only 0.4%.127 Although the Wells criteria place
emphasis on clinical factors that predispose to sta-
sis (physical immobilization) and hypercoagulability
(cancer), other clinical factors should raise suspicions
for DVT. History should be obtained for patient or fam-
ily history suggestive of an inherited thrombophilia:
factor V Leiden mutation, hyperhomocysteinemia
(MTHFR mutation), prothrombin gene mutation
(G20210 A), protein C deficiency, protein S defi-
ciency, or antithrombin III deficiency. Some acquired
hypercoagulable states can unmask an inherited
thrombophilia, such as pregnancy or exogenous hor-
mone use, but other acquired thrombophilia includes
antiphospolipid antibody syndrome, disseminated
intravascular coagulation, heparin-induced throm-
bocytopenia and thrombosis (HITT), and nephrotic
syndrome. Endothelial injury should also be investi-
gated as a predisposing factor – typical clinical scenar-
ios include indwelling catheters or recent procedure,
surgery, and trauma. Diagnosis of underlying throm-
bophilia can be difficult, since treatment with antico-
agulation and the thrombosis itself affect the ability to
diagnose factor deficiencies.

Prevention and treatment
of venous thrombosis

In Table 15.1, we illustrate that low-shear dynam-
ics prevail in the venous system, necessitating
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Table 15.4. ACC/AHA recommendations for antithrombotic therapy in patients with prosthetic heart valves96, ∗,†

Aspirin 75–100 mg Warfarin INR 2.0–3.0 Warfarin INR 2.5–3.5 No warfarin

Mechanical valves

AVR <3 months Class I; LOE B Class I; LOE B Class IIa; LOE C

AVR >3 months Class I; LOE B Class I; LOE B

AVR high risk Class I; LOE B Class I; LOE B

Aortic disc valve Class I; LOE B Class I; LOE B

MVR Class I; LOE B Class I; LOE C

Starr-Edwards valve Class I; LOE B Class I; LOE B

Bioprosthetic valve

AVR <3 months Class I; LOE C Class IIa; LOE C Class IIb; LOE B

AVR >3 months Class I; LOE C Class IIa; LOE B

AVR high risk Class I; LOE B Class I; LOE C

MVR <3 months Class I; LOE C Class IIa; LOE C

MVR >3 months Class I; LOE C Class IIa, LOE B

MVR high risk Class I; LOE B Class I; LOE C

* High-risk factors are atrial fibrillation, left ventricular dysfunction, prior thromboembolic event, or hypercoagulability.

Patients with goal INR of 2.0–3.0 who experience a confirmed embolic event should be uptitrated to 2.5–3.5 and those who

have treatment failure with goal INR 2.5–3.5 should be uptitrated to 3.5–4.5. Uptitration of aspirin to 325 mg or addition of

clopidogrel should be considered for additional treatment failure.

AVR, aortic valve replacement; MVR, mitral valve replacement.
†Class I: Conditions for which there is evidence for and/or general agreement that the procedure or treatment is beneficial,

useful, and effective; Class IIa: weight of evidence/opinion is in favor of usefulness/efficacy; Class IIb: usefulness/efficacy is

less well established by evidence/opinion; Class III: conditions for which there is evidence and/or general agreement that

the procedure/treatment is not useful/effective and in some cases may be harmful; Level of evidence (LOE) A: data derived

from multiple randomized clinical trials; LOE B: data derived from a single randomized trial or nonrandomized studies;

LOE C: only consensus opinion of experts, case studies, or standard of care.

anticoagulants to prevent thrombosis. Platelets play
a lesser role in venous thrombosis; therefore, the evi-
dence supporting antiplatelet therapy in this setting is
weaker than that for anticoagulants, since the absence
of high-shear dynamics leads to less platelet acti-
vation. Anticoagulation remains the cornerstone of
treatment of venous thrombosis; antiplatelet thera-
pies have some prophylactic effect upon DVT devel-
opment, but they are not as good as anticoagu-
lants. The Pulmonary Embolism Prevention (PEP) trial
found that in patients undergoing arthroplasty, aspirin
reduced the rate of DVT by one-third versus placebo.128

However, heparinoids reduced the risk of DVT by 37%
relative to treatment with aspirin alone, and without
increasing bleeding risk.129 Warfarin, too, appears to
be more effective than aspirin130; therefore, aspirin is
not a routine intervention for DVT prophylaxis.

Medically or surgically immobilized patients should
receive prophylaxis against DVT, as anticoagulation
is effective and well tolerated in preventing venous
thromboembolism and its consequences.131 Some
10% to 20% of hospitalized medical patients will have a
DVT in the absence of prophylaxis; in patients follow-
ing surgery, the incidence is higher.132 Without pro-
phylaxis, 15% to 40% of general surgery patients have
a DVT; following orthopedic surgery, the prevalence is
40% to 60%; and in spinal cord injury or critical care
patients, the rate can be as high as 80%.132

Appropriate anticoagulation to prevent venous
thromboembolic disease depends on the underlying
risk of the patient to develop a significant clot. A
young, immediately ambulatory surgical patient may
not need any prophylaxis as long as adequate phys-
ical activity can be reliably assured. In hospitalized
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Table 15.5. Wells criteria for prediction of pretest
probability of deep venous thrombosis127, ∗

Clinical criterion Points

Cancer within 6 months 1

Paralysis, paresis, or recent plaster

immobilization of a lower extremity

1

Recently bedridden for 3 or more days or

major surgery within past 12 weeks

1

Tenderness along distribution of deep

veins

1

Calf swelling 3 cm greater than opposite

leg measured 10 cm below tibial

tuberosity

1

Pitting edema limited to symptomatic leg 1

Collateral superficial veins (nonvaricose) 1

Prior documented DVT 1

Entire leg swollen 1

Alternative diagnosis at least as likely as

DVT

−2

A score of 2 or more is considered high probability, less

than 2 is low probability.

medical patients, both subcutaneous unfractionated
heparin133 and low-molecular-weight heparin134

(LMWH) significantly reduce the incidence of DVT.
Both are generally considered equally efficacious,
but once-daily dosing for LMWH increases patient
convenience. Although the bleeding risk for subcuta-
neous heparinoids are low,131 sequential pneumatic
compression devices may provide an alternative for
patients at especially high bleeding risk or those who
are actively bleeding.135 Surgical patients may be
managed similarly with subcutaneous unfractionated
heparin, LMWH, or compression devices, but in sur-
gical patients at higher risk (i.e., orthopedic or spinal
cord injury), more aggressive prophylaxis is war-
ranted. Compression devices can be supplemented
on top of anticoagulation, but full-dose LMWH or VKA
therapy to a goal INR of 2 to 3136 will reduce the risk
of venous thromboembolism more effectively, with
the weight of the evidence favoring LMWH over VKA
therapy.132

Once a DVT or pulmonary embolism is diagnosed,
anticoagulation should be administered unless there
is a compelling contraindication for or complication
of anticoagulation. Unfractionated heparin or LMWH

is used until oral VKA reaches a therapeutic INR target
of 2 to 3. For those patients who have a contraindi-
cation to anticoagulation, an inferior vena cava (IVC)
filter should be placed as expeditiously as possible
to prevent pulmonary embolism and anticoagulation
resumed as soon as possible. The recommended dura-
tion of anticoagulation following a DVT or pulmonary
embolism varies according to a patient’s underlying
risk and is beyond the scope of this chapter, but read-
ers are encouraged to review the American College of
Chest Physicians Guidelines on this topic.137

CONCLUSION

Antiplatelet therapy, therefore, is most effective in
the prevention of thrombus formation in high-shear
conditions: CAD, cerebrovascular disease, and PAD.
The current antiplatelet therapeutic armamentarium
includes aspirin, thienopyridines (clopidogrel and
ticlopidine), dipyridamole, and GP IIb/IIIa inhibi-
tion. These medications play a critical role in the
management and prevention of arterial thrombotic
disease, but in venous thrombosis, where low-shear
settings make thrombosis a more fibrin-driven pro-
cess, anticoagulation is the mainstay of therapy.
In the prevention of chamber thrombosis, though,
antiplatelet therapy may play a critical role, espe-
cially in the setting of low-risk atrial fibrillation and
valve disease (i.e., mitral valve prolapse and after bio-
prosthetic valve replacement), when the bleeding risk
of anticoagulation exceeds the benefit of thrombo-
embolism prevention.

FUTURE AVENUES OF RESEARCH

The current unmet needs for the development of new
antiplatelet therapies are to provide (1) incremen-
tal benefit over currently available therapies without
increasing risk of bleeding, (2) the more rapid onset
of action necessitated by acute emergencies (e.g.,
acute MI), (3) reversibility of effect if bleeding occurs
or risk of bleeding increases, and (4) consistency of
effect, obviating the need for resistance testing. Novel
thienopyridines are currently in clinical testing,138,139

including an intravenous formulation,140 but their
superiority remains to be determined from ongoing
studies. New factor Xa inhibitors are also in develop-
ment, and oral formulations could expand the avail-
ability of this class.141 Nitric oxide donors have both
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TAKE-HOME MESSAGES

� The pathophysiologic basis for antiplatelet versus anticoagulant therapy is based upon the shear setting in which

thrombosis occurs.
� Low-shear settings predispose to fibrin-rich (“red”) clots; high-shear settings predispose to platelet predominance

(“white” clot).
� Arterial thrombosis treatment and prevention should be platelet-based therapies.
� Chamber thrombosis (i.e., atrial fibrillation, CHF) is preferentially anticoagulant-based except in lower-risk patients

for whom the bleeding risk of anticoagulation may exceed the benefit of prevention of thromboembolic events.

These lower-risk patients may be given antiplatelet treatment.
� In venous thrombosis, the clinical superiority of anticoagulation has been demonstrated over antiplatelet treatment,

as thrombosis is more fibrin-mediated.

antithrombotic and vasodilatory properties that may
be dually beneficial in preventing thrombotic compli-
cations, but their use is still under investigation.142−144

Direct TxA2 inhibitors may inhibit platelet aggrega-
bility without the GI toxicity associated with aspirin
while also offering antiatherosclerotic properties.145

The future for novel antithrombotic agents appears
promising, and ongoing clinical trials may clarify their
potential use.
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INTRODUCTION

Atherosclerosis is a systemic inflammatory disease
characterized by the accumulation of monocytes/
macrophages and lymphocytes in the intima of
large arteries.1 Rupture or erosion of the advanced
lesion initiates platelet activation and aggregation (the
atherothrombotic process) on the surface of the dis-
rupted atherosclerotic plaque.2,3

Several risk factors (including diabetes, hyper-
cholesterolemia, hypertension, and smoking) have
been implicated in the initiation and progression of
atherosclerosis. Although these risk factors are sys-
temic in nature, atherosclerotic plaques are not ran-
domly distributed but occur with preference to spe-
cific locations in the arterial tree. Atherothrombotic
lesions colocalize with regions of low shear stress thr-
oughout the arterial tree, such as the aortic arch, the
carotid artery,4 the coronary arteries,5 the infrarenal
aorta, and the femoral artery.6 Consequently, athero-
thrombotic clinical manifestations include coronary
artery disease (CAD), cerebrovascular disease, and
peripheral artery disease (PAD), all of which are poten-
tially life-threatening. The demonstrated beneficial
role of antiplatelet drugs in reducing the incidence of
nonfatal myocardial infarction (MI), nonfatal stroke,
and vascular death in many large clinical trials has
demonstrated the major role of platelets in the throm-
botic complications of atherosclerosis in the coronary,
peripheral, and cerebral vascular systems.

PLATELETS IN CORONARY
ARTERY DISEASE

Endothelial dysfunction

Coronary atherosclerosis is the primary cause of heart
disease in industrialized nations. It has now become

clear that coronary atherosclerosis is a chronic inflam-
matory process that can be converted into an acute
clinical event by plaque rupture and arterial throm-
bosis. It is well recognized that platelets play a key
role in thrombotic vascular occlusion at the ruptured
coronary atherosclerotic plaque, leading to the acute
coronary syndrome (ACS), defined as myocardial
infarction (MI), non-ST-segment elevation myocar-
dial infarction (NSTEMI), and unstable angina (UA).
The clear benefit of antiplatelet drugs for the treat-
ment and prevention of acute coronary events sup-
ports a role for platelets in the ACS.

Under physiologic conditions, platelets circulate
within the vascular tree without significant interac-
tions with the vessel wall. Indeed, platelet adhesion/
activation is prevented by the endothelium, which
inhibits platelet reactivity by producing several local
active substances, including antithrombotic and
vasoactive substances, such as prostacyclin (prosta-
glandin I2, or PGI2) and nitric oxide (NO), or by
expressing an ecto-ADPase (CD39) on its surface.
However, the clustering of risk factors [smoking, dia-
betes, high blood pressure, low levels of high-density-
lipoprotein cholesterol (HDL-C), high levels of cir-
culating modified low-density-lipoprotein cholesterol
(LDL-C), physical shear stress at points of arterial
stenosis, free radicals, vasoactive amines, and infec-
tious microorganisms] results in a breakdown in the
anti-inflammatory and antithrombotic properties of
the endothelium, with ensuing endothelial dysfunc-
tion. Endothelial dysfunction, defined as a decrease in
the bioavailability of NO, is one of the initial targets
and triggers of the successive events responsible for
the formation of atherosclerotic lesions and its clinical
acute atherothrombotic complications. Indeed, the
NO pathway has multiple synergistic interactions with
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respect to cyclic nucleotide generation/degradation
and protein phosphorylation in platelets and smooth
muscle cells (SMCs), which regulate cardiovascular
functions (vascular tone, inhibition of platelet aggre-
gation and leukocyte adhesion, and prevention of
SMC proliferation).

A break in the endothelial permeability barrier facil-
itates the recruitment of circulating monocytes and
plasma lipids into the arterial wall as well as platelet
deposition at the sites of endothelial denudation.
Damaged endothelial cells, monocytes, and aggre-
gated platelets, through the release of mitogenic
factors, potentiate the migration and proliferation
of SMCs, which, together with increased receptor-
mediated lipid accumulation and increased connec-
tive tissue synthesis, shape the typical atheromatous
plaque. Repeated cycles of this process result in hyper-
plasia of the intima–media layer of the vessel wall and
the development of an atherosclerotic plaque (Fig.
16.1). However, in some instances a much faster devel-
opment is observed; thrombosis associated with vul-
nerable disrupted plaques seems to be responsible for

the accelerated process of clinical syndrome presen-
tation (Fig. 16.2). Although the exact triggering fac-
tors of the vulnerable plaque rupture are unknown,
inflammation is accepted to be a pivotal chronic
event.7,8 Culprit coronary plaques are characterized
by greater lipid content, macrophage count, apopto-
sis, angiogenesis, and internal elastic lamina dilata-
tion.9 Human atherectomy specimens and necropsy
studies have revealed that the main intrinsic features
that characterize plaques as “vulnerable” are (1) a large
necrotic lipid core occupying more than 40% of the
total plaque volume; (2) a thin fibrous cap; (3) an
increased macrophage, foam cell, and T-lymphocyte
content at the margins or so-called shoulders of the
plaque; (4) reduced amounts of collagen and SMCs;
and (5) thrombotic material with the deposition of
platelets and fibrin.7,10,11

Processes of platelet activation
and aggregation

Platelets home early to the areas of vascular dam-
age as they can adhere directly to the dysfunctional
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Figure 16.1 Diagram of dysfunctional endothelium and subsequent atherosclerotic lesion

development. NO, nitric oxide; ET-1, endothelin; MMP, matrix metalloproteinase; PAI-1, plasminogen

activator inhibitor type 1; TF, tissue factor; tPA, tissue plasminogen activator; TxA2, thromboxane A2;

CAM, cell adhesion molecule; CRP, C-reactive protein; MCP, monocyte chemotactic protein; M-CSF,

monocyte colony-stimulating factor; PGI2, prostacyclin; SMC, smooth muscle cell; VEGF, vascular

endothelial growth factor. (Adapted with permission from Fuster V, Fayad ZA, Moreno PR, et al.

Atherothrombosis and high-risk plaque: Part II. Approaches by noninvasive computed

tomographic/magnetic resonance imaging. J Am Coll Cardiol 2005;46:1209–18.)
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metalloproteinase; PAI-1, plasminogen activator inhibitor type 1; TF, tissue factor; tPA, tissue

plasminogen activator; TxA2, thromboxane A2; SMC, smooth muscle cell. (Adapted with permission

from Fuster V, Fayad ZA, Moreno PR, et al. Atherothrombosis and high-risk plaque: Part II. Approaches

by noninvasive computed tomographic/magnetic resonance imaging. J Am Coll Cardiol 2005;46:

1209–18.)

endothelial monolayer (even in the absence of
endothelial disruption), exposed collagen, and/or
macrophages. The availability of new investigative
tools, such as intravital microscopy and genetically
modified mouse models of disease, have helped to
demonstrate that endothelial denudation/disruption
is not an absolute prerequisite to allow platelet activa-
tion and attachment to the arterial wall12 even under
high-shear-rate conditions.13 Accordingly, platelets
can also be activated in early stages of the atheroscle-
rotic process. This has also been suggested by previous
histologic identification of platelets and platelet anti-
gens in atherosclerotic lesions at almost all stages of
the atherosclerotic disease.14,15 The molecular mech-
anisms responsible for platelet activation at the onset
of atherosclerosis are unknown. However, it has been
postulated that platelet activation may be attributed
to (1) reduction in the mechanisms implicated in
maintaining endothelial antithrombotic properties;
(2) reactive oxygen species generated by atheroscle-
rotic risk factors (in fact, the presence of hyperten-
sion,16 hypercholesterolemia,17 cigarette smoking,18

and diabetes19 correlates with a higher number of
circulating activated platelets); and (3) an increase
in prothrombotic and proinflammatory mediators in

the circulation or immobilized on the endothelium.20

Conversely, ApoE-deficient (ApoE−/−), LDLR−/−, and
ApoE−/−/LDLR−/− mice have been widely employed
as an animal model of atherosclerosis in the research
arena since they acquire widespread arterial lesions
with a pathomorphology similar to that of humans
which progress from simple fatty streaks to com-
plex fibrous plaques.21 Hence, the development
of ApoE−/− mice and the use of monoclonal antibodies
against platelet glycoproteins have provided an oppor-
tunity to directly evaluate the significance of platelet
adhesion for the initiation of atherosclerotic plaque
formation and to assess the dynamics of platelet–
vessel wall interactions in the process of atherothrom-
bosis. In fact, adhered platelets, in concert with
dysfunctional endothelial cells, secrete chemotactic
(e.g., RANTES, platelet factor-4) and growth factors
[platelet-derived growth factor (PDGF), transform-
ing growth factor β (TGF-β), epidermal growth factor
(EGF), basic fibroblast growth factor (bFGF)], which
in turn stimulate the migration, accumulation, and
proliferation of SMCs and leukocytes in the intima
layer. Hence, in early atherosclerosis, microthrombi
present on the luminal surface of vessels can potenti-
ate the progression of atherosclerosis by exposing the
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vessel wall to clot-associated mitogens, whereas in
later stages of atherosclerosis, mural thrombosis is
associated with the growth of atherosclerotic plaques
and progressive luminal occlusion.

It is very well established that the initial tethering
and rolling of platelets on dysfunctional or damaged
endothelium is mainly mediated through platelet gly-
coprotein (GP) Ibα binding to von Willebrand factor
(VWF) and the endothelial adhesion molecule P-sele-
ctin.12 P-selectin is localized in the α-granules of
platelets and Weibel–Palade bodies of endothelial
cells.22 Upon cell activation, P-selectin is translocated
to the cell surface within seconds, where it remains for
at least an hour.22 P-selectin is now considered an im-
portant marker of platelet activation in view of the
fact that, in the course of atherosclerosis, platelets
express more P-selectin on their surface.23 There
are many putative P-selectin GP ligands that are
expressed either on platelets [sulfatides, GP Ib, P-
selectin GP ligand-1 (PSGL-1), mucosal vascular
addressin cell adhesion molecule 1 or on leuko-
cytes (PSGL-1), and it is suggested that they may be
also expressed on endothelial cells (glycolysated cell
adhesion molecule-1 (GlyCAM-1, CD34).24 Besides P-
selectin and GP Ib, dysfunctional endothelial cells also
express selectins and integrins [vascular cell adhesion
molecule-1 (VCAM-1), the vitronectin receptor αvβ3,
and platelet endothelial cell adhesion molecule-1
(PECAM-1)], all of which support platelet adhesion to
the vessel wall.

The VWF A3 domain binds ADAMTS13 with high
affinity to cleave ultra large ULVWF multimers, thus
favoring the adhesion of vWF to matrix: upon endothe-
lial disruption (spontaneous or iatrogenic damage),
collagen exposure to the flowing blood also favors the
attachment of circulating VWF via its A3 domain, fur-
ther allowing the interaction between GP Iba and the
domain A1 of VWF.25,26 The multimeric nature of VWF
increases the local amount of active A1 domain sites,
thus increasing the formation of multiple bonds and
reinforcing platelet–vessel wall interaction. However,
VWF–GP Ib/V/IX is known to be characterized by a
fast dissociation rate; thus formed bonds cannot pro-
vide stable arrest of platelets on the subendothelial
matrix.27 Unlike GP Ib/V/IX, platelet receptor GP VI
binds directly to collagen and induces the activation
of other adhesive receptors such as integrinsαIIbβ3 (GP
IIb/IIIa) and α2β1. Both αIIbβ3 and α2β1 act in concert
to promote subsequent firm, irreversible, and stable

platelet arrest on the endothelial surface28,29 either
by direct binding to collagen (α2β1) or to the VWF C1
domain (αIIbβ3).27

Circulating agonists such as epinephrine, throm-
bin, serotonin, thromboxane A2 (TxA2), and adeno-
sine diphosphate (ADP) (locally released from red
blood cells and from platelet δ-granules) can also
activate platelets via specific platelet surface recep-
tors. Once activated, platelets undergo a consider-
able shape change, and the free calcium concentration
within the cytosol increases. Subsequent increases in
cytosolic free calcium induce the release of platelet
granule components, a process called platelet degran-
ulation. Platelet degranulation involves the discharge
of platelet granule contents [i.e., α-granule proteins
β-thromboglobulin, platelet factor (PF)-4, PDGF, and
ADP from the platelet dense granules]. ADP plays
a key role in platelet function because it amplifies
the platelet response induced by other platelet ago-
nists.30,31 This ADP release from platelet granules has
an autocrine effect, promoting stable platelet aggre-
gation by interacting with specific ADP receptors on
the membrane (P2Y1 and P2Y12), but it also promotes
a paracrine effect by binding to ADP receptors of
neighboring platelets, thus amplifying the activation
process. On the other hand, platelet activation also
induces phospholipase-A2 activation, which triggers
arachidonic acid metabolism. Platelet cyclooxygen-
ase 1 (COX-1) catalyzes the conversion of arachidonic
acid to prostaglandin G2/H2, and the latter is con-
verted to TxA2. TxA2 is released into the circulation,
where it binds to thromboxane (TP) receptors, thus
enhancing platelet activation and vasoconstriction.

Platelet adhesion and further activation eventually
lead to αIIbβ3 receptor activation, which in turn facil-
itates the interaction of circulating platelets with the
previously vessel-adherent platelets. αIIbβ3 is a surface
integrin receptor within the platelet membrane that
undergoes a change in shape on activation to express
a high-affinity binding site for fibrinogen. The initial
binding of fibrinogen to αIIbβ3 is a reversible process
followed seconds to minutes later by an irreversible
stabilization of the fibrinogen linkage to the αIIbβ3

complex.27 This not only results in the binding of fib-
rinogen but once fibrinogen is bound, “outside-in” sig-
naling also occurs, causing amplification of the initial
signal and further platelet activation. This leads to fur-
ther aggregation of platelets and accumulation at the
site of vessel injury, resulting in thrombus formation.
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Activation of the coagulation cascade

One of the early events after vascular disruption is acti-
vation of the coagulation cascade (Fig. 16.3). Strong
evidence supports that tissue factor (TF), in partic-
ular the one expressed on foam cells, is the princi-
pal nonfibrillar thrombogenic factor in the plaque’s
lipid-rich core that promotes activation of the coag-
ulation cascade.32,33,34,35 In addition to TF, both acti-
vated platelets and dysfunctional endothelium play
an important role in further promoting the coag-
ulation cascade and the subsequent production of
fibrin. Indeed, endothelium has switched from an
anticoagulant to a procoagulant phenotype (inverted
tissue plasminogen activator/plasminogen activator
inhibitor ratio, enhanced VWF and reduced throm-
bomodulin secretion),36 whereas platelets offer their
surface for catalyzing the formation of thrombin from
prothrombin. Activation of the coagulation cascade
leads to thrombin formation, an important compo-
nent in the pathogenesis of acute thrombus formation.

Thrombin signaling through the protease-activated
receptors (PARs) has been shown to influence a
wide range of responses, including intimal hyperpla-
sia, inflammation, maintenance of vascular tone and
barrier function, and last but not least, platelet acti-
vation.37 In fact, thrombin activates platelet aggre-
gation through the PARs at much lower concentra-
tions than those needed to produce its coagulant
effect. The three thrombin receptors of the vascula-
ture are the high-affinity PAR1 and PAR3 and low-
affinity PAR4 receptors. PAR2 is a receptor for the
TF/VIIa/Xa complex; it is not cleaved by thrombin
but rather by trypsin. All four PARs have been shown
to be expressed in various types of endothelial cells
and modulate the responses of the endothelium to
elevated levels of blood coagulation proteases during
thrombosis and inflammatory states. PAR1 and PAR2
on SMC and PAR1, PAR2, and PAR4 on macrophages
activate inflammatory and proliferative pathways in
atherosclerotic lesions. Human platelets express both
PAR1 and PAR4, which give rise to a coordinated
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thrombin response that culminates in activation of
the fibrinogen receptor. PAR3 is expressed in murine
platelets, together with PAR1 and PAR4: mice defi-
cient in all the three isoforms of PAR have been devel-
oped and used to set up a model of atherosclerosis
showing that the lack of a thrombin receptor con-
fers an antiatherosclerotic phenotype.38,39 The GP
Ib/V/IX also serves to deliver thrombin to PAR1 by
focusing the activity of thrombin to the platelet sur-
face.40 Once cleaved, PAR1 rapidly transmits a signal
across the plasma membrane to internally located G
proteins, activation of which culminates in the for-
mation of platelet–platelet aggregates.41 PAR1 activa-
tion of G12/13 causes platelets to undergo a dramatic
shape change characterized by spike-like projec-
tions that alter the hemodynamic properties of the
platelet. G12/13 also controls the release of platelet-
dense granules.42 On the other hand, PAR1 stimula-
tion of Gq causes a rapid rise in intracellular calcium
and activation of the αIIbβ3 fibrinogen receptor. PAR1-
dependent formation of platelet–platelet aggregates
through αIIbβ3 tends to be transient unless strength-
ened by additional inputs from the P2Y12 ADP recep-
tor or from the PAR4 receptor. Although also coupled
to G12/13 and Gq, thrombin signaling through PAR4 is
quite distinct from that through PAR1. PAR4 is cleaved
and signals more slowly, but – despite its slower
response – generates the majority of the intracellu-
lar calcium flux and does not require additional input
from the P2Y12 ADP receptor to form stable platelet–
platelet aggregates.43

In summary, platelet αIIbβ3 is not only activated
downstream of the GP Ib/IX/V and GP VI receptors,
respectively, but also by G protein–coupled recep-
tors, such as thrombin (PAR1 or PAR4) or ADP recep-
tors (P2Y1 or P2Y12), which reinforce αIIbβ3-dependent
platelet aggregation and subsequent thrombus forma-
tion.

Platelet-derived microparticles

Increasing evidence suggests that the role of platelets
in atherosclerosis and its thrombotic complications
may be mediated at least in part by the production
of platelet-derived microparticles (PMPs) – platelet
microvesicles formed during platelet activation.44,45

Indeed, elevated levels of circulating PMPs have been
described in patients with atherosclerosis, acute vas-
cular syndromes, or diabetes mellitus.44 Moreover,

Tan et al. have shown that PMP levels can be related
to increasing clinical severity of atherosclerotic dis-
ease.46

The surface of PMPs presents an array of platelet-
derived adhesion and chemokine receptors, such as
P-selectin, αIIbβ3, and GPIbα, which induce mono-
cyte and endothelium cytokine production47 and an
increase in leukocyte aggregation and recruitment via
P-selectin/PSGL-1–dependent interactions.48 PMPs
may also adhere to both subendothelium and acti-
vated endothelium, where they facilitate the adhe-
sion of leukocytes via upregulation of intercellu-
lar adhesion molecule-1 (ICAM-1) and enhance the
inflammatory environment through the production of
interleukins (IL-1, IL-6, and IL-8).1 Moreover, Mause
et al.49 have interestingly suggested that circulat-
ing PMPs may even serve as a transfer system for
the platelet-derived chemokine RANTES on activated
early atherosclerotic endothelium. Thus, elevated lev-
els of PMPs may not solely reflect an epiphenomenon
of platelet activation but rather be regarded as an
active transcellular delivery system for proinflamma-
tory mediators and platelet receptors.

Regarding the contribution of PMPs to in vivo
thrombus formation, PMPs are thought to be impor-
tant carriers of platelet-derived TF50 and thus to play
an important role in initiating thrombosis. Further-
more, PMPs may also intervene in inhibition of fibri-
nolysis by promoting vimentin-mediated PAI-1 acti-
vation.51

Platelet glycoprotein polymorphisms

It is well known that the individual response to
antiplatelet therapy is variable. It is likely that genetic
factors are involved in this variability, as platelet and
platelet-associated proteins are highly polymorphic.52

In fact, up to 30% of natural variation in platelet reac-
tivity is related to genetic inheritance.53 Thus, a num-
ber of polymorphisms in platelet surface glycoproteins
have received particular attention; the HPA-1 a/b poly-
morphism resulting in conformational change at the
amino terminus of the β-3 chain of the platelet fib-
rinogen receptor GP αIIbβ3 and polymorphisms in the
platelet collagen (α2β1 and GP VI) and VWF recep-
tors (GP Ib/V/IX). For instance, the (A2) allele has
been associated with resistance to the antiplatelet
agent aspirin and increased platelet responsiveness.53

The GP Ia polymorphism has been associated with
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increased surface expression of GP Ia and increased
platelet adhesion to collagen. Yet, conflicting results
have also been reported of the association of these
polymorphisms with CAD and its complications.

PLATELETS IN DIABETES

Both insulin-dependent and non-insulin-dependent
diabetes mellitus (DM) are powerful and independent
risk factors for CAD. In addition, there is a reduced sur-
vival of DM patients who experienced a MI, reduced
survival after coronary artery bypass grafting (CABG)
and percutaneous transluminal coronary angioplasty
(PTCA), and an increased occurrence of PAD.54

The abnormal metabolic state that accompanies
diabetes – including chronic hyperglycemia, dyslipi-
demia, and insulin resistance – directly contributes
to the development of atherosclerosis; proathero-
genic changes include increases in vascular inflam-
mation and alterations in multiple cell types (includ-
ing SMCs, endothelial cells, and platelets), which indi-
cate the extent of vascular disarray in this disease.55

There are several mechanisms by which these vas-
cular alterations occur. On one hand, insulin resis-
tance leads to an increase in the release of free fatty
acids from adipose tissue. These fatty acids sub-
sequently activate protein kinase C (PKC), inhibit
phosphatidylinositol-3 (PI-3) kinase (an endothelial
NO synthesis agonist pathway), and increase the pro-
duction of reactive oxygen species (ROS); mecha-
nisms that directly impair NO production or decrease
its bioavailability once produced. Additionally, DM
increases the production of vasoconstrictor sub-
stances such as endothelin-1, angiotensin II, and vaso-
constrictor prostanoids. Altered vascular homeosta-
sis is a hallmark of hyperglycemia. Hyperglycemia,
via increased oxidative stress and activation of the
receptor for advanced glycation end products (RAGE),
increases the activation of transcription nuclear fac-
tor κB (NF-κB) in endothelial cells and SMC. NF-κB
regulates the expression of multiple genes encoding a
number of mediators of atherogenesis, such as leuko-
cyte adhesion molecules and/or chemoattractant
proteins.

In platelets as in the endothelial cells, hyperglycemia
and insulin resistance lead to dysfunction and sub-
sequent enhanced platelet activation and decreased
production of NO. There is ample evidence that dia-
betic patients have larger, hyperactive platelets as well

as increased platelet adhesion and aggregation and
enhanced platelet-dependent thrombin generation.56

In diabetic patients with stable angina, blood glucose
is an independent predictor of platelet-dependent
thrombosis, with higher blood glucose levels asso-
ciated with more severe thrombosis.56 Moreover, in
patients with DM type 2, there is an association
between glycemic control and blood thrombogenic-
ity. On the other hand, insulin is also known to
reduce platelet reactivity. Thereby insulin deficiency
or insulin resistance may be responsible for increased
platelet reactivity. Finally, remnant-like lipoprotein
particles–cholesterol (RLP–cholesterol) and platelet
microparticles are elevated in patients with DM type 2,
being RLP the primary and only predictor of PMPs.57

This may represent another link between DM and the
high risk of atherothrombosis in this population. Fig-
ure 16.4 depicts platelet-, bloodstream-, and vessel-
related mechanisms that may account for such platelet
hypersensitivity and increased thrombus formation.
Deficient calcium homeostasis also contributes sig-
nificantly to abnormal platelet activity in diabetic
patients, since intraplatelet calcium regulates platelet
shape change, TxA2 formation, and platelet aggre-
gation. Another important feature of platelet abnor-
mality in DM derives from nonenzymatic glycation
of platelet membrane proteins. Such glycation may
cause changes in protein structure and conforma-
tion as well as alterations of lipid dynamics58 and
membrane fluidity. In actual fact, membrane fluid-
ity is a feature based on membrane lipid composition
and/or membrane protein glycosylation.59,60 This
altered dynamic of the platelet membrane may, in
turn, result in enhanced expression of receptors that
play a pivotal role in platelet aggregation and/or adhe-
siveness (GP Ib, αIIbβ3, and P-selectin). The resulting
increased expression of αIIbβ3 is consistent with the
enhanced fibrinogen binding and aggregability seen
in platelets from people with DM. Arachidonic acid
metabolism is augmented in platelets from diabetic
patients leading to an enhanced TxA2 production and
thereby contributing to an increased platelet sensi-
tivity.61 However, it has also been suggested that the
enhanced platelet reactivity seen in diabetic patients
might possibly also be associated with a change
in bone marrow thrombocytopoiesis.62 An altered
cellular distribution of guanine nucleotide bind-
ing proteins (G proteins) has also been observed,
which may contribute to the increased reactivity of
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thrombus formation in diabetes mellitus.

platelets.63 Conversely, decreased concentrations of
inhibitory G proteins64 and increased turnover of
phosphoinositide have also been reported.65 Another
platelet peculiarity found in DM patients, particularly
those who have macrovascular disease, is the increase
in circulating platelet mass, probably secondary to
increased ploidy of megakaryocytes.66

Hyperglycemia also induces an increase in nonenzy-
matically glycated LDL (glycLDL), which is more prone
to be oxidized (oxLDL), as well as a rise in glycosylated
hemoglobin (HbA1c).67 Indeed, our group, using the
Badimon perfusion chamber, showed that improved
glycemic control, as indicated by ≥0.5% reduction in
HbA1C, resulted in a significant decrease in blood
thrombogenicity.68

GlycLDL may cause platelet dysfunction by an
increase in intracellular Ca2+ concentration as well
as inhibition of Na+/K+–adenosine triphosphatase
activity.69 A possible correlation between GlycLDL
and the rate of platelet aggregation has previously
been observed.70 In contrast, oxLDLs have been
shown to decrease NO synthase expression in human

platelets.71 Furthermore, the attack of LDL by ROS
may cause the release of bioactive isoprostanes highly
involved in platelet activation through Tx receptors
(TP).72 However, besides GlycLDL and oxLDL, other
abnormalities are found in the lipid profile of DM,
including elevated triglyceride, decreased HDL-C, and
increased levels of small, dense LDL-C. All these may
interfere with membrane fluidity or directly with intra-
cellular signaling pathways.

DM type 2 is also regarded as a hypercoagulable
state, with higher levels of factors VII and X, fibrinogen,
antithrombin III (ATIII), PAI-1, and VWF, all of which
suggest a tendency toward coagulation and decreased
fibrinolysis.73−75 The generation of coagulation factor
Xa and of thrombin is increased threefold to sevenfold
in samples of blood that contain platelets from dia-
betic donors.76 The increased generation of thrombin
seen with diabetes is likely to be dependent in part
on increased activity of factor Xa, a key component
of the prothrombinase complex that is formed by the
tenase complex. People who have DM (types 1 and 2)
have increased concentrations of fibrinopeptide A
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(FPA) – which is released when fibrinogen is cleaved
by thrombin – in blood and in urine.77 The greatest
concentrations are observed in people who have DM
and clinically manifest vascular disease.78

In summary, taken together, all these metabolic
abnormalities may help to explain the increased
platelet activation and decreased endogenous
inhibitors of platelet activity found in DM, especially
in patients who have already suffered cardiovascular
disease. The Verona Diabetes Study showed that car-
diovascular disease is responsible for 44% of all-cause
fatalities in the diabetic population.79 Moreover, the
Framingham study80 and Multiple Risk Factor Inter-
ventional Trial (MRFIT)81 have already established
the augmented risk associated with the coexistence
of type 2 DM and other cardiovascular risk factors. It
is also known that the risk of coronary heart disease
(CHD) events in type 2 DM is quadrupled compared
to that of patients without diabetes,81 and multivessel
CAD is more common in diabetic patients than in
the controls, with three-vessel disease being the most
common.

Nevertheless, as pointed out by Ferroni et al.,82 the
unresolved question is whether the persistent platelet
activation in DM is a consequence of more extensive
atherosclerotic disease or reflects the impact of the
accompanying metabolic disorders on platelet and
endothelial function.

PLATELETS IN PERIPHERAL
ARTERY DISEASES

Peripheral artery disease (PAD) is a common disor-
der due to chronic arterial occlusive disease of the
lower extremities caused by atherosclerosis. Indeed,
elevated levels of C-reactive protein (CRP), an estab-
lished risk factor for the development of atheroscle-
rosis, are strongly associated with the development of
PAD.83 Even though the definition of PAD technically
includes problems within the extracranial carotid,
upper limb, visceral, and renal arteries, it is the cir-
culation of the lower limbs that is most frequently
involved. The infrarenal abdominal aorta and the
iliac arteries are among the most common sites of
involvement.84

Although the prevalence of asymptomatic PAD is
at least threefold greater than that of symptomatic
disease,85 persons with PAD are at increased risk
for all-cause mortality, cardiovascular mortality, and

cardiovascular disease.86,87 Enhanced platelet activa-
tion in PAD may substantially contribute to these
adverse outcomes, since patients with PAD gener-
ally have widespread arterial disease and therefore
have an increased risk of stroke, MI, and cardiovas-
cular death.85,88 In addition, the prevalence of PAD
also increases with age.89 The estimated prevalence of
intermittent claudication is 3% to 6% at about age 60
years.85 It is estimated that this prevalence increases
annually by about 0.5% to 1% after age 65.88

The important role of platelets in the progression
of peripheral arterial occlusive disease was demon-
strated in a double-blind controlled trial in which
patients were followed for 2 years with angiogra-
phy. Administration of antiplatelet drugs significantly
reduced the progression of disease compared to
placebo.90 The high cardiovascular mortality associ-
ated with PAD is mainly due to thrombosis, which
often occurs at sites of severe atherosclerotic plaques.
This results in acute ischemia of the lower limb and
potentially thromboembolic episodes. However, it is
further increased by thrombotic complications after
arterial reconstruction.

Increased platelet consumption, enhanced sponta-
neous and agonist-induced platelet aggregation, and
enhanced release of intraplatelet products (e.g., β-
thromboglobulin, 5-HT, and TxA2) have also been
observed in PAD patients as compared with healthy
individuals.91 In addition, the platelet response in
PAD has been detected in vivo by the measurement
of urinary 11-dehydro-TxA2; this demonstrates an
increased platelet Tx release. There are usually sev-
eral affected arteries in PAD, with stenoses that lead
to an increase in shear stress; in turn, shear stress
can activate platelets. Platelet hyperreactivity may also
explain why the plasma levels of 5-HT are markedly
increased in PAD. Probably there is excessive release
from hyperactive platelets since approximately 95% of
5-HT in the blood is stored in platelets. This bioamine
amplifies the response of other platelet agonists
(like ADP).92

Other hemostatic abnormalities have been reported
in patients with PAD.93 For instance, plasma levels
of the procoagulant proteins fibrinogen and VWF are
increased and of antithrombin-III and the PAI-1/tPA
ratio decreased with progressive disease.94 The plate-
lets of patients with PAD also demonstrate a hypersen-
sitivity response to unfractionated heparin. In contrast
low-molecular-weight heparins seem to be weaker
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platelet activators, suggesting that a thrombin antag-
onist that does not interact with platelets may provide
the best perioperative protection to these patients.

PLATELETS IN ISCHEMIC
CEREBROVASCULAR DISEASES

Stroke is the leading cause of severe disability in the
adult population. Over 700 000 strokes occur among
Americans each year, of which about 200 000 are recur-
rent events. The risk of stroke increases exponen-
tially with age. The clinical hallmark of a stroke (acute
cerebral ischemia) is the abrupt development of a
focal neurologic deficit due to ischemia or bleeding
in a particular territory. Strokes are of ischemic ori-
gin in 80% of the cases. Similar to the pathogen-
esis of ACS, thrombosis and inflammation play an
important role in acute ischemic stroke. Both clini-
cal and experimental studies have shown the impor-
tance of the inflammatory response in determining the
final clinical outcome, lesion size, and risk of hemor-
rhagic transformation.95 Indeed, the onset of cerebral
ischemia not only triggers a cascade of proinflamma-
tory molecular and cellular events but also upregulates
multiple genes (i.e., early-response genes and genes
for heat-shock proteins, proinflammatory cytokines,
growth factors, and delayed remodeling proteins).96,97

Concomitantly, an initial wave of polymorphonu-
clear leukocytes, followed by a slower wave of mono-
cytes, participate in ischemic injury. The marker for
which the greatest amount of information is available
is CRP. Five large-scale population-based studies –
including the Physicians’ Health Study, the Women’s
Health Study, the Third National Health and Nutri-
tion Examination Survey, and the Framingham Study
– have shown that patients with CRP levels in the top
quartile had a risk of stroke double or triple the risk
seen for those in the lowest quartile of CRP values.98

However, in contrast to ACS, other pathogenic mech-
anisms – such as intracranial hemorrhage, subarach-
noid hemorrhage, and cardiogenic embolism – cause
substantial adverse clinical outcomes in a significant
proportion of these patients.

Transient ischemic attacks (TIAs) are brief episodes
of focal loss of brain function; they are thought to be
due to ischemia, which can usually be localized to one
vascular system, and for which no other cause can
be found. Although arbitrary, by convention episodes
lasting less than 24 h are classified as TIAs. But the

longer the episode, the greater the likelihood of find-
ing a cerebral infarct by computer tomography. TIAs
commonly last 2 to 15 min and are rapid in onset.
Each TIA leaves no persistent deficit, and there are
often multiple attacks. The presence of a fibrin-rich
mural thrombus is found overlying a sclerotic plaque
in two-thirds of hemispheric TIAs. In contrast, evi-
dent ulceration on the plaques, which are regarded
as sources of emboli, is found only in some patients
with TIA.

Overall, the evidence from different studies indi-
cates that probably in a substantial proportion of
patients, TIAs result from progressive luminal nar-
rowing leading to hemodynamic insufficiency. One
can also infer that mural thrombi at the subocclu-
sive stage can contribute to the obstruction or cre-
ation of emboli. It has been assumed that fragments of
mural thrombi of extracranial atheromatous plaques
break down and cause TIAs. However, the propor-
tion of patients with TIAs of embolic origin is not
clearly defined. Indeed, pathologic studies in patients
with TIA indicated that about 30% of endarterectomy
specimens demonstrated no overlying thrombi. Fur-
thermore, in a substantial proportion of patients with
TIAs, cardiogenic emboli (emboli from cardiac cham-
bers) appear to be the pathogenic mechanism. Clinical
data indicate that at least 25% of all cerebral ischemic
events and more than one-third of those that occur
in the elderly are associated with atrial fibrillation. In
addition, about one in three patients with atrial fibril-
lation will experience a cerebral ischemic event during
his or her lifetime.

Thrombolytic and antithrombotic agents form the
cornerstone of stroke treatment and prevention.
Recombinant tissue plasminogen activator (t-PA), the
only thrombolytic agent approved by the Food and
Drug Administration for ischemic stroke to date,
improves outcome in patients treated within 3 h of
stroke onset. The risk–benefit ratio is narrow because
of an increased risk for bleeding, but studies do not
support a higher risk in the geriatric population.
Emerging trials are focused on extending the thera-
peutic window and identifying agents that could pro-
vide better safety profiles. Large, randomized trials
have also highlighted the effectiveness and safety of
early and continuous antiplatelet therapy in reducing
the recurrence of atherothrombotic stroke. Aspirin has
become the antiplatelet treatment standard against
which several other antiplatelet agents (ticlopidine,
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TAKE-HOME MESSAGES

� The formation of a thrombus within a (coronary) artery with obstruction of coronary blood flow and reduction in

oxygen supply to the myocardium produces the several types clinical manifestations.
� These thrombotic episodes largely occur in response to atherosclerotic lesions that have progressed to a high-risk–

inflammatory/prothrombotic stage by a process modulated by local and systemic factors.
� Platelets are the major but not sole players in the thrombus formation.
� Novel strategies based on the knowledge generated in the biochemistry of platelet aggregation and the coagulation

process as well as in the conditions encountered in the circulation are presently in different stages of development

and in clinical trials.

clopidogrel, and aspirin-dipyridamole) have been
tested for enhanced effectiveness.

FUTURE AVENUES OF RESEARCH

The mechanisms responsible for arterial thrombo-
sis and the exact role of platelets are not completely
understood; therefore research in this field is ongoing.

The knowledge of certain mechanisms and path-
ways involved in the activation and aggregation of
platelets in an evolving thrombus made possible the
development of therapies that have helped to signif-
icantly reduce the mortality and morbidity related to
cardiovascular disease. Still, there is much to under-
stand to further improve and innovate in the mech-
anisms involved in thrombus formation in different
vascular beds and also those associated with certain
conditions such as diabetes.
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17 PLATELETS AND ATHEROSCLEROSIS
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INTRODUCTION

Atherosclerosis is a chronic inflammatory disease
influenced by circulating cells, including platelets. The
development of atherosclerotic vessel transformation
results from environmental factors, genetics, lifestyle,
and chance.1 Atherosclerosis selectively affects arte-
rial vessels of mainly medium and large size, such
as the aorta, coronary vessels, supra-aortic vessels
(e.g., the carotid arteries), and large vessels of the
lower extremities. The major clinical manifestations
are coronary artery disease and myocardial infarction,
carotid stenosis or occlusion and stroke, and periph-
eral arterial occlusive disease.

Aging is usually associated with the advancement
of atherosclerosis, since most young people in their
twenties already have fatty streak lesions that do not
usually lead to any clinical problems. However, in
their sixties, most people in the Western Hemisphere
have complex atherosclerotic lesions that can cause
ischemic or thrombotic events at any time.2,3,4,5,6,7,8

To assess the atherosclerotic burden and overall risk
for the development of an atherosclerotic disease, car-
diologists check for the presence of the classic car-
diac risk factors, such as old age, male gender, tobacco
smoking, hypertension, hypercholesterolemia, dia-
betes mellitus, obesity, and a sedentary lifestyle.

Most of these risk factors are associated with one
another (e.g., a sedentary lifestyle causes obesity,
which causes hypertension and diabetes).

Unfortunately, atherosclerosis usually presents at
an advanced stage, before these risk factors become
evident to the patient. Therefore they do not help
to identify individuals particularly at risk for the
early, preclinical stages of atherosclerotic lesions.
Some biological markers have been identified to pre-
dict the presence of early atherosclerotic lesions.

Low-density-lipoprotein cholesterol (LDL-C), high-
density-lipoprotein cholesterol (HDL-C), homocys-
teinemia, and lipoprotein (a) can serve to predict
the likelihood of atherothrombotic events. Markers
of general inflammation (e.g., C-reactive protein)9 or
more specific for monocytes (e.g., monocyte chemo-
tactic protein-1, or MCP-1)10 are also associated with
an increased risk for atherosclerotic events.

An increase in systemic platelet activation has been
described for a variety of atherosclerotic diseases,
including coronary artery disease, transplant vascu-
lopathy, and cerebrovascular disease.11 It has been
found that activation of circulating platelets is associ-
ated with enhanced wall thickness of the carotid artery
in humans.12 Thus, platelet activation is associated
with accelerated atherosclerosis and correlates with
the severity of the disease.

Much work has been accomplished to elucidate the
role of platelets in the initiation and development of
atherosclerosis. The present review summarizes and
highlights the latest findings of this research area and
outlines novel therapeutic strategies that may serve in
the future to treat patients with atherosclerotic diseases.

In this chapter, we will describe the role of platelets
and platelet activation in atherosclerosis. The first
step in the development of atherosclerosis is local
endothelial activation. We review the interaction of
platelets with the inflamed endothelium. We discuss
in detail the cross talk between the endothelium
and platelets mediated by adhesion events through
binding of von Willebrand factor (VWF) to glyco-
protein (GP) Ib/IX/V and other adhesion molecules.
Our group and others have created a mouse model
that develops atherosclerosis rapidly – the ApoE−/−

mouse. This model is highly useful in investigating
the interaction of platelets with injured endothelium
in vivo; this model is discussed here as well. The

293



Stephan Lindemann and Meinrad Gawaz

initial but loose adhesion of platelets to a firm and
then their enduring adhesion to the endothelium
is accomplished by sequential actions of adhesion
molecules, and this is also described in detail. Once
adherent to the endothelium, platelets recruit other
inflammatory cells to the scene that monocytes in
particular are deeply involved in the development
of atherosclerotic lesions is explained. Adherent and
activated platelets themselves also synthesize and
release biologically active mediators. Further on, an
overview is provided of platelet-derived mediators
potentially involved in atherosclerotic lesion forma-
tion. Activated platelets bind to leukocytes and form
leukocyte–platelet aggregates. Like platelets alone,
these aggregates are able to bind to the endothelium
and promote atherosclerotic vessel transformation.
We discuss platelet coaggregation with leukocytes
and the involvement of platelets in different manifes-
tations of human atherosclerotic vessel disease and,
finally, we discuss future avenues of platelet research.

PLATELETS AND ENDOTHELIAL
INFLAMMATION

Atherosclerosis is a systemic inflammatory disease
that is characterized by the accumulation of inflam-
matory cells in the intima of large arteries. These
inflammatory cells include monocytes/macrophages,
lymphocytes, dendritic cells, and natural killer
cells.13,14 The presence of platelets at the site of either
inflammation or endothelial injury was already known
in the early 1960s,15 when embolic events in the retina
were shown to be related to atherosclerotic lesions
of the internal carotid artery. In the following years,
it was generally accepted that rupture or erosion of
advanced atherosclerotic lesions initiates platelet acti-
vation and aggregation on the thrombogenic surface
of a disrupted atherosclerotic plaque. Thrombotic
arterial vessel occlusion is associated with ischemic
episodes, not only in the retina but also in the brain,
heart, and other organs. Although it is widely accepted
that platelets play a significant role in thromboem-
bolic events generated by atherosclerotic lesions, their
involvement in the initiation of the atherosclerotic
process has not, thus far, been accepted by the broader
scientific community.

There are several important indications pointing to
the role of platelets in acute and chronic inflammatory
events leading to atherosclerotic lesion formation.

Platelets directly adhere to intact endothelial cells
in vitro16,17,18,19,20,21 and in vivo.22 Even if there is no
detectable endothelial lesion, platelets interact and
adhere at lesion-prone sites, such as the carotid artery
at its bifurcation.22 Platelet interaction with intact
endothelium is a well-controlled mechanism. Initially,
platelets roll along activated endothelium, even under
high shear rates. Rolling is the least tight adhesion of
platelets to other cells and is mediated by P-selectin.
Rolling is followed by firm adhesion, which is mediated
by integrin binding. The process of rolling is depen-
dent on endothelial cell activation induced by inflam-
matory events. Inflammation is induced by stimuli
such as infection and mechanical alteration or it may
follow ischemia and reperfusion.23,24,25

Platelets are activated when they roll and, stepwise,
adhere more tightly as they progress. When platelets
adhere to endothelial cells, these endothelial cells, in
turn, are further activated. Both platelets and endothe-
lial cells express and/or secrete chemokines. Activated
endothelial cells express ICAM-1, VCAM-1, E-selectin,
and P-selectin on the surface, release the chemokines
MCP-1 and interleukin (IL)-8, and others. Both acti-
vated platelets and endothelial cells actively secrete
IL-1β,26,27 a very potent inflammatory cytokine,
and CD40L (Fig. 17.1). The release of RANTES and

Mediators

Platelet

Endothelium/

Leukocyte

Interactions

Inflammation/

Atherogenesis

Thrombosis/

Aggregation

Figure 17.1 Activated platelets initiate the atherosclerotic

process. Platelet activation and aggregation lead to a direct release of

short- and long-term mediators, either from the platelets themselves

or from leukocytes and endothelial cells activated by platelet

adherence or aggregate formation. These mediators lead to further

endothelial activation, platelet adherence, and initiation of

atherosclerotic vessel transformation. The insert in the middle shows

aggregated platelets that express interleukin-1 (orange) 8 h after

initial clot formation.
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ENA-7828,29 is platelet-specific. A large number of
secretory products mediate interactions with leuko-
cytes and endothelium, allowing the platelet to act
as an inflammatory cell. Platelets have an enor-
mous cell surface area due to their open canalic-
ular system, a membrane system that gives direct
access to small plasma effector molecules external to
platelets.

Moreover, the adhesion of platelets to the endothe-
lial surface generates signals for the recruitment of
monocytes to the site of inflammation. The dia-
pedesis of monocytes and their metamorphosis to
macrophages initiates the process of plaque forma-
tion and atherosclerosis.

THE ROLE OF PLATELET
ADHESION IN THE INITIATION
OF ATHEROSCLEROTIC
LESION FORMATION

The intact, nonactivated endothelium normally pre-
vents the adhesion of platelets and other inflamma-
tory cells to the vessel wall. However, at the site of
vascular lesions, extracellular matrix is exposed to the
bloodstream. The extracellular matrix contains pro-
teins such as VWF and collagen. Platelet adhesion to
these proteins is considered to be the initial step in
thrombus formation. Platelets adhere to VWF via GP
Ib/IX/V.30 Collagen binding to platelets is mediated
by GP VI.22,31,32 Binding of these two platelet recep-
tors leads to further platelet activation, which results
in the expression of further platelet adhesion receptors
for firmer platelet adhesion. This firm platelet adhe-
sion is accomplished by the activated integrin recep-
tor αIIbβ3

33,34 and another type of collagen receptor,
α2β1.32,35

Adherent platelets recruit further platelets via fib-
rinogen binding to αIIbβ3 and the formation of fib-
rinogen bridges.

Moreover, in recent years it has become increas-
ingly evident that endothelial injury and exposure of
extracellular matrix proteins is not an absolute pre-
requisite to allow platelet attachment to the arterial
vessel wall. In vitro studies have shown that platelets
adhere to the intact but activated endothelial mono-
layer.21,36,37 Platelet adhesion to human umbilical vein
endothelial cells (HUVECs) is mediated by a αIIbβ3-
dependent bridging mechanism involving platelet-
bound fibrinogen, fibronectin, and VWF.36 In HUVECs

that were infected with herpesvirus or stimulated
with IL-1β, platelet adhesion was effectively inhibited
by antibodies against VWF or αIIbβ3.18,21,38 Bombeli
et al. have identified the adhesion of activated platelets
to endothelial cells as an αIIbβ3-dependent bridg-
ing mechanism that involves binding to endothelial
ICAM-1, αVβ3 integrin, and GPIbα.16,17,18,19,20,21,36,39

In addition to in vitro studies under static condi-
tions, some groups also performed in vivo experiments
that gave specific attention to the dynamic situa-
tion under flow conditions. Intravital microscopy con-
firmed that the adhesion of platelets to the endothe-
lium occurs even under high-shear-stress conditions
in vivo.23,2540,41,42,43 The results of these in vivo stud-
ies provide broad evidence that platelets interact, sim-
ilar to the adhesion to extracellular matrix proteins
at the site of endothelial denudation, with intact but
activated endothelial cells in a coordinated multistep
process involving platelet tethering, rolling, and sub-
sequent firm adhesion (Figs. 17.2 and 17.3).

THE ApoE−/− MOUSE AS A
MODEL OF PLATELET ADHESION
AND THE DEVELOPMENT OF
ATHEROSCLEROTIC LESIONS

The ApoE−/− mouse is an excellent model to inves-
tigate the role of platelet adhesion in the develop-
ment of atherosclerotic lesions because such mice
develop atherosclerotic lesions faster than wild-type
mice when they are on a cholesterol-rich diet.

Fluorescence video documentation has revealed
that platelet–vessel wall interactions lead to consistent
plaque formation, much as in humans. In 6 week-old
ApoE−/− mice, platelet–endothelial interactions were
not detectable; but by the age of 10 weeks, these mice
showed that both transient and firm platelet adhesion
was increased 12- and 24-fold, respectively.44

This platelet adhesion was not preceded by leuko-
cyte adhesion, since no leukocyte adhesion was
detected in the aorta of ApoE−/− mice in areas without
atherosclerotic transformation of the arterial vessel
wall.45,46 However, significant leukocyte recruitment
was observed in mice with overt early atherosclerotic
lesions.44

Platelet GP Ibα and αIIbβ3 have been demonstrated
to contribute largely to platelet–endothelial interac-
tions in vitro.36 Inhibition of GP Ibα binding with a spe-
cific antibody fragment reduced transient adhesion
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1. Tethering 2. Activation 3. Firm adhesion
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Figure 17.2 GP VI function and adhesion. The initial contact of the platelet with extracellular matrix of an endothelial lesion is mediated by

GP Ib/V/IX and von Willebrand factor (“tethering”). This initial contact is strengthened by binding of GP VI to collagen. Collagen binding to GP VI

leads to further activation of the platelet. Conformational change of α2β3 and fibrinogen binding enables adhering platelets to form a

thrombus.

by 85% and firm adhesion by 99%. Firm attachment
to endothelial cells was abolished almost completely
when αIIbβ3 was blocked specifically, whereas tran-
sient adhesion was only partially blocked.44 Therefore
two distinct mechanisms were identified that act in
concert to initiate recruitment of flowing platelets to
the arterial vessel wall at the initial stage of athero-
genesis. Like platelet adhesion to the subendothelial
matrix, GP Ibα binding mediates the initial captur-
ing process, whereas αIIbβ3 is mandatory for the firm
adhesion of platelets to the inflamed and activated
endothelium of the ApoE−/−mouse.

The interaction of platelet/monocyte aggregates
with atherosclerotic lesions of ApoE−/− mice deliv-
ers RANTES (regulated on activation, normal T-cell
expressed and secreted) and platelet factor 4 (PF4) to
the monocyte surface and the adjacent endothelium,
indicating that platelets and platelet/monocyte aggre-
gates contribute to endothelial inflammation.47 These
findings also provide strong evidence that platelet
adhesion plays a critical role in the immediate early
phase of atheroma formation in response to elevated
cholesterol, a common risk factor for cardiovascu-
lar diseases in humans. It was previously demon-
strated in rabbits that hypercholesterolemia primes

platelets for recruitment via VWF, GP Ibα, and P-
selectin (CD62P) to lesion-prone sites before vascular
lesions are detectable.48

FROM LOOSE TO FIRM PLATELET
ADHESION: A MULTISTEP EVENT

The initial loose contact between circulating platelets
and the vascular endothelium is a well-defined
process known as “rolling.” Rolling is mediated
by selectins present on both endothelial cells and
platelets.23,40,49 CD62P is rapidly expressed on the sur-
face of endothelial cells in response to inflammatory
stimuli. CD62P is translocated from the membranes
of storage granules, the Weibel-Palade bodies, to the
outer plasma membrane within minutes. P-selectin on
endothelial cells has been shown to mediate platelet
rolling in arterioles and venules in inflammatory sit-
uations.23,40 E-selectin is like most other endothelial
adhesion molecules, expressed on endothelial cells a
few hours after the onset of activation,50 and allows
binding with low affinity to platelets.40 Not many
studies have elucidated the exact nature of the lig-
ands expressed on platelets that bind to endothelial
P-selectin. One candidate that has been identified as
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Figure 17.3 Platelets recruit monocytes to the endothelium. Platelets bind to the injured

endothelium via GP Ib–VWF. This leads to further activation and recruitment of monocytes to the

endothelium.

a potential counterreceptor for platelet P-selectin is
GP Ib/IX/V, also known as the VWF–receptor com-
plex. One study has already shown that cells express-
ing P-selectin on their surface roll on immobilized
GP Ibα.51 Platelets rolling on activated endothelium
can be inhibited by antibodies against both P-selectin
and GP Ibα. This indicates that the VWF–receptor
complex GP Ib/IX/V is responsible for platelet adher-
ence to intact endothelial cells and extracellular matrix
proteins51 (Fig. 17.2). The main ligand for P-selectin
is P-selectin glycoprotein ligand-1 (PSGL-1,) a gly-
coprotein that avidly binds to P-selectin, which is
present on platelets and also mediates platelet rolling
on the endothelium, especially under high-shear
conditions.52,53

The binding of P-selectin to PSGL-1 and/or GP
Ib/IX/V is a brief and loose attachment and does
not allow the enduring firm adherence necessary for
further activity. Additional firm adhesion junctions
are necessary to stabilize the adhesion. Integrins are
known as the major class of surface receptors that
mediate a firm adherence to extracellular matrix and
endothelial cells, even under high shear conditions

in hematopoietic cells.14 The platelet interaction with
extracellular matrix proteins via integrins at the site of
a vascular lesion is well characterized, while the role of
integrins in the adhesion of platelets to intact endothe-
lial cells has not yet been studied extensively. In vitro,
both β3-integrins, αIIbβ3 and αVβ3, have been shown
to mediate firm platelet adhesion to the endothelium
under static conditions. In vivo, firm platelet adhesion
to the endothelium is inhibited by antibodies or anti-
body fragments against αIIbβ3. These antibody frag-
ments or peptides are already widely used in the treat-
ment of acute coronary syndrome (ACS) (ReoPro®;
Integrilin®, tirofiban, and others). However, the aim of
this type of treatment is the inhibition of platelet aggre-
gation and accumulation at the site of a vascular lesion.
Platelets with low or no expression of αIIbβ3, as is
present in patients with Glanzmann’s thrombasthenia,
do not firmly adhere to activated endothelial cells.41

Firm platelet adhesion causes maximal platelet acti-
vation. These maximally activated platelets undergo
shape change and a substantial cytoskeletal rearrange-
ment. They also secrete potent inflammatory and
mitogenic mediators into the local microenvironment
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and activate endothelial cells and blood cells nearby.39

In this scenario, the change in endothelial function
and morphology recruits monocytes to the scene
and allows them to adhere and transmigrate into the
subendothelial space, where monocyte transforma-
tion into foam cells occurs.

In the following phases of the development of an
atherosclerotic lesion, monocytes also accumulate
and further enhance the inflammatory reaction. Pre-
viously, two cytokines, CD40L and IL-1β, had been
identified as proteins that are released from activated
platelets.27,54 These two cytokines are able to fur-
ther inflame the endothelium and lead to endothe-
lial expression of ICAM-1, VCAM-1, and P-selectin.
VCAM-1 and MCP-1 initiate monocyte recruitment
and subsequent transmigration of monocytes through
the endothelial monolayer into the intima.18,39 Mono-
cyte transmigration has been shown to play a central
role in atherosclerotic lesion formation.55,56

Once recruited to the vessel wall, platelets are likely
to promote inflammation even further by chemoat-
traction of neutrophils through mediators like PAF
and MIP-1α. Platelets may also lead to smooth
muscle cell proliferation by releasing TGF-β, PDGF,
and serotonin. Finally, platelet secretion of matrix
metalloproteinase-2 (MMP-2) may also contribute to
matrix degradation.

ADHERENT PLATELETS ACTIVATE
AND REGULATE MONOCYTE
TRANSFORMATION

The atherogenic process is the result of a regulated
functional interaction of platelets with cytokines,
chemokines, and other mediators.57 Activated and
adherent platelets release different mediators that
induce the secretion of various activating substances
in other cells of the vessel wall. These cells, in turn,
release mediators that recruit more platelets to the
scene and activate further platelets and monocytes
via a self-perpertuating mechanism. One participant
in this atherogenic mechanism is RANTES, which trig-
gers monocyte recruitment and adherence to inflam-
mated endothelium.29 RANTES-induced monocyte
adherence is mediated by P-selectin.28,58 The most
abundant protein that is secreted by platelets follow-
ing activation by RANTES is PF4. PF4 induces mono-
cyte differentiation into macrophages, which is one
key event in the development of an atherosclerotic

plaque. Furthermore, PF4 leads to the retention of
LDL-C on cell surfaces by inhibiting the degradation
of LDL-C by the LDL-C receptor. PF4 also facilitates
esterification of lipids and promotes the uptake of
oxidized LDL-C by macrophages, thereby promoting
foam cell development.59

Elevated serum levels of CD40L indicates an acute
risk for a coronary event.54 The release of platelet-
derived CD40L induces inflammatory responses in the
endothelium. Platelets store and release high amounts
of CD40L within seconds after activation in vitro.60 The
binding of CD40L to endothelial CD40, which is the
counterreceptor for platelet-derived CD40L, leads to
the release of IL-8 and MCP-1, the major chemoat-
tractants for neutrophils and monocytes. Additionally,
activation of CD40 on endothelial cells leads to an
increased expression of endothelial adhesion recep-
tors like E-selectin, VCAM-1, and ICAM-1. These adhe-
sion molecules mediate the firm adhesion of neu-
trophils, monocytes, and lymphocytes. The expression
of these adhesion molecules happens in 4 hours when
endothelial cells are activated with strong activators
like tumor necrosis factor and others.50 Additionally,
CD40L from platelets induces endothelial tissue factor
expression.61 Therefore CD40L from platelets acts like
IL-1β, which was recently shown to be synthesized and
released in physiologically relevant amounts by acti-
vated platelets.27 Both cytokines are very potent at low
concentrations and attract leukocytes and monocytes
to the scene. CD40L also induces the expression and
release of MMPs. These proteinases degrade various
proteins of the extracellular matrix that are exposed
to the bloodstream during endothelial injury. MMPs
significantly promote inflammation and the destruc-
tion of inflamed tissue. Activated platelets release
MMP-2 during aggregation,62,63 and adhesion of acti-
vated platelets to endothelial cells results in the syn-
thesis and release of MMP-9 and protease recep-
tor urokinase-type plasminogen activator receptor
(uPAR) on cultured endothelial cells.64 The release
of MMP-9 by the endothelium is dependent on the
activation of both the fibrinogen receptor αIIbβ3 and
CD40L. Inhibition of either binding event results in
the reduction of platelet-induced MMP activity of
endothelial cells. This suggests that the release of
CD40L is dependent on a αIIbβ3-mediated platelet
adhesion, indicating that firm platelet adhesion is a
prerequisite for CD40L release as well as the activa-
tion of endothelial cells and monocyte/macrophages,
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with subsequent matrix degeneration and plaque
rupture.

However, matrix degeneration is also achieved by
proteases derived from mast cells. A recent study
investigated parietal platelet microthrombi from coro-
nary artery specimens.65 In this study, mast cells
were shown to be located underneath these pari-
etal microthrombi. These mast cells are the major
source of cathepsin G, a protease that degrades vascu-
lar endothelium (VE)-cadherin and fibronectin. Both
VE-cadherin and fibronectin mediate endothelial cell
adhesion and cell–cell contacts.

In a study conducted by our own group, we
found that metargidin (ADAM15, or a disintegrin
and metalloproteinase) was expressed on cultured
endothelial cells and binds to platelets via its RGD-
sequence. Therefore metargidin acts as an adhesive
and activating molecule for platelets but is also an
active metalloproteinase with the ability to induce
proteolytic matrix degeneration. This fatal double
functionality may facilitate the rupture of the fibrous
cap of atherosclerotic plaques and accelerate platelet
thrombus formation.66

PLATELETS TRANSLATE mRNA
INTO PROTEIN AND GENERATE
BIOLOGICALLY ACTIVE MEDIATORS

Comparative biology of innate host defenses has
revealed that in primitive species like the horseshoe
crab (Limulus polyphemus), one single cell type that
circulates in the hemolymph (“blood” of Limulus)
has a wide range of different host defense activi-
ties. These circulating cells have hemostatic, wound-
sealing functions similar to those of platelets in higher
mammalian species, but they can also express fac-
tors to immobilize and encapsulate bacteria.67 How-
ever, higher mammals have evolved different blood
cells with specialized functions that are more power-
ful in their hemostatic functions (platelets) and host
defense functions (leukocytes) than the single-blood-
cell system of the crab. Yet each of these specialized
cells appears to have retained some of its primitive
functions, which have not been widely recognized by
the scientific community to date.68 One of these func-
tions may be the ability of platelets to make proteins.
Since platelets are anucleate cells, it has been widely
regarded that platelets are unable to synthesize pro-
tein, despite early reports from the 1960s describ-

ing such activity.69,70,71,72 As has been shown with
chicken thrombocytes, which are nucleated, anucle-
ated platelets are also able to synthesize proteins when
they are activated.73,74,75 One of the proteins platelets
can make is Bcl-3, a protein that regulates clot retrac-
tion after thrombus formation. Although some pro-
teins are constitutively synthesized in platelets, the
overall translational activity is significantly higher in
activated platelets. Activation and binding to αIIbβ3

seems to be a prerequisite for maximal protein syn-
thesis in platelets.76 Blockade with αIIbβ3 inhibitors
like ReoPro® or the absence of the fibrinogen recep-
tor, as in platelets obtained from patients with
Glanzmann’s thrombasthenia, significantly reduces or
abolishes translational activity. To date, more than 300
proteins released by human platelets have been iden-
tified77,78 (see Chapter 3). One of these proteins recen-
tly identified to be synthesized by activated platelets is
IL-1β (Fig. 17.1). Platelet activation by PAF, thrombin,
or other “weak” activators, like ADP or epinephrine,
induces the synthesis of biologically active IL-1β,
which is absent in quiescent platelets. The generation
of active IL-1β is highly regulated. The pre-mRNA for
IL-1β, which is present in quiescent platelets, needs to
be spliced. Splicing is dependent on platelet activation
andαIIbβ3 engagement.79 The translation of the mRNA
itself is regulated by mRNA-binding proteins that bind
to the mRNA in a p38MAP-kinase–dependent fashion
(Lindemann et al.; unpublished observations). When
the mRNA is finally translated into the pre-IL-1β pro-
tein, it needs to be further processed to the biologically
active IL-1β.

Some other newly synthesized proteins are absent
in normal vessel walls, suggesting that synthesized
proteins may contribute to the development of
atherosclerotic lesions. However, the molecular mech-
anisms underlying the development of such lesions
need further elucidation. One new protein that may be
involved in the development of atherosclerotic lesions
is SCUBE1 [signal peptide, CUB (complement pro-
teins C1r/C1s, Uegf, and Bmp1) and epidermal growth
factor (EGF)-like domain containing protein 1].80,81

SCUBE1 is stored in the α-granules and transferred
to the platelet surface upon activation. It is found in
intravascular platelet-rich thrombi and in the suben-
dothelial matrix.81

Another candidate protein recently described to
be synthesized in platelets is tissue factor (see also
Chapter 5). The tissue factor mRNA also needs to be
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generated from a pre-mRNA like the IL-1β mRNA.
Splicing of tissue factor pre-mRNA is associated with
elevated tissue factor protein expression, increased
procoagulant activity, and accelerated formation of
clots.82

PLATELETS COAGGREGATE
WITH LEUKOCYTES

In the bloodstream, activated platelets bind to circu-
lating leukocytes.78 Therefore platelets probably play a
central role in the recruitment of leukocytes to the ves-
sel wall, where they adhere to activated endothelium
or extracellular matrix proteins. Activated platelets
also adhere to leukocytes and leukocyte platelet agg-
regates (see also Chapter 7). Increased numbers of
leukocyte–platelet aggregates were found in patients
with unstable angina pectoris.83 Leukocyte activation
also leads to leukocyte microparticle formation, which
is an indicator for subclinical atherosclerosis. The level
of leukocyte-derived microparticles correlated better
with the Framingham risk score, metabolic syndrome,
high-sensitivity C-reactive protein (hs-CRP), and fib-
rinogen plasma levels than did the number of platelet-
derived or endothelial-derived microparticles.84

However, leukocytes also stick to platelets that have
already adhered to the vessel wall. Activated and
adherent platelets provide an ideal environment for
the attachment of leukocytes by expressing P-selectin,
GP Ibα, JAM-3, ICAM-3, and others.85,86,87,88 Besides
the binding of P-selectin to PSGL-1 and GP Ibα to
MAC-1, bridging proteins such as fibrinogen and
kininogen, which bind αIIbβ3 and GP Ibα respectively,
recruit leukocytes to a platelet layer on a vascular
lesion.89,90,91,92 In a recent in vitro study, we found
that platelets bind to human dendritic cells via a
MAC-1/JAM-C interaction. Dendritic cells that bind
to platelets were able to stimulate lymphocyte prolif-
eration. Finally, the platelet–dendritic cell interaction
resulted in accelerated apoptosis of the dendritic cells
(Langer et al., manuscript submitted).

Monocytic interactions with platelets via P-selectin
and PSGL-1 lead to monocyte secretion of chemo-
kines, cytokines, tissue factor, and proteases. This
induces the conversion of monocytes into macro-
phages, which is already an advanced step into the
direction of a mature plaque.

However, monocytes, neutrophils, and lympho-
cytes are not the only cells recruited into a vascu-

lar lesion. A recent study demonstrated that bone
marrow–derived progenitor cells are also attracted to
the site of endothelial disruption and inflammation.44

Bone marrow–derived progenitor cells directly adhere
to platelets that express αIIbβ3 and P-selectin. Once
activated, platelets release the chemokine stromal-
derived factor 1α (SDF-1α), which supports the adhe-
sion of progenitor cells to the surface of an arterial
thrombus.93

In patients with ACS, we found an increased platelet
SDF-1α surface expression when compared to patients
with stable angina (Stellos and Gawaz, unpublished
results). In vitro studies by our group have also demon-
strated that platelet-derived SDF-1α is enhanced in
ACS and regulates recruitment and subsequent dif-
ferentiation of progenitor cells to endothelial cells.
Thus, this mechanism may substantially contribute
to vascular and myocardial regeneration at sites of
platelet accumulation (Stellos and Gawaz, unpub-
lished results).

This accumulation of progenitor cells may con-
tribute to vascular repair or pathologic remodeling.
However, platelet adhesion is an absolute prerequisite
for this mechanism of vascular repair, because pro-
genitor cells do not adhere directly to the extracellular
matrix under high-shear conditions.44 Very recently,
the progenitor cells in human atherosclerotic vessels
were further analyzed. Segments of fatty streaks of
the ascending aorta were investigated, and the num-
ber of progenitor cells was found to be increased by
two- to threefold in the adventitia when compared
with healthy control vessels.94 A further study investi-
gated the number of circulating endothelial progenitor
cells (EPCs), and it was found that these decreased in
patients with cardiovascular events. A low number of
EPCs was an independent predictor of poor progno-
sis.95 Another study has differentiated further between
different types of EPCs, defined by their surface anti-
gens, and only CD34+/KDR+EPC correlated inversely
with the intima–media thickness.96

Platelets bind to progenitor cells at the site of vascu-
lar injury and regulate the differentiation of progenitor
cells into foam cells or endothelial cells depending on
the conditions that were used to culture the progenitor
cells97 (Figs. 17.4 and 17.5). Originally, foam cell devel-
opment was regarded to be induced by LDL-C, includ-
ing oxidized LDL-C or minimally modified LDL-C.98

LDL-C binds to and activates platelets99 (see Chapter
4). Fluochrome-modified LDL-C is rapidly taken up
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phagocytosed labeled platelets 

Platelet-free zone around PC

Figure 17.4 Lipid-laden platelets are phagocytosed by

progenitor cells. Progenitor cells (PCs) phagocytose platelets, leading

to a platelet-free zone around the PC. In a further experiment,

platelets internalize lipids that are labeled with a red dye. Progenitor

cells phagocytose these platelets with the internalized lipids.

by activated platelets and also rapidly internalized by
foam cells. The phagocytosis of LDL-C–laden platelets
seems to be a critical step for the development of a
lipid-rich plaque.97 Other in vivo and in vitro stud-
ies have confirmed this finding by demonstrating sig-
nificant platelet phagocytosis by macrophages.100,101

Statins and peroxisome proliferator-activated recep-
tor (PPAR) -α and γ antagonists (“glitazones”) inhib-

Progenitor

Cell
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Figure 17.5 Role of platelets in foam cell generation. Platelet

adherence to progenitor cells initiates the transformation of

monocytes into macrophages. Platelets internalize lipids via specific

scavenger receptors. Macrophages phagocytose these lipid-laden

platelets and develop into foam cells.

Figure 17.6 The balance of the atherosclerotic burden. The

interaction of platelets with progenitor cells leads to a transformation

into either endothelial cells or foam cells, depending on conditions.

Statins and PPAR agonists inhibit foam cell formation97 and block

further development of an atherosclerotic lesion.

ited foam cell formation from progenitor cells (Fig.
17.6). Additionally, statins seem to inhibit MMP-9
activity by foam cells that are derived from progeni-
tor cells. This finding supports the clinical experience
that statins and glitazones may promote regression
of advanced atherosclerotic plaques. However, statins
and glitazones may be drugs that can help balance
between platelet-mediated endothelial regeneration
and foam cell generation from circulating progenitor
cells.

In a clinical study, PPAR-γ agonists were used to
manage and prevent vascular diseases in patients with
and without diabetes mellitus. PPAR-γ agonists seem
to have positive effects in both groups by reducing
the expression of endothelial cell and platelet activa-
tion markers. They attenuate plaque progression and
improve flow-mediated vasodilatation. These effects
seem to result from insulin sensitization and direct
regulation of transcriptional responses to atheroscle-
rotic stimuli.102

PLATELETS AND CLINICAL
MANIFESTATIONS OF
ATHEROSCLEROSIS

Studies in the early 1960s and 1970s demonstrated
that platelets are an active player in the develop-
ment of clinical manifestations of atherosclerotic
lesions. The first studies were performed in patients
with carotid atherosclerosis and were aimed to prove
that platelet aggregates or thrombi embolize from
carotid lesions and thereby cause the cerebrovascular
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manifestation.15,103 These early studies did not yet
imply that platelets are a major trigger for the develop-
ment of atherosclerotic lesions, although the results
of at least one study that showed the same amount
of indium-labeled platelets in atherosclerotic deposi-
tions of patients with symptomatic and asymptomatic
carotid atherosclerosis were taken as a suggestion that
platelets adhere to the endothelium before plaque
rupture and embolization occurs.104

As in carotid artery disease, an increase in sys-
temic platelet activation has been demonstrated for
other clinical manifestations of atherosclerosis as
well as coronary artery disease and transplant vascu-
lopathy.12,105,106 The wall thickness of carotid arter-
ies exhibiting atherosclerosis in patients with dia-
betes mellitus seems to correlate with systemic platelet
activation.12 Atherosclerosis generally correlates with
platelet activation, as shown in a study from Fitzger-
ald et al.,107 in which episodes of chest pain in patients
with ACS were associated with phasic increases in the
excretion of thromboxane and prostacyclin metabo-
lites.107 Many platelet-derived chemokines, like PF4
and growth factors, can be detected in atheroscle-
rotic plaques.77,108 Platelet aggregation blockers – like
aspirin, ticlopidine, and clopidogrel – are widely used
for secondary prevention and in some studies for pri-
mary prevention as well109,110,111,112 (see Chapter 20).
It is not clear if any antiplatelet drug has a clinically
significant impact on the progression of atheroscle-
rotic lesions, although these agents are very effi-
cient in the prevention of further clinical events that
derive from complex atherosclerotic lesions. However,
new platelet inhibitors promising greater efficacy and
safety are currently under development. These belong
to the group of the platelet P2 receptor antagonists,
which block the action of ADP (P2Y1 and P2Y12 recep-
tor) and ATP (P2Y1 receptor) on platelet aggregation.
A new thienopyridine compound, Prasugrel®, is cur-
rently under clinical evaluation. Cangrelor® and AZD
6140, two direct and reversible P2Y12 receptor antag-
onists, are also attractive new drugs because of their
rapid action and reversal of platelet inhibition.113 This
is an obvious advantage if coronary artery bypass
surgery suddenly becomes necessary.

Other new platelet inhibitors are also under devel-
opment for use as novel vascular protective drugs.
For example, AGI-1067 is an antioxidant substance
with potent antiaggregatory and antiadhesive prop-
erties. The antiplatelet actions of AGI-1067 seem to be

additive to the antiplatelet activity of classic platelet
inhibitors such as aspirin and clopidogrel.114 However,
thus far only in vitro data exist, and further studies are
necessary for in vivo and clinical evaluation.

To date, clinical platelet research focuses on the
prediction of clinical events. So far, troponin T and
I are widely used to identify patients with coro-
nary microembolisms that result from plaque rup-
ture. These patients are at high risk for further clinical
events and need immediate treatment with platelet
aggregation inhibitors and urgent coronary interven-
tion.

Bigalke et al. investigated patients with ACS and
found that platelet surface expression of GPVI is
already elevated before the classic markers for acute
coronary events, troponin and creatinkinase, become
positive115 (see also Chapter 16). Collagen binding
to GPVI is the initial trigger of platelet activation
and aggregation at the site of vascular injury, where
extracellular matrix proteins, including collagen, are
directly exposed to the bloodstream. This exposure
leads to thrombus formation and coronary occlu-
sion.30,32,35,116 Platelet tethering on collagen induces
a significant increase in platelet GPVI surface expres-
sion and precedes coronary thrombus formation (Fig.
17.2). Therefore, elevated GPVI surface expression on
platelets identifies patients at risk before a clinical
coronary event becomes evident.

FUTURE AVENUES OF RESEARCH

Our group has recently found evidence of the migra-
tion of tightly adherent platelets. Migration of these
adherent platelets would make sense to cover the
site of injury completely with a dense platelet lawn,
which would facilitate wound healing. We and other
groups are also working on platelet proteomics,
which allows the detection of new platelet signal-
transduction pathways and perhaps novel mediators.
The identification of signaling pathways may pro-
vide targets for the development of a new genera-
tion of platelet inhibitors. To date concomitant use
of different antiplatelet drugs directed against differ-
ent targets has been effective in reducing adverse clin-
ical events. The main antiplatelet drugs are aspirin
(thromboxane synthesis inhibitor), thienopyridines
(P2Y12 receptor blocker), and GP IIb/IIIa antagonists
(GP IIb/IIIa receptor blocker). However, the approach
of combining antiplatelet drugs is sometimes not
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TAKE-HOME MESSAGES

� Endothelial inflammation is the first injury vulnerable to platelet adhesion.
� Platelet adhesion initiates atherosclerotic lesion formation.
� Platelets regulate monocyte transformation into macrophages/foam cells.
� Lipid-laden platelets are phagocytosed by macrophages/foam cells.
� Statins are able to reduce platelet-induced foam cell formation.

sufficient to prevent stent thrombosis, a clinical prob-
lem especially for patients with drug-eluting stents.
In a cohort of patients with stent thrombosis, we
found different degrees of clopidogrel resistance in
part related to the presence of specific polymorphisms
of platelet P2Y12 receptors. However, these approaches
to maximize inhibition of platelet function do not pre-
vent the development of atherosclerotic lesions. We
have shown in this review that statins and PPAR ago-
nists (“glitazones”) can inhibit foam cell formation and
LDL uptake into the lesion.

Pharmacologic inhibition of atherosclerotic lesion
formation is a relatively new field of drug research. The
ONTARGET trial, with over 23 000 patients enrolled, is
a study aimed at preventing cardiovascular mortality,
myocardial infarction, stroke, and hospitalization for
heart failure using the AT1-receptor antagonist telmis-
artan as compared to the angiotensin converting
enzyme (ACE) inhibitor ramipril. Pleiotropic effects
of telmisartan may lead to a “vascular protection” that
has not yet been fully elucidated. In the randomized
Valsartan Inhibits Platelets (VIP) trial, valsartan
produced sustained inhibition of platelet aggregation
and other platelet receptors.117 This antiplatelet effect
of valsartan could be of great clinical significance to
high-risk patients and provides additional grounds
for considering platelet inhibition as a means of
diminishing the formation of atherosclerotic lesions.
However, most of the currently available drugs that
affect platelet function do not interfere with the adhe-
sion and secretion process, the most important step
in platelet-mediated atherogenesis. A soluble form
of the platelet collagen receptor GPVI has recently
been developed that substantially inhibits platelet
adhesion to collagen in vitro and in vivo (Daub, Gawaz
et al., manuscript submitted). Chronic administra-
tion of soluble GPVI attenuates the progression of
atherosclerosis in mice and is therefore a promising
strategy for the treatment of atherosclerotic diseases.

Further, targeting the secretion machinery in platelets
may disclose alternative ways to interfere with platelet
secretion in atherogenesis.118
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INTRODUCTION

The role of the platelets in the pathogenesis of venous
thrombosis is still not fully defined. Evidence suggests
that platelets contribute to venous clot formation,
particularly under certain circumstances. Supporting
evidence comes from laboratory studies as well as
from clinical trials investigating the role of antiplatelet
therapy.

In addition to their well-known function in throm-
bosis and hemostasis, platelets also mediate vas-
cular integrity and regulate angiogenesis. The con-
nection between hypercoagulation, thrombosis, and
malignancy is by now well established. Thrombin
exerts effects on tumor cells, vascular endothelium,
and platelets, enhancing tumor cell growth, adhesion,
angiogenesis, metastasis, and thrombosis. Thrombin
thereby potentiates the malignant phenotype and ini-
tiates a “vicious cycle.”

PLATELETS IN VENOUS THROMBOSIS

The role of platelets in arterial thrombosis has been
well defined, as noted elsewhere in this volume. Under
conditions of high flow or shear stress, such as those
found in arterioles, collagen exposed by injury to the
endothelial surface activates von Willebrand factor,
which subsequently recruits platelets to the site of
injury or vessel narrowing. The platelets become acti-
vated and both recruit additional platelets as well
as facilitate coagulation at the site of the nascent
clot. The role of the platelet in venous thrombosis is
less clear. However, several lines of evidence indicate
that platelets are also involved in the pathogenesis of
venous thromboembolism (VTE). Evidence support-
ing such a claim comes from pathologic observations
and preclinical studies as well as from observational

and interventional clinical trials. Rather than just play-
ing the passive role of being trapped in the grow-
ing thrombus, under certain circumstances platelets
may actively promote clot propagation by recruiting
additional platelets and providing scaffolding upon
which coagulation may occur. In addition, the pos-
sibility exists that substances released from platelets
may adversely affect overall prognosis in patients
with VTE. For example, serotonin, prostaglandins,
and thromboxanes released from platelets may cause
bronchoconstriction and pulmonary vasoconstriction
in patients with pulmonary embolism. Platelets may
also interact with other cell types in the pathogen-
esis of venous thrombosis; in particular, there is
some experimental evidence that they may inter-
act with leukocytes in the initiation of venous clot
formation.1

The potential involvement of platelets in the patho-
genesis of VTE was suggested by examination of
pathologic specimens including incidentally found
thrombi in valve pockets of the femoral veins from
injured or burned subjects.2,3 Thrombi found mainly
consisted of platelet aggregates with fibrin borders,
thereby suggesting that platelets might play a role in
clot propagation. Imaging studies using 111indium-
radiolabeled platelets performed in primates and in
humans also suggest that platelets are incorporated
into the growing thrombus.4,5 However, interpreta-
tion of these observational studies is limited because,
based on their design, it is not possible to distinguish
active from passive involvement of the platelet. In
this regard, animal studies have also been performed
attempting to elucidate the role of platelets in throm-
bus generation.

Using specimens from a rabbit femoral vein
model in which thrombosis was initiated without
trauma, early events observed using scanning electron
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microscopy included fibrin meshwork formation fol-
lowed by the appearance of platelet clumps.6 These
findings were felt to be indicative of an active role
for the platelet. However, in another rabbit model in
which thrombosis was initiated by trauma to the ves-
sel, antiplatelet agents were ineffective at preventing
clot formation, suggesting that platelets might simply
play a passive role in this process.7 Subsequent exper-
iments in a rat inferior vena cava model of venous
thrombosis examining the effect of stasis and hyper-
coagulability indicate that the role of platelets appears
to be most important when the thrombogenic stimu-
lus is mild.8 In this model thrombocytopenia signifi-
cantly reduces thrombus formation when the inciting
stimulus is weak but not when it is strong, suggesting
differential requirements depending on the specific
circumstances in any given instance. From these
experiments it is possible to speculate that when the
thrombogenic stimulus is mild, platelet activation may
play a more important role in the pathophysiology of
venous thrombosis by releasing microparticles that
serve as phospholipid surfaces for the activation of
coagulation.

An even larger body of evidence than that described
above indicating the potential importance of platelets
in VTE comes from clinical trials examining the effect
of antiplatelet agents on thromboprophylaxis. The
agents most commonly utilized in these trials have
been dipyridamole or aspirin. As opposed to the com-
mon current practice of administering aspirin at 81
or 325 mg daily, aspirin was administered at total daily
doses of 600 to 1000 mg in some of the early clinical tri-
als on VTE prevention. This was probably unnecessary,
given the fact that in most individuals cyclooxygenase-
induced thromboxane A2 is inhibited with doses of
160 to 325 mg daily, and higher doses are associated
with increased intolerance due to gastrointestinal irri-
tation and other side effects.9 Nonetheless, these stud-
ies provide insight into the potential role of the platelet
in venous thrombosis.

These early clinical trials comparing regimens of
different anticoagulants for the prevention of VTE
indicated that aspirin could potentially be effec-
tive in this regard.10,11,12,13 A number of these trials
used iodine-125 fibrinogen– or indium-111–labeled
platelet scintigraphy in order to detect subclinical
thrombosis.5 The Antithrombotic Trialists’ Collabora-
tion published a meta-analysis of randomized trials of
platelet prophylaxis for the prevention of deep venous

thrombosis (DVT) in medical and surgical patients.14

This manuscript examined 53 trials involving a total
of 8400 patients who received an average of 2 weeks
of antiplatelet therapy versus controls. Treatment with
antiplatelet agents resulted in a statistically significant
25% reduction in DVT and 64% reduction in pulmo-
mary embolism (PE). The authors therefore concluded
that antiplatelet therapy had at least some efficacy in
the prevention of DVT and PE. There were, however,
methodologic criticisms of this work. A subsequent
meta-analysis by the same group examined the role of
aspirin in the prevention of death, myocardial infrac-
tion (MI), and stroke.15 Although it was not the pri-
mary focus, this work included a review of 32 trials
that recorded symptomatic PE. A 25% reduction in the
rate of fatal or nonfatal PE was found. This reduction
was smaller than that reported in the earlier meta-
analysis by this group14 but was still statistically signifi-
cant. It is also notable that risk reduction was observed
with modest doses of aspirin (75 to 325 mg daily) and
that concomitant administration of other antiplatelet
agents such as dipyridamole did not appear to con-
tribute additional benefit.

Comparisons of aspirin to warfarin or to low-
molecular-weight heparin (LMWH) for prophylaxis
of VTE in the setting of orthopedic surgery indicate
that aspirin provides some protective benefit. Several
meta-analyses have been conducted. One of these in
patients undergoing elective hip arthroplasty included
5512 patients treated with LMWH, 1859 patients
treated with low-dose heparin, 1493 patients treated
with warfarin, 687 patients treated with aspirin, and
947 placebo patients.16 The total risk of DVT was 17.7%
with LMWH, 31.1% with low-dose heparin, 23.2% with
warfarin, 30.6% with aspirin, and 48.5% with placebo.
Although it was less effective than LMWH or warfarin
in the prevention of proximal DVT and symptomatic
PE, aspirin was at least as effective as low-dose hep-
arin. In aspirin-treated patients the overall reduction
in thrombotic events versus placebo was statistically
significant, and there was no difference in the rate
of minor or major bleeding. Another meta-analysis
found a weaker treatment effect.17 However, when the
authors of this other meta-analysis took into account
only trials that were considered to be of high qual-
ity because of factors such as randomized methodol-
ogy, the risk for proximal DVT and PE was found to
be similar with aspirin and warfarin. Both of the above
meta-analyses would indicate that there are trade-offs
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between efficacy, safety, and convenience when using
prophylactic anticoagulation.

In addition to any direct effects that platelets may
have on clot propagation, they may also affect the ulti-
mate outcome of thromboembolic events. Through
their release of vasoactive substances such as sero-
tonin, prostaglandins, and thromboxanes, activation
of platelets can lead to bronchoconstriction and pul-
monary vasoconstriction.18 The clinical relevance of
this was suggested by findings of a randomized trial
comparing aspirin 160 mg daily to placebo for the pre-
vention of PE in 13 356 patients undergoing surgery
for a hip fracture.19 Not only did the study find a
highly statistically significant (p = 0.0003) propor-
tional reduction in DVT or PE of 36%, it also found
an even greater proportional reduction in death from
PE of 58%. The reduction in death may be indicative
of the additional effects of aspirin on the pulmonary
vasculature itself.

Summarizing the available evidence, it would ap-
pear that, although not necessarily part of the ini-
tiating process, platelets play a contributory role in
venous thrombosis, at least under certain conditions.
Antiplatelet agents may act to decrease the risk of VTE
by interfering with platelet recruitment and thereby
decreasing clot propagation (Fig. 18.1). Although it
does not currently have a widely accepted role in the
initial treatment of symptomatic VTE, aspirin at mod-
erate doses (75 to 325 mg daily) appears to be as effec-
tive as other anti-thrombotic agents in the prevention

Resting platelets

Aspirin

ADP

Activated
platelets

Fibrin strands

Figure 18.1 Schematic diagram of the potential involvement of

platelets in the development of venous thromboembolism.

Platelets may be activated by thrombin generated in the vessel and

may become entrapped in the evolving thrombus. Platelet activation

may release mediators such as ADP, which attract and activate

additional platelets, thereby facilitating clot propagation. Through

cyclooxygenase inhibition of platelet activation, aspirin may interrupt

this process.

Table 18.1. Use of aspirin for thromboembolism
prophylaxis

Advantages
� Minimally increased risk of bleeding compared to

other anticoagulants
� Once-daily oral administration
� No monitoring required
� Inexpensive
� May provide additional benefits (e.g.,

cardioprotection) in certain populations

Disadvantages
� Less efficacious than low-molecular-weight heparin or

standard-dose warfarin
� Modest potential for gastrointestinal upset
� May increase complications (e.g., hemorrhagic stroke)

in certain populations
� Aspirin resistance

of VTE in the setting of orthopedic surgery. This pro-
tective effect from clot formation is probably inferior
to that provided by anticoagulation with warfarin and
other coumadin derivatives to an international nor-
malized ratio (INR) of 2.0 to 2.5 and is clearly inferior
to that of LMWH. However, use of aspirin is associ-
ated with fewer minor or major bleeding complica-
tions than heparin, LMWH, or warfarin.

Because it has some advantageous properties when
compared to other anticoagulants (Table 18.1), the
administration of aspirin may have a role in throm-
boprophylaxis. Areas for future investigation will be
the role of aspirin and other antiplatelet agents in pri-
mary prevention of VTE in patients with identified
hypercoagulable risk factors and secondary preven-
tion in individuals who have sustained one throm-
botic event. Although current guidelines do not rec-
ommend primary prophylaxis with anticoagulation
for patients who are heterozygous for factor V Lei-
den or the prothrombin G20210 A gene mutation or
who have one of several other genetic or acquired
abnormalities due to concerns regarding safety,
inconvenience, and cost,20 it is possible that even
a modest benefit provided by prophylactic aspirin
would provide a clinically meaningful benefit to these
individuals.

As for secondary prevention, at least two large, well-
controlled studies have demonstrated the beneficial
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effects of long-term anticoagulation with warfarin
after an idiopathic episode of VTE.21,22 Such long-
term anticoagulation has yet to become the standard
of care. In part this is because of the safety concern
regarding the potentially increased risk of bleeding.
Moreover, such long-term anticoagulation is cum-
bersome because of the monitoring required. Use of
aspirin at doses of 75 to 325 mg daily in this setting
might reduce the risk of recurrence to some extent
with a minimal increase in the risk of bleeding, little
inconvenience to patients, and low cost.

In summary, although platelets do not seem to play a
primary role in VTE, their involvement in the process
opens up the opportunity for prophylactic or thera-
peutic intervention with antiplatelet agents such as
aspirin, which have well-defined safety profiles and
other potentially favorable characteristics (Fig. 18.1).

THROMBOSIS AND CANCER

Thrombosis is frequently seen in association with can-
cer and is a common cause of mortality in cancer
patients.23 There is an increased risk of cancer in indi-
viduals who present with idiopathic VTE, the majority
of which is diagnosed within 6 months of the throm-
botic event.24,25 The prognosis of cancer patients with
VTE at diagnosis or within 1 year of diagnosis is sig-
nificantly worse than that of those without and is not
accounted for by the VTE itself.25,26 In data from the
Danish national registry of greater than 34 000 can-
cer patients, those with VTE had a 1-year survival
of only 12%, as compared to 36% in those without
VTE (p < 0.001).25 The cancer patients who present
with concurrent thrombosis generally present with
advanced-stage disease and have an especially poor
prognosis. In addition to the intrinsic hypercoagu-
lability of malignancy, other factors such as immo-
bility, venous compression, surgery, central venous
catheters, chemotherapy, and hormonal and targeted
therapies all contribute to increased thrombotic risk
in the cancer patient.

Historical perspective

The hypercoagulability of malignancy was initially
described over a century ago.27 Trousseau recognized
the association between migratory thrombophlebitis
and underlying gastric malignancy. Billroth, a con-
temporary of Trousseau, identified the presence of

cancer cells within the thrombus28 and speculated
that thrombosis and embolism stimulated tumor pro-
gression. Many subsequent studies have confirmed
these insightful and prescient observations. Throm-
bosis is associated with diverse tumor types, espe-
cially cancers of the pancreas, ovary, and brain.29

Thrombotic complications seen commonly include
thrombophlebitis, often migratory; arterial embolism;
and nonbacterial thrombotic endocarditis.30 Hemor-
rhagic complications may also be seen, especially
in association with hypofibrinogenemia, thrombo-
cytopenia, and rarely hyperfibrinolysis.30 Trousseau’s
initial description includes cases in which clinically
evident thrombosis is followed by the autopsy identi-
fication of occult malignancy, implying that the hyper-
coagulability of malignancy is not simply a function of
high tumor burden.

Laboratory findings in cancer
hypercoagulation

Abnormalities in hemostasis are extremely common
in cancer patients.31 Thrombocytosis,32 hyperfib-
rinogenemia, and elevated fibrin degradation prod-
ucts are typical of the coagulation derangements
seen in cancer.31 Hemostatic parameters in patients
with Trousseau syndrome may reveal coagulation
derangements compatible with chronic disseminated
intravascular coagulation (DIC), which in some cases
precedes the cancer diagnosis itself.30 Thrombocyto-
sis is commonly seen in cancer patients and is an
adverse prognostic feature in diverse malignancies
such as renal, prostatic, cervical, endometrial, ovar-
ian, gastric, and lung cancers as well as mesothe-
lioma. In contrast, in pancreatic cancer a low platelet
count is an adverse feature. Increased platelet turnover
and reduced platelet survival have been reported.33

Thrombocytopenia is often associated with DIC
or alternatively may be immune-mediated. Other
reported laboratory findings include increased fib-
rinogen turnover34 and increased fibrinopeptide-A,35

derived by thrombin cleavage of fibrinogen A-α chain
and prothrombin activation fragment F1+2. The
mechanism of the hypercoagulation in malignancy
is unclear; however, it may derive from exposure of
TF which is constitutively expressed on most tumor
cells, expression of cancer procoagulant activity, and
direct activation of factor X. Platelet activation, as
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well as inhibition of physiologic anticoagulant path-
ways including tissue factor pathway inhibitor (TFPI)
protein C, antithrombin,36 and fibrinolysis have been
described.

Role of platelets in metastasis

Invasion and metastasis are among the hallmark
features of malignancy37; it is this property that
is directly responsible for most cancer mortality.38

Tumor cells derived from the primary site are released
into lymphatics or the bloodstream (intravasation)
and spawn new colonies by complex and incompletely
understood mechanisms. In the case of blood-borne
metastasis, tumor cells lodge in the vasculature and
extravasate into tissues and are able to co-opt normal
cellular elements such as fibroblasts and endothelial
cells as well as extracellular matrix components. In this
opportunistic fashion, the stromal compartment sup-
ports tumor cell proliferation and drives angiogenesis,
which supports the growth of new colonies.

Accumulated evidence points to a role for platelets
in promoting blood-borne tumor metastasis dur-
ing the early stages of tumor intravasation. Pioneer-
ing studies by Gasic (1968)39 first demonstrated the
importance of platelets and platelet–tumor emboli
in experimental tail vein metastasis. Platelet reduc-
tion induced by antiplatelet antibody greatly reduces
the efficiency of experimental pulmonary metastasis
seen after tail-vein injection of tumor cells. In experi-
mental metastasis, shortly after injection, tumor cells
appear enmeshed in a platelet-rich thrombus,40,41

which may serve to promote tethering and adhe-
sion to vascular endothelium.42 Many tumor cell lines
aggregate platelets in vitro.43,44 At least two indepen-
dent mechanisms governing platelet–tumor aggrega-
tion in vitro involve serum complement activation
and thrombin generation.45 Some tumor cell lines
when injected into animals result in transient throm-
bocytopenia.43 The platelet aggregating activity cor-
relates with metastatic potential.43,44 Many tumor cell
lines exhibit a platelet requirement for metastasis to
develop.43,44,46 The process of metastasis is ineffi-
cient. The vast majority (>98%) of tumor cells injected
intravenously into mice are eliminated within 24 h.47

Tumor microemboli stabilized by platelets and leuko-
cytes may be less likely to be subject to rapid elimina-
tion from the circulation. Other plausible mechanisms
whereby platelets contribute to metastatic efficiency

would include promoting adhesion to the vessel wall
and subsequent extravasation, protection from host
antitumor response, release of growth factors, stim-
ulation of angiogenesis, and generation of throm-
bin. Cloaking of tumor cells by platelets inhibits their
killing by natural killer cells.48,49

Tumor cell adhesion

The requirement of platelets for experimental metas-
tasis has led to numerous studies evaluating anti-
platelet agents as potential inhibitors of cancer growth
and metastasis. Despite a number of studies reporting
antitumor activity in animal models of carcinogen-
induced and transplantable tumors, in the aggregate,
the results with inhibitors of platelet aggregation such
as cyclooxygenase and phosphodiesterase inhibitors
as well as prostacyclin have been disappointing.50,51,52

This led to a shift in research focus to the role of
platelets in tumor cell adhesion.

The process of tumor cell adhesion to platelets
and vascular endothelium is complex, with involve-
ment of integrins, adhesive ligands, and cell adhe-
sion molecules. Under static conditions, CT26, B16a,
and T241 tumor cells adhere to platelet αIIβ3 via fibro-
nectin and von Willebrand factor.52 Antibody to von
Willebrand factor and to the platelet αIIβ3 inhibits
experimental pulmonary metastasis with these tumor
cell lines.52 More recent studies have demonstrated
that combined blockade of integrins αIIβ3 and αvβ3
in preclinical models results in antiangiogenic, antitu-
mor and antimetastatic effects.53 β3 integrin null mice
are protected from B16-F10 melanoma cell osteolytic
bone metastases.54 A specific inhibitor of activated
αIIβ3 and platelet aggregation inhibits B16 metas-
tases.54

Soluble fibrin monomer enhances platelet–tumor
cell adhesion.55 In a study with human colon cancer
cell lines LS174HT and COLO205 under dynamic flow
conditions, adhesion to immobilized platelets is medi-
ated by initial tethering via platelet P-selectin, followed
by stable adhesion via the αIIbβ3.56

P-selectin has also been implicated in tumor pro-
gression. Mice deficient in P-selectin have attenu-
ation of experimental tumor growth and metasta-
sis.57 Tumor cell selectin ligands bind to P-selectin on
platelets. Heparin inhibits metastasis of human carci-
noma by a P-selectin–dependent mechanism58 as well
as by its antithrombin effect. Although thrombin has
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long been implicated in tumor progression (see next
section), this result suggests that an alternative mech-
anism for the antineoplastic activity of heparin is its
antiadhesive function, distinct from the inhibition of
thrombin. Leukocyte L-selectin mediates metastasis
and L- and P-selectin are synergistic with respect to
promoting tumor metastasis.58

The complexity of tumor cell adhesion is under-
scored by the involvement of numerous other adhe-
sive ligands such as laminin,59 vitronectin,60 type IV
collagen,61 and thrombospondin62 and the numerous
integrin receptor combinatorials such as α3β1, α5β1,
and αvβ3, 60,63 which bind to extracellular matrix com-
ponents and mediate adhesion, platelet–tumor inter-
action, and metastasis and trigger signal transduction
events.

Role of thrombin

Thrombin converts fibrinogen to fibrin and acti-
vates coagulation factors V, VIII, XI, and XIII, among
others, and is the most potent platelet agonist. In addi-
tion to its well-known actions on the coagulation cas-
cade, thrombin is a potent growth factor for mesenchy-
mal cells.64,65,66 Thrombin is a proangiogenic factor67

that stimulates endothelial cell mitogenesis and
migration. Thrombin effects on platelets and other
cells are mediated by the G protein–coupled seven-
transmembrane-spanning protease-activated recep-
tors (PARs)-1, -3, and -4. The unique mode of receptor
activation results from cleavage of its N-terminal end
exposing a tethered ligand that binds to the second
extracellular loop. Thrombin stimulates platelet–
tumor adhesion and experimental pulmonary
metastasis in vivo.68 Its action on platelets includes
activation of the integrin glycoprotein (GP) IIb/IIIa
and enhancement of surface deposition of von Wille-
brand factor and fibronectin, which may bridge tumor
cells to platelets and account for these observations.
Thrombin also has direct actions on tumor cells
which are able to bind to platelets68 and cultured
endothelial cells.63 Similar findings were noted under
flow conditions for thrombin-stimulated human
melanoma 397 cells, in which adhesion was found to
be P-selectin and GP IIb-IIIa–dependent.69

PAR-1 expression is detectable in many tumor
cell lines and contributes to thrombin-stimulated
tumor cell motility.70 Overexpression of PAR-1 in B16
melanoma cells increases experimental pulmonary

metastasis fivefold.71 Thrombin stimulation of tumor
cells results in changes in gene expression that favor
oncogenesis. In the murine tumor cell lines B16F10
and UMCL, upregulation of GRO-α and Twist genes
was found, among others.72 GRO-α is required for
thrombin-induced angiogenesis.73 Twist is a tran-
scription factor that regulates embryonic morpho-
genesis and plays an essential role in murine breast
tumor metastasis.74 Twist expression is associated
with increased cell motility and loss of E-cadherin–
mediated cell–cell adhesion.74

Experimental tail-vein metastasis has obvious lim-
itations, which have been partially circumvented in
studies using spontaneously metastasizing tumors
and ongoing studies with tumor-prone mice. The
role of endogenous thrombin was evaluated in spon-
taneously metastasizing murine breast tumor 4T1.
Specific inhibition of thrombin by hirudin, a direct-
acting thrombin inhibitor that binds with high affin-
ity, inhibited tumor growth, reduced circulating tumor
cells, lowered metastatic potential, and prolonged
survival.75

Local thrombin generation in the tumor microen-
vironment may lead to more aggressive tumor biol-
ogy. Indeed, tumor cells express TF and provide
an efficient surface in conjunction with activated
platelets for thrombin generation. TF expression pro-
motes hematogenous metastasis of melanoma76 and
generation of thrombin, which may signal through
the thrombin receptor.77 PAR-1 expression has been
detected in metastatic human breast cancer.78 Sur-
gical tumor specimens have demonstrable surface
thrombin activity as detected by hirudin bind-
ing.79

In summary, thrombin generation may reprogram
cancer cell gene expression to a more malignant
phenotype, which can set up a positive feedback
with resulting increase in local and systemic activa-
tion of coagulation. Thrombin stimulates adhesion of
tumor cells to endothelium and activates a proangio-
genic switch by releasing vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), and
angiopoietin-1,2 (Fig. 18.2).

Role of tissue factor

TF is a transmembrane GP and the key initiator
of coagulation that serves as cell surface recep-
tor for factor VII/VIIa, which generates thrombin
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Figure 18.2 Depiction of the role of thrombin and platelets in tumor cell intravasation, platelet–tumor thrombus formation, and

tumor–platelet embolization, colonization, and angiogenesis. Thrombin stimulates shedding of tumor cells into the circulation. Platelet

P-selectin binds to P-selectin glycoprotein ligand (PSGL) receptors and mediates initial tumor cell tethering to the vessel wall. Thrombin promotes

bridging of activated platelets and tumor cells via interactions of platelet integrin IIb/IIIa and tumor cell integrins with VWF, fibronectin, and other

adhesive RGDS containing ligands. Platelet–tumor aggregates stabilize tumor cells in the circulation and embolize downstream, leading to

ischemia and endothelial cell denudation. Adhesion to the subendothelial matrix permits tumor cell extravasation and subsequent colony

formation. (Reproduced with permission from Elsevier, Cancer Cell 2006;10:357.)

activity and fibrin deposition through the activa-
tion of factors IX and X. Alternatively, TF also has
a soluble and microparticle form. TF is required for
vascular integrity in embryonic development.80 TF
is constitutively expressed on the surface of many
tumor cells, tumor-associated macrophages, and vas-
cular endothelial cells in proximity to tumor.81 Forced
expression of TF promotes tumor growth and metas-
tasis,82 and it colocalizes in breast cancer tissue with
cross-linked fibrin.81

TF upregulation at the tumor cell interface initiates
coagulation and generates thrombin, allowing for the
deposition of a provisional fibrin matrix, activation of
platelets, and release of proangiogenic growth factors,
all of which favor tumor growth.

TF expression induces angiogenesis by upregulat-
ing VEGF,82 and VEGF can itself upregulate TF. Dele-

tion of TF cytoplasmic domain deregulates angio-
genesis,83 and both the intracellular and extracellu-
lar domains of TF are required for maximal metastatic
activity.84 Signaling of TF mediated through the intra-
cellular domain regulates angiogenesis through cross
talk with PAR-2.83 Interestingly, the TF–VIIa complex
regulates PAR-2 signaling independently of activation
of coagulation and thrombin generation.83 Therefore
the role of TF in angiogenesis and tumorigenesis is
complex and its effects are not limited to thrombin
generation.

TF VIIa, matriptase, and trypsin can activate
PAR-2.85 Numerous proteases activate PAR-1 in addi-
tion to thrombin, including activated protein C, matrix
metalloproteinase 1, and plasmin.85 These complex
protease pathways converge to regulate tumor biol-
ogy and angiogenesis.
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GENETIC MODELS

Genetic approaches using knockout mice have val-
idated results of earlier studies and confirmed the
importance of platelets, platelet activation, and fib-
rinogen in experimental hematogenous metasta-
sis.46,86 Lung metastasis is markedly impeded in
nuclear factor-erythroid 2 (NF-E2) (−/−) mice, which
have few circulating platelets.46 Similar findings were
reported for fibrinogen (−/−) mice and in PAR-4 (−/−)
mice, which have platelets that fail to respond to
thrombin.46 Gαq (−/−) mice have deficient platelet
signaling and defective activation to agonists in vitro87

and show protection from experimental and sponta-
neous metastasis.49 Interestingly, neither fibrinogen86

nor Gαq49 depletion had an observable impact on
growth of primary subcutaneous tumors. The addi-
tional enhanced protection from metastasis conferred
by hirudin treatment of PAR-4 (−/−)46 and fibrino-
gen (−/−) mice86 indicates that thrombin promotes
metastasis by a mechanism that is partially indepen-
dent of platelet activation and fibrin deposition.

Role of oncoproteins

Remarkably, targeted hepatic delivery of the MET
oncogene results in a thrombohemorrhagic state rem-
iniscent of the Trousseau syndrome.88 In this mouse
model, the MET oncogene drives the upregulation of
PAI-1 and COX-2 gene expression. Specific inhibition
of either protein attenuates the thrombohemorrhagic
syndrome.88 In colorectal cancer cell lines, activation
of the K-ras oncogene and loss of p53 upregulate cell-
associated and circulating TF expression, which con-
tributes to the tumorigenic phenotype.89

PLATELETS AS REGULATORS
OF ANGIOGENESIS

Platelets are mediators of vascular integrity90 and
release factors that support and maintain vascular
endothelium. Infusion of platelet-rich plasma sup-
ports organ preservation and vascular integrity.91

Experimental thrombocytopenia leads to thinning of
vascular endothelial cells and endothelial cell fenes-
trations, an effect that is attenuated by administra-
tion of corticosteroids. Platelets promote survival and
proliferation of cultured endothelial cells92 and are
enriched in potent angiogenic growth factors such

as angiopoietin-1, vascular endothelial growth fac-
tors (VEGF-A and -C) and FGF, which are cooper-
ative in their proangiogenic action. Platelets stimu-
late endothelial cell sprouting and tube formation
in matrigel.93 Platelets are a major storage reservoir
for growth factors and their release can be regulated
in an activation-dependent manner, allowing for an
on-demand delivery system in the vasculature. In
addition, other growth factors known to be present
within platelets include platelet-derived growth factor
(PDGF), hepatocyte growth factor (HGF), epidermal
growth factor (EGF), insulin-like growth factors (IGFs)-
1 and -2, platelet-derived endothelial cell growth factor
(PD-ECGF), angiopoietin-1, and transforming growth
factor β (TGF-β). Platelets also contain inhibitors
of angiogenesis, such as thrombospondin, platelet
factor-4, and endostatin. In addition, platelets con-
tain bioactive lipids, such as sphingosine 1-phosphate
(S1P) and lysophosphatidic acid (LPA), which can
interact with endothelial cells. Endothelial differenti-
ation gene (Edg)-1 is a G protein-coupled receptor for
S1P and is required for vascular maturation.94 Edg-1
knockout mice exhibit lethal embryonic hemorrhage
and deficient vascular smooth muscle cells and per-
icytes.94 Pericytes are mesenchymal-like perivascu-
lar cells which closely associate with endothelial cells
from capillaries and postcapillary venules. S1P medi-
ates vascular maturation by modulating N-cadherin
function.95 LPA receptors are detected in human pri-
mary breast tumors.96 Platelet-derived LPA promotes
breast cancer cell line MDA-BO2 osteolytic bone
metastases.96

Regulation of the balance of platelet-derived angio-
genic and antiangiogenic factors is presently unclear;
however, in the aggregate, the platelet releasate is
proangiogenic.97,98 Of interest in this regard is that
stimulation of platelets by selective PAR-1 agonist
exerts a proangiogenic effect by inducing VEGF release
while inhibiting endostatin, whereas selective agonist
PAR-4 stimulation has the reverse effect, potentially
allowing for a toggle switch to counterregulate angio-
genesis via these two receptors.99 PAR-1 and PAR-4
are expressed on human platelets and are activated by
thrombin.

Platelets circulate in proximity to vascular endothe-
lium and do not attach to the endothelium under
normal conditions. Thromboresistance of pristine
endothelium is maintained by heparin-like mucopoly-
saccharides and prostacyclin synthesis. Platelets, like
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leukocytes, roll on stimulated venular endothelial sur-
face in a manner that is dependent upon the expres-
sion of endothelial P-selectin.100 Platelets express P-
selectin glycoprotein ligand 1 (PSGL-1) and mediate
platelet–endothelial interactions in vivo.101

Platelets contribute to wound healing and tis-
sue regeneration. Gastric ulcer healing is impaired
by experimental platelet reduction.99 Gastric ulcer
healing is associated with elevated serum VEGF
and reduced endostatin, while ticlopidine-induced
impairment of ulcer healing reverses the levels of
VEGF and endostatin.99

Hematopoietic cytokines promote revasculariza-
tion and angiogenesis by the recruitment of bone
marrow–derived hemangiocytes, which is induced by
the release of platelet SDF-1.102

Platelets may contribute to tumor angiogenesis103

as well. Platelets are a major transporter of VEGF.104

Tumor vasculature is leaky and platelets and the con-
tent of their constituent granules may be released
in proximity to tumor cells and surrounding matrix,
thereby influencing tumor growth and angiogene-
sis. Platelets may bind to the tumor fibrin mesh-
work, become activated, and release growth fac-
tors, chemokines, and inflammatory mediators in the
tumor microenvironment, recruit inflammatory cells,
and stimulate stroma formation.

Treatment

The treatment of Trousseau syndrome is best
addressed by the control of the underlying malignancy
where possible. Optimal control of warfarin antico-
agulation can be challenging in the cancer patient
due to poor nutrition, drug–drug interactions, and
decreased hepatic function. Cancer patients with VTE
have higher rates of rethrombosis and greater risk of
bleeding than noncancer patients.24 In a study of 842
patients including 181 with cancer, the 12-month inci-
dence of recurrent thrombosis in cancer patients was
20.7%, versus 6.8% in patients without cancer (hazard
ratio of 3.2, 95% CI, 1.9 to 5.4). The incidence of major
bleeding was 12.4% in patients with cancer and 4.9%
in those without (hazard ratio 2.2, 95% CI, 1.2 to 4.1).
Heparin or LMWH may be more effective than war-
farin in the treatment of thrombotic complications of
malignancy. In the CLOT study, cancer patients with
acute VTE were randomized to receive dalteparin or
warfarin for 6 months. Recurrent VTE was detected

in 9% in the LMWH arm and 17% in the warfarin-
treated group (hazard ratio 0.48; 95% CI: 0.3 to 0.77;
p = 0.002).29

Role of screening

Approximately 10% of patients with idiopathic DVT
subsequently develop clinically overt cancer. Some
sources have recommended that DVT patients over
the age of 40 be screened for malignancy. The SOMIT
trial is the only randomized trial conducted to eval-
uate the impact of cancer screening on overall mor-
tality105; it found no significant difference between
the extensively screened group and the control group.
A prospective cohort study of patients with acute
VTE found that routine clinical evaluation identi-
fied approximately half the patients with subsequent
malignancy on follow-up.106 The utility of screening
will depend on finding early stage and potentially
curable cancers. Routine and age-appropriate cancer
screening appears reasonable in patients presenting
with idiopathic VTE.

Clinical trials

The anticancer activity of aspirin has been estab-
lished in numerous epidemiologic studies, particu-
larly with respect to chemoprevention in colorectal
cancer.107,108,109 A 40% to 50% reduction in fatal colon
cancer was reported in aspirin users.107 Case-control
studies also support a favorable effect of aspirin in the
prevention of cancers of the esophagus, breast, ovary,
and lung.109 The association is most robust for pro-
longed and regular usage of aspirin. To our knowledge,
aspirin has not shown meaningful antitumor activity
in clinical trials in cancer patients. No effect of the
addition of aspirin to chemotherapy was seen in a ran-
domized controlled study of 303 patients with small
cell lung cancer (SCLC).110

Of particular interest is the observation that anti-
coagulants may have antineoplastic activity in can-
cer patients with or without clinically evident throm-
bosis. The first large randomized controlled trial to
test this hypothesis was conducted by Zacharski and
colleagues (1984)111 in which 441 patients with lung,
colon, head and neck, and prostate cancer were treated
with warfarin for a median of 26 weeks, in which pro-
longed survival was noted in a subset of patients (50
patients total) with SCLC (median survival 23 weeks
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versus 49.5 weeks, p = 0.018). The survival benefit
was restricted to SCLC. Chahinian et al. confirmed
these results in a randomized controlled trial with
328 patients with SCLC.112 The addition of warfarin
to chemotherapy in this Cancer and Leukemia Group
B study increased response rates (67% versus 51%,
p = 0.027) and overall survival, although the latter did
not reach statistical significance. Bleeding complica-
tions were increased in the warfarin arm, with four
life-threatening and two fatal bleeding complications.

A survival benefit of unfractionated and LMWH in
SCLC patients has also been reported. Increased sur-
vival (317 days versus 261 days, p = 0.004) was seen
with the use of 5 weeks of heparin anticoagulation in a
trial of 277 patients with SCLC.113 In subgroup analy-
sis, the survival effect was significant for limited-stage
but not extensive-stage disease. A more recent study
compared chemotherapy alone and in combination
with LMWH in 84 patients with SCLC.114 Median sur-
vival was 8 months versus 13 months (p = 0.01) in
favor of the LMWH arm. The favorable effect applied
to extensive as well as limited-stage disease.

In the FAMOUS trial, 385 patients with advanced
malignancy were randomized to daily LMWH-
dalteparin injection or placebo for 1 year.115 There was
no difference in overall survival, while a post hoc anal-
ysis of patients with better prognosis who survived
beyond 17 months showed significant survival advan-
tage in favor of LMWH: 43.5 months versus 24 months
(p = 0.03).

In the MALT trial, a randomized controlled study,
302 patients with advanced cancers were treated with
6 weeks of nadroparin versus placebo and showed
an overall survival advantage of 8 months versus 6.6
months in favor of the LMWH arm (p = 0.021).
The effect was more pronounced in patients with
life expectancy of 6 months or more.116 Warfarin and
LMWH-dalteparin were directly compared in 602 can-
cer patients with VTE.117 LMWH was associated with
improved survival in patients with less advanced dis-
ease at the time they presented with VTE (80% versus
64%, p = 0.03). However, a more recent study of 138
patients with advanced cancer showed no impact of
LMWH on overall survival.118

A recent meta-analysis of the major LMWH trials in
898 cancer patients confirmed a statistically signifi-
cant effect on survival at 1 and 2 years, with 13% and
10% risk reduction respectively119 and no significant
difference in major bleeding.

Overall the results of these clinical trials are incon-
clusive, possibly because of a high tumor burden at
the onset of treatment, but are consistent with an anti-
neoplastic effect of anticoagulants in cancer patients.
Additional studies must be conducted before antico-
agulation can be routinely recommended in patients
with malignancy, given the potential for serious and
life-threatening bleeding complications. There may
be less bleeding with LMWHs (FAMOUS and MALT
trials).

DOES THROMBIN INFLUENCE
TUMOR DORMANCY?

Autopsy studies have revealed microscopic or in situ
cancers as a common finding without apparent clini-
cal disease. Examples of such reported series include
prostate, thyroid, and breast cancers. Shulman and
Lindmarker120 treated patients with DVT for either
6 weeks or 6 months with oral anticoagulants and
found fewer cancers in the 6-month-treated group.
Cancer was diagnosed in 66 of 419 patients versus 45
of 435 patients in the 6-month group (odds ratio 1.6,
95% CI 1.1–24, p = 0.02), although there was no dif-
ference in overall cancer mortality. The difference in
cancer incidence became apparent 2 years after treat-
ment, implying an effect on early cancer. Most of the
difference in cancer incidence was accounted for by
fewer urogenital cancers diagnosed in the extended
treatment group. It is conceivable that the inhibition
of thrombin delays or prevents the onset of clini-
cally evident cancer. In the Second Northwick Park
Heart Study, 3052 middle-aged men were evaluated
for hypercoagulability yearly for 4 years and moni-
tored for morbidity and mortality with average follow-
up of 11 years.121 The intent of the study was to
examine association of hypercoagulability with the
subsequent development of coronary heart disease.
While there was no associated increased risk of heart
disease, cancer mortality was increased in the group
with elevated activation markers of coagulation 11.3
versus 5.1 per thousand person-years (p = 0.01). Per-
sistent activation was defined by 2-yearly consecutive
measurements of fibrinopeptide A and prothrombin
activation fragments 1 and 2 with values exceeding the
upper quartiles of the population (approximately 5%
of the population). The excess mortality was mainly
due to increased incidence of cancers of the digestive
tract (relative risk 3.26, p < 0.001). The median interval
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TAKE-HOME MESSAGES

� Platelets appear to play some role in the pathogenesis of VTE.
� Aspirin may provide some protection against VTE; however, the magnitude of this effect is less than with warfarin

or LMWH.
� Idiopathic VTE may herald occult malignancy and routine cancer screening should be considered in patients over the

age of 40.
� LMWHs have demonstrated superior efficacy in the treatment of VTE in cancer patients and a modest survival

advantage.

between detection of activation and diagnosis of
malignancy was 4.8 years.

These observations provide further validation of the
link between thrombin activation and malignancy. We
speculate that activation of a procoagulant axis con-
verts a dormant tumor phenotype to a more biolog-
ically aggressive state. The mechanism of persistent
thrombin activation remains unclear; in some cases,
it may be contributed by host risk factors and in others
by tumor cell autonomous properties. These findings
provide a rationale for future clinical investigation of
anticoagulants in cancer prevention and treatment.

FUTURE AVENUES OF RESEARCH

Though aspirin appears to be inferior to some other
prophylactic regimens for the prevention of venous
thrombosis, future research is necessary in order to
define whether or not it may provide benefit under
certain circumstances. For example, it is not known
whether the administration of aspirin would reduce
the incidence of a first episode of VTE in patients with
genetic risk factors such as factor V Leiden. In addi-
tion, the potential role of aspirin in the prevention of
recurrent venous thrombosis after discontinuation of
warfarin or LMWH has yet to be defined.

Thrombosis remains a major challenge in cancer
patients. Additional studies are needed to define the
role of primary anticoagulation in cancer and whether
this may interrupt the “vicious cycle” of thrombin
generation leading to neoplastic progression. In par-
ticular, future studies should examine patients with
specific cancers in earlier stages of disease. Studies
of newer and targeted anticoagulants and those in
clinical development in cancer patients will be of
interest. Newer anticoagulants in development may
offer safer and more effective alternatives. Anti-PAR-1

agents may circumvent bleeding complications seen
with existing anticoagulants.
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INTRODUCTION

Over the last years increasing attention has been
directed to the previously unrecognized role of
platelets in inflammatory processes, including athero-
genesis, ischemia–reperfusion injury, and sepsis.

Several studies have revealed alterations of platelets
from patients with inflammatory diseases, and these
alterations have been dissociated from the well-
characterized involvement of platelets in thrombosis
and hemostasis. The mechanisms by which platelets
participate in inflammation are still being discovered,
but there is now wider acceptance that platelets act
as innate inflammatory cells in the immune response
with roles as sentinel cells exerting surveillance and
responding to microbial invasion, tissue damage, and
antigen challenge. Platelet activation by proinflam-
matory mediators, functional interactions with other
cells involved in inflammation, and the evidence that
platelets undergo chemotaxis through inflamed tis-
sue are testimony that platelets directly participate
in inflammation. Platelets appear to be involved in
the pathogenesis of diverse inflammatory diseases in
various body compartments, encompassing parasitic
infections, allergic inflammation (including asthma
and rhinitis), chronic obstructive pulmonary disease
(COPD), cystic fibrosis, rheumatoid arthritis (RA),
allergic dermatologic disorders, and inflammatory
bowel diseases. Platelets also play a role as inflamma-
tory cells in atherogenesis, a topic discussed in Chap-
ter.17 The aim of this chapter is to give an overview on
the role of platelets in inflammation, starting from the
structural, biochemical, and functional properties that
characterize platelets as inflammatory cells, and then
to discuss their participation in some inflammatory
disorders with evidence derived from experimental
studies in animals and from observations in patients.

PLATELETS AS INFLAMMATORY CELLS

Although platelets are anucleated cells, they have
an anatomic structure and biochemical properties
in many aspects similar to leukocytes; it is thus
conceivable that platelets may participate in the
defense against infections and in other inflammatory
responses. Cell participation in inflammation involves
adhesive interactions between circulating and vas-
cular cells, release of inflammatory mediators, dia-
pedesis, and infiltration of cells into the blood ves-
sel wall. As classic inflammatory cells, platelets roll
on and adhere to activated endothelium, undergo
chemotaxis, contain and release adhesive proteins,
activate other inflammatory cells, release vasoactive
substances, express and release proinflammatory
mediators, and have the ability to exert phagocytosis.
Moreover, platelets, although devoid of a nucleus, con-
tain mRNA and are able to synthesize proteins, includ-
ing adhesion molecules and cytokines.1 Platelets
become activated at sites of inflammation and may
interact with and transfer information to other rapidly
responding innate defensive cells, including PMNs,
monocytes, macrophages, mast cells, and dendritic
cells.

Structural characteristics

Platelets possess an anatomic structure and a bio-
chemical machinery in many ways comparable to
those of leukocytes, which may be relevant to inflam-
mation. Moreover, platelets inherit several charac-
teristics from their bone marrow progenitors, the
megakaryocytes,2 which may also be relevant to
inflammation. The discoid shape of resting platelets is
maintained by a network of actin filaments, spectrin,
and integrins, which form the membrane skeleton;
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a submembranous structure coats the cytoplasmic
surface of platelets internally and links this struc-
ture to transmembrane proteins.3 After stimulation,
the activation of low-molecular-weight G proteins,
such as Rac-1, induces the formation of focal adhe-
sion complexes. These are very dynamic structures
that, as the cells spread, are replaced by focal adhe-
sions. Additional cytoskeletal changes lead to the for-
mation of stress fibers induced by RhoA,4 a member
of the Rho family of low-molecular-weight GTPases.
Stress fibers associate with focal adhesions, allowing
a contractile force to be exerted on the extracellu-
lar integrin-associated ligands. The continuous for-
mation of filopodia and lamellipodia, which lead to
focal complexes, is due to the dynamic polymerization
of actin.5 All the machinery described above allows
platelets to undergo chemotaxis after their recruit-
ment to sites of inflammation, which is mediated by
adhesive proteins and adhesive protein counterrecep-
tors.

Receptors involved

The first step in the circulating cells’ role in tissue
inflammation is their adhesion to activated endothe-
lium. This is mediated by different receptors: the
integrins, the leucine-rich glycoproteins (GPs), the
immunoglobulin-type receptors, and the selectins.

Integrins interact with several GPs of the extracel-
lular matrix, such as collagen, fibronectin, fibrino-
gen, laminin, thrombospondin, vitronectin, and von
Willebrand factor (vWF). Platelets express five differ-
ent integrins (Table 19.1), with αIIbβ3 (GP IIb/IIIa)
being most largely represented (see Chapter 7).

The principal β2 integrin present on activated
platelets is ICAM-2,6 which is also constitutively ex-
pressed on endothelial cells and leukocytes. Platelet-
derived ICAM-2 mediates lymphocyte–platelet adhe-
sion via lymphatic function associated-1 (LFA-1) and
may contribute to neutrophil rolling and firm arrest,
mediated by macrophage antigen-1 (Mac-1), under
flow conditions.7,8

To the integrin family belong also the Toll-like recep-
tors (TLRs), type I integrin membrane proteins that
bind bacterial wall components, such as LPS, heat-
shock proteins, and fibrinogen9 (see Chapter 4).

Among the leucine-rich GP, platelets express two
membrane glycoprotein complexes, GP Ib/V/IX and
GP IV (Table 19.1) (see Chapter 7). Recently, Mac-
1, which mediates interactions between circulating

leukocytes and endothelium through ICAM-1 and
fibrinogen, has been identified as a ligand for GP
Ibα.10 Upon interaction with VWF, GP Ib/V/IX initi-
ates intraplatelet signaling, which eventually results
in integrin αIIbβ3 stimulation and platelet aggrega-
tion.

Several immunoglobulin-type receptors have been
described on platelets (Table 19.1), including PECAM-
1 and junctional adhesion molecules (JAMs)-1 and -3.
PECAM-1 occurs in platelets as well as in endothe-
lial cells, neutrophils, and monocytes. These receptors
appear to play a part in platelet adhesion to the
subendothelium and to leukocytes by binding to gly-
cosaminoglycans on their membrane.7 Activation of
JAM-1 induces the release of RANTES (regulated on
activation normally T-cell expressed and secreted)
from platelets and contributes to the recruitment
of leukocytes at sites of inflammation.11 Moreover,
platelets also contain JAM-3, a novel counterrecep-
tor for Mac-1, which mediates interactions between
platelets and neutrophils.12

Selectins are vascular adhesion receptors that medi-
ate heterotypic interactions between cells. Among
the three selectins described (E-selectin, L-selectin,
and P-selectin), P-selectin is expressed by activated
platelets (Table 19.1). By binding its major ligand, P-
selectin glycoprotein ligand (PSGL-1), P-selectin initi-
ates the adhesion of platelets to other cells, especially
the endothelium, by establishing reversible bonds
that transform tethering into rolling and subsequently
allow firm arrest. The binding of platelets to mono-
cytes via the interaction of P-selectin with PSGL-1
increases the expression and activity of β1 and β2
integrins and enhances monocyte recruitment to acti-
vated endothelium.13

CD40 ligand (CD40L or CD154), a trimeric trans-
membrane protein belonging to the tumor necro-
sis factor (TNF) receptor superfamily, binds to CD40,
which is mainly expressed on activated CD4+ T cells
(see Chapter 4) but also on platelets.14 Besides its
role in stabilizing arterial thrombi, platelet-expressed
CD40L binds to CD40 on immune cells and induces
dendritic cell maturation, B-cell isotype switching,
and augmentation of CD8+T cell responses both in
vitro and in vivo. On the other hand, T-cell–bound
CD40L can activate platelets and trigger the release
of RANTES, which in turn primes T-cell recruit-
ment, thus inducing a proinflammatory feedback
loop.15 As reviewed in Chapter 7, sCD40L enhances
platelet aggregation and platelet–leukocyte aggregate
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Table 19.1. Membrane receptors on platelets involved in inflammation

Platelet membrane glycoprotein Ligand/couterreceptor Main function

Integrins (alternative nomenclature)

αIIbβ3 (GP IIb/IIIa, CD41-CD61) Fn, Fbg, Vn, VWF, Ln, CD40L Aggregation, secretion, adhesion,

leukocyte interactions

αvβ3 (vitronectin receptor, CD51-CD61) Vn, Fbg, Fn Platelet adhesion

α2β1 (collagen receptor, CD49b) collagen, Ln Platelet adhesion

α5β1 (fibronectin receptor, CD49c) Fn Platelet adhesion

α6β1 (laminin receptor, CD49f) Ln Platelet adhesion

ICAM-2 (β2 integrin) Fg, LFA-1 (αLβ2, CD11a/CD18) Leukocyte recruitment,

chemokine deposition

Leucin-rich glycoproteins

GP Ib/V/IX (CD42 a-b-c) VWF, CD11b-CD18, calmodulin Platelet activation (adhesion)

GP IV (CD36) Thrombospondin-1, collagen Platelet adhesion

Selectins

P-selectin (CD62P) PSGL-1, GPIb Inflammatory cell rolling,

chemokine deposition,

leukocyte interaction

Immunoglobulin-like adhesion receptors

PECAM-1/CD31 Calmodulin Transendothelial leukocyte

migration

JAM-1 LFA-1 (αLβ2, CD11a/CD18) Leukocyte recruitment,

chemokine deposition

JAM-3 αMβ2 (Mac-1, CD11b)

GP VI Collagen, calmodulin Platelet activation (adhesion)

Toll-like receptors

TLR-4, TLR-2 LPS Mediate the production of

proinflammatory cytokines and

the immune response

Fbg, fibrinogen; Fn, fibrin; LFA-1, lymphocyte function associated antigen-1; Ln, laminin; LPS, lipopolysaccharide; Vn,

vitronectin.

formation, and it potentiates agonist-induced release
of reactive oxygen intermediates by platelets.16

The functional expression of the chemokine recep-
tors CCR1, CCR3, CCR4, and CXCR4 has also been
described in platelets17 (Table 19.1). Chemokine
receptors are seven-transmembrane domain proteins
that are coupled to G-protein heterotrimers and initi-
ate signal transduction events leading to a multitude
of cellular responses, including chemotaxis and adhe-
sion.18

Mediators released

During adhesion and aggregation, platelets are acti-
vated and release a variety of mediators stored in their

granules (α-granules, granules, or lysosomes), con-
tained in their cytoplasm, or synthesized upon stimu-
lation (Table 19.2). Many of these mediators may exert
a role in tissue inflammation (Table 19.2).

Platelet δ-granules store, among other substances,
serotonin (5-hydroxytryptamine, or 5-HT) which is
vasoactive, stimulates fibroblast growth, increases
vascular permeability during inflammatory events,19

and functions as a chemotactic agent for mast
cells in lung tissue,20 thus acting as an inflamma-
tory mediator.21 Indeed, serotonin originating from
platelets is likely to play a role in the pathogene-
sis of asthma, because drug-induced 5-HT uptake
by platelets reduces the clinical severity of asthma.22

Adenosine, produced in the circulation from the
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Table 19.2. Platelet-derived vasoactive and proinflammatory substances

Platelet compartments

Dense granules α-Granules Lysosomes Cytosol Lipid mediators

Serotonin (5-HT) β-TG Acid proteases -IL-1β PAF

ATP, ADP PF-4 Glycohydrolases CD40L TxA2

GTP, GDP

Histamine

PBP, CTAPIII,

NAP-2

Heparanase MMP-2 PGE2

LPA

ENA-78 SP-1

PDGF Microparticles

TGF-β 12-HETE

ECGF

EGF

VEGF

IGF

βFGF

βFGF, basic fibroblast growth factor; CTAPIII, connective-tissue activating protein III; EGF, epidermal growth factor; ECGF,

endothelial cell growth factor-β; ENA-78, epithelial neutrophil-activating protein-78; IGF, insulin-like growth factor; LPA,

lysophosphatidic acid; NAP-2, neutrophil-activating protein-2; PBP, platelet basic protein; SP-1, sphingosine-1 phosphate.

dephosphorylation of adenine nucleotides released
from platelet δ-granules, is a potent bronchoconstric-
tor23 and is currently being intensively investigated in
the respiratory field.

Human platelets synthesize and store histamine in
δ-granules, from which it is released following both
nonimmunologic24 and immunologic stimuli.25 His-
tamine is a pivotal mediator of inflammation and a
powerful coronary vasoconstrictor; it induces proin-
flammatory cytokine production from endothelial
cells, upregulates P-selectin on the endothelial cell
surface, and also enhances platelet activation (see
Chapter 4).26

Besides releasing histamine directly, activated
human platelets may also favor the liberation of
this mediator by other cells, such as mast cells and
basophils, through the secretion of platelet-derived
histamine-releasing factor (PDHRF).27,28 PDHRF is
also a powerful eosinophil chemoattractant and can
cause early- and late-phase airway obstruction and
the induction of airway hyperresponsiveness in a rab-
bit model of asthma.29

Platelet α-granules contain several proteins, among
which are PDGF, transforming growth factor-β
(TGF-β), platelet factor-4 (PF-4), β-TG, RANTES,
macrophage inflammatory protein-1α (MIP-1α),
neutrophil-activating protein-2 (NAP-2) precursors,

and P-selectin. These may play a role in inflamma-
tion and are released in atopic patients after aller-
gen provocation. β-TG and PF-4 are platelet-derived
chemokines stored together with proteoglycans. β-TG
and PF-4 are observed in plasma and bronchoalveolar
lavage (BAL) fluid of atopic individuals during aller-
gen exposure; they have been often used as markers of
platelet activation in inflammation.30,31 PF-4 upregu-
lates IgG and IgE receptors on eosinophils; induces
the release of histamine from basophils; acts as a
chemokine for neutrophils, monocytes, fibroblasts,
and eosinophils; and induces hyperresponsiveness to
inhaled methacholine in rats. It is therefore of rele-
vance to the pathogenesis of asthma.32

Platelet RANTES can activate T lymphocytes in con-
cert with CD40.15 Platelets secrete stromal cell derived
factor-1α (SDF-1α) at the site of inflammation, where
it supports adhesion and migration of smooth muscle
cells (SMC) progenitors.33 Platelet-released thymus-
and activation-regulated chemokine (TARC) plays a
crucial role in atopic dermatitis. being chemotac-
tic for Th2 cells.34 In addition, TARC, macrophage
derived chemokine (MDC), and SDF-1α prime platelet
aggregation (see Chapter 4), thus possibly reinforc-
ing the participation of platelets in tissue inflamma-
tion. Platelets contain also IgEs in their α-granules,
and interestingly, platelets from atopic individuals are
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characterized by a much greater IgE content compared
to those from nonatopics; this correlates with the lev-
els of IgE in serum from which it is taken up; the stim-
ulation of platelets with PAF resulted in the selective
release of 65% of stored IgE.35

Platelet λ-granules, the lysosomes, contain en-
zymes – such as cathepsin, β-hexosaminidase, and
heparanase – which are released in vitro upon strong
stimulation.36,37 Recently, platelet lysosomal release
has been demonstrated in vivo in humans at a local-
ized site of vessel wall damage.37 These acid hydro-
lases may participate in inflammation and cell dia-
pedesis through their cytotoxic and tissue-degrading
activity by remodeling the inflamed tissues. β-Hexosa-
minidase, the most abundant lysosomal enzyme
released by platelets, also has a mitogenic effect on
airway smooth muscle.38

Platelets are also a very rich source of heparanase,
an enzyme that disassembles heparan sulfate pro-
teoglycans, which are depots for cytokines, growth
factors, and adhesion molecules in the extracellular
matrix (ECM).39 The action of heparanase thus allows
ECM-bound inflammatory mediators to interact with
their cellular receptors and therefore facilitates leuko-
cyte extravasation, angiogenesis, and wound healing.
The implications of these actions may be profound
in the progression of asthma, as they may facilitate
inflammatory cell diapedesis and stimulate tissue
remodeling.

Among the platelet-derived lipid mediators released
by activated platelets, several may be involved in the
progression of asthma, such as platelet activating fac-
tor (PAF), the arachidonic acid metabolites throm-
boxane (TxA2) and PGE2, and platelet-specific lipoxy-
genase products, including hydroxyeicosatetraenoic
acid (12-HETE).

PAF, a phospholipid mediator, is often generated
along with arachidonic acid metabolites and is now
known to be produced de novo by a number of
inflammatory cells, including platelets, via the acti-
vation of phospholipase A2. Many actions of PAF have
since been uncovered that are of relevance to aller-
gic inflammation, including induction of eosinophilia,
platelet extravasation in close proximity to airway
smooth muscle, and increase in lung resistance and
hyperreactivity of the trachea to spasmogens.40 The
release of substances such as platelet-derived hyper-
polarizing factor after stimulation of animals with
PAF may contribute to these effects. PAF may also

enhance leukotriene β4 (LTB4) production by neutro-
phils.

TxA2, the major product of arachidonic acid
metabolism in platelets, is a potent vasoconstrictor
and smooth muscle spasmogen and therefore may
act to enhance airway hyperresponsiveness.41 TxA2

is further implicated in allergic inflammation, as it
is actively synthesized by platelets when they inter-
act with macrophages and eosinophils.42 Interest-
ingly, TxA2 is also known to induce the proliferation
of smooth muscle cells as well as endothelial cell
migration and angiogenesis,43 phenomena potently
involved in the airway remodeling of chronic asthma.

PGE2 acts as a vasodilator, and a primer of naive
T-cells into a Th2 class.44 12-HETE produced by
platelet 12-lipoxygenase exerts chemotactic activity
for eosinophils. 12-HETE is also taken up by neu-
trophils to produce 12, 20-diHETE, a chemoattrac-
tant that isolated neutrophils are unable to produce
without the presence of activated platelets.45 12-HETE
also stimulates leukocyte 5-lipoxygenase and thus
increases leukotriene (LT) production. LTC4 and LTD4

may induce eosinophil infiltration into the lungs of
guinea pigs and humans,46,47 whilst LTB4 acts as a non-
specific chemoattractant.48 Platelets and neutrophils
cooperate in a synergistic manner with regard to
arachidonic acid metabolism. Arachidonic acid from
platelets is taken up by neutrophils, with the resulting
synthesis of 5-HETE and LTB4.18,49

LTA4 produced by leukocytes may be converted into
LTC4 by platelet glutathione-s-transferase following
intimate contact between the two cell types, result-
ing from the activation of platelets by cathepsin-G
released from PMNs, and the consequent expression
of P-selectin on platelets.45

Among the cytoplasmatic mediators, IL-1, a pro-
totypic cytokine released by inflammatory cells,
increases the production of chemokines and induces
upregulation of endothelial adhesion molecules. IL-1
is not only contained in platelets preformed but, upon
activation, pro-IL-1β is rapidly synthesized and shed
in its mature form (IL-1β) in membrane microvesicles
under the control of activated platelet integrins.50 (See
Chapter 17.)

Platelets contain and release matrix metallopro-
teinases (MMPs) in vitro and in vivo (see Chapter
4). In addition to tissue remodeling, MMPs partici-
pate in biological reactions associated with cell sig-
naling, such as the regulation of vascular reactivity,
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leukocyte activation, and platelet function. Recently
MMP-1, MMP-2, MMP-3, MMP-9, and MT-1 (mem-
brane type-1)-MMP have been described in platelets
(see Chapter 4); of these, MMP-2 mediates leukocyte
and smooth muscle cells recruitment to sites of inflam-
mation.18

Platelet–leukocyte interactions

The detection of circulating platelet–leukocyte com-
plexes is a feature of a range of inflammatory dis-
eases. For example, a significant increase in platelet–
leukocyte complexes was observed in allergic mice
and in patients with asthma. Similar complexes occur
in patients with COPD,51 rheumatoid arthritis (RA),
and ulcerative colitis.52 It is believed that leukocytes
in complexes are “primed” for efficient recruitment
to inflamed tissue. In fact, leukocytes attached to
platelets display significant increases in the expres-
sion of CD11b and of VLA-4, an adhesion molecule,
compared to leukocytes not attached to platelets.53

Several experimental models in rabbits, guinea pigs,
and mice have provided evidence for a requirement
of platelets for pulmonary eosinophil and lympho-
cyte recruitment in asthma53,54,55 and for neutrophil
and monocyte recruitment in RA.52 This phenomenon
requires intact platelets expressing P-selectin.53,56 We
and others have shown that the occurrence of platelet–
leukocyte complexes induced by inflammatory stim-
uli is abolished by the administration of antibodies to
P-selectin and its main counterligand PSGL-1.53,57,58

Moreover, platelet–leukocyte complexes “trap”
leukocytes into an environment rich in platelets
toward the vessel periphery, greatly enhancing the
possibility of collisions between platelets, leukocytes,
and the endothelium.

Dendritic cells are antigen-presenting cells that ini-
tiate and regulate immune responses. It has been
shown that human platelets interact with dendritic
cells in several ways: they inhibit dendritic cell acti-
vation in the presence of heat shock protein59; addi-
tionally, activated platelets potently impair dendritic
cell differentiation as measured by CD1a expression;
moreover, activated platelets suppress proinflamma-
tory cytokine (IL-12p70 and TNF-α) expression and
increase the production of the immunoregulatory
cytokine IL-10 by dendritic cells.60 Finally, it has been
suggested that platelet-released mediators – such as
PF-4, histamine, or CD40L – modulate the activity of

human monocyte-derived dendritic cells in inflam-
matory processes.61

Platelet chemotaxis in allergic
inflammation: the role of IgE

In experimental animal models of allergic asthma,
platelets are immediately recruited to the lungs
following allergen exposure and remain there for a
period longer than explained by simple adhesion
to the endothelium, suggesting penetration into
tissue.62 It has recently been highlighted that platelets
undergo chemotaxis to FMLP in vitro,63 and this
suggests that they may migrate through tissue. In
fact, the subcutaneous injection of fMLP into guinea
pigs leads to the penetration of platelets in tissue.64

Platelets have been observed to undergo diapedesis
through lung tissue in histologic sections of lungs
from asthmatic patients65 as well as of lungs from
allergen sensitized and challenged mice, rabbits,
and guinea pigs.64 In particular, platelets have been
found in apposition to areas of bronchial smooth
muscle, underneath the epithelium, and in areas of
eosinophil infiltration65 (Fig. 19.1). Platelets have
also been recovered in the BAL fluid of animals with
experimental asthma and of patients with allergic
asthma after allergen challenge,66 in the absence of
erythrocytes, further confirming active diapedesis.

Production of antigen-specific IgEs in response to
allergen provocation is a fundamental hallmark of
atopic diseases.67,68 The binding of antigen to IgE on
the surface of mast cells provides the stimulus for
mast cell degranulation in early-phase allergic reac-
tions, an event that precipitates a cascade of inflam-
matory events in response to allergen.69 Patients aller-
gic to Dermatophagoides pteronyssinus and exposed
to synthetic peptides derived from the allergen Der p1
were shown to have activated platelets. This process
was shown to be a mediated by allergen-specific IgE,
which did not stimulate platelets from healthy sub-
jects or from allergic patients not sensitized to Der p1,
showing the specific activation of platelets by allergic
stimuli.70

IgEs bind to between 20% and 30% of platelets
from normal individuals, and this binding increases
to 50% of platelets from patients with allergies.71

Human platelets contain both the high- and low-
affinity receptors for IgE (FcεRI and FcεRII/CD23,
respectively) on their membrane.71,72,73,74 However,

328



CHAPTER 19: Platelets in Respiratory Disorders and Inflammatory Conditions

A B

Figure 19.1 Evidence of platelet recruitment to the lungs. (A) Platelets (brown, CD41-positive) can be seen attached to leukocytes on the

lumenal side of the vessel wall (area within black oval) in lungs of allergen-exposed mice. (B) Individual platelets (arrows) not attached to

leukocytes can be seen in lung parenchyma migrating through tissue after allergen challenge (x1000).

it is apparent that only few platelets express both
FcεRI and FcεRII simultaneously.75 Platelets from
asthmatic patients and allergic mice undergo chemo-
taxis in response to allergen exposure via platelet-
bound, antigen-specific IgEs, and this in vitro phe-
nomenon is reciprocated in vivo as platelets migrate
through lung tissue toward the airways in response to
allergen inhalation.18 IgE-mediated platelet responses
may well contribute to immunity against helminth and
protozoan parasitic infections.70,76,77 The activation of
the high-affinity IgE receptor on human platelets, with
a monoclonal anti-IgE antibody, elicited platelet cyto-
toxicity to Schistosoma mansoni larvae.73 The stim-
ulation of platelets via FcεRI induces the release of
5-HT and RANTES; moreover, platelets from aller-
gic patients produce free-radical oxygen species in
response to IgE stimulation by specific allergens and
antibodies,35 suggesting that platelets may play a role
in allergic inflammation via IgE-dependent mecha-
nisms.35,68

The response of platelets to IgE stimulation is gov-
erned by the regulation of receptor subtypes, as sug-
gested by the observation that antibodies specific
for the low-affinity receptor inhibit IgE- or FcεRI-
mediated cytotoxicity.73 The process of platelet acti-
vation by IgE is inhibited by drugs used for the
treatment of atopic asthma and allergies, such as
nedocromil sodium, disodium cromoglycate, and cet-
irizine.78,79,80 The stimulation of platelets by allergen-

specific IgEs represents a nonthrombotic pathway by
which platelets can be specifically activated by aller-
gen and thus directly contribute to the inflammatory
responses observed in allergy.

PLATELETS IN RESPIRATORY
DISORDERS

In this section we describe the role of platelets in res-
piratory disorders such as asthma, cystic fibrosis, and
chronic obstructive pulmonary disease.

Asthma

Experimental animal studies
A participation of platelets in the pathogenesis of
asthma and rhinitis has been documented for over two
decades,41,81 and recent experimental studies, in vitro
and in vivo, are now unraveling some of the mecha-
nisms by which platelets are involved.

The intravenous administration of PAF and other
platelet agonists to guinea pigs and baboons induces
an accumulation of platelets in lungs associated
with bronchospasm.51,82,83 On the contrary, platelet
depletion of allergen-sensitized rabbits and guinea
pigs results in the abolition of the acute bronchocon-
striction and anaphylaxis in response to inhaled
allergen.51,52 Attention has focused on the role of
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platelet-derived mediators, since the administration
of receptor antagonists to bronchoactive agents
released by platelets, such as TxA2, PAF, and 5-HT,
abrogates bronchospasm in such models.84,85,86,87

One consequence of persistent, chronic inflamma-
tion is the alteration of tissue structure and function.
In bronchial asthma, chronic inflammation leads to
airway remodeling.88 Platelets may release a number
of mitogens and enzymes that may contribute directly
to airway remodeling; this process is indeed abolished
in animals depleted of platelets,89 while it still occurs
when immune responses are inhibited by glucocorti-
costeroid. Thus, platelets may directly affect bronchial
smooth muscle growth, myofibroblast proliferation,
subepithelial fibrosis, and they may alter the com-
position of the extracellular matrix.90 This has par-
allels in the cardiovascular system, where platelets
participate in vascular damage and facilitate smooth
muscle proliferation in atherosclerosis (see Chapter
4 and Chapter 17). Platelets may release chemotac-
tic factors for circulating stem and progenitor cells
that may then engraft into inflamed tissue.7 Whereas
it has been proposed that resident structural cells – for
example the epithelial–mesenchymal trophic unit91 –
partake in tissue remodeling, accumulating evidence
suggests an important role for eosinophils and myofi-
brocytes progenitor cells, which are recruited and
undergo in situ proliferation and differentiation.92

They would provide a continued source of effec-
tor cells during the allergic inflammatory response
and sustain disease progression. Platelets may con-
tribute to a favorable microenvironment for pro-
genitor cell engraftment by relasing cellular mito-
gens such as PDGF, epidermal growth factor (EGF),
insulin-like growth factor (IGF), transforming growth
factor-β (TGF-β), vascular endothelial growth factor
(VEGF), etc.93 PDGF also directly affects smooth mus-
cle mitogenesis, acting as a potent mitogen for airway
smooth muscle cells in culture.94 PDGF also acts as a
potent chemoattractant for fibroblasts and has been
implicated in pulmonary fibrosis.95 Antibodies against
PDGF-β inhibit airway hyperresponsiveness and air-
way wall thickening in murine models of asthma.96,97

TGF-β increases smooth muscle cell mitogenesis in
culture and may also increase airway obstruction by
participating in subepithelial fibrosis via its chemo-
tactic properties for fibroblasts and neutrophils.98

VEGF also contributes to angiogenesis and mucosal
swelling and may thus participate in the increase

of airflow resistance and in the formation of new
vessels within the lung parenchyma.99,100 Further-
more, in allergen-sensitized transgenic mice in which
VEGF is selectively overexpressed in the airways,
VEGF was found to induce an asthma-like phenotype
with vascular remodeling, edema, mucus metaplasia,
and airway hyperresponsiveness and also to increase
pulmonary activated dendritic cells.101 Interestingly,
platelets are also required for the reepithelialization
of damaged corneal tissue,102 with mechanisms sim-
ilar to those occurring in airway wall remodeling in
asthma. Furthermore, platelets are important for liver
regeneration after experimental hepatic ischemia in
rodents, and platelet-derived 5-HT is necessary for
mediating hepatocyte proliferation in postischemic
liver.103,104

Platelets may themselves directly alter the compo-
sition of the ECM. Platelets contain several MMPs,
which are released when platelets become acti-
vated.105,106 Increased levels of these enzymes have
been observed in the BAL fluid following allergen chal-
lenge of asthmatic subjects and following ozone chal-
lenge in guinea pigs.107 These enzymes disrupt ECM
proteins,105,108 favoring the diapedesis of leukocytes
as well as the release of matrix-bound growth factors
for wound repair.

Clinical studies

Allergic asthma

Platelet activation occurs in vivo during antigen-
induced airway reactions in asthmatic patients,
whereas platelets from the same allergic patients are
refractory to a variety of stimuli ex vivo, possibly result-
ing from platelet “exhaustion.”109 Platelet exhaustion
has been described as the inability of norepinephrine
or ADP to induce full aggregation of platelets, with no
second-phase aggregation, as a result of previous in
vivo release.110 In asthmatic patients, this has been
correlated with increased serum IgEs111,112; moreover,
full aggregation of platelets in vitro returns in the
same patients when studies are repeated outside of
the allergy (pollen) season, confirming the hypoth-
esis of an acquired defect probably consequent to
in vivo activation.111 This exhaustion phenomenon
is accompanied by a defective release of 5-HT, PF-4,
and a decrease in arachidonic acid metabolism from
platelets of atopic subjects suffering from asthma or
rhinitis.111,113 An alteration of platelet function has
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been associated with the bronchial hyperresponsive-
ness that typically accompanies nocturnal asthma.30

Furthermore, platelets from atopic asthmatics and
subjects with rhinitis become specifically desensitized
to PAF in vitro, and these studies together raise the
possibility of platelet desensitization as a result of
chronic activation in vivo. Patients with atopy present
an increased platelet volume and decreased platelet
survival, suggesting enhanced turnover.114 An acceler-
ated platelet consumption is further suggested by the
shortened time taken to regenerate the platelet popu-
lation.115 Shortened platelet survival can be corrected
by the treatment of asthmatic patients with disodium
chromoglycate, although this anti-inflammatory drug
has no known direct effects on platelet activation,
probably by an inhibition of IgE-mediated platelet
activation.116

Large numbers of pulmonary megakaryocytes have
been observed at autopsy in patients who have
died from status asthmaticus.31 Localized platelet

recruitment and activation within lungs may possibly
explain the reduction of the circulating platelet num-
bers during both early- and late-phase response to
allergen.114

Circulating platelet–platelet and platelet–leukocyte
aggregates have also been detected in patients with
spontaneous asthma attacks,117 occurring in a bipha-
sic manner, and in atopic asthmatics following aller-
gen challenge,53,117 resulting in an increase in the
expression of CD11b, an activation marker on the sur-
face of leukocytes.53,117

In vitro studies have revealed that eosinophil attach-
ment to inflamed endothelium is greatly enhanced in
the presence of platelets taken from asthmatic patients
and that P-selectin expressed by activated platelets
is responsible for platelet–eosinophil interactions in
particular.118,119

Platelet responses to allergens differ from platelet
responses to normal aggregatory stimuli (Fig.
19.2).111,112
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Figure 19.2 Dichotomy of platelet function in inflammation and thrombosis. Depending on the type of stimulus involved, platelets may

become activated by prothrombotic mediators (arrows pointing right), or proinflammatory mediators (arrow pointing left). The type of stimulus,

in turn, therefore dictates the ultimate function of the platelet. Intravascular platelet activation occurring during inflammatory reactions117 may

render platelets from the same patients refractory to a variety of stimuli ex vivo, possibly resulting from platelet exhaustion,111,112 with a loss of

the secondary phase of aggregation.
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Indeed, whereas aspirin normally blocks platelet
aggregation, allergic asthmatics continue to have in
vivo platelet activation when challenged with the sen-
sitizing allergen after treatment with aspirin115; more-
over, aspirin does not affect platelet–leukocyte inter-
actions, which are found in allergic asthmatics after
allergen challenge.117 This suggests that the mecha-
nisms of platelet activation during inflammation are
distinct from those regulating the role of platelets in
hemostasis and thrombosis.

Furthermore, platelets undergo diapedesis in sec-
tions of lungs from asthmatic patients and are
present in BAL fluid,62,120 suggesting that platelets, by
penetrating into the airway tissue, may contribute
directly to the pathogenesis of respiratory diseases
via processes that are independent of leukocyte in-
volvement.

Delayed skin reactions to allergen in atopic sub-
jects are considered to be analogous to the late-phase
responses following allergen inhalation in asthma. It
is thus of interest that intradermal injection of super-
natants from activated human platelets but not leuko-
cytes induces delayed, sustained responses in human
skin.121 These direct effects therefore suggest that the
platelet proteome is capable of sustaining tissue dam-
age to inflamed organs.

Cystic fibrosis

A number of studies have analyzed platelet func-
tion in cystic fibrosis (CF), suggesting a link between
platelet activation and progressive impairment of
lung function. However, no studies have examined
whether changes in platelet function are associated
with clinical exacerbations of pulmonary disease in
CF. Inflammatory markers, such as TNF-α, CD40L,
LTB4, and interleukins are increased in CF; many of
these mediators are released by platelets upon acti-
vation and in turn are able to activate platelets (see
Chapter 4). Platelets display increased expression of
P-selectin and an increased reactivity to ADP and
TRAP in CF.122 This hyperreactivity of CF platelets
has been suggested to be a consequence of a dys-
function of the chloride channel coded for by the CF
gene, the CF transmembrane conductance regulator
(CFTR), although neither the mRNA nor the CFTR pro-
tein have been found in platelets from CF or normal
subjects,122 because they are expressed in megakary-

ocytes. CF platelets show an increased turnover of the
AA pool in membranes and this may in part account
for the increased urinary excretion of 11-dehydro
TxB2, a marker of the activation of platelet AA meta-
bolism.123,124

Patients with CF have also an increased plasma level
of ATP,125 related to the dysfunction of the CFTR pro-
tein that acts also as a transporter of ATP. ATP may act
as an agonist of platelet activation in vivo, especially at
high-shear-stress conditions, and may thus contribute
to the hyperreactivity of CF platelets.126

Another reported plasma abnormality of CF
patients is the reduction of the levels of vitamin E. Low
vitamin E levels lead to increased fatty acid oxidation
and to the production of isoprostanes, which can acti-
vate platelets.123

Chronic obstructive pulmonary
disease (COPD)

The involvement of platelets in COPD has been less
studied than the involvement of platelets in asthma.
However, the occurrence of platelet hyperreactivity
to various agonists has been demonstrated in ex
vivo studies and elevated plasma β-TG levels were
reported.127 The occurrence of in vivo platelet activa-
tion in patients with COPD was later confirmed by the
measurement of the urinay excretion of 11-dehydro
TxB2, a metabolite of platelet-derived TxA2.128 A sig-
nificant increase in circulating platelet aggregates and
plasma β-TG was observed in COPD patients with sec-
ondary pulmonary hypertension,127 suggesting that
local hyperreactivity of platelets in pulmonary vessels
may be associated with the induction of pulmonary
hypertension.

Interestingly, increased levels of soluble P-selectin,
most likely of platelet origin, have been observed in
COPD patients,51 and platelet P-selectin is crucial for
the formation of platelet–leukocyte aggregates.53 It
is therefore conceivable that neutrophil recruitment
to the lungs, a feature of COPD patients, is depen-
dent on interactions between platelets, neutrophils,
and the endothelium. Finally, the incidence of arte-
rial ischemic cardiovascular events is significantly
increased in COPD patients as compared with age-
and sex-matched controls without COPD,129 and this
too implies an enhanced platelet activation in this dis-
order.
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PLATELETS IN OTHER
INFLAMMATORY CONDITIONS

Platelet activation in inflammatory
bowel disease

The term inflammatory bowel disease (IBD) encom-
passes two chronic inflammatory disorders of the gas-
trointestinal tract: ulcerative colitis and Crohn’s dis-
ease. Evidence suggesting that platelet activation may
have a pathogenic role in IBD includes the increased
incidence of thrombotic events in affected patients
and the proposal that mesenteric arterial thrombo-
sis of the muscularis mucosa may be an early event
in Crohn’s disease.130 Patients suffering from exacer-
bations of Crohn’s disease and ulcerative colitis have
an increased number of circulating platelets,131 and
this has been incriminated as a factor predisposing to
the systemic thromboembolism and to the intestinal
microinfarctions observed in Crohn’s disease. Platelet
size has also been found to be altered in IBD, with
a reduced mean platelet volume (MPV), particularly
in active disease.131,132 Furthermore, platelets from
IBD patients are more sensitive to platelet agonists in
vitro while increased levels of the platelet-specific pro-
teins PF-4 andβ-TG were detected in plasma, revealing
activation in vivo.133,134 Enhanced platelet activation
may contribute to the pathogenesis of IBD not only
through increased release of inflammatory mediators
but also through the recruitment to the bowel vessel
wall and through the modulation of the activity of neu-
trophils, monocytes, and other inflammatory cells.139

A role for platelets in mediating leukocyte adhe-
sion, diapedesis, and cytokine production in inflamed
colon is likely, since increased platelet expression
of P-selectin, raised plasma-soluble P-selectin, and
RANTES,136 which modulate the recruitment of leuko-
cytes to the intestinal microcirculation, were detected
at the time of intestinal resection in patients with
IBD.137 Moreover, recent evidence indicates that cir-
culating levels of soluble CD40L are increased in IBD
patients and these are most likely of platelet origin.137

Platelets probably mediate leukocyte recruitment to
the intestinal mucosa via CD40–CD40L interactions
in patients with IBD, similar to what is observed in
a murine model of colonic inflammation induced
by dextran sodium sulfate.137,138 In this experimental
model, intravital videomicroscopy was performed to

monitor leukocyte and platelet recruitment in colonic
venules of wild-type mice and of mice lacking CD40
or CD40 ligand. A comparison of the responses to dex-
tran sodium sulfate–induced colitis in knockout ver-
sus wild-type mice revealed a significant attenuation
of disease activity and histologic damage as well as
a profound reduction in the recruitment of adherent
leukocytes and platelets in the mutant mice, suggest-
ing a role for the CD40–CD40L complex in the patho-
genesis of dextran sodium sulfate–induced intesti-
nal inflammation.138 Interestingly, platelet activation
may also be involved in the neoangiogenetic changes
observed in the chronically inflammed bowel mucosa
in IBD.139

Platelets in inflammatory
dermatologic diseases

Allergic dermatitides, such as chronic contact der-
matitis or atopic dermatitis, are characterized by
extreme pruritus and chronic inflammation. Atopic
dermatitis is frequently associated with high serum
levels of IgE, positive immediate-type hypersensitiv-
ity to environmental allergens, and eosinophilia.140

Platelets play an important role in contact hyper-
sensitivity through direct activation of local capillary
endothelial cells and attraction of effector T cells into
the tissue.141,142 The initiation process is due to IgMs
generated early after immunization which, upon chal-
lenge with the sensitizing allergen, form local antigen–
antibody complexes that activate complement by the
classic pathway to locally generate C5a. C5a activates
local mast cells and platelets via their C5a recep-
tors to release vasoactive serotonin and TNF-α. These
mediators increase vascular permeability and induce
expression of adhesion molecules, such as ICAM-1
and VCAM-1 on the luminal surface of local endothe-
lium to aid in recruitment of T cells into the tissues
during a 2-h window that follows the local allergen
challenge.143

The role of platelets in chronic allergic skin inflam-
mation is poorly understood. Many animal models
of chronic allergic dermatitis have been reported,
including a mouse model of chronic contact hyper-
sensitivity induced by repeated epicutaneous appli-
cation of hapten.144 In a recent experimental study
in mice144 that analyzed the role of platelets in cutane-
ous inflammatory reactions, depletion of circulating
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platelets by a rabbit antimouse platelet antiserum
reduced both delayed- and early-type contact hyper-
sensitivity reactions. Indeed, activated platelets have
been reported to increase leukocyte rolling in murine
skin; the inhibition of P-selectin expression on
platelets, by an anti–P-selectin antibody or by the
targeted deletion of P-selectin, decreased leukocyte
recruitment in the skin of mice with chronic con-
tact dermatitis.144 In patients with atopic dermati-
tis, platelets contain high levels of TARC,142 which
may result in extravasation of Th2 cells and in the
skin homing of memory T cells expressing CCR4.145

The injection of activated platelet supernatants into
the skin of thrombocytopenic mice with chronic con-
tact dermatitis can restore allergen-induced cuta-
neous leukocyte recruitment, an effect that was
blocked by neutralization of MIP-1α, RANTES, or
TARC, suggesting that chemokines released from acti-
vated platelets in cutaneous tissue may induce leuko-
cyte recruitment at sites of skin inflammation.142

Moreover, in vivo platelet activation, as measured by
plasma β-TG, platelet P-selectin expression,146 and
5-HT,141 occurs in patients with psoriasis and atopic
dermatitis.141,147

Platelets and rheumatoid arthritis

Growing evidence supports the substantial patho-
physiologic impact of platelets on the develop-
ment of RA. Platelet–endothelial cell interaction
in the knee joint of mice with antigen-induced
arthritis was investigated by intravital fluorescence
microscopy. Antigen-induced arthritis induced a sig-
nificant increase in the rolling and adhesion of
platelets and, to a lesser extent, leukocytes, suggest-
ing that platelets accumulate in arthritic vessels and
actively participate in the pathogenesis of RA.148

Several clinical observations suggest that activa-
tion of circulating platelets occurs in patients with
RA,149 and platelets have been documented in the syn-
ovial fluid of patients with RA.149,150,151 Of pertinent
interest are the observations that heterotypic platelet–
monocyte and platelet–neutrophil complexes occur in
the blood of patients with RA,35,36 and it has been sug-
gested that these interactions may contribute to leuko-
cyte activation and recruitment to the synovium.148

Interestingly, MMPs have been detected in the syn-
ovial fluid of RA patients and are suggested to play
a role in the degradation phenomena of the articu-

lar cartilage152; activated platelets release biologically
relevant amounts of some MMPs in vivo,105,106 and it
can be hypothesized that platelets passing in the syn-
ovial fluid, by releasing MMPs, might participate in the
MMP-mediated degradation of cartilage.

CONCLUDING REMARKS

A dichotomy exists in platelet function, with an inflam-
matory activity clearly distinguishable from the pro-
cesses observed during thrombosis and hemostasis.
It is now evident that platelets possess a formidable
array of activities that allows them to play an active role
in primary immune defense mechanisms, contribut-
ing both to innate immunity and to acquired immune
responses. Diseases such as asthma, atherosclero-
sis, COPD, and RA appear to inappropriately activate
immunologic mechanisms by which platelets subse-
quently contribute to tissue pathology. Several clues
indicate that the biochemical mechanisms by which
platelets participate in tissue inflammation are in
part different from those that regulate their involve-
ment in hemostasis and thrombosis. There are thus
novel possibilities to better understand the patho-
genesis of inflammation and perhaps to influence it
to a greater and better degree than current therapies
allow.

FUTURE AVENUES OF RESEARCH

Important future steps in research on the role of
platelets in chronic inflammatory disorders include
the full unraveling of the biochemical mechanisms
that regulate the activation of platelets during inflam-
mation and of the role that these cells play in inflam-
matory tissue damage. For instance, the identification
of mediators that induce platelet chemotaxis, which is
instrumental to the penetration of platelets in tissue,
and a complete understanding of the complex inter-
actions between platelet primers and full agonists of
platelet activation may be of importance. Full com-
prehension of the interactions between platelets and
antigen-presenting cells is also an important step in
the elucidation of the intercellular cross-talk mecha-
nisms involved in immunity and inflammation. Based
on the progression of the basic knowledge in this field,
the identification of new pharmacologic agents tar-
geting the platelets’ role in inflammation is a logical
development.
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TAKE-HOME MESSAGES

� Platelets possess a number of structural and biochemical characteristics that allow them to act as inflammatory cells.
� Experimental animal models of inflammation have demonstrated an important role of platelets in tissue infiltration

of leukocytes, tissue damage, and remodeling.
� Several clinical observations in patients with allergic asthma, RA, chronic inflammatory bowel disorders, and derma-

tologic conditions suggest an involvement of platelets in the pathogenesis of these disorders.
� The mechanisms regulating platelet participation in inflammation appear to be in part different from those which

control platelet function in hemostasis and thrombosis.
� Future developments may make it possible to identify novel pharmacologic strategies interfering with platelets’

contribution to inflammation and thus to counteract the latter more effectively.
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INTRODUCTION

The recent view of platelets as simply cellular frag-
ments involved in hemostasis has gradually changed
with the growing awareness of the multiple physio-
logic roles of platelets. There is growing evidence of
the role platelets play in the immune system, where
they act as part of the innate immune system in their
response to infection.1 Platelet granules are also rich
in vasoactive and inflammatory mediators such as
adenosine diphosphate (ADP) and serotonin, growth
factors, and cytokines. Even the view of platelets as
cellular fragments has changed. Although platelets do
not contain a nucleus, they do contain mRNA, which
is transcribed into active products when the platelet is
activated.2

Drug therapy is designed to alter either platelet
number or platelet function. For the purpose of
pharmacologic intervention, platelets have three
functions: adhesion, secretion, and aggregation. Dam-
age to the endothelial cell layer provides a throm-
bogenic surface that allows platelets to adhere. This
is accompanied by activation of the platelet, which
results in its degranulation (secretion). Many of the
secreted agents are biologically active and can lead
to further platelet activation (e.g., secreted ADP). This
recruits further platelets, forming an aggregate.

Platelet adhesion is mediated by different interac-
tions that are dependent on the shear conditions (i.e.,
static, low, or high shear conditions). Under low shear
conditions the key interactions are between colla-
gen and α2β1 or glycoprotein (GP) VI on the platelet
and fibrinogen and von Willebrand factor (vWF) and
platelet GP IIb/IIIa. Under high shear conditions, the
interaction between vWF and platelet GP Ib is criti-
cal. From a pharmacologic view, the only inhibitors

available are for GP IIb/IIIa; however, there is a lot of
interest in developing inhibitors for the collagen
receptors and GP Ib.

Platelet activation and secretion are complex pro-
cesses involving many different cell surface recep-
tors and intracellular enzymes (see Chapter 3). Impor-
tant platelet receptors mediating platelet activation
include those for ADP, protease activated recep-
tor-1 (PAR-1), collagen (α2β1 and GP VI), serotonin,
and thromboxane A2. The only receptors that have
clinically available inhibitors (described below) are
ADP, thromboxane A2, and serotonin. These agonists
signal through two enzyme systems: phospholipase
A2 (including cyclooxygenase and thromboxane syn-
thase) and phospholipase C (including the mediators
inositol triphosphate (IP3), diacylglycerol (DAG), and
protein kinase C). There are a number of inhibitors
for the phospholipase A2 pathway; these are described
below.

Platelet aggregation is mediated by fibrinogen bind-
ing to GP IIb/IIIa. However, this requires prior platelet
activation and can be inhibited by either GP IIb/IIIa
antagonists or inhibitors of platelet activation.

ANTIPLATELET AGENTS

Unwanted activation of platelets is a major cause of
mortality and morbidity. Platelet activation and sub-
sequent thrombus formation plays a major role in
myocardial infarction and stroke, whereas systemic
platelet activation in response to infection leads to
thrombocytopenia and a hemorrhagic state. Since
cardiovascular and cerebrovascular diseases are the
major cause of death in the Western world, a lot of
effort has gone into inhibiting thrombus formation.
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These drugs inhibit either platelet activation or
platelet adhesion.

Aspirin

Aspirin (Fig. 20.1) is one of the oldest drugs in clin-
ical use; as far back as the fifth century b.c., Hip-
pocrates described the benefits of willow bark (which
contains aspirin). The active agent was subsequently
identified as acetylsalicylic acid, synthesized, and
marketed by Bayer as Aspirin in 1899. It was not until
the 1970s that the mechanism of action of aspirin
was identified, when Vane and coworkers showed that
it inhibited prostaglandin production.3 It was also
shown to specifically inhibit prostaglandin produc-
tion in platelets.4 Aspirin acts to inhibit cyclooxyge-
nase (COX), a key enzyme in prostaglandin synthe-
sis. Although there are many different COX inhibitors
(nonsteroidal anti-inflammatory drugs, or NSAIDs),
aspirin is unique in that it irreversibly inhibits COX.
There are three stages of prostaglandin synthesis in
cells. The first is the liberation of arachidonic acid
from the membrane, which is due to the actions of
phospholipase A2 and is regulated by a variety of
receptors. Then COX, also known as prostaglandin H-
synthase, converts arachidonic acid to prostaglandin
(PG)H2 which is the precursor for prostaglandin and
thromboxane synthesis. The last stage is the conver-
sion of PGH2 into the final product. In the case of
platelets, this is mediated by the action of throm-
boxane synthase, producing thromboxane A2, while
in endothelial cells PGI2 is generated by prostacy-
clin synthase. There are two isoforms of COX: COX-
1, which is constitutively expressed and is found in
platelets, and COX-2, which is inducible and is found
in inflammatory cells. Aspirin inhibits COX by acety-
lating a serine residue in the arachidonic acid bind-
ing pocket (COX-1: Ser529 and COX-2: Ser516). Due

to the nature of the binding pocket, this is more
effective at inhibiting the activity of COX-1.5,6 Aspirin
has also been shown to have COX-independent
effects on thrombosis, including inhibition of co-
agulation.7

The benefits of aspirin have been well established,
and a large meta-analysis of 135 000 patients showed
a reduction in serious vascular events of around 25%.8

The analysis also showed that 75 mg of aspirin daily
is the minimum dose that provides clinical benefit,
and this dose has been shown to provide 98% to 99%
inhibition of thromboxane production in healthy vol-
unteers.9 When aspirin is used as an analgesic, anti-
inflammatory, or antipyretic, the usual dose that is
given is 325 mg; however, since low-dose aspirin effec-
tively inhibits platelet function, it is used for chronic
treatment in cardiovascular disease to minimize toxic
effects. As platelets are anucleate, they cannot synthe-
sise COX. Low-dose aspirin will inhibit some but not
all COX; however, this COX remains inhibited for the
lifetime of the platelet (10 days). The next day, more
of the COX is inhibited, and within a few days all of
the platelet COX will be inhibited. But in other cells,
fresh COX is synthesized daily, requiring higher doses
for inhibition. In addition, aspirin is more effective at
inhibiting COX-1 than COX-2.10

The major limitation in using aspirin is its toxicity,
which is primarily due to its pharmacologic actions
on nonplatelet COX.5 Gastric mucosal production of
prostaglandins such as PGE2 is regulated by COX-1; as
a result, aspirin can cause gastric bleeding due to acid
erosion of the stomach in the absence of the mucosal
layer. A number of approaches have been adopted to
avoid this. The lowest possible dose of aspirin is used
(usually 75 or 81 mg); an enteric-coated form may be
used, along with a variety of gastric protecting agents.
Enteric coating allows the aspirin to pass through the
stomach, preventing a localized high concentration of
acid from developing in the stomach. However, there is
evidence that enteric coating may not deliver adequate
amounts of aspirin, and in fact 75 mg of enteric-coated
aspirin may be similar in action to 50 mg of plain
aspirin.9 This may contribute to the phenomenon of
aspirin resistance. The use of agents such as proton-
pump inhibitors has been shown to reduce gastric
damage in patients on NSAIDs11; however, it is not
clear whether this will affect aspirin absorption, since
aspirin, being an acid, is more efficiently absorbed
from a low-pH environment.
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ADP receptor antagonists

The growing evidence for the antiplatelet effects of
aspirin and the realization that it had significant
adverse effects in the form of gastric bleeding led
to a number of discovery programs to develop novel
antiplatelet agents. One such program in Sanofi ulti-
mately led to the discovery of clopidogrel, currently
the biggest selling antiplatelet agent. It is interesting
to note that ADP receptors were not such an obvi-
ous target, as platelets can be activated by many dif-
ferent agonists. In fact, aspirin, by inhibiting COX,
a key signaling enzyme, can inhibit activation by
many agonists including ADP. So what is special
about ADP and why would targeting its receptor be so
effective?

To understand the effectiveness of ADP-receptor
antagonists it is necessary to understand the role of
ADP receptors in platelet aggregation. Plasma ADP
comes from a number of sources, such as secretion
from platelet dense granules after activation. Another
source is from the conversion of ATP released from
damaged vascular tissue and erythrocytes to ADP by
nucleotidases. Thus, at a site of thrombus formation,
there is usually a significant amount of ADP present
from the initial injury or from the initial activation of
the platelets. So while ADP may not be responsible for
the initial platelet activation, it plays a major role in
the growth of the thrombus.

Adenosine and adenosine nucleotides bind to a
family of receptors known as purinergic (or P) recep-
tors. P1 receptors preferentially recognize adenosine
and are now known as adenosine receptors (A1–4).
Adenosine nucleotides bind preferentially to P2 recep-
tors. These are further divided into P2X and P2Y
receptors. P2X receptors are ion channel–linked, and
there are seven subtypes. P2Y receptors are G protein–
linked, and there are eight members of this family (1,
2, 4, 6, 11, 12, 13, and 14).12

There are three receptors for adenosine nucleotides
on platelets: P2X1, P2Y1, and P2Y12.13 P2X1 is an ATP
receptor and is linked to a cation channel. Activation
of P2X1 does not appear to mediate platelet aggrega-
tion, although it does trigger calcium influx and a tran-
sient shape change.14 Since ADP is an antagonist of this
receptor, it raises the question of the relevance of this
receptor in thrombosis; however, shape change can
occur after exposure to collagen.15 Deletion of the P2X1

gene does not cause a bleeding phenotype in mice;

however, a selective P2X1 antagonist does protect mice
from thromboembolism in response to injected colla-
gen without causing bleeding problems.16 Thus, ATP
secreted from activated platelets may play an initial
role in platelet activation.

The more significant adenosine nucleotide recep-
tors are the two ADP receptors originally designated
P2TPLC and PT2AC due to their differential effects
on phospholipase C and adenylate cyclase.17 P2TPLC

was subsequently identified as the Gq-linked receptor
P2Y1 and results in the generation of IP3 and DAG by
phospholipase C upon activation, although there are
only 150 receptors per platelet.18 Activation of P2Y1

triggers calcium influx, platelet activation,19 and shape
change.20 Inhibition of P2Y1-associated Gq inhibits
ADP-induced platelet aggregation,21 and a specific
P2Y1 receptor antagonist inhibits thromboembolism
in mice injected with collagen.22 ATP acts as an antago-
nist to P2Y1

23; thus the activity of secreted ATP is a bal-
ance between its agonist activity on P2X1, its inhibitory
activity on P2Y1, and its conversion to ADP.

The major ADP receptor on platelets is P2Y12, pre-
viously known as P2TAC

24 due to its Gi-mediated
inhibition of adenylate cyclase. Adenylate cyclase is
responsible for the generation of cyclic adenosine
monophosphate (cAMP), which is an inhibitor of
platelet aggregation. However, this does not explain
the actions of ADP on platelets as blocking an
inhibitory signal should not generate platelet activa-
tion. Recent evidence suggests that P2Y12 may have
platelet-activating effects other than adenylate cyclase
inhibition, including activation of PI3 kinase by its
associated Gβγ subunit25 as well as activation of Rho
A, Rho kinase,26 and Rap 1B.27 In fact, full activation
of platelets by ADP/ATP appears to require interaction
between all three platelet purinergic receptors.28

The importance of ADP in supporting platelet acti-
vation and in particular P2Y12 has been confirmed by
the clinical success of P2Y12 inhibitors. The first P2Y12

inhibitor was the thienopyridine ticlopidine (Fig. 20.2)
which was discovered as early as 1972 and introduced
to the market in 1978.29 It was shown to have benefit
in stroke30 and myocardial infarction (MI),31 although
a major limitation in its use was the associated throm-
bocytopenia and neutropenia.32 However, its success
led to the development of the more potent derivative
clopidogrel (Fig. 20.2) (75 mg compared with 250 mg).
A number of landmark clinical trials with clopido-
grel – including the CAPRIE,33 CURE,34 and CREDO35
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Figure 20.2 The structure of ADP receptor antagonists.

studies – have established clopidogrel as a very effec-
tive antiplatelet agent in a variety of thrombotic dis-
orders. A new thienopyridine (prasugrel, CS-747) (Fig.
20.2) has also been synthesized36 and has completed
a phase II study (JUMBO-TIMI 26)37; it is currently
undergoing a phase III study (TRITON-TIMI 38).38 In
healthy volunteers, it is more potent than clopidogrel,
with 10 mg of prasugrel being more potent than 75 mg
of clopidogrel.39

Identifying the mechanism of action of the
thienopyridines was difficult. They were known to
have no effect in vitro, and ticlopidine in particular
required multiple dosing to achieve its antiplatelet
effect. This suggested that the active agent was a
metabolite, and it was subsequently confirmed that
hepatic metabolism was required.40 The metabolism
of clopidogrel is cytochrome P450–dependent and is
thought to involve CYP1A,41 3A4, and 3A5,42 while
metabolism of prasugrel involves CYP3A4 and also
CYP2B6, CYP2C9, CYP2C19, and CYP2D6.43 Studies to
identify the ticlopidine metabolite identified UR-4501
as the active agent.44 Similar studies also identified
clopidogrel’s active metabolite45 and its structure46 as
well as the structure of prasugrel’s active metabolite.47

In all cases the active metabolite is formed via the 2-oxo
thiophene ring, which, when opened, produces a car-
boxylic acid group and a reactive thiol group. This sug-
gests that the interaction between all three drugs and
the receptor is similar. The active metabolite of clopi-
dogrel irreversibly binds to P2Y12 preventing ADP from
binding but also disrupts P2Y12 receptor clustering,
forcing the receptor out of the lipid rafts.48

Thienopyridines are often used in conjunction with
low-dose aspirin for enhanced activity. The COMMIT
study showed increased benefit for the combination
of clopidogrel and aspirin49; however, the more recent
CHARISMA study showed no benefit of the combina-
tion over aspirin only.50

Other P2Y12 antagonists are in various stages of clin-
ical development. The most advanced is the intra-
venous agent cangrelor (AR-C69931MX), which has
completed phase II studies and has been shown to
be more potent than clopidogrel.51 The related drug
AZD6140 is orally active and has also completed phase
II clinical studies (DISPERSE).52 However, there was
an increase in the incidence of dyspnea,53 although
it is too early to tell if this will prove to be a problem
with this drug. Phase III studies are currently under
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way (PLATO). Both cangrelor and AZD6140 differ from
the thienopyridines in that they are rapid-acting
reversible P2Y12 antagonists. It is unclear whether
reversible P2Y12 antagonists offer any benefit over
irreversible antagonists. Irreversible antagonists are
unusual in pharmacology, and it may be no coinci-
dence that the three most effective antiplatelet agents
in clinical use are irreversible (or near irreversible):
aspirin, clopidogrel, and abciximab. Reversible antag-
onists may be useful in acute situations, where high
levels of inhibition can be rapidly obtained. They also
have the advantage in patients undergoing percuta-
neous coronary interventions (PCI) that if surgery is
required, the infusion can be stopped quickly, restor-
ing normal hemostasis so that bypass surgery can be
performed. Thus there may be a case for an intra-
venous reversible antagonist during intervention fol-
lowed by maintenance therapy with an irreversible
antagonist. The case for an oral reversible antagonist
is unclear.

GP IIb/IIIa antagonists

Both aspirin and the P2Y12 antagonists are relatively
weak antiplatelet agents due to the multiple mecha-
nisms of activation that exist. The ideal antiplatelet
agent should be broad-spectrum and inhibit activa-
tion by all agonists. The discovery of the fibrinogen
receptor on platelets54 has resulted in the discov-
ery of GP IIb/IIIa antagonists, which are the most
potent antiplatelet agents. GP IIb/IIIa was an attractive
target, since it is found only on platelets, and bind-
ing of fibrinogen to GP IIb/IIIa is specific and abso-
lutely required for platelet aggregation in an agonist-
independent manner.

GP IIb/IIIa is a member of the integrin superfam-
ily of cell adhesion molecules.55 This is a superfamily
of at least 21 receptors of similar structure consisting
of a dimer of α- and β-subunits.56 The superfamily is
divided into families based on the β-subunit, with GP
IIb/IIIa being a member of the β3 family (αIIββ3). Fib-
rinogen is an abundant plasma protein composed of
three chains (α, β, and γ ) and exists as a dimer. Fib-
rinogen contains the integrin recognition motif Arg-
Gly-Asp (RGD), which is recognized by many of the
integrin receptors and, as a result, a number of other
RGD-containing proteins bind to GP IIb/IIIa, includ-
ing vitronectin and fibronectin. However, fibrinogen
can also bind to GP IIb/IIIa using the terminal dode-

capeptide of the γ -chain. This sequence appears to
be the preferred interaction with GP IIb/IIIa.57 There
are approximately 50 000 GP IIb/IIIa molecules on the
surface of each platelet, with around another 25 000
molecules in intracellular stores, which can be exp-
ressed on the surface of the platelet upon activation.
This makes GP IIb/IIIa the most abundant membrane
protein on platelets. GP IIb/IIIa exists in a resting con-
formation on platelets and cannot bind soluble fib-
rinogen. However, resting GP IIb/IIIa is capable of
binding to immobilized fibrinogen and supporting
platelet adhesion. When the platelet is activated, GP
IIb/IIIa undergoes a conformational change allowing
it to bind soluble fibrinogen. As fibrinogen is a dimer,
it can bind to two different GP IIb/IIIa molecules; if
these happen to be on different platelets, fibrinogen
will act to cross-link them, resulting in the formation
of an aggregate of platelets. GPIIb/IIIa is not simply a
fibrinogen binding molecule, it is a true receptor, and
fibrinogen is its natural agonist. Fibrinogen binding
to GP IIb/IIIa generates signals (outside-in signaling)
that are required for full aggregation to occur and also
play a role in enhancing the activation process.58

The first inhibitor of this receptor was the mon-
oclonal antibody abciximab.59 This is a humanized
monomeric Fab fragment of an anti-β3 antibody.
As a monoclonal antibody it can be administered
only intravenously. It blocks fibrinogen binding to GP
IIb/IIIa and as a result it is a potent inhibitor of platelet
aggregation independently of the agonist used. As
abciximab is directed against the β3-subunit, it is not
specific for GP IIb/IIIa and also recognizes the vit-
ronectin receptor (αω̄β3), which is the other member
of the β3 integrin family.60 Although present on the
platelet surface at less than 500 molecules per platelet,
the vitronectin receptor plays a role in platelet adhe-
sion. It is also an important cell-adhesion molecule
and is widely distributed on many different cell types.
Abciximab also recognizes αMβ2, a member of the
β2 integrin family.61 It is found on leukocytes and
plays a role in platelet–leukocyte formation. A num-
ber of clinical studies, such as EPILOG62 and EPIS-
TENT, have shown the benefit of abciximab in PCI.63

Abciximab is the most effective GP IIb/IIIa antago-
nist, and this may be due in part to its non-GP IIb/IIIa
actions.

The success of abciximab encouraged the search
for small molecule inhibitors. A key step in this was
the discovery of the disintegrins.64 These are snake
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Figure 20.3 The structure of GP IIb/IIIa antagonists.

(usually viper) venom peptides that bind to GP IIb/IIIa.
They are very potent inhibitors of GP IIb/IIIa and
usually contain the RGD motif. These peptides were
important, as they provided useful structural infor-
mation for the medicinal chemists. A number of the
peptides were sequenced, produced recombinantly,
and used to obtain structural data by nuclear mag-
netic resonance (NMR). One particular venom pep-
tide, barbourin, was obtained from Sistrurus miliarus
barbouri. Barbourin is a 73–amino acid cyclic peptide
with an IC50 of 300 nM in platelet aggregation and is an
unusual disintegrin, as it contains the sequence KGD
rather than RGD.65 However, this became the basis for
the development of the GP IIb/IIIa antagonist eptifi-
batide.66 Eptifibatide (Fig. 20.3) is a cyclic heptapep-
tide containing a modified KGD sequence with an IC50

value of 63 nM. As a peptide it is not orally active. Epti-
fibatide has proven to be clinically very effective in a
number of trials, such as PURSUIT (ACS)67 and ESPRIT
(PCI).68

The third GP IIb/IIIa antagonist to be approved was
tirofiban (Fig. 20.3). This is a small-molecule nonpep-
tide antagonist of GP IIb/IIIa.69 Like eptifibatide it
was developed from studies of disintegrins, in par-
ticular from echistatin from the viper Echis carina-
tus.70 Using structural data obtained from the RGD-

containing echistatin, they synthesized a very potent
nonpeptide (IC50 9 nM). However, despite being a non-
peptide, tirofiban is not orally active and must be given
by intravenous infusion. Tirofiban has been shown
to be clinically effective in PCI (RESTORE71) and ACS
(PRISM72 and PRISM-PLUS73).

Although these intravenous GP IIb/IIIa antagonists
showed some benefit, there was a great effort to
develop orally active GP IIb/IIIa antagonists. These
promised to be the ultimate in antithrombotic ther-
apy. A number of small molecules were developed for
oral use, including xemilofiban, orbofiban, sibrafiban,
and lotrafiban.74 A number of large phase III clin-
ical studies were established to confirm the effec-
tiveness of long-term treatment with these drugs
in ACS. These included EXCITE75 (xemilofiban),
OPUS76 (orbofiban), first and second SYMPHONY77,78

(sibrafiban), and BRAVO79 (lotrafiban). However, all of
the oral inhibitors were dropped due to a variety of rea-
sons. A meta-analysis of the oral GP IIb/IIIa inhibitor
studies found that at best these drugs had no benefit
and likely increased mortality.80

How could these extremely potent antiplatelet
agents have failed to work when their intravenously
administered counterparts are very effective?74 One of
the biggest problems was that the biological role of GP
IIb/IIIa was not clearly understood and the role of GP
IIb/IIIa as a receptor was not appreciated. Thus, while
these drugs block fibrinogen binding and hence inhib-
ited one function of GP IIb/IIIa (supporting platelet
aggregate formation), they did not address the role
of GP IIb/IIIa–mediated signaling in platelet aggrega-
tion.81 Thus, GP IIb/IIIa antagonists can either be ago-
nists or antagonists on the receptor even though they
inhibit aggregation. In fact most GP IIb/IIIa antago-
nists are in fact agonists. Whereas intravenous agents
are maintained at very high levels for the short dura-
tion of therapy, the oral drugs experience low plasma
trough levels, especially when combined with poor
bioavailability. At these low plasma levels the agonist
activity is maintained, but the ability to inhibit platelet
aggregation is lost. This can result in enhanced platelet
activation in treated patients.82

Dipyridamole

Dipyridamole (Fig. 20.4) is a very weak antiplatelet
agent and acts to inhibit platelet aggregation by a
number of mechanisms.83,84 It is known to act as a
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phosphodiesterase inhibitor (see below), which is
probably its main antiplatelet action.85 It also inhibits
adenosine uptake by erythrocytes86 and platelets,87,88

leading to elevated adenosine levels, which inhibit
platelet function89,90 via A2 adenosine receptors.91

Dipyridamole also modifies red blood cell deforma-
bility under flow in a platelet-dependent manner.92

The benefits of dipyridamole may relate to its vascular
effects as much as any antiplatelet actions it may
have.93

Dipyridamole is not usually used on its own
but is often used in conjunction with aspirin
(Aggrenox�/Asassantin�), which is 200 mg modified-
release dipyridamole and 25 mg plain aspirin given
twice daily. In healthy volunteers, this combination
has been shown to be bioequivalent to 75 mg of
enteric aspirin in terms of thromboxane production
and more effective at inhibiting arachidonic acid–
induced platelet aggregation than 75 mg of plain
aspirin.9 The combination has been shown to reduce
the rate of stroke by 25% and to be much more effective
than either agent alone,94,95 although this benefit does
not seem to apply to cardiovascular events.96 Dipyri-
damole has been shown to possess anti-inflammatory
activity, which may play a role in its therapeutic effects
in stroke.97

Thromboxane pathway inhibitors

Although aspirin is an effective antiplatelet agent it
does suffer problems with nonspecific actions, in par-
ticular inhibition of COX in gastric cells, leading to gas-
tric bleeding. One strategy to eliminate this adverse
effect is to target the events downstream from COX.
The action of COX generates PGH2, which is common

to many cell types. However, PGH2 is not the final step
in the COX pathway; other enzymes further metab-
olize PGH2 into the final product. In platelets, PGH2

is metabolized by thromboxane synthase to throm-
boxane A2 which is the biologically active agent. This
enzyme is relatively restricted and platelets would be a
major source of the enzyme. Thromboxane A2 is then
released to act on thromboxane receptors on other
platelets.98 There are two thromboxane receptor types
on platelets99: TPα and TPβ

100; these mediate platelet
aggregation,101 but they also exist in numerous other
tissues.100

The inhibition of thromboxane production was a
very attractive target. The clinical success of aspirin
had proven the validity of inhibiting thromboxane
production. Targeting thromboxane synthase had the
added advantage of eliminating the major adverse
effect of aspirin due to inhibition of COX-1 in the stom-
ach. A number of thromboxane synthase inhibitors
were synthesized, including dazoxiben.102 However,
clinical studies failed to show any benefit despite
inhibition of thromboxane production.103 Another
thromboxane synthase inhibitor was the irreversible
inhibitor Y-2081104; however, this had limited activ-
ity in a dog thrombosis model.105 Other thromboxane
synthase inhibitors include isbogrel106 and ozagrel.107

Despite the lack of activity of thromboxane synthase
inhibitors in thrombosis models and clinical studies of
cardiovascular disease, some have been investigated
for other uses, such as pulmonary disorders.108,109

It is surprising that none of the thromboxane syn-
thase inhibitors proved to be effective in cardiovas-
cular disease, as they are very effective inhibitors
of thromboxane production. It would be expected
that they should be at least as effective as aspirin.
One explanation for the lack of effect is that in
platelets PGH2 (the substrate for thromboxane syn-
thase) accumulates when thromboxane synthase is
inhibited. PGH2,110 isoprostanes,111 and other COX-
1–independent substances are known to activate TP
receptors.112 Thus when thromboxane synthesis is
inhibited, the ability to activate platelets is mediated
by PGH2 and isoprostanes acting on TP receptors. This
suggested that the ideal strategy might be inhibition of
TP receptors. In fact, many analogs inhibit both throm-
boxane synthase and TP receptors, resulting in dual
inhibitors. Dual inhibition has the potential to pro-
vide the benefits of both worlds. It prevents the forma-
tion of thromboxane A2 and, unlike a COX inhibitor,
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does not affect the synthesis of platelet inhibitory
prostaglandins such as PGI2. The thromboxane
receptor inhibitory activity prevents the actions of
accumulated PGH2 or of isoprostanes on platelet
function.

Ridogrel was the first dual TP receptor and throm-
boxane synthase inhibitor113 but proved to be unsuc-
cessful in clinical studies (Fig. 20.5).114 It has been sug-
gested that one reason for its failure is the imbalance in
the two activities, with TP-receptor antagonism much
weaker than the thromboxane synthase inhibition.115

In preclinical studies, S18886 showed potent inhibi-
tion of thrombus formation in the canine cyclic flow
reduction model.116 Phase II studies have suggested
that 10 to 30 mg twice daily is the likely dose necessary
to maintain an antiplatelet effect.117 Terbogrel is a dual
TP receptor and thromboxane a synthase inhibitor118

that has been shown, in a phase I study involving
healthy volunteers, to completely inhibit platelet func-
tion at 150 mg daily.115 TRA-418 is a dual TP receptor
antagonist and a prostacyclin receptor agonist, pro-
viding it with two antiplatelet activities,119 whereas

BM-567120 and BM-573121 are dual thromboxane syn-
thase and TP receptor inhibitors. New TP receptor
antagonists include Z-335.122

There have yet to be any clinical studies showing
benefit of TP receptor antagonists, and it is not known
if such studies will be performed. However, the abil-
ity of TP antagonists to reduce atherogenesis in ani-
mal studies may suggest a more attractive target for
S18886123 and BM-573 especially in conjunction with
COX-1 inhibition.112

Agents acting on cAMP

The prostacyclin receptor (IP) is an important platelet
inhibitory receptor124 as it potentially inhibits platelet
activation by all platelet agonists. It is a Gs-associated
receptor, which results in an increase in cAMP lev-
els.125 The actions of prostacyclin stimulation are ter-
minated by the degradation of cAMP by phospho-
diesterase (PDE). There are multiple PDEs with dif-
ferent tissue distribution and selectivity for cAMP
and cyclic guanosine monophosphate (cGMP). The
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Figure 20.6 The structure of agents that modulate cAMP levels.

important platelet PDEs appears to be PDE3 A and
possibly PDE2.126 This provides two potential thera-
peutic targets, prostacyclin receptor agonists and PDE
inhibitors (Fig. 20.6).

Cilostazol is a PDE3 inhibitor with antiplatelet activ-
ity.127 It inhibits platelet aggregate formation in an ani-
mal model of thrombosis128 and in patients.129 There
was a synergistic relationship between dipyridamole
and cilostazol on shear-induced platelet aggrega-
tion.130 One of the problems with cilostazol is that
it can cause headache.131 Cilostazol has been used
in conjunction with aspirin and clopidogrel to pre-
vent stent thrombosis,132 and it also reduces the rate
of restenosis after stent placement due to inhibitory
effects on smooth muscle cell proliferation.133 As a
PDE3 inhibitor, cilostazol is a vasodilator134 that plays
a significant role in its benefit in treating intermittent
claudication135 and intracranial arterial stenosis.136

Sildenafil, a PDE5 inhibitor, has also been shown to
have antiplatelet activity.137

Prostacyclin (PGI2) has been shown to be ben-
eficial in patients with ischemic peripheral vascu-
lar disease.138 However, its short half-life and the
requirement for intravenous administration make its
use impractical. Iloprost is a synthetic derivative of
prostacyclin and has been shown to inhibit platelet

aggregation in patients with stable angina139 and to
inhibit platelet activation in patients with heparin-
induced thrombocytopenia undergoing surgery.140

Beraprost is an orally active prostacyclin analog and
has antiplatelet activity at doses above 40 mg three
times daily.141 It was found to be ineffective in the treat-
ment of intermittent claudication,142 although an ear-
lier study had shown benefit.143 Most of the interest in
prostacyclin analogs is in the vasodilatory properties
of these drugs, and most of the studies focus on pul-
monary hypertension,144 Raynaud’s phenomenon,145

and intermittent claudication.142 In these diseases,
platelet inhibition may play a secondary role to vasodi-
lation.

Inhibitors of thrombin-induced
platelet aggregation

Protease-activated receptor (PAR) antagonists
PAR-1 and PAR-4 are thrombin receptors on platelets
and therefore very important in mediating platelet
activation. Thrombin cleaves a terminal peptide from
the receptor, exposing the peptide sequence SFLLRN.
This sequence acts as an agonist triggering platelet
activation. Specific PAR-1 antagonists based on the

349



Dermot Cox

N N
H

O

N
HO

O

R

NOH

NH2

O

Melagatran: R =H
Ximelagatran: R =C2H5

N

NN
H

N

N

N
Cl

O

EXP3179

OH

N

Cl

OHO

PSI-697

O

O

O

ONO2

O

NCX-4016

Figure 20.7 The structure of novel antiplatelet agents.

natural agonist are under development.146,147,148,149

Aprotinin is a serine protease inhibitor used during
cardiac surgery to preserve platelet function.150 Apro-
tinin prevents activation of PAR-1151 and activation of
PAR-1 in patients undergoing coronary artery bypass
grafting (CABG) was inhibited by treatment with apro-
tinin.152 Aprotinin is specific for PAR-1 and its actions
do not appear to involve inhibition of thrombin activ-
ity.153 Another approach to inhibiting PAR is to prevent
them from interacting with their G protein, thus pre-
venting signaling. Pepducins are peptides based on
the intracellular sequence in PAR that interacts with
G proteins. They are palmitoylated and act intracel-
lularly to block the interaction between G proteins
and PARs. P1 pal-12 has been shown to inhibit PAR-
1–mediated platelet activation154 and P4pal10 inhibits
PAR-4–mediated activation.155,156

Thrombin inhibitors
Since the activation of PAR-1 is due to enzymatic
cleavage of the receptor by thrombin, direct thrombin
inhibitors will also act as inhibitors of thrombin-
mediated platelet activation. Heparin and low-mole-
cular-weight heparin are the clinically used throm-
bin inhibitors, but neither is orally active. Other
direct thrombin inhibitors include argatroban and

bivalirudin. These can all inhibit thrombin-induced
platelet activation due to inhibition of throm-
bin. Ximelagatran, an orally active direct thrombin
inhibitor (Fig. 20.7) administered with aspirin, was
found to be more effective at inhibiting thrombus for-
mation ex vivo under both low and high shear com-
pared with a combination of clopidogrel and aspirin.
It also had a reduced impact on bleeding.157 However,
ximelagatran has been dropped due to concerns over
hepatic toxicity.158 The bradykinin-derived pentapep-
tide RPPGF is known to inhibit thrombin-induced
platelet aggregation, and more potent derivatives have
been discovered.159

Novel experimental antiplatelet agents

GP Ib–vWF
The GP Ib–VWF interaction is a very attractive tar-
get for a novel antithrombotic agent. It occurs only
under high shear, such as that found in the coronary
arteries. This offers the potential benefit of inhibiting
platelet function only in the arterial system but not the
venous system and therefore minimizing the effects
on bleeding time. Three different approaches have
been taken to developing antagonists: anti–GP Ib anti-
bodies, snake venoms, and inhibitory peptides. The
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anti–GP Ib antibody approach is the simplest but
can be hampered by lack of cross-reactivity between
human GP Ib and that from a suitable animal, making
animal studies difficult. Some of the antibodies were
shown to cause thrombocytopenia and were dropped.
6B4 is a promising anti-GP Ib antibody that has been
shown to be effective in a baboon thrombosis model160

and has been humanized.161

Collagen receptors
Collagen receptors are also a target under investi-
gation. OM2, an anti–GP VI antibody, was found to
potently inhibit ex vivo collagen-induced platelet acti-
vation when administered to cynomolgus monkeys162

and to rats,163 with minimal effects on bleeding time.
The angiotensin II receptor 1 antagonist losartan (100
mg) has been shown to inhibit platelet aggregation
to arachidonic acid164 mediated by its metabolite
EXP3179, which has been found to be a GP VI antag-
onist.165 Triplatins are a family of proteins (∼17 kDa)
from the salivary gland of the assassin bug (Triatoma
infestans) and have been found to be inhibitors of GP
VI (IC50 ∼60 nM).166 The integrin collagen receptor
α2β1 is known to interact with the amino acid sequence
DGEA and this peptide has been shown to be very
effective in vitro at inhibiting platelet adhesion to col-
lagen.167

Novel COX inhibitors
The generation of PGH2 by COX requires both COX and
peroxidase activities at distinct sites in COX. Aspirin
only inhibits the COX activity. Recently inhibitors
of the peroxidase site have been synthesized168 and
these may prove to be alternative COX-1 antagonists.
Another novel class of COX inhibitors is nitric oxide–
donating aspirin (NO-aspirin), a chemical modifica-
tion of aspirin that incorporates an NO donor into the
aspirin molecule. These have the advantage that they
cause vasodilation as well as enhanced antiplatelet
activity. The released NO is also gastroprotective,169,170

although the mechanism is unclear. NCX-4016 is an
NO-aspirin that is undergoing phase II clinical stud-
ies (Fig. 20.7). The release of NO from NCX-4016 is
analogous to that from other organic nitrates and is
mediated by cytochrome P450 enzymes.171 It has been
shown to provide benefit in patients with intermittent
claudication.172 There is also interest in its anticancer
properties.173 Other NO-aspirins are under investiga-
tion,174 although it appears that NO substitution at the

meta position is the least effective at inhibiting cancer
cell growth.175 HPW-RX2 is a novel COX inhibitor that
also acts as a direct inhibitor of thrombin.176

P-selectin
Platelet activation results in P-selectin expression,
which in turn binds to its receptor P-selectin glycopro-
tein ligand-1 (PSGL-1) and is thought to be important
for the interaction of activated platelets with endothe-
lial cells.177 PSI-697 (Fig. 20.7), an oral small molecule
inhibitor of this interaction,178 has been shown to be
effective in a mouse179, rat,180 and baboon model of
venous thrombosis.181

Serotonin
Platelets are rich in serotonin, which is obtained by
uptake from plasma. Platelets also contain a sero-
tonin receptor that triggers platelet activation. Sero-
tonin plays an important role in depression, and this
led to the development of selective serotonin reup-
take inhibitors (SSRIs) for the treatment of depression.
There is an increased risk of MI in patients with major
depression, and SSRIs have been shown to reduce this
risk as well as improve the depression.182 Patients suf-
fering from depression have been shown to have ele-
vated levels of soluble CD40L, and these are decreased
by treatment with SSRIs.183 Plasma levels of platelet
activation markers such as P-selectin and thrombox-
ane B2 were reduced in patients with MI being treated
with SSRIs for depression.184 This is possibly due to its
actions on platelet function, as ADP-induced platelet
aggregation is reduced by treatment with SSRIs.185

RESISTANCE TO ANTIPLATELET
AGENTS

Recently there has been controversy over the concept
of resistance to antiplatelet agents, with some say-
ing that it does not exist and others that it is clin-
ically relevant. The issue has been complicated by
vested interests, with researchers being funded by
either the manufacturers of screening devices or phar-
maceutical companies. However, the key question is
what is meant by “resistance,” a term that is used by
different people to mean different things. Clinicians
use the term to mean that the patient developed a
thrombotic event despite therapy with an antiplatelet
agent. Pharmacologists use the term to mean that
an expected change in some measure of platelet
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function did not occur in a treated patient. These
definitions are different, and this has added to the
confusion.186 In a recent review, Patrono and Rocca
compare aspirin resistance to the phenomenon of
antibiotic resistance,187 and in many ways the two
phenomena are similar.

Clinical resistance

The clinical definition of resistance does not really
involve resistance but rather treatment failure.
Platelets can be activated by many agonists, but all ulti-
mately act in one of two ways: either a COX-dependent
or a COX-independent manner (see Chapter 3). This
is not all or nothing, as with many agonists low con-
centrations act via COX and high concentrations act
via phospholipase C. Therefore the effectiveness of
aspirin depends on the presence of COX-dependent
agonists only. Thus if ADP or collagen at low concen-
tration is driving the thrombosis, aspirin or clopidogrel
would be predicted to inhibit the thrombosis. How-
ever, if thrombosis is being driven by the presence
of thrombin, neither aspirin nor clopidogrel will have
a significant effect, as thrombin-mediated activation
is COX-independent. This has been seen with post-
PCI thrombosis, where fibrin generation (an indica-
tion of thrombin generation) was a better predictor of
thrombosis than ADP-induced aggregation.188 Clini-
cal studies have indicated that aspirin is effective in
about 25% of cases,8 suggesting that in 75% of cases a
non-COX-dependent process is involved in thrombo-
sis. This is not antiplatelet resistance and is more accu-
rately described as aspirin/clopidogrel-independent
thrombosis. In antibiotic terms, it is equivalent to
using vancomycin (gram-positive activity only) to
treat a gram-negative infection. Thus a Staphylococ-
cus aureus infection that fails to respond to treatment
with vancomycin would be classed as vancomycin-
resistant, as vancomycin is effective on gram-positive
organisms, but an Escherichia coli infection that did
not respond would not be considered resistant, as van-
comycin does not act on gram-negative infections.
However, the clinical definition is still useful, as it sug-
gests that other medication may be required for the
patient, such as a thrombin inhibitor or a different
ADP receptor antagonist. Thus identification of these
patients is important. Compliance is also a factor in
clinical aspirin resistance and appears to be dose-

dependent.189 However, compliance can be improved
through education and other interventions (see Chap-
ter 22).190

Laboratory resistance

The pharmacologist’s definition of resistance is equiv-
alent to the definition used in microbiology. Aspirin
inhibits COX; thus, if COX remains active after admin-
istration of aspirin it indicates aspirin resistance, and
a similar argument applies to clopidogrel. One expla-
nation for this phenomenon, which does not involve
resistance, is the problem of a one-dose-fits-all model.
The population response to a dose of drug is usu-
ally represented by a bell-shaped curve. At one end
of the curve are patients who respond very strongly,
and at the other end are the weak responders. There is
a similar bell-shaped curve for toxicity. This is true for
any drug, and the dose of drug is chosen so that most
patients respond and few have toxic effects. Thus, with
any drug, there will be a group of patients who are weak
responders but not necessarily resistant. This can usu-
ally be overcome by using higher doses of the drug.

Pharmacokinetic resistance

Pharmacokinetic resistance occurs when a patient
does not achieve a suitable plasma level upon admin-
istration of an antithrombotic. There is evidence
that pharmacokinetic resistance occurs with enteric-
coated aspirin, as variation in serum thromboxane lev-
els after treatment with aspirin was found in healthy
volunteers given enteric-coated aspirin but not in
those given plain aspirin.9 The most significant dif-
ference occurred with weight, as heavier volunteers
showed lower levels of inhibition. This was confirmed
in a clinical population, where heavier patients were
weaker responders.191 However, another healthy vol-
unteer study showed no effect when platelet aggrega-
tion was used to measure aspirin effects.192 This type
of resistance responds to increased doses of aspirin
and is likely due to poor absorption from the small
intestine, where the pH is not optimal.

Pharmacodynamic resistance

Pharmacodynamic resistance occurs where the drug is
present in the plasma at the appropriate concentration
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but the level of inhibition is less than expected. This
can be hard to determine because it is difficult to mea-
sure plasma levels of aspirin. Usually plasma salicy-
late (inactive metabolite) levels are measured; how-
ever, this is not a reliable indication of the levels of
acetylsalicylate that were present. One form of phar-
macodynamic resistance is due to a drug interaction.
NSAIDs also bind to COX but are reversible inhibitors.
Thus, if a patient is taking NSAIDs, it may prevent
aspirin from binding to COX.193 Thus, to determine
whether a patient is resistant to the effects of aspirin it
is necessary to confirm compliance (e.g., observation
of the patient taking aspirin), ensure that the patient
is not on NSAIDs, and eliminate the potential of phar-
macokinetic resistance by switching the patient to
plain aspirin. Only then can one consider the patient
aspirin-resistant. Numerous explanations for aspirin
resistance have been proposed, including increased
expression of COX-2 in newly formed platelets194 espe-
cially after bypass surgery,195 COX-independent iso-
prostane production,196 and nonplatelet thrombox-
ane production.197

Pharmacogenomics

There is evidence of pharmacogenomic factors in
resistance to antiplatelet agents. Polymorphisms in
COX,198 GP Ia,199 and GP VI200 have been shown to
be associated with aspirin resistance, although oth-
ers have shown no association.201,202 The GP IIb/IIIa
PLA1/2 polymorphism is also associated with aspirin
resistance203 as well as resistance to other antiplatelet
agents,204 although some studies have shown no
effect.205 It has also been shown to predict response
to oral GP IIb/IIIa antagonists.206 One cause of inad-
equate response to clopidogrel is due to polymor-
phisms in the Cyt P450 enzymes involved in the con-
version of clopidogrel to the active agent (Cyt P450
3A4207 and Cyt P450 2C19208). The involvement of Cyt
P450 in the activity of clopidogrel creates the possibil-
ity of drug–drug interactions. Rifampin, which induces
Cyt P450, has been shown to enhance clopidogrel
activity,209 and atorvastatin, a competing Cyt P450 3A4
substrate, has been shown to inhibit the activity of
clopidogrel,210 although other studies failed to detect
an interaction with atorvastatin.211 There is a polymor-
phism in the P2Y12 receptor that affects activity,212,213

although some studies have shown no difference.214

Platelet function tests

The definition of resistance is dependent on the lab-
oratory assay used, and there are a number of pro-
prietary assays available to measure the response to
antiplatelet agents. However, these assays often give
conflicting results, and there is no agreement on the
assay to use. These assays are reviewed in Chapter 22.

CORRECTING DISORDERS
OF PLATELET NUMBER

Thrombocytosis

An increase in platelet number (thrombocytosis) can
be due to a response to infection or other such stimulus
(secondary thrombocytosis) (see Chapter 11). This is
usually a transient situation and does not require med-
ical intervention. Primary thrombocytosis, as seen in
myeloproliferative disorders such as essential throm-
bocythemia, requires treatment, since it is associated
with increased rates of thrombosis. Standard treat-
ment involves using drugs to reduce platelet numbers.
Two agents are available, hydroxyurea, an anticancer
agent,215 and anagrelide.216 Although both drugs
inhibit megakaryocytopoiesis, hydroxyurea (IC50: 30
μM) inhibits cell proliferation whereas anagrelide
(IC50: 26 nM) inhibits differentiation and is specific
for megakaryocytopoiesis.217 However, a recent study
suggests that hydroxyurea is both cheaper and more
effective than anagrelide.218

Thrombocytopenia

A decrease in platelet count (thrombocytopenia) can
be due to reduced production of platelets or increased
consumption (see Chapter 10). Increased consump-
tion can be immune-mediated or due to excessive
activation of the platelets. In the case of increased
consumption due to platelet activation, the platelet
count can be preserved by using antiplatelet agents
to prevent platelet activation or, in the case of an
immune-mediated thrombocytopenia (ITP), the use
of intravenous IgG, which probably acts to block
Fcγ RIIa receptors, can prevent the immune com-
plexes from activating the platelets.219 (See Chapter
10.) Another option in thrombocytopenia is to increase
platelet production, which has been made possible
by the discovery of thrombopoietin (megakaryocyte

353



Dermot Cox

Fibrinogen

ADP, Serotonin

PSI-697

P-selectin

Dense granules

GPIIb/IIIa

α granules

Dipyridamole,
cilostazol

Prostacyclin receptor

Beraprost

Clopidogrel, prasugrel, cangrelor

ADP P2Y1 TP PAR-1

Pepducin

Arachidonic acid

Aspirin

Collagenα2β1

GPVI

EXP3179

PGH2

P2Y12

DAG

cAMP

IP3

−

+

+

−

AMP

Thromboxane
synthase inhibitors

Abciximab, eptifibatide, tirofiban

Thromboxane A2

Thromboxane receptor antagonists

Figure 20.8 A scheme showing platelet activation pathways and the site of action of the major classes of antiplatelet agents. Inhibitors

of enzymes or receptors are in red while agonists are in green. The two activating pathways are mediated by phospholipase C (PLC) and

phospholipase A2 (PLA2). PLC acts to generate inositol triphosphate (IP3) and diacylglycerol (DAG), thereby activating protein kinase C (PKC), with

subsequent activation of GP IIb/IIIa and degranulation. PLA2 cleaves arachidonic acid from the membrane which is converted to prostaglandin H2

(PGH2) by cyclooxygenase (COX) which in turn is converted to thromboxane A2 (TxA2) by thromboxane synthase (TXS) subsequently activating the

thromboxane (TP) receptor. Activation of the prostacyclin (IP) receptor leads to activation of adenylate cyclase (AC) producing cAMP which

activates protein kinase A (PKA) leading to an inhibition of platelet activation. cAMP is converted by phosphodiesterase (PDE) to AMP.

growth and development factor or MGDF), a hor-
mone that stimulates mp1 (thrombopoietin receptor)
on megakaryocytes, which leads to increased produc-
tion of platelets.220 Recombinant thrombopoietin has
been shown to increase platelet count and function in

both patients221 and healthy volunteers.222 AMG 531
is a peptide fused to an IgG Fc domain and binds to
mp1. Phase II trials in patients with ITP AMG 531 have
shown that this agent increases platelet counts in a
dose-dependent manner.223
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Table 20.1. Summary of antiplatelet agents∗

Mechanism of action Drug Status Inhibition of

ADP-receptor antagonists Clopidogrel (oral) Approved Activation

Prasugrel (oral) Phase III Aggregation

Cangrelor (iv) Phase III

AZD6140 (oral) Phase III

COX inhibitors Aspirin (oral) Approved Activation

NCX-4016 Experimental Aggregation

GP IIb/IIIa inhibitors Abciximab (iv) Approved Aggregation

Eptifibatide (iv) Approved Adhesion

Tirofiban (iv) Approved

Phosphodiesterase inhibitors Dipyridamole (oral) Approved Activation

Cilostazol Off label Aggregation

Sildenafil Off label

Thromboxane receptor/synthase Terbogrel Off label Activation

inhibitor S18886 Experimental Aggregation

BM-567&573 Experimental

IP receptor agonists Beraprost Off label Aggregation

Iloprost Off label Activation

PAR antagonists Aprotinin Approved Aggregation

Pepducin Experimental Activation

Thrombin inhibitors Heparins Off label Aggregation

Argatroban Off label Activation

Bivalirudin Off label

Ximelagatran Phase III

GP Ib antagonists 6B4 Experimental Adhesion

Collagen-receptor antagonists EXP3179 Off label Aggregation

Activation

P-selectin inhibitors PSI-697 Experimental Adhesion

Selective serotonin reuptake Sertraline Off label Activation

inhibitors Aggregation

Inhibitors of Hydroxyurea Approved Platelet production

megakaryocytopoiesis Anagrelide Approved

Inhibitors of Fcγ RIIa IgG Approved Platelet consumption

Stimulators of megakaryocytopoiesis Thrombopoietin Approved Increased platelet production

AMG 531 Phase III

*Summary of the different antiplatelet agents in clinical use or under development. “Off label” indicates that the drug is

approved for uses other than as an antiplatelet agent.

CORRECTING DISORDERS
OF PLATELET FUNCTION

Defective platelet function is usually due to a genetic
defect in a platelet protein. This leads to the absence
of a platelet protein or the expression of a nonfunc-
tional protein. Treatment of these disorders is very
difficult using conventional pharmacology. However,

recent advances in gene therapy have opened the pos-
sibility of treating these disorders.

Gene therapy

Using different promoters, Ohmori and coworkers
found that the GP Ib promoter was the most effective
in driving protein expression in transfected mouse
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TAKE-HOME MESSAGES

Approved antiplatelet agents

Aspirin
� Orally active.
� Irreversible inhibitor of cyclooxygenase.
� Prevents production of thromboxane A2.
� Can cause gastric bleeding.
� The effective dose appears to be 75 mg.
� Weak inhibitor of platelet activation and aggregation.

ADP receptor antagonists
� Clopidogrel is orally active.
� Clopidogrel is an irreversible P2Y12 receptor antagonist.
� Clopidogrel is more effective than aspirin at inhibiting aggregation and activation.
� Clopidogrel can be used with aspirin.
� Prasugrel is in phase III development.
� Cangrelor and AZD6140 are reversible P2Y12 antagonists under development.

GP IIb/IIIa antagonists
� Abciximab, tirofiban, and eptifibatide.
� These agents are only for intravenous use.
� They can be used in the setting of ACS and PCI.
� They inhibit platelet adhesion and aggregation but not activation.

Dipyridamole
� Is orally active.
� Inhibits phosphodiesterase.
� Inhibits adenosine uptake.
� Is a weak inhibitor of platelet aggregation and activation.
� Much of its benefit is due to its vascular actions.

Aprotinin
� Prevents PAR-1–mediated platelet activation.
� Is used to preserve postsurgical platelet function.

Approved drugs with secondary antiplatelet activity

Agents that increase cAMP
� Increased cAMP levels inhibit platelet aggregation and activation.
� Increased cAMP levels can be achieved using prostacyclin analogs such as beraprost.
� Increased cAMP levels can also be achieved by inhibiting phosphodiesterase (e.g., cilostazol).

Thrombin inhibitors
� Inhibition of thrombin can inhibit platelet activation as well as coagulation.
� Heparin, low-molecular-weight heparin, and fondaparinux will all inhibit thrombin-induced platelet aggregation.

Selective serotonin reuptake inhibitors (SSRIs)
� Serotonin levels are associated with depression and platelet function.
� SSRIs appear to reduce platelet activation in depressed patients.

(Continued)
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TAKE-HOME MESSAGES (Continued)

Experimental antiplatelet agents

Platelet targets that have been shown to prevent thrombus formation in experimental models when inhibited
� Dual inhibition of thromboxane synthase and thromboxane receptor.
� Protease-activated receptor-1 (PAR-1), the thrombin receptor.
� GP Ib–von Willebrand factor interaction.
� GP VI collagen receptor.
� P-selectin.

Antiplatelet resistance

Aspirin
� Pharmacokinetic resistance is due to poor absorption of drug (e.g., using enteric aspirin).
� Pharmacodynamic resistance occurs when platelet function is not inhibited in a treated patient.
� Treatment failure occurs when a treated patient develops a thrombotic event independent of cyclooxygenase and is

not resistance.
� Resistance levels are dependent on the assay method.

Clopidogrel
� Polymorphisms in cytochrome P450 enzymes are involved in converting clopidogrel into its active metabolite.

megakaryocytes. They used simian immunodefi-
ciency virus (SIV) to transfect the cells and using
hematopoietic stem cells were able to get green flu-
orescent protein expressed in 10% of platelets.224 An
ITGA2B promoter was used to drive the production
of integrin β3, using a lentivirus vector in megakary-
ocytes from β3-null mice. This resulted in the in vivo
expression of αIIbβ3 and the correction of the bleed-
ing phenotype.225 Platelet gene therapy is also used to
deliver blood coagulation factors. Using the SIV vec-
tor224 and a lentivirus vector,226,227 FVIII has been pro-
duced from transfected platelets in vivo. These data
suggest that it may be possible to treat hereditary
platelet defects such as Bernard–Soulier disease and
Glanzmann’s thrombasthenia as well as coagulation
defects such as hemophilia with gene therapy in the
near future.

FUTURE AVENUES OF RESEARCH

The future of antithrombotic therapy (Fig. 20.8) is
difficult to predict. From an industry viewpoint,
antithrombotic therapy has proven to be a difficult
target. Despite the large sums of money invested in

research programs, aspirin is still the front-line ther-
apy. In particular, the failure of the oral GP IIb/IIIa
antagonists and the limited success of the intravenous
GP IIb/IIIa antagonists has prompted many com-
panies to leave the thrombosis area. This has been
prompted by the need for very large scale studies
to show benefit and the problems of bleeding asso-
ciated with high-dose therapy, which can lead to
many adverse events. Clopidogrel is the only real suc-
cess story, and its related compound prasugrel may
improve on this. One key point from all of the drug
discovery programs is that inhibition of platelet acti-
vation and not just aggregation is important. However,
the problem with inhibiting platelet activation is that
many different paths can lead to activation, making
target selection difficult. GP Ib is a very promising
target, but there has been little success in develop-
ing small-molecule inhibitors of this receptor. Expe-
rience suggests that the use of multiple agents to
inhibit platelet function may be necessary. In fact,
the ideal antiplatelet target may not yet have been
identified; it is hoped that areas such as proteomics
and genomics may identify the next drug target
(Table 20.1).228
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INTRODUCTION

Mechanisms of thrombogenesis are closely linked,
with activation of both the coagulation and platelet
aggregation pathways being responsible for thrombus
formation.

Thrombin, a key clotting enzyme generated by
blood coagulation, is a very potent platelet activator. At
the same time, activated platelets provide a platform
for the coagulation process. Therefore combination
therapy with antiplatelet agents and anticoagulants
should be effective in the prevention and treatment of
arterial and venous thrombosis. Conversely, consid-
ering the pathophysiology, antiplatelet therapy would
be more effective in the case of arterial thrombosis,
whereas anticoagulants would have superior efficacy
in venous and cardiac thromboembolism (Fig. 21.1).

The real stand of antiplatelet therapy versus other
antithrombotic strategies and their combination can
be derived from studies assessing these treatment
modalities in patients at risk or in those diagnosed
with coronary artery disease (CAD), peripheral vas-
cular disease, atrial fibrillation, stroke, deep venous
thrombosis, and pulmonary embolism.

Antiplatelet therapy for arterial thrombosis in
patients with CAD is constantly evolving. Essentially
all patients with acute coronary syndrome (ACS) are
currently recommended to receive dual antiplatelet
therapy, including acetylsalicylic acid (ASA) and clopi-
dogrel, with proven indications for triple antiplatelet
therapy by adding GP IIb/IIIa inhibitors (GPIs) for
patients with high-risk features. The search for addi-
tional benefits regarding mortality rate, cardiovascular
events, bleeding, convenience, and cost of treatment
is continuing.

ANTITHROMBOTIC THERAPY WITH
UNFRACTIONATED HEPARIN AND
LOW-MOLECULAR-WEIGHT HEPARINS

Unfractionated heparin (UFH) and low-molecular-
weight-heparins (LMWHs) are widely used for anti-
coagulation. It was not until early 1980s that UFH and
ASA or their combination was assessed in patients with
ACS.

Interestingly enough, small early studies compar-
ing ASA alone to UFH or to combined therapy with
SAD/UFH in patients with unstable angina (UA), non-
segment-elevation myocardial infarction (NSTEMI),
and ischemic stroke have shown relatively equal effi-
cacy in preventing morbidity and mortality, whereas
late randomized trials have demonstrated an advan-
tage of ASA alone.1,2

This has resulted in the worldwide approval of ASA
for treatment as well as primary and secondary pre-
vention of conditions caused by arterial thrombo-
sis. Thus, all of the subsequent studies for newer
antithrombotic regimens in patients with arterial
thrombosis used ASA at least in the control group.

A reverse trend favoring UFH was observed for the
treatment of deep venous thrombosis (DVT) and pul-
monary embolism (PE), followed by approval of the
anticoagulants as the preferred treatment.3

The combined use of ASA and UFH in both types of
disorders showed controversial superiority to a single
agent and as a rule it was associated with an increased
rate of bleeding.

UFH indirectly inhibits factor IIa (thrombin) and
factor Xa, activating antithrombin III. Several clini-
cal studies have shown that administration of UFH
alone and especially combined with ASA in patients
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Figure 21.1 Coagulation and platelet aggregation cascades with main sites of action of antithrombotic therapies. ADP, adenosine

diphosphate; GP, glycoprotein; LMWH, low–molecular-weight heparin; TFPI, tissue factor pathway inhibitor; UFH, unfractionated heparin; VWF, von

Willebrand factor (from Selwyn AP et al. Am J Cardiol 2003).

with UA is associated with a decreased risk of death
and myocardial infarction (MI). A meta-analysis of
these trials showed a statistically borderline 33% rel-
ative risk reduction of death or MI in patients treated
with UFH and ASA compared to ASA alone during
randomized treatment. However, the same endpoints
were decreased by only 18% when analyzed for the first
2 to 12 weeks following randomization.4

At present, LMWHs are gradually replacing UFH for
the treatment of patients with ACS and DVT/PE. They
have shown superior or equal efficacy and are more
convenient to use as well as more cost-effective.

LMWH is produced by the cleavage of UFH to
yield smaller chains. As a result, LMWH has better
anti–factor Xa activity since it is superior to UFH
in inhibiting both the generation and activity of
thrombin. LMWHs have high bioavailability, allow-
ing for subcutaneous use; they are also less bound to
plasma proteins and as a result have predictable dose-
dependent anticoagulation activity. The major advan-
tage of LMWH over UFH is that it does not require
routine laboratory monitoring.

Several LMWHs are available worldwide; however,
limited data exist regarding their equivalent use
despite being extensively studied individually against
UFH; there are only a few direct comparisons of dif-
ferent LMWHs in ACS (Table 21.1).

Several studies have considered the question of
whether or not LMWHs provide additional benefit in
patients with ACS treated with different antiplatelet
regimens.

The Fragmin during Instability in Coronary Artery
Disease (FRISC) trial demonstrated a 48% reduction
in risk of death, MI, and need for urgent revascular-
ization during the first 6 days in patients with unsta-
ble CAD treated with dalteparin in addition to ASA.
However, this effect became nonsignificant when as-
sessed 4 to 5 months after treatment.5 This was con-
firmed in the Fragmin In unstable Coronary artery
disease (FRIC) trial, in which continuation of treat-
ment with dalteparin over the initial 6 days at a lower
once-daily dose did not confer any additional benefit
over ASA (75 to 165 mg) alone.6

The efficacy of GPIs, whether compared or in com-
bination with heparins, has been extensively studied.
Tirofiban was studied in the Platelet Receptor inhibi-
tion for Ischaemic Syndrome Management (PRISM)
and Platelet Receptor inhibition for Ischaemic Syn-
drome Management in Patients Limited to very Unsta-
ble Signs and symptoms (PRISM-PLUS) trials. The
PRISM trial randomized 3232 patients with non-ST-
segment-elevation ACS to either tirofiban or heparin.
Patients receiving tirofiban had a 32% reduction in
the likelihood of death, MI, or refractory ischemia
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at 48 h and a 36% reduction in risk of death at 30 days
compared with patients receiving UFH.7 The PRISM-
PLUS trial randomized 1915 patients with severe non-
ST-segment-elevation ACS to tirofiban alone, heparin
alone, or the combination of tirofiban and heparin.
Patients treated with the combination of tirofiban and
heparin had a 27% reduction in risk of death or nonfa-
tal MI at 30 days compared with the heparin-only study
subgroup.8 Of interest is that the results of the PRISM-
PLUS study were contradictory to those of PRISM with
regard to the efficacy of tirofiban alone as compared to
UFH, the tirofiban-alone treatment arm being stopped
prematurely in the PRISM-PLUS trial because of excess
mortality. These and other similar data prove that anti-
coagulation with heparins represents the mainstay of
treatment for patients with ACS, and antiplatelet ther-
apy provides significant additional benefit.

Comparing to other LMWHs, enoxaparin was shown
to be superior to UFH in patients with UA/NSTEMI and
STEMI.

Enoxaparin was studied in UA/NSTEMI in several
large studies. The first two were published in the
late 1990s. The Efficacy and Safety of Subcutaneous
Enoxaparin versus intravenous unfractionated hep-
arin, in Non-Q-wave Coronary Events (ESSENCE)
trial randomized 3171 patients receiving ASA to
enoxaparin or UFH for 2 to 8 days. At 14 and 30 days,
the composite risk of death, MI, or recurrent angina
with electrocardiographic changes or need for inter-
vention was significantly lower in patients assigned
to enoxaparin compared to UFH. The incidence
of minor bleeding was significantly higher in the
enoxaparin group.9 The TIMI 11B study randomized
3910 patients to enoxaparin or UFH, including an
outpatient arm with enoxaparin. The results were
similar to those of the ESSENCE trial. Enoxaparin was
superior to UFH in reducing the composite risk of
death and serious cardiac ischemic events during the
acute management of UA/NSTEMI patients without a
significant increase in the rate of major hemorrhage.
No further relative decrease in events occurred with
outpatient enoxaparin treatment, but there was an
increase in the rate of major hemorrhage.10 Enoxa-
parin was compared to UFH as an adjunctive therapy
to fibrinolysis in 20 506 patients with STEMI in the
Enoxaparin and Thrombolysis Reperfusion for Acute
Myocardial Infarction Treatment–Thrombolysis In
Myocardial Infarction study 25 (ExTRACT-TIMI 25).
The composite endpoint of death, nonfatal reinfarc-

tion, or urgent revascularization occurred in 14.5%
of patients given UFH and 11.7% of those given
enoxaparin. Major bleeding occurred in 1.4% and
2.1%, respectively. The net clinical benefit was in favor
of enoxaparin, with 10.1% versus 12.2% of events
in the UFH group. Interestingly, the superiority of
enoxaparin over UFH in this trial was shown using ASA
equally in about 95% of patients in both groups and
clopidogrel more frequently used in the UFH group.11

Another LMWH, reviparin, was studied versus
placebo in the Clinical Trial of Reviparin and Metabolic
Modulation in Acute Myocardial Infarction Treatment
Evaluation (CREATE), which included 15 570 patients
with STEMI at 341 hospitals in India and China. Pri-
mary composite outcome of death, myocardial rein-
farction, or stroke at 30 days benefited reviparin (11.8%
versus 13.6%); in addition, a significant reduction in
30-day mortality (9.8% versus 11.3%) was observed.
There was a small absolute excess of life-threatening
bleeding, but the benefits outweighed the risks. The
benefits of adding LMWH for the treatment of patients
with STEMI were obtained using ASA and clopi-
dogrel/ticlopidine use in 97% and 55% of patients,
respectively.12

ANTITHROMBOTIC THERAPY
WITH PENTASACCHARIDES AND
FACTOR Xa INHIBITORS

One of the advantages of LMWH over UFH is the
more potent anti-Xa activity. Hence coagulation factor
Xa represents an attractive “proximal” target for drug
development and selective factor Xa inhibitors have
been designed.

Fondaparinux is the first synthetic pentasaccharide
selectively inhibiting factor Xa through antithrom-
bin IIIa activation. Fondaparinux has almost 100%
bioavailability after subcutaneous injection. The peak
plasma level is reached about 2 h after subcutaneous
injection, indicating a rapid onset of antithrombotic
activity upon initiation of treatment. The elimination
half-life is about 17 h, and it is dose-independent,
allowing for a convenient once-daily dosing regimen.
Fondaparinux is eliminated exclusively by the kidneys,
thus, estimation of the creatinine clearance is very
important especially in elderly patients upon initia-
tion of treatment.13

With regard to additional antiplatelet therapy, data
come from trials of fondaparinux in ACS. A total of 350
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patients undergoing percutaneous coronary interven-
tion (PCI) in the Arixtra Study in Percutaneous Coro-
nary Intervention: a Randomized Evaluation (ASPIRE)
pilot trial were randomized to receive UFH: 2.5 mg
fondaparinux IV, or 5.0 mg fondaparinux IV. Random-
ization was made for planned versus unplanned use
of GPIs. The composite efficacy outcome of all-cause
mortality, MI, urgent revascularization, or the need for
a bailout GP IIb/IIIa antagonist was 6.0% in the UFH
group and 6.0% in the combined fondaparinux group.
However, a trend toward an increased rate of vessel
thrombosis in the fondaparinux with GPIs as com-
pared to UFH with GPIs groups was also observed.14

The fifth Organization to Assess Strategies in Acute
Ischemic Syndromes (OASIS-5) trial enrolled 20 078
patients with UA/NSTEMI randomly assigned to
receive either fondaparinux (2.5 mg daily) or enoxa-
parin (1 mg/kg every 12 h, adjusted for creatinine clear-
ance less than 30 mL/min) for a mean of 6 days and
evaluated death, MI, refractory ischemia, major bleed-
ing, and their combination at 9 days. Patients were fol-
lowed for up to 6 months. The number of patients with
ischemic events was similar in the two groups (5.8%
with fondaparinux versus 5.7% with enoxaparin). The
rate of major bleeding at 9 days was markedly lower
with fondaparinux than with enoxaparin (2.2% versus
4.1%; p < 0.001). Fondaparinux was also associated
with significantly less deaths at 30 days (295 versus
352, p = 0.02) and at 180 days (574 versus 638, p =
0.05). Fondaparinux appeared similar to enoxaparin
in reducing the risk of ischemic events at 9 days;
however, it substantially reduced major bleeding
and improved long-term mortality and morbidity in
patients with UA/NSTEMI. All patients were taking
ASA unless contraindicated and 67% in both groups
were given a thienopyridine. In the subgroup of
patients undergoing PCI, the rate of thienopyridine
use was surprisingly low – only 75% of patients –
despite its indication in virtually all PCI. At the same
time, catheter-related thrombus was found signifi-
cantly more often in the fondaparinux group, although
with a low absolute frequency (0.9% of patients).15

Fondaparinux was further studied in OASIS-6 trial,
enrolling 12 092 patients with STEMI admitted to 447
hospitals in 41 countries. On days 1 and 2, patients
received fondaparinux, UFH, or placebo. From day 3
through day 9, all patients continued either fonda-
parinux or placebo. Death or reinfarction at 30 days
was significantly reduced from 677 (11.2%) of 6056

patients in the control group to 585 (9.7%) of 6036
patients in the fondaparinux group (hazard ratio 0.86).
Significant benefits were observed in those receiv-
ing either thrombolytic therapy (hazard ratio 0.79) or
not receiving any reperfusion therapy (hazard ratio
0.80), but not in those undergoing primary PCI. There
was a nonsignificant tendency to fewer severe bleeds
with fondaparinux. Antiplatelet therapy in this study
consisted of ASA in 97% of patients, clopidogrel or
ticlopidine in 58%, and GPIs in 16%, without signif-
icant difference among groups. Thus, in patients with
STEMI, particularly those not undergoing primary
PCI, fondaparinux decreases mortality and reinfarc-
tion rate without increasing the incidence of bleeding
or strokes.16

Idraparinux sodium, a synthetic, anti-Xa pentasac-
charide and analog of fondaparinux sodium, may be
potentially useful in the treatment and secondary
prevention of thromboses, especially venous throm-
boembolism. It differs structurally from fondaparinux
sodium as it has additional methyl groups and a
longer half-life, being suitable for once-weekly admin-
istration. Phase III studies testing idraparinux com-
pared to oral anticoagulants are ongoing, including
EQUINOX (Bioequipotency Study of SSR126517E and
Idraparinux in Patients With Deep Venous Thrombo-
sis of the Lower Limbs) and Van Gogh PE, Van Gogh
DVT, and the Van Gogh EXT, focusing on patients with
DVT or PE.17 As presented at ESC-World Congress of
Cardiology 2006, the AMADEUS trial of idraparinux
versus warfarin in patients with atrial fibrillation was
discontinued in mid-July 2006 by the steering com-
mittee because of excessive major bleeding. Biotyni-
lated idraparinux, SSR126517, is being tested in a sim-
ilar design study. CASSIOPEA (Clinical Study Assess-
ing SSR126517E Injections Once-Weekly in Pulmonary
Embolism Therapeutic Approach) sets out to deter-
mine, in patients with PE, whether biotynilated idra-
parinux is at least as effective as standard warfarin
treatment in preventing recurrence of venous throm-
boembolism and to assess its hemorrhagic side effect.

Further research has led to the development of
direct factor Xa inhibitors, with one of them, otamix-
aban, being currently intensively studied for possible
use in patients with ACS and/or PCI. Potential advan-
tages of this agent are the proximal inhibition of the
coagulation cascade; inhibition of the clot-bound fac-
tor Xa, which is inaccessible to large-molecule and
indirect inhibitors; reversible, short initial half-life
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(20 to 30 min); elimination via feces/bile; and no
significant renal elimination.18 The SEPIA-ACS1/TIMI
42 trial is a randomized, double-blind, triple-dummy
dose-ranging study, including an active control of UFH
and eptifibatide, to evaluate the clinical efficacy and
safety of otamixaban in patients with non-ST-segment
elevation ACS and planned early invasive strategy. The
study is planned for 2006 to 2007 with key results to be
available in early 2008.

ANTITHROMBOTIC THERAPY WITH
DIRECT THROMBIN INHIBITORS

Direct thrombin inhibitors (DTIs) have been exten-
sively studied in patients with ACS. Several agents
were developed: the prototype, hirudin, followed
by lepirudin (recombinant hirudin); hirulog, fol-
lowed by bivalirudin; and argatroban. These agents
directly bind thrombin, independent of antithrom-
bin III activity. They are not associated with heparin-
induced thrombocytopenia (HIT), hence lepirudin
and argatroban are approved for the treatment of HIT-
associated thromboembolism.

Hirudin was first studied in the Global Use of Strate-
gies to Open Occluded Coronary Arteries (GUSTO)
IIb trial, involving 12 142 patients with ACS. Patients
were randomly assigned to either UFH or hirudin.
Hirudin provided a small advantage compared with
heparin, principally related to a reduction in the risk
of nonfatal MI, but was associated with a greater risk of
moderate bleeding complications.19 A total of 10 141
patients with UA/NSTEMI were randomized to UFH
or lepirudin in the Organization to Assess Strategies
for Ischemic Syndromes (OASIS-2) trial. The primary
endpoint of death and MI at 7 days was not signifi-
cantly different between the two groups, with a rare
but increased rate of major bleeding in the lepirudin
group.20 A newer agent, bivalirudin, is being inten-
sively investigated. The Thrombolysis in Myocardial
Infarction (TIMI) 8 trial was undertaken to compare
the efficacy and safety of bivalirudin with UFH in
patients with UA/NSTEMI and was terminated by the
sponsor after enrollment of 133 of the planned 5320
patients. A trend toward a lower rate of death or nonfa-
tal MI in the bivalirudin group was reported without an
increased risk of bleeding.21 A meta-analysis of 11 large
clinical randomized trials of DTI compared to heparin
in 35 970 patients with ACS showed that DTIs were
associated with a lower risk of MI (2.8% versus 3.5%;

p < 0.001) with no apparent effect on deaths (1.9%
versus 2.0%; p = 0.69). A reduction in death or MI
was seen with hirudin and bivalirudin. Compared with
heparin, there was an increased risk of major bleeding
with hirudin but a reduction of it with bivalirudin.22

Bivalirudin was tested in 6010 patients undergoing
urgent or elective PCI in the REPLACE-2 trial. Of
interest is that one study group included patients
treated with bivalirudin and provisional GPIs (abcix-
imab or eptifibatide) and another included patients
treated with UFH and planned GPIs. All patients were
on ASA, 86% were pretreated with thienopyridine,
and 92% were continued on thienopyridine. There-
fore, to some extent, triple antiplatelet therapy with
ASA, thienopyridine, and GPI plus UFH was tested
against dual antiplatelet therapy with ASA, thienopyri-
dine, plus bivalirudin. The 30-day composite endpoint
rate of ischemic events in the bivalirudin group was
not inferior to the UFH-plus-GPI group (7.6% versus
7.1%, respectively). In-hospital major bleeding rates
were significantly reduced in the bivalirudin group
(2.4% versus 4.1%). One subgroup analysis showed
that bivalirudin was more effective in patients pre-
treated with thienopyridine and conversely the UFH
plus GPI was superior in the no-pretreatment group.
These differences, however, did not reach statistical
significance.23

The idea of using GPIs with bivalirudin instead of
heparins was further tested in the recently published
ACUITY trial. This study included 13 819 patients
with non-STEMI ACS undergoing an early invasive
strategy. Patients were randomized to one of three
antithrombotic regimens: UFH or enoxaparin plus
GPI, bivalirudin plus GPI, or bivalirudin alone. Three
primary endpoints were measured at 30 days: a com-
posite ischemia endpoint (death, myocardial infarc-
tion, or unplanned revascularization for ischemia);
major bleeding; and the net clinical outcome, defined
as the combination of composite ischemia or major
bleeding. Bivalirudin plus GPI, as compared with hep-
arin plus GPI, demonstrated the same rate of ischemia,
bleeding, and net outcome endpoints. Bivalirudin
alone was associated with a 7.8% rate of compos-
ite ischemic endpoint compared with heparin plus
GPI, 7.3%. This difference met noninferiority criteria.
Rates of major bleeding were significantly reduced in
the bivalirudin group (3.0% versus 5.7%), contribut-
ing to the favorable net clinical outcome (10.1% ver-
sus 11.7% of total events; p = 0.02). It is important
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to note that these results were obtained when 65% of
randomized patients in all groups had been treated
with UFH or enoxaparin before randomization, which
could influence the results. The same observation
as in REPLACE-2 trial was made in subgroup analy-
sis. Patients not pretreated with thienopyridine bene-
fited from heparin plus GPI compared to bivalirudin
alone.24 These data underline the importance of early
platelet blockade with dual ASA plus thienopyridine
therapy in moderate-high risk ACS patients, especially
those undergoing PCI. There is a necessity for early ini-
tiation of treatment with GPIs in case of late thienopy-
ridine use, an effect possibly independent of the type
of anticoagulant used.

ORAL ANTICOAGULANT THERAPY

Long-term anticoagulation may be needed in certain
conditions. At present, this is universally achieved
using vitamin K antagonists, primarily warfarin. ASA
or dual antiplatelet therapy with ASA plus clopidogrel
can be used as an alternative.

At the same time, the search for new oral anticoag-
ulants continues, focusing on agents targetting factor
IIa (thrombin) and Xa.

Ximelagatran is the first of the family of oral DTIs.
It is a prodrug of melagatran, compared to which
it is well absorbed from the gastrointestinal tract,
having a bioavailability of 20%. Ximelagatran pro-
duces a reliable anticoagulant response and has pre-
dictable plasma levels, rendering coagulation moni-
toring unnecessary. This, together with the fact that
it has no influence on the P450 system, has made
ximelagatran an attractive alternative to warfarin in
situations where prolonged anticoagulation is consid-
ered.25

An attempt to demonstrate a supplemental bene-
fit in addition to secondary prevention with ASA was
made in 1883 patients with recent STEMI or NSTEMI
who were included in the ESTEEM trial and random-
ized to four different doses of ximelagatran or placebo.
Ximelagatran and ASA were found to be more effec-
tive than ASA alone in preventing major cardiovas-
cular events during 6 months of treatment, with a
nonsignificant increase in major bleeding rates.26 The
SPORTIF III (open-label) and SPORTIF V (placebo-
controlled) trials included 7329 patients with non-
valvular atrial fibrillation randomized to ximelaga-
tran or warfarin. The major efficacy outcome of

preventing stroke or systemic embolism did not dif-
fer significantly between the groups, with a decreased
risk of serious bleeding observed with ximelagatran.
However, a significant proportion of patients on xime-
lagatran demonstrated an increase in liver enzymes
level.27 The possibility of liver toxicity contributed to
the FDA’s decision to reject an application for approval
of ximelagatran and to the final global withdrawal of
the medication from the world market by the manu-
facturer.28

Dabigatran etexilate is another oral DTIs. It is also a
prodrug, which is rapidly converted to its active sub-
stance, dabigatran, after absorption. Having a rather
slow rate of clearance, it can be used 1 to 2 times
daily. Different dosages of dabigatran compared to
enoxaparin for the prophylaxis of venous thromboem-
bolism were tested in the phase III, BISTRO II, ran-
domized trial of 1973 patients undergoing orthope-
dic surgery. A significant dose-dependent decrease in
rates of DVT/PE occurred with increasing doses of
dabigatran etexilate, and a significantly increased risk
of bleeding was seen at higher doses. The authors con-
cluded that further optimization of the efficacy and
safety balance would have to be addressed.29 In Jan-
uary 2006, a large clinical trial using dabigatran etex-
ilate, REVOLUTION – targeting stroke prevention in
atrial fibrillation and primary prevention, secondary
prevention, and treatment of DVT – was started.30

Oral direct factor Xa inhibitors are also being inves-
tigated in clinical settings. Rivaroxaban was stud-
ied in a randomized, double-blind, dose-ranging
study assessing the efficacy and safety of once-daily
rivaroxaban compared to enoxaparin for prevention
of venous thromboembolism in 873 patients under-
going elective total hip replacement. The best com-
bined results of composite of any DVT, objectively
confirmed PE, and all-cause mortality (10.6% ver-
sus 25.2%) with the risk of bleeding (0.7% versus
1.9%) were achieved using 10 mg of oral rivarox-
aban daily. The authors conclude that rivaroxaban
showed efficacy and safety similar to that of enoxa-
parin, with the convenience of once-daily oral dos-
ing without the need for coagulation monitoring, and
that it should be further investigated in phase III tri-
als.31 Another medication from this class, apixaban, is
evaluated in a phase II study for the treatment of DVT
against LMWH or fondaparinux followed by a vitamin
K antagonist. Efficacy will be assessed by the com-
posite of recurrent episodes of thromboembolism and
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compression ultrasonography plus lung scanning to
determine a decline in thrombus burden.32

TISSUE FACTOR AND FACTOR VIIA
AS POSSIBLE TARGETS FOR
ANTITHROMBOTIC THERAPY

The extrinsic coagulation cascade pathway consists
of a regulated series of linked reactions involving
the sequential activation of the coagulation fac-
tors. This results in the conversion of fibrinogen to
fibrin monomers, which cross-link to stabilize the
platelet-rich thrombus (Fig. 21.1). The initial step
is the release of tissue factor (TF). In response to
injury and in atherosclerosis, this protein is expressed
on the surface of activated endothelial cells, circu-
lating cells, and subendothelial cells. Tissue factor
pathway inhibitor (TFPI) is released by endothelial
cells and platelets and circulates bound to plasma
lipoproteins. It inhibits the effects of TF–/VIIa com-
plex and factor Xa. TF and its complex with fac-
tor VIIa represent potential targets for inhibiting
coagulation, even upstream of factor Xa. The most
developed agents are tifacogin TFPI recombinant,
nematode anticoagulant peptide (NAPc2), and active
site-blocked factor VIIa (FVIIai, ASIS). Tifacogin has
at this point an unclear role in the treatment and
prevention of thrombosis. It was suggested that it
could improve coagulopathy and survival in exper-
imental sepsis; however, this was not confirmed in
the phase III clinical trial OPTIMIST, involving 1754
patients with severe sepsis. In fact, the rate of bleed-
ing increased in the treatment group.33 NAPc2 is
an anticoagulant protein isolated from the nema-
tode Ancylostoma caninum. It binds to factors X,
Xa, and FVIIa within the TF–FVIIa complex, with
a half-life of almost 50 h after subcutaneous injec-
tion. Recombinant NAPc2 was investigated in a
phase II randomized, double-blind, dose escalation,
multicenter trial of 154 patients undergoing elective
PCI. All patients received ASA, UFH during PCI, clopi-
dogrel in cases of stent implantation, and GPIs at the
discretion of operator. Systemic thrombin generation
was suppressed in all rNAPc2 dose groups to levels
below pretreatment values for at least 36 h. Inhibi-
tion of the TF–factor VIIa complex with rNAPc2, at
doses up to 7.5 μg/kg in combination with traditional
therapy, appeared to be a safe and effective strat-
egy to prevent thrombin generation during PCI.34 At

present NAPc2 is also being tested in patients with
non-STEMI ACS. Active site-blocked factor VII is an
inactivated form of factor VIIa and competes with it to
form TF–FVIIai complex with further inactivation of
the coagulation cascade. FVIIai was compared to UFH
in patients undergoing PCI who were enrolled in the
ASIS trial. There was no significant difference between
the two groups in a composite endpoint of death, MI,
need for urgent revascularization, abrupt vessel clo-
sure, or bailout use of GPIs. Rates of major bleed-
ing were also similar.35 In general, TF/FVIIa pathway
inhibitors might play a role in the treatment and pre-
vention of thrombosis, but more studies are needed.

WARFARIN AND ANTIPLATELET
THERAPY

The benefits and adverse effects of long-term com-
bined oral antiplatelet and anticoagulant therapy are
only partially known. At present, after the withdrawal
of ximelagatran from the market, there remains the
combination of ASA and warfarin or ASA, thienopyri-
dine, and warfarin. Several considerations should be
assessed:

The role of combined treatment when warfarin is
not absolutely indicated:

Options of combined treatment when both anti-
platelets and anticoagulants are needed due to
coexistent conditions.

The former will include patients with CAD. The
latter will consist of combined pathology: CAD with
PCI and stenting, and stroke in a patient with known
or potential cardioembolism, venous thromboem-
bolism, and/or atrial fibrillation. Atrial fibrillation is
discussed separately, as it is in itself a heterogeneous
entity in terms of antithrombotic therapy.

ASA is indicated in any case of CAD. Clopidogrel was
shown to be beneficial in ACS patients and is essential
after PCI and stenting.

ORAL ANTICOAGULANTS IN
TREATMENT OF CAD

In the Thrombosis Prevention Trial, a total of 5499
men at high risk for CAD were randomized to
combination therapy with low-dose ASA plus low-
intensity warfarin anticoagulation, ASA alone, war-
farin alone, or placebo. Compared to placebo, the
combination of ASA plus warfarin reduced the rate
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of combined fatal and nonfatal ischemic events by
34% (p = 0.003). Compared to ASA alone or war-
farin alone, combination therapy with ASA plus war-
farin reduced the risk of fatal and nonfatal ischemic
events by 15%. There was no significant increase in the
risk of major bleeding in patients treated with a com-
bination of ASA plus warfarin, as compared to ASA
alone (12 in 1277 versus 8 in 1268; p = NS). How-
ever, the combination of ASA plus warfarin increased
the risk of hemorrhagic stroke (7 in 1277 versus 2 in
12688; p < 0.05).36 The Coumadin Aspirin Reinfarc-
tion Study (CARS) trial was a large randomized trial
comparing the efficacy of low-dose ASA plus fixed,
low-dose warfarin versus ASA alone in 8803 patients
after acute MI. One-year life-table estimates for the
composite primary endpoint of death, reinfarction,
or ischemic stroke were 8.8% for the group receiv-
ing ASA plus warfarin 1 mg/day, 8.4% for the group
receiving ASA plus warfarin 3 mg/day, and 8.6% for
the group receiving ASA 160 mg/day. The 1-year life-
table estimates of spontaneous major bleeding were
1.4% in the combination group and 0.74% in the ASA
group.37 In the Post Coronary Artery Bypass Graft (Post
CABG) trial, ASA plus low-dose anticoagulation with
warfarin had no benefit over ASA alone in preventing
saphenous vein graft disease.38 The Combination
Hemotherapy and Mortality Prevention (CHAMP) trial
was a large, open-label, multicenter study conducted
in 78 Veterans Affairs medical centers. A total of 5059
patients were randomized to ASA plus warfarin or ASA
alone within 14 days of acute MI. At a median follow-up
of 2.7 years, the primary endpoint, all-cause mortality
was similar between the two groups. Major bleeding
complications occurred more frequently in the ASA-
plus-warfarin cohort (1.28 versus 0.72 in 100 person-
years).39 In the warfarin substudy of the Organization
to Assess Strategies for Ischemic Syndromes (OASIS)
pilot trial, the effect of long-term warfarin at two inten-
sities was studied in patients with non-ST-segment
elevation ACS. In phase 1, combination therapy with
ASA plus low-dose warfarin (mean INR, 1.5) did not
reduce the risk of recurrent ischemic events compared
to ASA, but in phase 2, (mean INR 2.3), combina-
tion therapy reduced the risk of death, MI, and stroke
compared to ASA (5.1% versus 13.1%; p = 0.05).40 In
the subsequent OASIS-2 substudy, after acute-phase
treatment with hirudin or heparin, the effects of ASA
plus warfarin compared to ASA alone was evaluated in
3712 patients. The composite outcome of cardiovas-

cular death, MI, or stroke occurred in 7.6% of patients
in the ASA-plus-warfarin group versus 8.3% of patients
in the ASA group and was not statistically significant.
Various factors – including the need for invasive proce-
dures, bleeding, and patient refusal – led to poor com-
pliance with warfarin therapy. However, when analysis
was restricted to patients with good compliance rates
(>70%), there was a significant reduction in the risk
of cardiovascular death, MI, and stroke (6.1% versus
8.9%; p = 0.02). There was an excess of major bleed-
ing with the combination therapy (2.7% versus 1.3%;
p = 0.004).41 The Warfarin-Aspirin Re-Infarction
Study-2 (WARIS-2) trial was a large multicenter trial
of 3630 post-MI patients conducted in 20 Norwegian
hospitals. Patients were randomized in an open-label
fashion to one of three arms: (1) combined ASA (75
mg/day) and warfarin (target INR, 2.0 to 2.5); (2) ASA
alone (160 mg/day); or (3) warfarin alone (target INR,
2.8 or 4.2). The level of anticoagulation attained was
a mean INR of 2.2 in the combination group and
2.8 in the warfarin-alone group. Mean follow-up was
for about 4 years. The primary composite endpoint
of death, nonfatal reinfarction, and thromboembolic
stroke occurred in 15% of the ASA-plus-warfarin group
versus 20% of the ASA-alone group (p = 0.00005).
The composite endpoint occurred in 16.7% of the
warfarin-alone patients; therefore warfarin was also
significantly more effective than ASA. The benefit of
ASA plus warfarin over warfarin alone did not reach
statistical significance. There was no significant dif-
ference between the groups in the rate of bypass
surgery or angioplasty procedures over the follow-up.
In WARIS-2, major bleeding was slightly but not sig-
nificantly more frequent in the group receiving the
combination of ASA plus warfarin (0.52% per year)
compared to those on ASA alone (0.15% per year).42

The present data correlate with the conclusions of a
meta-analysis by Anand and Yusuf of oral anticoag-
ulants and ASA in patients with CAD. High-intensity
and moderate-intensity oral anticoagulants are effec-
tive in reducing MI and stroke but increase the risk of
bleeding. The combination of ASA plus low-intensity
warfarin therapy (INR 1.5 to 2.0) was not superior to
ASA alone, whereas ASA plus moderate-intensity war-
farin (INR 2.0 to 2.8) as compared to ASA alone was
more effective in reducing the risk of recurrent car-
diovascular events, with, however, a modest increase
in bleeding risk.43 Dual antiplatelet therapy with ASA
and thienopyridines also offers advantages over ASA
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alone in patients with ACS and is currently recom-
mended for up to 9 months postevent. There are no
data directly comparing ASA plus moderate-intensity
warfarin regimen to dual antiplatelet therapy in this
group of patients.

ORAL ANTICOAGULANTS VERSUS
ANTIPLATELET THERAPY IN
PATIENTS WITH HEART FAILURE

In heart failure patients, the presence of severely com-
promised left ventricular ejection fraction, atrial fib-
rillation, and left ventricular aneurysm (with/without
left ventricular thrombus) significantly increases the
risk for stroke and other thromboembolic events. The
Warfarin and Antiplatelet Therapy in Chronic Heart
Failure (WATCH) trial randomized 1587 heart fail-
ure patients to anticoagulation (target INR 2.5) or
antiplatelet therapy (blinded ASA 162 mg or clopi-
dogrel 75 mg) and found no significant difference in
the composite endpoint of death/MI/stroke between
the three groups. However, patients on warfarin had
less hospitalization, (16.1% versus 22.2% versus 18.3%,
p < 0.01) for heart failure but also significantly
higher bleeding than the antiplatelet groups (major
bleeding 5.56% versus 3.6% versus 2.48% with war-
farin, ASA, and clopidogrel, respectively, p < 0.01).44

The Warfarin/ASA Study in Heart Failure (WASH) study
randomized 279 patients to no antithrombotic treat-
ment, ASA (300 mg/day), and warfarin (target INR
2.5). There was also no difference observed in the
primary endpoints of death, nonfatal MI, or nonfatal
stroke between the three arms. There was significantly
more major bleeding in the warfarin group than in the
ASA and no-antithrombotic-treatment groups, with 4,
1, and 0 major hemorrhages occurring in the three
groups, respectively (p = 0.028).45 The Heart failure
Long-term Antithrombotic Study (HELAS) study was
a multicenter, randomized, double-blind, placebo-
controlled trial to evaluate antithrombotic treatment
in 197 patients with heart failure. Patients with
ischemic heart disease were randomized to receive
ASA 325 mg/day or warfarin. Patients with nonis-
chemic dilated cardiomyopathy were randomized to
receive either warfarin or placebo. Analysis of the data
from 312 patient-years showed an incidence of 2.2
embolic events per 100 patient-years with no signif-
icant difference between groups. Major hemorrhage

only occurred in the warfarin groups at a rate of 4.6
per 100 patient-years.46

ORAL ANTICOAGULANTS VERSUS
ANTIPLATELET THERAPY
IN ATRIAL FIBRILLATION

Atrial fibrillation is the commonest cardiac condition
giving rise to embolism and is an important cause
of stroke. The risk of stroke is a function not only of
the arrhythmia but also of the associated (valvular
or nonvalvular, rheumatic or nonrheumatic) under-
lying heart disease.47 Compared to healthy controls,
patients with nonrheumatic atrial fibrillation have a
5.6-fold risk for developing an embolic event, whereas
this risk is 17.6% in those with atrial fibrillation of
rheumatic origin.48

The pathogenesis of thromboembolic events in
atrial fibrillation is complex. Up to 25% of strokes in
patients with atrial fibrillation may be due to intrin-
sic cerebrovascular disease, atheromatous pathology
in the proximal aorta, or other cardiac sources of
embolism. On the other hand, thrombus formation
in the left atrium is initiated by stasis and endothe-
lial dysfunction in conjunction with a hypercoagula-
ble state characterized not only by biochemical mark-
ers of coagulation but also of platelet activation. This
complex interplay between hemodynamic, endothe-
lial, platelet-related, and procoagulant factors in atrial
fibrillation provides the rationale for investigating
both anticoagulant and antiplatelet therapies, alone
or in combination for prophylaxis of thromboembolic
events, and may explain the differences between their
efficacy in patients with various risk factors or associ-
ated comorbidities.

The role of anticoagulation in preventing stroke in
atrial fibrillation is well established. The target inten-
sity of anticoagulation represents a balance between
the prevention of ischemic strokes and avoidance
of bleeding complications, with optimal protection
against stroke being achieved with an INR range of
2.0 to 3.0 (Fig. 21.2).

The efficacy of antiplatelet therapy alone and com-
pared to anticoagulants in patients with atrial fibrilla-
tion was studied in several large randomized studies.
In the European Atrial Fibrillation Trial, patients with
nonrheumatic atrial fibrillation and previous stroke
or TIA were randomized to anticoagulants, 300 mg
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Figure 21.2 Summary of results of individual-level meta-analyses

of pooled data from randomized clinical trials of the efficacy of

vitamin K antagonists and aspirin for stroke prevention in AF (the

primary outcome in analyzed trials was ischemic stroke or other

systemic embolism if available). (From Go SA et al., Prog Cardiovasc

Dis 2005).

ASA or placebo. ASA was found to be a safe though
less effective alternative when anticoagulation is con-
traindicated. It prevented 40 vascular events of all
types per 1000 patients treated for a year.49 The Stroke
Prevention in Atrial Fibrillation (SPAF) study com-
pared 325 mg/day of ASA or warfarin with placebo
and included 1330 patients, who were followed for a
mean of 1.3 years. The primary events were considered
ischemic stroke and systemic embolism. Although
inferior to anticoagulation, ASA reduced the rate of
primary events by 42% compared to placebo (3.6%
per year versus 6.3% per year, p = 0.02) and the com-
posite endpoint of primary events or death by 32%
(p = 0.02).50 One meta-analysis of six studies, involv-
ing 3337 patients, compared the efficacy of ASA with
placebo and found that ASA reduced the incidence of
stroke by 22% (CI 95% 2% to 38%). In the same retro-
spective analysis, data from five major studies compar-
ing oral anticoagulation with ASA showed that there
was a 36% relative risk reduction of all strokes with
adjusted-dose warfarin compared to ASA and a 46%
reduction when only ischemic strokes were consid-
ered. Warfarin decreased the incidence of all strokes
and ischemic strokes significantly as well as cardiovas-
cular events for patients with nonvalvular or paroxys-
mal atrial fibrillation, but it modestly increased the
absolute risk of major bleeds.51 It was estimated that
the treatment of 1000 patients with atrial fibrillation
for 1 year with oral anticoagulation rather than ASA
would prevent 23 ischemic strokes while causing 9
additional major bleeds.52

Other trials studied the efficacy of adjusted-dose
warfarin therapy compared with the combination of
ASA plus low-dose warfarin. SPAF III study compared
moderate-dose warfarin therapy (INR 2.0 to 3.0) to ASA
(325 mg daily) plus low-dose warfarin (INR 1.2 to 1.5) in
patients considered at high risk for stroke. The study
was terminated early based on the much lower rate
of thromboembolism in the adjusted-dose warfarin
arm (1.9%) compared with ASA plus low-dose warfarin
(7.9%, p < 0.0001).53 AFASAK 2 Study was also termi-
nated early based on the results of SPAF III, with no
significant differences observed between those receiv-
ing moderate-dose warfarin or low-dose warfarin with
or without ASA.54 In addition, the combination of
ASA with low-dose warfarin did not appear to provide
greater efficacy compared to ASA alone for stroke pre-
vention in atrial fibrillation. Interestingly, The Span-
ish National Study for Prevention of Embolism in
Atrial Fibrillation (NASPEAF) tested the combination
of different antiplatelet agents (triflusal, a cycloooxy-
genase inhibitor) plus low-dose warfarin compared
with moderate-dose warfarin. In this unblinded, ran-
domized study, 1209 patients with atrial fibrillation
and risk factors for stroke were divided into three study
arms. High-risk patients with mitral stenosis or prior
stroke were randomized either to adjusted-dose oral
anticoagulation (with acenocoumarol) with a target
INR of 2.0 to 3.0 or to a combination of triflusal 600
mg daily plus oral anticoagulation with a target INR
of 1.4 to 2.4. Intermediate-risk patients were treated
either with triflusal 600 mg daily, adjusted-dose aceno-
coumarol, or triflusal and acenocoumarol with a tar-
get INR of 1.25 to 2.0. Primary endpoints were vascu-
lar death, transient ischemic attack (TIA), or nonfatal
stroke/embolism. These occurred less commonly with
combined therapy than with acenocoumarol in both
the intermediate-risk (hazard ratio 0.33; p < 0.02) and
high-risk groups (hazard ratio 0.51; p < 0.03). Primary
outcome plus severe bleeding was lower with com-
bined therapy in the intermediate-risk group. Nonva-
lvular and mitral stenosis patients had similar embolic
event rates during anticoagulant therapy.55 The con-
clusions of this study contradicted previously reported
results and could have been biased by the open-label
design.

Since the combination of ASA plus low-dose war-
farin proved not to confer benefit, studies focused
also on testing adjusted-dose oral anticoagulation
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therapy with or without additional ASA or against
dual antiplatelet therapy. The ACTIVE W arm of the
ACTIVE trial, assessed whether clopidogrel plus ASA
was noninferior to oral anticoagulation therapy for
prevention of vascular events in patients with atrial fib-
rillation. The trial enrolled 6706 patients who had atrial
fibrillation plus one or more risk factors for stroke.
They were randomly allocated to receive oral antico-
agulation therapy (target INR of 2.0 to 3.0) or clopi-
dogrel plus ASA (75 and 100 mg per day). The pri-
mary outcome was the first occurrence of stroke, non-
cerebral systemic embolus, MI, or vascular death. The
study was stopped early because of clear evidence of
superiority of oral anticoagulation therapy. There were
165 primary events in patients on oral anticoagulation
therapy (annual risk 3.93%) and 234 in those on clopi-
dogrel plus ASA (annual risk 5.60%), corresponding to
a relative risk of 1.44 (p = 0.0003). One of the most
surprising findings in this study was the fact that sig-
nificantly more total and minor bleeds occurred with
clopidogrel plus ASA than with oral anticoagulation
therapy. Rates of major hemorrhage were similar in
the two groups. Intracranial bleeds were more com-
mon with oral anticoagulation therapy than with
clopidogrel plus ASA (21 versus 11; p = 0.08). Even
though ASA (as proven in the SPAF trial) can represent
an alternative to oral anticoagulation in patients with
atrial fibrillation at low risk for embolization, oral anti-
coagulation therapy in ACTIVE W was proven supe-
rior to clopidogrel plus ASA for prevention of vascular
events in patients with atrial fibrillation at high risk
of stroke who do not have contraindications to oral
anticoagulation therapy. 56

Efficacy of ASA for reduction of noncardioembolic
versus cardioembolic strokes in atrial fibrillation may
be more prominent in patients with diabetes and
hypertension. Since cardioembolic strokes are gen-
erally more disabling than noncardioembolic strokes,
the greater the risk of cardioembolic stroke in a pop-
ulation of patients with atrial fibrillation, the less pro-
tection is conferred by ASA.57 ASA (81 to 325 mg daily)
is recommended as an alternative to vitamin K antag-
onists in patients at low risk for embolization and in
those who have contraindications for oral anticoagu-
lation. ASA can also be used as an alternative to vita-
min K antagonists based upon an assessment of the
risk of bleeding complications, ability to safely sustain
adjusted chronic anticoagulation, and patient prefer-
ence.

A balance between primary efficacy and side-
effect profile of antiplatelet and anticoagulant ther-
apy should guide the choice of treatment or preventive
agent in the individual patient.

HEMORRHAGIC COMPLICATIONS
OF ANTIPLATELET VERSUS
ANTICOAGULANT TREATMENT

Inherently, therapeutic interventions targeting coag-
ulation and platelet function are associated with an
increased risk of bleeding. The most commonly used
classification of bleeding complications is the one
developed by the TIMI study group (Table 21.2). Less
frequently, the criteria proposed by the GUSTO study
group are used.

ASA is the most extensively studied antiplatelet
agent. The most common side effect of ASA is
increased cutaneous bruising and epistaxis. Gastroin-
testinal (GI) discomfort/dyspepsia is frequent with all
doses compared with placebo.58,59 The commonest
site of major bleeding is in the GI tract. While ASA
is antithrombotic over a wide range of doses, its GI
effects appear to be dose-dependent.58 ASA-induced
GI toxicity, as detected in randomized clinical trials,
appears to be dose-related in the range of 30 to 1300
mg daily. Although it is widely thought that enteric-
coated and buffered preparations of ASA are less likely
to cause major upper GI bleeding than plain tablets, a
multicenter case-control study suggested that there
is no significant difference between these formula-
tions on relative risks of upper GI bleeding.59 The most
recent review and meta-analysis of adverse events of
ASA and clopidogrel shows that when used for primary
or secondary prevention of atherothrombotic disease,
low-dose ASA (75 to 325 mg/day) increases the risk of
any major bleeding, major GI bleeding, and intracra-
nial bleeding 1.7- to 2.1-fold compared with placebo.
The absolute increased risk of any major bleeding
attributable to ASA is 0.13% per year (hence one would
need to treat 769 patients with ASA instead of placebo
for 1 year to induce 1 additional major bleeding event),
0.12% per year for major GI bleeding, and 0.03 per year
for intracranial bleeding.60 The same review found no
evidence of an increased risk of bleeding with “high”
low-dose ASA (162.5 to 325 mg/day) compared to “low”
low-dose ASA (75 to 162.5 mg/day).

The risks of clopidogrel therapy alone are difficult to
assess due to lack of studies testing the drug against
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Table 21.2. TIMI and GUSTO classifications of bleeding

Classification Severity Criteria

TIMI Major Intracranial bleeding; overt bleeding with a decrease in hemoglobin ≥ 5

g/dL or decrease in hematocrit ≥15%

Minor Spontaneous gross hematuria; spontaneous hematemesis; observed

bleeding with decrease in hemoglobin ≥ 3 g/dL, but ≤15%

Insignificant Blood loss insufficient to meet criteria listed above

GUSTO Severe Intercerebral bleeding or substantial hemodynamic compromise

requiring treatment

Moderate Need for transfusion but no hemodynamic compromise

Mild Other bleeding not requiring transfusion or causing hemodynamic

compromise

GUSTO, Global Use of Strategies to Open Coronary Arteries; TIMI, Thrombolysis In Myocardial Infarction.

placebo. Only one major study performed a direct
comparison of clopidogrel with ASA.61 The absolute
risk associated with ASA therapy versus clopidogrel for
major GI bleeding was 0.12% per year. Combined ther-
apy with ASA and clopidogrel was tested against ASA
alone in the CURE trial62 and against clopidogrel alone
in the MATCH trial.63 Both ASA alone and clopidogrel
alone caused less total bleeding and less major bleed-
ing than combined therapy with both antiplatelet
agents. Relative risk reduction for any major bleeding
with clopidogrel alone versus ASA plus clopidogrel in
the MATCH trial was greater than the same relative risk
reduction with ASA alone versus ASA plus clopidogrel
in the CURE trial (0.58 and 0.27, respectively).

Hemorrhagic complications are also an important
concern with GPIs. In a meta-analysis of six studies
enrolling 31 402 patients with NSTEMI in which early
revascularization was not encouraged during the infu-
sion of the study drug, major bleeding complications
were increased by GPIs (2.4% versus 1.4%; p < 0.0001),
but the rate of intracranial bleeding was not signifi-
cantly different (0.09% versus 0.06%; p = 0.40).64 In a
review of the adverse events related to GPIs reported to
the FDA, major bleeding occurred significantly more
often in the GPI-treated patients compared to placebo
(5.5% versus 4.0%), but the excess was significant
only for abciximab (5.8% versus 3.8%) and not for
eptifibatide and tirofiban (5.0% versus 4.3%).65 The
patients also received various regimens of antiplatelet
and anticoagulant drugs appropriate to the clinical
setting and study targets. The most common site of
bleeding was the central nervous system (28%), fol-

lowed by the GI tract (15%). Pulmonary hemorrhage
was noted in 10% of patients who died, retroperi-
toneal hemorrhage in 8%, and vascular bleeding in
11%. Studies performed with oral formulations of
GPIs in patients with ACS (sibrafiban, orbofiban,
xemilofiban – all synthetic compounds) have failed to
prove therapeutic benefit, while there was also excess
mortality and bleeding in patients assigned to the
study medications.

The rates of bleeding complications with anti-
platelet agents were compared with those encoun-
tered with anticoagulant therapies in many studies,
mainly addressing primary or secondary prophylaxis
in CAD, heart failure, atrial fibrillation, and stroke.
The risks of anticoagulation are not insignificant (the
annual risk of major bleeding with warfarin is 2%
compared to 1% with ASA) and increase in the very
elderly.66 The risk increases dramatically when the
INR is greater than 4.5.

NONHEMORRHAGIC COMPLICATIONS
OF ANTIPLATELET AGENTS

ASA has few nonhemorrhagic side effects accounted
for in large trials. In recent meta-analyses, low dose
ASA did appear to increase the risk of nonhemorrhagic
GI pathology (dyspepsia, diarrhea, constipation) com-
pared to placebo, but this did not account for increased
discontinuation of treatment. Other side effects com-
monly described with higher doses, such as tinnitus
or ASA-induced asthma, are probably extremely rare
with administration of low-dose ASA.
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The interaction between ASA and angiotensin-
converting enzyme inhibitors (ACEIs) represents a
subject of ongoing controversy. Conceptually, because
the cyclooxygenase 1 (COX-1) enzyme is related to the
production of prostaglandins, which are involved in
the regulation of vascular tone, drugs like ASA, which
preferentially antagonize COX-1, are expected to inter-
act (in a dose-dependent fashion) with the hemody-
namic effects of ACEIs. Meta-analyses suggest that
ASA/ACEI interaction does not affect short-term out-
come after MI.67 The effect of long-term concomi-
tant administration, especially in heart failure patients
with poor left ventricular systolic function, is still being
investigated.

Several side effects have been reported for ticlopi-
dine. Diarrhea and/or nausea/vomiting occurs in as
many as 20% of patients, and a skin rash develops in
about 2% to 5%. These side effects forced the discon-
tinuation of ticlopidine in as many as 20% of patients
in some studies. The more serious hematologic side
effects, neutropenia and thrombotic thrombocyto-
penic purpura (TTP), are far less common.

Neutropenia (absolute neutrophil count less than
1200/μL) occurs in approximately 2.4% of patients
and can be severe (less than 450/μL) and life-
threatening in 0.8%.68 Some cases of neutropenia
appear to be irreversible. The peak incidence of neu-
tropenia occurs between 4 and 6 weeks after initiation
of treatment.

TTP develops in only about 0.03% of treated patients
(compared to 0.0004% incidence in the general popu-
lation) but is fatal in 25% to 50% of cases.69 It can occur
as early as a few days after starting the treatment, but
the peak incidence is at 3 to 4 weeks; 80% of patients
developing TTP have been taking the drug for less than
a month and had normal blood counts 2 weeks prior
to the onset of the disorder.70 Early plasmapheresis
reduces mortality from TTP. The development of neu-
tropenia or TTP requires immediate discontinuation
of ticlopidine.

Aplastic anemia (between 8 to 12 weeks after start-
ing the treatment) and bone marrow aplasia have also
been reported with ticlopidine. Adverse drug reac-
tions to ticlopidine may occur at any time during the
treatment course. Therefore hematologic monitoring
is recommended every 2 weeks for at least the first
3 months of treatment.71

Ticlopidine is associated with an 8% to 10% increase
in serum cholesterol, equally affecting all subfrac-

tions.72 The drug may also cause cholestatic jaundice
by an unknown mechanism.

The majority of multicenter clinical trials have
reported bleeding as the major side effect of clopido-
grel therapy and have failed to detect the actual inci-
dence of other serious hematologic side effects. Even
if the overall side-effect profile of clopidogrel is greatly
improved compared to ticlopidine, clopidogrel ther-
apy carries a small risk of serious complications, which
is of significant importance especially because of the
large and continuously expanding number of patients
being treated.

Although more than 3 million patients have been
treated with clopidogrel, TTP has been reported in
11 patients only, a frequency similar to that reported
in the general population (4 per 1 million patients).73

However, very few clinical trials have specifically inves-
tigated the potential side effects of clopidogrel apart
from bleeding. In the CAPRIE study, for example,
severe neutropenia was observed in 6 patients, 4 on
clopidogrel and 2 on ASA. Two of the 9599 patients
who received clopidogrel and none of the 9586 patients
who received ASA had a neutrophil count of zero.
Severe neutropenia resulting from clopidogrel prob-
ably occurs in less than 0.05% of patients. There are
case reports describing aplastic anemia, pancytope-
nia, and severe bone marrow suppression in patients
taking clopidogrel. Patients on clopidogrel do not usu-
ally require monitoring of their blood counts.

The incidence of gastrointestinal side effects (in-
cluding abdominal pain, vomiting, dyspepsia, and
gastritis) is low with clopidogrel. Clopidogrel has also
been linked in case reports to drug-induced mem-
branous glomerulopathy, nephritic syndrome,74 acute
arthritis,75 angioedema,76 urticarial rash, and liver
injury.77

Even though they are usually described in con-
junction with hemorrhagic episodes related to the
administration of GPIs, thrombocytopenia and pseu-
dothrombocytopenia represent distinct hematologic
side effects of these drugs. Reactions usually occur
within hours after administration of the drug but may-
occasionally be delayed. Since they belong to differ-
ent biochemical classes, abciximab on one hand and
eptifibatide and tirofiban on the other are associ-
ated with different incidences of thrombocytopenia
(Table 21.3).

The mechanism of thrombocytopenia within
hours of a patient’s first exposure to GP IIb/IIIa
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Table 21.3. Incidence of mild and severe thrombocytopenia with GP IIb/IIIa
receptor antagonists in clinical trials

GP IIb/IIIa receptor

antagonist

Incidence of

thrombocytopenia

(platelets < 100 000/mm3)

Incidence of severe

thrombocytopenia

(platelets < 50 000/mm3)

Abciximab 2.5%–6% 0.4%–1.6%

Eptifibatide 1.2%–6.8% 0.2%

Tirofiban 1.1%–1.9% 0.2%–0.5%

Xemilofiban/orbofiban (oral) 0.6% N/A

Roxifiban (oral) 3% N/A

Source: Adapted from Huxtable et al., Am J Cardiol 2006;97:426–9.80

receptor antagonists is in contrast with most other
drug-induced thrombocytopenias, and the mecha-
nism of platelet destruction in this context remains
controversial. Indeed, in some instances, thrombo-
cytopenia after abciximab, eptifibatide, or tirofiban
was accompanied by fever, dyspnea, hypotension, and
frank anaphylaxis, suggesting a nonimmune mecha-
nism.78,79 On the other hand, patients with throm-
bocytopenia induced by tirofiban, eptifibatide, or
some of the oral inhibitors often have antibodies
that recognize the GPIs. Such antibodies can be
identified in serum obtained before treatment with
the drug, indicating that they are naturally occur-
ring.78 These antibodies were not found in GPI-
treated, but nonthrombocytopenic patients. Platelet
destruction after the second exposure to GP IIb/IIIa
receptor antagonists has an immune mechanism.
Patients developing severe thrombocytopenia upon
re-exposure to abciximab have IgG and/or IgM anti-
bodies directed against abciximab-coated platelets in
flow cytometric assays.79 Among patients in clinical
trials receiving treatment daily for an extended period
of time with oral GPIs, the incidence of thrombo-
cytopenia is probably higher than with intravenous
preparations, which are usually infused for less than
24 h.

Platelet counts should be performed before and 2 to
6 h after starting GPI infusion to enable early diagno-
sis of thrombocytopenia. Duration of hemorrhagic risk
for patients receiving tirofiban or eptifibatide is limited
to only a few hours after drug discontinuation, whereas
thrombocytopenia lasts for 3 to 5 days after abcix-
imab, with platelet function being impaired for up to
1 week.

Pseudothrombocytopenia is a result of artifactual
platelet clumping in vitro, thus falsely decreasing
platelet count. It occurs with various anticoagulants
used (EDTA, citrate, heparin). The incidence of pseu-
dothrombocytopenia in four major trials with abcix-
imab was 2.1%, compared with 0.6% with placebo. To
our knowledge there are no reports of pseudothrom-
bocytopenia related to tirofiban or eptifibatide. Even if
it is an artifactual finding, pseudothrombocytopenia
can significantly alter the outcome, since it may lead
to the discontinuation of the antiplatelet agent and
platelet transfusions with subsequent acute thrombo-
sis.

FUTURE AVENUES OF RESEARCH

The management of cardiovascular diseases primarily
involves the treatment and prevention of thrombotic
events, with antiplatelet agents being the cornerstone
of therapy of the arterial thrombosis and anticoag-
ulants more effective in venous and cardiac throm-
boembolism.

The effectiveness of single-agent or combined anti-
thrombotic treatment in the prevention of ischemic
events comes at the price of increased bleeding, which
is always a consideration and should be assessed on
an individual basis.

Different strategies (with ASA and the ADP receptor
blocker clopidogrel always being indicated) of dual or
triple antiplatelet therapy in patients with ACS, com-
bined with newer classes of anticoagulants (DTIs and
factor Xa inhibitors), may provide the same preven-
tion of the ischemic events and an improved bleeding
profile.
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TAKE-HOME MESSAGES

� ASA is a safe and effective agent for the treatment and prevention of arterial thrombosis.
� Clopidogrel adds substantial benefit in patients with ACS or PCI and is essential after stenting.
� Further benefits may be obtained in patients with high-risk ACS or PCI from triple antiplatelet therapy by adding GP

IIb/IIIa inhibitors (GPIs).
� Adding anticoagulation with LMWHs (superior to UFH) in patients with ACS, including STEMI with or without PCI, adds

to the net benefit in this group of patients.

Direct factor Xa inhibitors, tissue factor and fac-
tor VIIa, are targets for further research on anticoag-
ulation therapy, along with the continued search for
the new indications for DTIs and indirect factor Xa
inhibitors.

In general, vitamin K antagonists are more effective
than ASA alone or combined with clopidogrel in the
management of venous thromboembolism and car-
dioembolism, including in atrial fibrillation. However,
warfarin is associated with increased risk of bleed-
ing, needs constant monitoring, and has multiple drug
interactions. Thus ASA alone or with clopidogrel is a
safe alternative in patients at a low risk of thromboem-
bolism. Research on the safe and effective oral (dabiga-
tran etexilate) and long-acting parenteral (idraparinux
sodium) anticoagulants is continuing.

There is a suggested benefit in adding long-term
anticoagulation to patients with CAD along with anti-
platelet therapy; however, it is associated with an
increased risk of bleeding and is not generally rec-
ommended. When separate indications exist for
long-term antiplatelet (single or dual) therapy and
anticoagulation with warfarin, decisions should
be individualized, with lowest effective doses of
agents used. Individualized strategy can substantially
decrease the need for long-term combined therapy:
use of bare metal stents instead of drug-eluting stents
and valve repair instead of replacement.

Hemorrhagic complications of both antiplatelet and
anticoagulant therapy can be mild, moderate, and
severe. In general, adding one antithrombotic agent
to another increases the risk of bleeding, with some
combinations being more dangerous than others.

Few nonhemorrhagic side effects – including throm-
bocytopenia, allergic reactions, gastrointestinal symp-
toms (ASA, ticlopidine), and very rare cases of neu-
tropenia and thrombotic thrombocytopenic purpura
(ticlopidine) – to the antiplatelet agents are reported.
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OF ANTIPLATELET THERAPY

Paul Harrison and David Keeling
Oxford Haemophilia and Thrombosis Centre, Churchill Hospital, Oxford, UK

INTRODUCTION

As platelets are clearly involved in the pathology of
atherosclerosis and arterial thrombosis (Chapters 16
and 17),1 antiplatelet therapy forms an important
component of both treatment and prophylactic strate-
gies (Chapter 21) in high-risk patients with cardiac
(Chapter 23), cerebrovascular (Chapter 24), or periph-
eral vascular disease (Chapter 25). Antiplatelet drugs
are also occasionally used as prophylaxis for venous
thromboembolism, although anticoagulants are more
effective in the venous circulation (Chapter 26). Many
types of established and new platelet function tests
(Chapter 8) are being investigated to see if they predict
those at risk of arterial disease and also for monitoring
antiplatelet drugs being given for secondary preven-
tion. In particular, there has been a recent explosion
of interest in detecting patients who respond poorly
to their antiplatelet therapy, with widespread use of
the misleading and poorly defined terms “aspirin
resistance” and “clopidogrel resistance.” Although the
repertoire of antiplatelet drugs that are now avail-
able for clinical use is also likely to increase in the
future (Chapter 20), platelet function testing is still
not widely used to detect, monitor, or titrate differ-
ent types of antiplatelet therapy in different patient
groups in different clinical settings. The question also
remains whether platelet function tests can identify
a clinically important “resistance” to aspirin and/or
clopidogrel, and if so, how treatment should be mod-
ified. Conversely, as increasing numbers of patients
are being treated with either established and/or new
classes of antiplatelet drugs, sometimes in combina-
tion, there will be an associated increased risk of bleed-
ing, both spontaneous and secondary to trauma or
surgery. Stopping antiplatelet therapy prior to surgery
will decrease the risk of bleeding but may leave a high-

risk patient at risk of thrombosis for a week or so. It
has not yet been conclusively shown that presurgical
platelet function testing can predict the risk of bleed-
ing. In this chapter we discuss platelet function test-
ing purely in the context of monitoring antiplatelet
therapy and predicting thrombosis. Whether routine
monitoring of antiplatelet therapy will ever become
widely accepted and part of normal clinical practice
is also considered, particularly as there are many new,
simpler-to-use point-of-care (POC) platelet function
tests now available that are not so reliant on a special-
ist laboratory to process and interpret the results.

WHICH PLATELET FUNCTION TESTS
CAN BE USED FOR MONITORING
ANTIPLATELET THERAPY?

Table 22.1 shows the list of currently available tests
that can be used to monitor antiplatelet drugs. The
oldest test of platelet function is the in vivo bleeding
time (BT) first described by Duke in 1910 (Chapter 8).2

Although the BT was further refined during the last
century and was still in widespread clinical use as a
screening test until the 1990s, its limitations (e.g., lack
of sensitivity and reproducibility) have now been rec-
ognized. In particular, the test cannot reliably predict
either bleeding or thrombosis, and its sensitivity to
detect different forms of antiplatelet therapy is also
limited.3,4,5 Despite this, the test has recently been
used in trials of the novel thienopyridine prasugrel.6

One small study did also show that the BT could pre-
dict clinical bleeding in patients with acute myocardial
infarction undergoing thrombolytic therapy.7

There is no doubt that platelet function testing
was revolutionized by the invention of light trans-
mission aggregometry (LTA) in the 1960s.8,9 For a full
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Table 22.1. Currently widely available platelet function tests that can be utilized to detect antiplatelet therapy∗

Test principle Tests Advantages Disadvantages

Cessation of bleeding

from a standardized

wound in vivo

Bleeding time Measures in vivo hemostasis

POC

Invasive

Insensitive

Scarring

High CV

Aggregometry
Light transmission

aggregation (LTA)

Historic “gold standard”

Many different agonists

available

Sample preparation

Low shear system

Does not simulate normal

hemostasis

Whole-blood impedance

aggregation (WBA)

No separation of PRP required

Many different agonists

available

Does not simulate normal

hemostasis

Low-shear system

Older systems require

electrodes to be cleaned

and recycled

VerifyNow® or RPFA Fully automated POC test

Simple

Rapid

No separation of PRP required

Three cartridges available

(aspirin, P2Y12, and IIb/IIIa)

Inflexible

Cartridges only used for

single purpose

Platelet counting method

(e.g., Ichor-

Plateletworks®)

Simple, cheap Requires a reliable calibrated

method to count platelets

accurately and precisely;

indirect assay

Flow cytometry Detection of activation

markers ex vivo

Measures activation status of

platelets in vivo

Small blood volumes

Expensive

Specialized equipment and

experienced operator

needed

Prone to artifact if samples

not taken carefully or

processed quickly

Ex vivo stimulation and

detection of activation

markers

Uses specific agonists to

measure antiplatelet drugs

(e.g., arachidonic acid or ADP)

As above

VASP phosphorylation Simple As above

Shear dependent

platelet function

within whole blood

PFA-100® Simple

Rapid

CEPI cartridge

Detects aspirin

Inflexible

Insensitive to P2Y12

inhibitors

VWF dependence

Hct- and platelet

count–dependent

IMPACT®-CPA Simple

Rapid

Image-analysis system

New test

Experience limited

(Continued )
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Table 22.1. (Continued )

Test principle Tests Advantages Disadvantages

Global hemostasis tests Thromboelastography

(TEG®)

Thromboelastometry

(ROTEM®)

POC whole-blood test Measures a clot endpoint

Test needs to be modified to

increase sensitivity to

antiplatelet drugs (e.g.,

platelet mapping system)

Hemostasis Analysis

System®
POC whole-blood test

Measures platelet contractile

force

Sensitive to anti-GIIb/IIIa drugs

Measures clot properties

Thromboxane

measurements

Serum thromboxane B2 Dependent on COX-1 activity Prone to artifact

Not platelet-specific

Urinary

11-dehydrothromboxane

B2 (e.g., AspirinWorks®)

Measures stable thromboxane

metabolite

Noninvasive

Indirect assay

Not platelet-specific

Renal function–dependent

COX-1, cyclooxygenase 1; CV, coefficient of variation; CPA, cone and plate(let) analyzer; PFA-100, platelet function

analyzer; POC, point of care; RPFA, rapid platelet function analyzer; VASP, vasodilator-stimulated phosphoprotein; VWF,

von Willebrand factor.

*Platelet function tests are classified according to the test principle employed.

description of LTA, see Chapter 8. LTA is regarded as
the “gold standard” platelet function test because
it can provide a substantial amount of information
about a wide range of acquired and inherited platelet
disorders. With regard to antiplatelet therapy, the
advantage of LTA is that specific agonists can be
employed to test the specific biochemical pathway
or receptor(s) that a particular antiplatelet drug is
inhibiting. For example, arachidonic acid can be uti-
lized to test the generation of thromboxane for moni-
toring cyclooxygenase-1 (COX-1) inhibition by aspirin
and nonsteroidal anti-inflammatory drugs (NSAIDs).
Adenosine diphosphate (ADP) can also be used to
stimulate the P2Y1 and P2Y12 receptors for moni-
toring P2Y12 antagonist or inhibitors. Because αIIbβ3

inhibitors prevent bridging of platelets via aggregation
by the final common pathway, any common agonist
that promotes aggregation [e.g., ADP, collagen, throm-
bin receptor activating peptide (TRAP)] can be utilized
to potentially monitor this class of drug. Over more
recent years, commercial aggregometers have become
easier to use, with multichannel capability, simple
automatic setting of 100% and 0% baselines, computer
operation, and storage of results. For example, new

fully computerized multichannel aggregometers are
now available (Fig. 22.1A), including those with a mod-
ular format (Fig. 22.1B). The disadvantage of LTA is
that platelets are stirred under relatively low shear con-
ditions and platelets are both stimulated and interact
together within free solution, conditions that do not
accurately simulate or mimic platelet adhesion, aggre-
gation, and formation of a hemostatic plug or throm-
bus under varying shear conditions in vivo depending
upon the site of injury. The behavior of platelets under
high-shear conditions (e.g., those encountered within
a ruptured atherosclerotic plaque) is totally different
from their responses and interactions under low- or
intermediate-shear conditions. This may have impor-
tant implications for the ability of a particular drug to
inhibit thrombus formation in vivo as well as the utility
of a particular test in vitro.

A number of alternative whole-blood aggregation–
based tests have also been developed, including
impedance whole-blood aggregometry (WBA) and
a fully automated cartridge-based instrument (Veri-
fyNow® Rapid Platelet Function Analyser, or RPFA).

WBA provides a relatively simple means to study
platelet function within anticoagulated whole blood
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A B

D

E F G

C

Figure 22.1 (A) An example of a modern eight-channel platelet aggregometer. The model shown is the Biodata PAP-8E (reproduced with

permission from Biodata). (B) An example of a modern four-channel modular platelet aggregometer. Additional four-channel modules can be

added into the system depending upon workload demand. The model shown is the Helena AggRam system (reproduced with permission from

Helena Biosciences). (C) The Multiplate® multiple platelet function five-channel impedance analyzer. The inset illustrates the disposable cuvettes

with electrodes (reproduced with permission from Hart Biologicals). (D) The VerifyNow® assay, previously known as the Ultegra Rapid Platelet

Function Analyzer (RPFA). The three types of cartridge systems available are shown in the background: the VerifyNow® IIb/IIIa, VerifyNow®
Aspirin, and VerifyNow® P2Y12 (reproduced with permission from Accumetrics). (E) The PFA-100® instrument (reproduced with permission

from Dade-Behring). (F) The Diamed IMPACT® device (reproduced with permission from Diamed). (G) The Diamed IMPACT-R® device

(reproduced with permission from Diamed). The cone and plate are shown in the inset.
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without any sample processing.10 The test mea-
sures the change in resistance or impedance between
two electrodes as platelets adhere and aggregate in
response to classic agonists. WBA has many signifi-
cant advantages, including use of lower sample vol-
umes and the immediate analysis of samples with-
out manipulation, loss of time, and potential loss of
platelet subpopulations or platelet activation during
centrifugation. The combined measurement of WBA
with ATP luminescence also helps to define the sec-
ondary aggregation response or release reaction and
should be theoretically more sensitive than LTA alone
for the rapid detection of storage or release disorders
and defects in thromboxane production. WBA can
also detect the antiplatelet activity of various agents
not active in platelet-rich plasma (PRP) (e.g., dipyri-
damole).11 A new five-channel computerized WBA
instrument (Multiple Platelet Function Analyzer, or
Multiplate®) has disposable cuvettes with electrodes
and offers a range of different agonists for different
applications, including the monitoring of antiplatelet
therapy (Fig. 22.1C).12

The VerifyNow® assay, previously known as the
Ultegra RPFA (Fig. 22.1D), is a fully automated POC
test that was originally developed to monitor glyco-
protein (GP) IIb/IIIa antagonists within a specialized
self-contained cartridge (containing a platelet activa-
tor and fibrinogen-coated beads) that is inserted into
the instrument at test initiation.13,14,15 Blood sam-
ple tubes are then simply mixed prior to insertion
onto the cartridge, which has been premounted on
the instrument. Aggregation in response to the ago-
nist is monitored by light transmission through two
duplicate reaction chambers in each cartridge, and
the mean result is displayed and printed after a few
minutes. Other specialized cartridges are now avail-
able for measuring platelet responses to either aspirin
(VerifyNow® Aspirin) or clopidogrel and other P2Y12

antagonists (VerifyNow® P2Y12). This instrument is a
considerable advance, as the test is a fully automated
POC test without the requirement of sample trans-
port, time delays, or a specialized laboratory, and it
can provide immediate information to the clinician.
However, it must be remembered that the test is specif-
ically designed for monitoring three different classes
of antiplatelet drugs and cannot really be adapted for
any other use. Furthermore, it is relatively expensive.
It is also possible to monitor platelet aggregometry
in whole blood by a simple platelet-counting tech-

nique. After the addition of classic agonists to stirred
whole blood, platelets aggregate and the platelet count
will decrease when compared to a control tube.16,17,18

The Plateletworks® aggregation kits and Ichor full
blood counter (Helena Biosciences) are based on sim-
ply comparing platelet counts within a control EDTA
tube and after aggregation with either ADP or colla-
gen within citrated tubes.19,20,21,22 Data suggest that
this test correlates well with standard aggregometry23

and can be used to monitor antiplatelet drugs.
As platelet LTA does not simulate natural primary

hemostasis, a number of tests have been developed
that attempt to mimic the processes that occur during
vessel wall damage. Many of these techniques have
remained primarily research tools within expert lab-
oratories because of their inherent complexity and
technical difficulty. For example, the application of
perfusion chambers using controlled shear conditions
to study platelet biology has been in widespread use.
Many instruments have been developed (see reviews),
but only the Platelet Function Analyser (PFA-100®)
(Fig. 22.1E) (see Chapter 8), and IMPACT® (Image
Analysis Monitoring Platelet Adhesion Cone and Plate
Technology) Cone and Plate(let) Analyzer (CPA) (Fig.
22.1F) (see Chapter 8) are currently commercially
available. Both these tests measure platelet adhesion
and aggregation under conditions of high shear and
attempt to simulate or mimic at least some of the pri-
mary hemostatic mechanisms encountered in vivo.

The CPA device was originally developed by Varon
and monitors platelet adhesion and aggregation
to a plate coated with collagen or extracellular
matrix (ECM) under high-shear conditions (1800
s−1).24,25,26 The device has been developed as the
IMPACT® instrument (Diamed) (Fig. 22.1F), in which
a polystyrene plate is utilized instead of a collagen-
or ECM-coated surface. The test is now fully auto-
mated and simple to operate; it uses a small quan-
tity of blood (0.13 mL) and displays results in 6 min.
The instrument contains a microscope and performs
staining and image analysis of the platelets that have
adhered and aggregated on the plate. The image soft-
ware permits storage of the images from each analysis
and records a number of parameters, including sur-
face coverage, average size, and distribution histogram
of adhered platelets. Preliminary data suggest that the
test can be used in the diagnosis of platelet defects and
in monitoring antiplatelet therapy. The test has only
just become commercially available, so widespread
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experience is still very limited. There is also a research
version of the instrument called the IMPACT-R (Fig.
22.1G), which requires some of the test steps to be
manually performed but also facilitates adjustment of
the shear rate.

The PFA-100® device (Fig. 22.1E) has been commer-
cially available for 10 years and is now in widespread
use within many laboratories, with over 200 papers
published on various clinical applications.27,28 The
test was originally developed as a prototype instru-
ment called the Thrombostat 4000 by Kratzer and Born
and further developed into the PFA-100® by Dade-
Behring.29,30 The PFA-100® measures the fall in flow
rate as platelets within citrated whole blood are aspi-
rated through a capillary and begin to seal a 150-μm
aperture within a collagen-coated membrane. This
reaction takes place within two types of disposable
cartridges where the membrane is either coated with
collagen and ADP (CADP) or collagen and epinephrine
(CEPI). The instrument records the time (closure time,
or CT) it takes to occlude the aperture along with the
total volume of blood used during the test. The max-
imal CT that can be obtained is 300 s. Although the
test is widely used to screen for von Willebrand dis-
ease (VWD) and other platelet defects, it can also be
used to detect antiplatelet therapy.28,31,32 Although the
CEPI cartridge is sensitive to the detection of aspirin
and related drugs (the CADP cartridge is not), neither
cartridge can reliably detect the influence of clopido-
grel and other anti-P2Y12 drugs.

In the last 20 years, flow cytometric analysis of
platelets has developed into a powerful and popular
tool to study many aspects of platelet biology and
function. Preferred modern methods now utilize
diluted anticoagulated whole blood incubated with
a variety of reagents, including antibodies and dyes
that bind specifically to individual platelet proteins,
granules, and lipid membranes.33,34,35 Many of these
reagents are commercially available from many
sources, enabling flow cytometric analysis of platelets
to be widely performed. Provided that blood samples
are relatively fresh and unfixed, the action of various
antiplatelet drugs can be detected by using specific
agonists in combination with various activation mark-
ers (e.g., PAC-1 and CD62P). For example, arachidonic
acid stimulation can be used to determine COX-1
activity and ADP can be used to stimulate P2Y1 and
P2Y12 receptors.36 It is also possible to determine
the level of various phosphorylated cytoplasmic pro-

teins using specific antibodies within permeabilized
platelets; for example, VASP phosphorylation status
can be determined as an indirect measure of P2Y12

blockade.37,38

Thromboelastography (TEG®) was originally devel-
oped more than 50 years ago.39,40,41 Whole blood is
incubated in a heated sample cup in which a pin, con-
nected to a chart recorder or computer, is suspended.
The cup oscillates 5 degrees in each direction. In nor-
mal anticoagulated blood, the pin is unaffected; but
as the blood clots, the motion of the cup is transmit-
ted to the pin. Whole blood or recalcified plasma can
be used with or without activators of either the tis-
sue factor or contact factor pathways. The instrument
has been significantly upgraded to the TEG analyzer
5000 series. The TEG is rapid to perform (<30 min),
can be conducted in a POC fashion, and provides var-
ious data relating to clot formation and lysis (the lag
time before the clot starts to form, the rate at which
clotting occurs, the maximal amplitude of the trace,
and the extent and rate of amplitude reduction). Rota-
tional TEG (ROTEG® or ROTEM®) is an adaptation of
the TEG where the cup is stationary and the pin oscil-
lates.39,42 Unlike platelet function tests, TEG instru-
ments have been traditionally utilized within surgi-
cal and anesthesiology departments as POC tests for
determining the risk of bleeding and as a guide to
transfusion requirements. More recent developments
include an expansion in the range of activators to initi-
ate aggregation rather than coagulation – for example,
the Platelet Mapping System® using ADP and arachi-
donic acid, making the Haemoscope TEG theoretically
more sensitive to antiplatelet drugs than conventional
TEG.43,44 Data suggest that the modified test correlates
well with conventional LTA in detecting antiplatelet
therapy.45 The Haemostasis Analysis System (HAS) by
Hemodyne is based on the original technique devel-
oped by Carr. The HAS measures a number of param-
eters in clotting blood, including platelet contractile
force (PCF), clot elastic modulus, and thrombin gener-
ation (TGT) in a small sample (700 μL) of whole blood.
The test has been shown to be potentially useful for
monitoring αIIbβ3 inhibitors.

As aspirin inhibits COX-1 and the formation of
thromboxane A2 (TxA2) and its metabolites either
within serum or urine, it provides a potentially simple
way to monitor aspirin therapy. TxA2 is rapidly con-
verted into the more stable and inert compound TxB2,
which is further metabolized to 11-dehydro TxB2, the
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major product found in urine. Measurement of TxB2

by various immunoassays can facilitate an indirect
assessment of the capacity of platelets to form TxA2.
TxB2 can be simply measured either within serum
derived from nonanticoagulated whole blood (clot-
ted for a standard period of time at 37◦C) or within
supernatants derived from PRP or purified platelets
(with standardized platelet counts) activated by ago-
nists to stimulate COX-1 activity. The metabolite 11-
dehydro TxB2 can also be measured within urine
samples; the assay is also commercially available as
the AspirinWorks® test.46

MONITORING ANTIPLATELET
THERAPY

Many antiplatelet drugs (e.g., aspirin) have tradition-
ally been administered at their standard doses with no
monitoring of effect on the assumption that this would
be sufficient to inhibit platelet function. That, coupled
with the lack of a simple, convenient, reliable, and clin-
ically relevant test of platelet function, means that any
potential lack of clinical benefit in individual patients
often remains undetected. With the availability of new
classes of antiplatelet drugs (e.g., thienopyridines and
new P2Y12 antagonists and αIIbβ3 antagonists), there
is now much interest in the potential utility of platelet
function tests to monitor the efficacy of platelet inhi-
bition. The development of anti-αIIbβ3 antagonists in
particular resulted in the appearance of a number
of new assays to monitor a patient’s response (e.g.,
VerifyNow®IIb/IIIa, flow cytometry of αIIbβ3 occu-
pancy) mainly because of their narrow therapeutic
window with associated increased risk of bleeding.
This, coupled with the now well-studied but poorly
defined phenomenon of “drug resistance,” has led to
an explosion of interest, research, and availability of a
variety of tests that can potentially monitor an individ-
ual’s response to antiplatelet therapy.47 The question
remains whether these tests are clinically useful, to
predict either bleeding or an increased risk of recur-
rent thrombosis. It should be noted that no drug given
for secondary prophylaxis will be 100% effective and a
recurrence, though a failure of therapy, does not nec-
essarily mean that the patient was “resistant” to the
effect of the drug. Patient noncompliance to therapy
is also an important issue; it may be detected by tests of
platelet function but is also potentially misinterpreted
as “drug resistance.”47,48

It is well known that there is considerable variation
in the response of individuals (both patients and nor-
mal controls) to aspirin, clopidogrel, and αIIbβ3 antag-
onists as measured by various tests. Those individuals
who respond poorly to a given drug have been termed
“resistant.” However, this is a poorly defined phe-
nomenon and a true definition of resistance should
relate only to the action of a specific drug to inhibit
its biochemical target.49 Many platelet function tests
are also nonspecific and do not isolate the activity of
a particular pathway/receptor that a given drug may
inhibit. Resistance may also simply represent natu-
ral biological variation in a given drug response or
may be due to specific or more complicated mech-
anisms.50 We may have to ask whether a patient is
resistant to a specific class of drug, related to its mecha-
nism of action, or whether there are common inherited
and/or acquired mechanism(s) that may influence an
individual’s response not just to one but potentially
all antiplatelet drugs.50 Recent data indeed suggest
that some patients described as resistant to aspirin
also have a reduced response to clopidogrel.51 Given
the multifactorial nature of atherothrombotic disease,
recurrent cardiovascular events (or treatment failure)
can also be independent of inhibition of platelet func-
tion. Therefore, whatever the mechanism(s), one of
the key questions is whether any laboratory test that
detects either resistance or a nonresponse can predict
clinical events and whether a change in therapy based
on a given test result is beneficial to the patient. Until
these links are firmly proven within large trials, resis-
tance in the laboratory cannot be ascribed as a cause
of thrombosis. Therefore, except in research trials, it
is not yet clinically useful to test for resistance and
change a patient’s therapy on the basis of a laboratory
test.47,50,52 We now turn to specific laboratory tests for
monitoring responsiveness to the three main current
choices of antiplatelet drug.

Monitoring αIIbβ3 antagonists

The identification of the importance of the GP IIb/IIIa
complex (integrin αIIbβ3) in mediating platelet aggre-
gation (i.e., the final common pathway of platelet
activation) suggested that this receptor would be an
attractive target for antiplatelet therapy. The platelet
αIIbβ3 antagonists (e.g., abciximab, tirofiban, and
eptifibatide) have now become an important class
of antiplatelet agents that are widely used for the
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prevention of thrombotic complications in patients
undergoing percutaneous coronary interventions
(PCI) or presenting with acute coronary syndromes
(ACS). Early observations on the inhibition of throm-
bus formation within animal models not only estab-
lished a strong correlation between the level of αIIbβ3

blockade and prevention of thrombus formation
but demonstrated steep dose–response curves.53,54 It
became apparent that a certain level of αIIbβ3 inhi-
bition was required for the optimal efficacy of anti-
αIIbβ3 antagonists. This strongly suggested that mon-
itoring of platelet inhibition could be important in
patients treated with these agents. Monitoring αIIbβ3

antagonists can be performed by a variety of tests
including LTA, WBA, radiolabeled antibody-binding
assays, and flow cytometry.55 However, many of these
tests are time-consuming, expensive, and usually per-
formed only within specialized laboratories. It is also
important to be aware of potential artifacts gener-
ated by using citrated PRP, as the initial experience
of using LTA in the monitoring of αIIbβ3 inhibition
with eptifibatide resulted in wrong choice of drug
dosage for the first clinical trial, with subsequent cor-
rection in the next trial.56 Flow cytometry provides an
accurate means to determine αIIbβ3 receptor occu-
pancy by either using direct or indirect approaches.
Various assays have used labeled αIIbβ3 antagonists,
blocking antibodies, peptides, antifibrinogen anti-
bodies, antibodies directed against the drug itself, or
ligand-induced binding site antibodies.57 Given the
widespread clinical use of these drugs within cardi-
ology departments, there also existed a demand for
a simple, cheap, and rapid method that could be uti-
lized as a POC test so that the degree of αIIbβ3 block-
ade could be determined by nonspecialists. A sim-
ple functional assay as compared to a quantitative
assay would also have the additional advantages in
that it assesses the goal of the therapy; all αIIbβ3 antag-
onists can be therefore measured in a standardized
fashion. The VerifyNow® system (see Chapter 8 and
above for a full description of the instrument) was orig-
inally developed to meet this demand. The assay prin-
ciple was developed based upon experiments using
fibrinogen-coated beads and TRAP, which facilitated
the rapid visual analysis of the degree of αIIbβ3 block-
ade.15 The basis of the VerifyNow® IIb/IIIa cartridge-
based assay is that fibrinogen-coated beads will agglu-
tinate in whole blood in direct proportion to the degree
of platelet activation and αIIbβ3 exposure.13 The pres-

ence of an αIIbβ3 inhibitor will therefore decrease the
amount of agglutination in proportion to the level of
inhibition achieved. (For more details, see Chapter 8.)

Initial in vitro evaluations of the VerifyNow® IIb/IIIa
assay demonstrated good correlations with both LTA
in PRP and radiolabeled receptor binding assays.13

Studies in patients receiving either abciximab or other
αIIbβ3 antagonists also demonstrated good correla-
tions with LTA.58,59 A slightly modified Plateletworks®

POC assay was recently shown to correlate more
strongly than VerifyNow® IIb/IIIa with LTA in mea-
suring platelet inhibition by αIIbβ3 antagonists.21 A
large prospective multicenter study called GOLD (AU,
or assessing Ultegra) showed a significant associa-
tion between the level of platelet inhibition by the
VerifyNow® IIb/IIIa assay and clinical outcomes.60

This suggests that the device has clinical utility,
although no study has yet been performed to deter-
mine whether titration of αIIbβ3 therapy based upon
the VerifyNow® IIb/IIIa test results in a decrease in
adverse events. The PFA-100 has also been utilized
to monitor αIIbβ3 blockade and correlates well with
LTA and receptor occupancy measurements.61,62,63

Although many patients give nonclosure or >300 s CTs
following treatment, one study suggests that failure to
give a nonclosure may be associated with an increased
risk of cardiac events.63 More recently, underlying
platelet reactivity (i.e., shortened CADP CTs) at pre-
sentation seems also to affect responses to αIIbβ3 inhi-
bition and long-term outcomes in patients with ST-
elevation myocardial infarction (STEMI) undergoing
PCI.64 Platelet reactivity 24 h poststenting also predicts
outcome,65 although the PFA-100® may have limited
utility for monitoring the effectiveness of αIIbβ3 inhi-
bition because of the maximal 300-s CT achieved in
many patients.62,64,66

Monitoring aspirin and the aspirin
resistance issue

Aspirin irreversibly inhibits COX-1, resulting in the
inhibition of TxA2 generation for the entire life span
of the platelet.67 For more details on the pharmacol-
ogy of aspirin, see Chapter 20. Aspirin is an effec-
tive antiplatelet agent as it reduces the relative risk
of major vascular events and vascular death by about
25% after ischemic stroke and acute coronary syn-
drome.68 Regular low doses of aspirin (e.g., 75 mg/
day) will result in >95% inhibition of thromboxane
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generation as shown by arachidonic acid–induced
platelet LTA. Therapeutic monitoring was therefore
thought to be unnecessary. However, the antiplatelet
properties of aspirin have been shown to vary
between individuals, and recurrent thrombotic events
in some patients could be potentially caused by
“aspirin resistance” or aspirin nonresponsiveness.49,50

The reported incidence of aspirin nonresponsive-
ness varies widely (between 5% and 60%), partly
because there is no accepted standard definition based
on either clinical or laboratory criteria. There are
also many possible mechanisms for aspirin resis-
tance, which have been discussed in detail else-
where (Table 22.2) (see also Chapters 13, 20, and
23).47,50,69,70,71,72,73 Recently it has been proposed that
the term “aspirin resistance” should be utilized only as
a description of the failure of aspirin to inhibit TxA2

production irrespective of a specific test of platelet
function.49 This is because there are many other bio-
chemical pathways that can potentially bypass COX-
1 activity even if this enzyme is inhibited. Equally,
although this definition adequately considers the
pharmacologic action of aspirin, an appropriate mea-
sure of platelet function (e.g., adhesion or aggrega-
tion) could be argued to be more clinically relevant.
Depending on the test system employed, aspirin resis-
tance, or more correctly an aspirin nonresponse, may
be detected even if COX-1 is fully blocked.49 Recent
studies suggest that aspirin resistance is rare in com-
pliant patients using methods dependent on COX-1
activity.43,74 Addition of in vitro aspirin to samples and
retesting should also be an important consideration
for testing compliance and aspirin underdosing.75,76

Any potential COX-2 dependence can also be tested for
by retesting after addition of in vitro indomethacin.36

Using both these approaches, a recent large study in
700 patients undergoing cardiac catheterization sug-
gests not only that noncompliance and underdosing
are rare (∼2% of patients) but that there is a novel ADP-
dependent but COX-1 and COX-2–independent path-
way of residual arachidonic acid induced platelet acti-
vation.36 Although the correct management of aspirin
resistance remains unknown, this study also suggests
that inhibition of P2Y12 with clopidogrel or other drugs
could be potentially beneficial.36

Many tests (see Chapter 8) have been used to
assess the influence of aspirin on platelets, includ-
ing arachidonic acid and ADP-induced LTA, ADP-
and collagen-induced impedance aggregation,

Table 22.2. Possible mechanisms of aspirin and
clopidogrel resistance

Bioavailability

Noncompliance

Underdosing

Poor absorption (enteric-coated aspirin)

Interference

NSAID coadministration (competes with aspirin for

serine 530 of COX-1)

Atorvastatin (interferes with cytochrome P450–mediated

clopidogrel metabolism)

Platelet function

Incomplete suppression of TxA2 generation (aspirin)

Accelerated platelet turnover and production of

drug-unaffected platelets

Stress-induced COX-2 in platelets (aspirin)

Increased sensitivity to ADP and collagen

Single-nucleotide polymorphisms

Receptors: P2Y12 HS haplotype (clopidogrel), GP IIb/IIIa,

collagen receptor, thromboxane receptor, P2Y1

receptor, etc.

Enzymes: COX-1, COX-2, thromboxane synthase, etc.

(aspirin): CYP Isoenzymes (clopidogrel)

Platelet interactions with other blood cells

Endothelial cells and monocytes provide PGH2 to

platelets (bypassing COX-1) and synthesize their own

TxA2 (aspirin)

Other factors

Female sex, age, smoking, hypercholesterolemia, obesity,

diabetes, CABG, PCI, etc.

Rather than resistance, is it:

Aspirin or clopidogrel response variability?

Platelet response variability?

Treatment failure (because arterial thrombosis is

multifactorial)?

PGH2, prostaglandin H2; COX-1 and COX-2,

cyclooxygenase-1 and -2; CABG, coronary artery bypass

graft; PCI, percutaneous coronary intervention.

Source: Modified from Michelson AD. Platelet function

testing in cardiovascular disease. Circulation

2004;110:489–3. With permission from Lippincott

Williams & Wilkins.
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VerifyNow® Aspirin, PFA-100®, Thromboelasto-
graphy® (TEG® platelet mapping system), flow
cytometry using arachidonic acid stimulation,36 and
serum and urinary thromboxane.47 Tests should ide-
ally be performed pre- and postdrug to take into
account any pre-existing variables in platelet reactiv-
ity that could influence test results which could be
theoretically masked by testing “post” samples only.
Some tests have been claimed to be potentially pre-
dictive of adverse clinical events.47 However, the large
majority of these studies are small and often statisti-
cally underpowered to completely answer whether the
test can reliably predict the small number of adverse
outcomes observed in each study.50,69

Although preliminary results from some studies
could suggest that responses to aspirin should be
monitored, there are additional problems in that LTA
is time-consuming, difficult to perform, and can-
not realistically be carried out on large numbers of
patients in routine practice. However, simpler tests
of platelet function are now available, the PFA-100®,
VerifyNow® Aspirin, TEG® platelet mapping sys-
tem, and urinary thromboxane, which could each
offer the possibility of the rapid and reliable iden-
tification of aspirin nonresponsive patients without
the requirement of a specialized laboratory. The PFA-
100® usually gives a prolongation in the CEPI CT in
response to aspirin, with the CADP CT usually remain-
ing within the normal range.77,78 A number of stud-
ies have observed that an appreciable number of both
normal controls and patients are “aspirin resistant” or
fail to respond in terms of prolongation of their CEPI
CT in response to aspirin.79,80,81,82,83,84,85,86 Increas-
ing the aspirin dosage can often result in a greater
prolongation of CEPI CTs in some patients suggest-
ing that the test could be useful for optimizing aspirin
therapy.77,87 Because the PFA-100® is a global high-
shear test of platelet function, many variables have
been shown to influence the CT, including levels of von
Willebrand factor (VWF), platelet count, and hemat-
ocrit.28 In patients identified with aspirin resistance
by the PFA-100® a number of studies have shown
that vWF levels are higher when compared to those of
responders.84,85,88 As the CEPI CT is highly dependent
upon VWF and other variables, pre- and postaspirin
CTs should ideally be determined, as the true aspirin
response may be masked by either short or prolonged
CTs before the drug is given.49 Also, CADP CTs are
lower in these patients, which may be caused by a com-

bination of high VWF but also increased sensitivity to
collagen and ADP as shown by LTA.84,89,90 It is there-
fore possible that the apparent increased sensitivity
of the PFA-100® to detect an aspirin nonresponse is
caused by a combination of these factors resulting in
the normalization of the CT despite adequate COX-1
blockade by aspirin. It is therefore not surprising that
the incidence of aspirin nonresponders is reportedly
much higher with the PFA-100® than other tests.91,92

It is likely that the PFA-100® is detecting not only
“true” resistance (failure to inhibit COX-1) but also
individuals who are able to give normal CEPI CTs
despite adequate COX-1 blockade. Some people have
termed this pseudoresistance. The question remains
whether either group is at increased risk of throm-
bosis. Preliminary data suggest that PFA-100® CEPI
CTs were noninformative in patients with stable coro-
nary artery disease in contrast to LTA.93,94,95,96 In con-
trast, however, other studies suggest that the test could
be informative80,97,98,99,100,101 and that shortened CTs
with the CADP cartridge (which is not affected by
aspirin) may also be predictive.89,101,102,103,104,105,106

Platelet reactivity as defined by shortened CADP CTs
also affects response to αIIbβ3 inhibition in STEMI
patients undergoing PCI.64 Interestingly, an intrin-
sic global platelet hyperreactive phenotype may be
also partly responsible for the shortening of the CTs
on both types of PFA-100® cartridges.104,105,106,107

Underlying platelet heterogeneity may therefore be
a major contributor to “aspirin resistance.”36,108 Fur-
ther large prospective studies on the PFA-100® are
required.

The VerifyNow® aspirin cartridge for use in the
RPFA provides a true POC test for monitoring re-
sponses to aspirin. The test offers the possibility of
rapid and reliable identification of aspirin resistance or
nonresponsive patients without the requirement of a
specialized laboratory or LTA. Indeed the test has Food
and Drug Administration (FDA) approval for monitor-
ing aspirin therapy and is also being used by some
general practitioners in the United States. The original
VerifyNow®-Aspirin cartridge contains fibrinogen-
coated beads and a platelet activator (metallic cations
and propyl gallate) to stimulate the COX-1 path-
way and activate platelets.109 Ideally the test should
produce similar results to those obtained by arachi-
donic acid–induced LTA. One study showed an 87%
agreement with epinephrine-induced LTA.110 Previous
data comparing propyl gallate and other agonists by
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platelet aggregometry suggest that this agonist detects
a lower number of responders in volunteers receiv-
ing either 400 or 100 mg of aspirin.109 A more recent
study compared LTA with VerifyNow®-Aspirin and
PFA-100® in 100 stroke patients on low-dose aspirin
therapy and demonstrated that aspirin nonrespon-
siveness was not only higher in both POC tests but
agreement between tests was poor and few patients
were nonresponsive by all three tests.91 Despite this,
the VerifyNow®-Aspirin test can potentially identify
aspirin nonresponders in relation to adverse clinical
outcomes and aspirin dose.111,112,113,114 Since the end
of 2004, the VerifyNow®-Aspirin cartridge has been
modified and arachidonic acid has replaced propyl
gallate as the principal agonist. Recent data suggest
that this new formulation can be used to monitor dif-
ferences between dosages and preparations of aspirin
given to normal controls and recovery of platelet func-
tion after cessation of therapy.115 Further studies are
therefore warranted to relate adverse clinical out-
comes to the new VerifyNow®-Aspirin assay and to
see whether changing therapy on the basis of the result
can also improve outcomes.

Perhaps the simplest methods to monitor aspirin
are to measure thromboxane levels within serum or
urine. Measurement of serum TxB2 can also provide a
simple means to determine compliance rates, partic-
ularly when other tests of platelet function are being
used.36 Although noncompliance rates have been sug-
gested to be high in studies where patients self-report
their aspirin usage,116 recent studies have suggested
that noncompliance rates are low.36,43 One recent large
study has suggested that urinary 11-dehydro TxB2

is associated with adverse clinical events in patients
receiving low-dose aspirin.46

There has recently been an explosion of interest
and tests available to detect aspirin resistance. As dis-
cussed above, some studies have shown that detection
of aspirin resistance or nonresponsiveness by a vari-
ety of tests is associated with increased risk of arterial
thrombosis. It is still, however, unclear how to man-
age a patient shown to be “aspirin resistant” in an in
vitro test. In most of these studies the number of arte-
rial events was low, and well-controlled large prospec-
tive studies are needed. Combination therapy with
other antiplatelet agents provides a potential route to
treat poor responders and/or those patients at high
risk of recurrent thrombosis, but it may also increase
the risk of bleeding. Indeed, a combination of aspirin

and dipyridamole has been shown to be superior to
aspirin alone for the secondary prevention of stroke
and TIA without a higher risk of bleeding.117,118 The
CHARISMA (Clopidogrel for High Atherothrombotic
Risk and Ischemic Stabilization Management and
Avoidance) and ASCET (ASpirin nonresponsiveness
and Clopidogrel Endpoint Trial) trials were designed
to determine whether switching to either clopido-
grel or combined therapy results in improved clini-
cal outcomes.119,120 The results from the CHARISMA
trial in 15 063 high-risk patients actually suggest that
clopidogrel and aspirin are not more effective than
aspirin alone in reducing the rate of major cardio-
vascular events (MACE) and in fact caused increased
bleeding.121 Current guidelines still recommend that
except in research trials, aspirin resistance should
not be monitored or therapy changed on the basis
of any test result.50,122,123 See the end of this chap-
ter for a summary of take-home messages associated
with the current status on aspirin monitoring and
resistance.

Monitoring P2Y12 inhibition and
thienopyridine resistance

Clopidogrel, a prodrug, is metabolized by the
cytochrome P450 enzyme system in the liver to an
active metabolite that specifically and irreversibly
blocks the platelet ADP receptor P2Y12. For more
details on clopidogrel and other ADP receptor
inhibitors/antagonists (e.g., ticlopidine and can-
grelor) see Chapters 20, 21, 23, and 24.124 Platelet
inhibition by clopidogrel is both dose- and time-
dependent; patients are usually given a loading dose
of 300 to 600 mg and then maintained on 75 mg/day.
The CAPRIE trial showed that clopidogrel prevented
more vascular events than aspirin (RRR 8.7%) in
patients with known atherosclerosis125. The CURE
trial showed that aspirin plus clopidogrel was 20%
more effective than aspirin alone in acute coronary
syndromes,126 but the MATCH and CHARISMA stud-
ies showed equivalence of aspirin plus clopidogrel
with either clopidogrel or aspirin alone, respectively,
in patients with ischemic stroke or TIA.121,127 Com-
bination therapy has been regarded as the “gold
standard” during cardiac intervention,128 although
prolonged therapy can increase bleeding risk.121 Vari-
ability in clopidogrel response has also been observed
between individuals,129 and 5% to 10% of patients still
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experience acute or subacute thrombosis after coro-
nary stent implantation.49,130,131,132 The definition of
clopidogrel resistance is even more difficult than that
of aspirin resistance. The degree of inhibition detected
by ADP-induced LTA can vary widely, especially as
ADP can still activate platelets via a second recep-
tor (P2Y1). There is also interindividual variability of
cytochrome P450 activity.124 There is an inverse cor-
relation between P450 3A4 activity and platelet aggre-
gation, and other drugs can either promote or inhibit
metabolism to a certain degree.133 Pre-existing vari-
ability in ADP responsiveness is also an important
variable and may provide the major explanation for
response variability.134 Many mechanisms of clopido-
grel resistance have been proposed, some of which
may also apply to aspirin (Table 22.2).47,70,135

Laboratory responses to clopidogrel and other
P2Y12 inhibitors are largely based on monitor-
ing ADP-stimulated responses.136 Platelets are stim-
ulated with ADP and responses are monitored
using either LTA, the VerifyNow® P2Y12 assay, TEG
Plateletworks®, and flow cytometric analysis of
activation-dependent markers (e.g., CD62P, PAC-1),
Plateletworks®, or intracellular signaling by moni-
toring VASP® (Vasodilator-Stimulated Phosphopro-
tein).20,124,136,137 Ideally responses should be moni-
tored pre- and postdrug, although this may not always
be possible. LTA using 5 or 20 μM of ADP can clas-
sify patients into three categories: nonresponders,
intermediate responders, and responders, based upon
measuring the change in (δ) aggregation at baseline
and postdrug.138 Nonresponders can be defined with a
δ-aggregation of <10%. Studies have shown that there
is considerable variation in patient response to clopi-
dogrel and that up to 30% of patients may be nonre-
sponders. The largest analysis so far has found 4% of
544 patients to be hyporesponsive to clopidogrel.129

More recent data suggest that a proportion of patients
are probably underdosed and that a 600-mg loading
dose significantly reduces the number of nonrespon-
ders as compared to a loading dose of 300 mg.138,139,140

However, a loading dose of 900 mg seems to provide
no extra benefit over 600 mg in either normal controls
or patients.141,142 There is still the critical unresolved
question of whether in vitro lack of responsiveness to
clopidogrel correlates with an increased incidence of
major adverse clinical events.

ADP-induced LTA is probably not very practical to
test on large numbers of clinical samples outside of

a research setting. Also, as residual P2Y1 function can
vary despite P2Y12 inhibition, heterogeneity may be
expected with LTA, and ADP alone may not be spe-
cific enough to assess clopidogrel and other P2Y12

antagonists.38 Despite these problems, Matetzsky
et al. found evidence that ADP-induced LTA predicted
adverse events, and this assay also correlated with
epinephrine-induced LTA and the CPA.143 The RPFA-
Ultegra instrument (renamed VerifyNow®) was orig-
inally designed to overcome the major limitations of
LTA and can be used as a POC test (see Chapter 8). The
VerifyNow® P2Y12 cartridge has also become available
for monitoring clopidogrel and other P2Y12 antago-
nists on the RPFA instrument (see Chapter 8). The car-
tridge comprises a whole-blood assay channel con-
taining fibrinogen-coated beads with the platelet ago-
nist ADP and determines the level of inhibition of the
ADP-mediated P2Y12 response, with results expressed
as P2Y12 reaction units (PRUs). The assay also uses
prostaglandin E1 in addition to ADP to increase intra-
cellular cAMP, theoretically enhancing the sensitivity
and specificity of the test for ADP activation of platelets
via P2Y12.144,145 The PGE1 should suppress the ADP
activation of platelets by P2Y1. Because the test is rela-
tively new, few studies have been published. However,
the VERITAS (Verify Thrombosis Risk Assessment) trial
has recently demonstrated that the VerifyNow® P2Y12

assay is a reliable and sensitive measure for moni-
toring clopidogrel therapy. Both loading and main-
tenance dosages of clopidogrel resulted in decreased
VerifyNow®-P2Y12 readings, as expected.146 Three
recent small studies have shown that the VerifyNow®

P2Y12 assay correlates well with ADP-induced LTA,
with a test precision of 8%,147,148,149 and one other
study shows that the test can be potentially used to
monitor normal platelet function recovery after drug
discontinuation.141 Some of the minor differences
observed between LTA and the VerifyNow® P2Y12

assay are probably caused by residual P2Y1 recep-
tor activity with LTA.148,149 The combination of ADP
and PGE1 is also used in the flow cytometric based
VASP® assay (Biocytex, France).38,150 The principle
of this assay is to measure the phosphorylation of
VASP, which is theoretically proportional to the level
of inhibition of the P2Y12 receptor. Comparisons of the
VASP assay with LTA shows that the level of inhibition
is higher in the flow cytometry assay, as nonspecific
aggregation can occur via ADP stimulation of P2Y1

during aggregation.38 Recent data indeed show that
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the phosphorylation of VASP correlates with inhibi-
tion of LTA but not CD62P expression or the PFA-100®

CT.37,136 The latter test, with which variable results
have been observed, is considered unsuitable for mon-
itoring clopidogrel28,151,152,153 Theoretically the CADP
cartridge may be more suitable for monitoring P2Y12

antagonists than the CEPI cartridge, but both col-
lagen activation and ADP acting through the P2Y1

receptor along with the high-shear conditions may
normally be sufficient to largely overcome P2Y12 block-
ade.124 A recent small study provides evidence that
the P2Y1 receptor may indeed be an important vari-
able in determining the CT response to P2Y12 block-
ade.154 There may be a fair degree of time and dose
dependence. It has also been observed that there is
synergy with clopidogrel/aspirin combination ther-
apy, demonstrated as prolongation of both CADP and
CEPI CTs.155,156

Assessment of platelet function by a variety of tests
and correlation with clinical outcomes will be neces-
sary to define responsiveness to clopidogrel and other
P2Y12 antagonists.

Data from the CREST (Clopidogrel Resistance and
Stent Thrombosis) study by Gurbel shows clear differ-
ences between VASP, LTA, and activated αIIbβ3 respon-
siveness to ADP between patients with and with-
out subacute stent thrombosis (SAT).157 A compari-
son of data from patients with (n = 20) and with-
out SAT (n = 100) suggests that clopidogrel response
variability to ADP is significantly associated with
increased risk of SAT.157 This coupled with other stud-
ies on postdischarge and post-PCI events suggests
that high posttreatment ex vivo reactivity to ADP may
indeed be an important risk factor for adverse clini-
cal events.143,150,158 Recent American College of Cardi-
ology/American Heart Association guidelines for PCI
provided a class IIb recommendation (based on level
C evidence) that in patients in whom SAT may be
catastrophic or lethal, platelet LTA may be consid-
ered to identify patients with less than 50% inhibi-
tion of platelet aggregation and to suggest an increase
in their maintenance dose of clopidogrel from 75 to
150 mg/day.159 The guidelines do not specify the exact
methodology to be used and there are limited data to
support a cutoff of 50% inhibition.135

Further carefully controlled, large randomized tri-
als will be required to define an inadequate response
to P2Y12 inhibition for an individual test and to
show that this correlates with adverse clinical events.

Without such data, therapy should not be altered
based on the results of any of the tests that pur-
port to determine responsiveness to a P2Y12 antag-
onist. The new RESISTOR trial (Research Evalua-
tion to Study Individuals who show thromboxane
or P2Y12 Resistance) that is currently under way
in 600 PCI patients may determine if the level of
P2Y12 inhibition correlates with clinical outcome and
if changing therapy in resistant patients improves
outcome.

The development and clinical application of the
thienopyridines such as clopidogrel has proven that
the P2Y12 inhibitor is a suitable target for the devel-
opment of new drugs. As thienopyridines are metab-
olized to their active derivatives by the liver, a num-
ber of direct antagonists have also been developed
(e.g., cangrelor and AZD6140).124 A comparison of
AZD6140 with clopidogrel suggested that higher levels
of platelet inhibition are obtained with a trend toward
improved clinical outcomes.160 Cangrelor is well tol-
erated in phase II trials and has a much more rapid
onset and offset of action than the thienopyridines.160

Phase III clinical trials (PLATO and CHAMPION) of
both drugs are planned. Some new thienopyridines
(e.g., prasugrel) have also been developed that exhibit
superior properties (e.g., high efficacy, faster onset,
and longer duration of action) over clopidogrel.124 It is
most likely that the final degree of P2Y12 receptor occu-
pancy will be related to the effectiveness of this class
of drug. Indeed, emerging data suggest that prasugrel
achieves greater inhibition of platelet aggregation and
a lower rate of nonresponders than clopidogrel,6,161

although higher doses of clopidogrel could also be
argued to have the same effect.162 The TRITON-TIMI
38 trial will determine whether this higher and more
consistent influence of prasugrel over clopidogrel on
platelet function actually translates into improved
clinical outcomes.163 If the number of nonresponders
is significantly reduced by either of these two alter-
native approaches, this may reduce or even elimi-
nate the need to monitor thienopyridines by platelet
function testing providing that the risk of bleeding
is not exacerbated. Data from the JUMBO-TIMI 26
trial would, however, suggest that low and comparable
rates of bleeding were obtained with prasugrel com-
pared to clopidogrel.164 See the end of this chapter for
a summary of take-home messages associated with
the current status of anti-P2Y12 drug monitoring and
resistance.
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TAKE-HOME MESSAGES

General
� Most antiplatelet therapy is not routinely monitored at present.
� Many new and existing tests are now available for monitoring different types of antiplatelet therapy.
� There are many mechanisms that can influence antiplatelet drug responsiveness.
� Any testing should be performed after eliminating or controlling for underdosing, poor compliance, and potential

drug interactions.
� Testing should be ideally performed both pre– and post–drug administration to control for baseline platelet hypo- or

hyperreactivity, which could mask a true response.

Aspirin
� A variable but often high prevalence of aspirin resistance has been reported.
� Aspirin resistance is poorly understood and not clearly defined.
� Prevalence varies according to type of assay and population.
� A true definition of aspirin resistance should be based upon a test specifically measuring COX-1 activity.
� The prevalence of true aspirin resistance is likely to be low.
� Some platelet function tests are nonspecific and can bypass COX-1 activity.
� Therapeutic failure of aspirin must be differentiated from the failure of aspirin to inhibit a platelet function test.
� Growing evidence supports a link between aspirin resistance (by different tests) and major adverse clinical events.

However, the majority of studies are small.
� It is still unclear how to treat a patient identified with “aspirin resistance.” For example, increasing aspirin dosage is

unlikely to help. Additional alternative antiplatelet/anticoagulant therapy may increase the risk of bleeding.
� Routine monitoring of aspirin resistance and changing therapy on the basis of any laboratory test is not currently

recommended.

Clopidogrel
� A variable and often high incidence of clopidogrel resistance or nonresponsiveness has been observed in many

studies.
� Inadequate generation of the active metabolite that inhibits P2Y12 can result in clopidogrel nonresponsiveness.
� Emerging data from several small studies suggest that patients with high ex vivo reactivity to ADP either during or

after PCI are at increased risk of MACE.
� No uniformly established current method is recommended to monitor clopidogrel therapy.
� It is still unclear how to treat a patient with high platelet reactivity during clopidogrel therapy. Additional alternative

antiplatelet/anticoagulant therapy may increase the risk of bleeding.
� Increasing the loading and maintenance dose of clopidogrel may help to reduce the incidence of nonresponsiveness
� The availability of new drugs with improved bioavailability that also block P2Y12 (e.g., prasugrel) could also reduce

the incidence of nonresponsiveness.
� Routine monitoring of clopidogrel resistance and changing therapy on the basis of any laboratory test is not currently

recommended.

SUMMARY AND FUTURE OF
MONITORING ANTIPLATELET
THERAPY

Up until the late 1980s, the only clinical platelet func-
tion tests that were available were the BT, platelet LTA,
and various biochemical assays.165 These were per-
formed mainly within specialized research and clinical

laboratories. In the early 1990s, it was realized that the
BT was unreliable despite its widespread use. Although
LTA has become an indispensable gold-standard test
for the diagnosis of many platelet-related disorders
and detection of antiplatelet drugs, it is well recog-
nized that it does not accurately simulate all aspects
of normal platelet function and that its utility is sig-
nificantly limited outside of specialized laboratories.
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Although many researchers were already utilizing flow
chambers and microscopy to study platelet behav-
ior under conditions that simulate in vivo conditions
more accurately, these tests were restricted to spe-
cialized laboratories and were therefore not ideally
suited for routine clinical applications. This, coupled
with the limitations of both LTA and the BT, paved
the way for the development of a number of easier-to-
use commercial instruments that are now widely avail-
able to both clinical and research laboratories. These
include the PFA-100®, VerifyNow® RPFA, IMPACT®,
Hemostasis Analysis System®, and Plateletworks®,
along with modifications with existing TEG® technol-
ogy.

FUTURE AVENUES OF RESEARCH

With significant advances in microscopy and digital
imaging/processing, it is now possible to perform real-
time imaging of fluorescently labeled platelets and
hemostatic system components during thrombus for-
mation within animal models.166 Future platelet func-
tion instruments could therefore be based upon study-
ing the interaction of fluorescently tagged platelets
with collagen-coated surfaces under flow condi-
tions that closely mimic in vivo conditions. One
such potential example is the proposed kinetic
platelet aggregometer, which is under development by
Millenium/Portola and provides sensitive kinetic
information about the rate of fluorescent platelet
adhesion and thrombus stabilization in real time.167

Preliminary studies suggest that the test can be sensi-
tive for monitoring response variability to antiplatelet
drugs that interfere with thrombus stabilization (e.g.,
aspirin and clopidogrel). This type of technology could
also be potentially developed into multichannel and
miniaturized versions.168 A recent novel approach
has indeed incorporated both microarray techniques
and perfusion technologies to study high, shear–
dependent thrombus formation.169

Many existing and new platelet function tests have
FDA approval for a variety of different applications
including monitoring antiplatelet therapy. Although
many of these tests have potential clinical utility, much
further research is required to determine whether
any existing or future antiplatelet therapy should
be routinely monitored and treatment adapted or
titrated based upon the result of any platelet func-
tion test. Intrinsic platelet reactivity and measurement

of platelet function in high-risk patients at presenta-
tion may also become an important part of clinical
practice, as this may determine the response to drug
treatment and affect clinical outcome. The answers to
these important questions should hopefully be avail-
able within a relatively short space of time, as this area
has stimulated much debate and interest in the field
and many large trials are either ongoing or planned. In
the future it could be envisaged that routine platelet
function testing could become part of normal clinical
care, resulting in personalized antiplatelet therapy in
those patients identified with high platelet reactivity
and/or who respond poorly to antiplatelet therapy.
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INTRODUCTION

Antiplatelet therapies are the mainstay in the treat-
ment of acute coronary syndromes (ACSs) as well
as in the chronic primary and secondary prevention
of acute coronary events. This chapter describes the
established antiplatelet agents in cardiology and intro-
duces the novel drugs currently in advanced develop-
ment.

ASPIRIN

Acetylsalicylic acid, known as aspirin, is an inhibitor of
the production of prostaglandins and thromboxanes.

Mechanism of action

The prostaglandin (PG) endoperoxide H synthases-
1 and -2, or cyclooxygenase (COX)-1 and -2, cat-
alyze the conversion of arachidonic acid to PGH2,
the first reaction of prostanoids synthesis.1 PGH2 is
the immediate precursor of PGD2, PGE2, PGF2α , PGI2,
and thromboxane (Tx) A2. Aspirin permanently inac-
tivates COX-1 and COX-2. COX-1 is a constitutive
enzyme of platelets and is 50- to 100-fold more sensi-
tive to aspirin than COX-2 (which is predominantly
expressed in response to inflammatory stimuli by
monocytes/macrophages). Aspirin inhibits the syn-
thesis of TxA2, a potent platelet-aggregating agonist
and vasoconstrictor agent that is primarily produced
by platelets from PGH2 and of PGI2 (prostacyclin), a
platelet inhibitor and vasodilator agent that is pro-
duced by vascular endothelial cells. TxA2 is mainly
produced by the COX-1 of platelets and therefore is
most sensitive to the effect of aspirin, whereas PGI2

can be produced by both COX-1 and COX-2.2

Pharmacokinetics

Aspirin peaks in plasma 30 to 40 min after adminis-
tration. Antiplatelet effect is observed at 1 h. Aspirin
acetylates COX-1 enzymes prior to entering the sys-
temic circulation; therefore, bioavailability (45% to
50%) does not influence its effect.3 Absorption and
peak effect on platelets are delayed with enteric-
coated formulations. The platelet inhibitor effect per-
sists for the entire life span of platelets (approximately
7 to 10 days in humans), despite the short plasma half-
life (15 to 20 min). Because 10% of the platelet pool is
replaced every 24 h, platelet function returns to 50%
of normal approximately 5 days after the last dose.

Clinical efficacy of aspirin in cardiology

Primary prevention
Six randomized clinical trials have evaluated aspirin
in the primary prevention of cardiovascular disease.
In a randomized trial among 5139 healthy British male
physicians, subjects received 500 mg of aspirin daily or
placebo (6-year follow-up). The endpoint of the trial
was cardiovascular mortality and incidence of stroke,
myocardial infarction (MI), or other vascular condi-
tions. Overall, vascular deaths were 6% lower in the
aspirin group, which was not statistically significant.
There were no significant differences in the incidence
of nonfatal MI or stroke.4

The Physicians’ Health Study randomized 22 071
males to receive aspirin (325 mg every other day)
or placebo. The primary endpoint was cardiovascu-
lar mortality and the average follow-up 60.2 months.
The incidence of cardiovascular mortality was similar
between the 2 groups (relative risk [RR] 0.96; 95% con-
fidence interval [CI] 0.60 to 1.54). The risk of MI was
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significantly lower in the aspirin group (RR 0.56; 95%
CI 0.45 to 0.70), an effect observed only among those
50 years or older. Aspirin was associated with increased
risk of stroke, due to an increased risk of hemorrhagic
stroke (RR 2.14; 95% CI 0.96 to 4.77). Patients taking
aspirin also had increased risk of ulcer and blood trans-
fusion.

In the Hypertension Optimal Treatment (HOT) trial,
18 790 patients with hypertension were randomly
assigned to receive aspirin (75 mg/day) or placebo.5

The primary endpoint of the study – the composite of
MI, stroke, or cardiovascular death – was reduced by
15% among patients treated with aspirin (8.9% versus
10.5%; RR 0.85, 95% CI 0.73 to 0.99). There was a sig-
nificant reduction in the incidence of MI but not in
the rate of stroke and cardiovascular mortality in the
aspirin group. Fatal bleeding was equally frequent in
the two groups, but nonfatal major bleeding (1.4% ver-
sus 0.7%) and minor bleeding (1.7% versus 0.9%) were
significantly higher in the aspirin group.

The Thrombosis Prevention Trial, including 5499
men at high risk of ischemic heart disease, com-
pared low-intensity oral anticoagulation and aspirin
(75 mg/day) with a factorial design: warfarin plus
aspirin, warfarin plus placebo, placebo warfarin, and
placebo aspirin.6 The primary endpoint was the com-
posite of coronary death and fatal and nonfatal MI.
Patients in the pooled aspirin group had a significant
reduction in the rate of the primary endpoint (9.5%
versus 11.8%; RR 0.81, 95% CI 0.66 to 0.99), which
was driven by a reduction of nonfatal events (5.8%
versus 8.5%; RR 0.68, 95% CI 0.53 to 0.89). The inci-
dence of major, intermediate, and minor bleeding was
increased in all three active treatment groups com-
pared with placebo but was remarkably high in the
warfarin-plus-aspirin arm.6

In the primary prevention study by Roncaglioni,
aspirin (100 mg/day) was compared with placebo in
4495 patients with one or more major cardiovascular
risk factors. Aspirin reduced the incidence of cardio-
vascular death (1.4% versus 0.8%; RR 0.56, 95% CI 0.31
to 0.99) and total cardiovascular events (8.2% versus
6.3%; RR 0.77, 95% CI 0.62 to 0.95). Patients on aspirin
had an increased risk of major bleeding.7

In the recent Women’s Health Study, 39 876 initially
healthy women were randomized to receive either 100
mg of aspirin or placebo on alternate days and fol-
lowed for 10 years.8 The primary endpoint was the
occurrence of nonfatal MI, nonfatal stroke, or death

from cardiovascular causes. In the aspirin group, there
was a nonsignificant trend toward a reduction in the
rate of the primary endpoint (2.4% versus 2.6%; RR
0.91; 95% CI 0.80 to 1.03). Unlike previous trials, the
Women’s Health Study found a lower rate of stroke in
the aspirin group (RR 0.83; 95% CI 0.69 to 0.99) due to
a reduced rate of ischemic stroke which was partially
counterbalanced by a nonsignificant increase in hem-
orrhagic stroke. No differences were observed in the
risk of fatal or nonfatal MI. On the safety side, aspirin
increased the risk of total gastrointestinal bleeding
(4.6% versus 3.8%; RR 1.22, 95% CI 1.10 to 1.34) and
transfusion (0.6% versus 0.5%, RR 1.40; 95% CI 1.07 to
1.83). In the subgroup of women aged 65 years or older
at baseline, aspirin was associated with a significant
reduction in the risk of major cardiovascular events
(RR 0.74; 95% CI 0.59 to 0.92), ischemic stroke (RR
0.70; 95% CI 0.49 to 1.00), and MI (RR 0.66; 95% CI 0.44
to 0.97), whereas no effect was observed in younger
women.

A sex-specific meta-analysis of six primary pre-
vention trials of aspirin versus placebo including
a total of 95 456 individuals without cardiovascular
disease analyzed separately outcomes in men and
women.9 The main endpoint was major cardiovas-
cular events (stroke, MI, or cardiovascular death).
A significant 12% reduction in major cardiovascular
events was observed among women taking aspirin
[odds ratio (OR) 0.88; 95% CI 0.79 to 0.99]. Total
stroke and ischemic stroke were significantly reduced
in the aspirin group, whereas MI and cardiovascu-
lar mortality rates were similar. In men, aspirin pro-
duced a reduction in the risk of cardiovascular events
(OR 0.86; 95% CI 0.78 to 0.94) and MI, whereas
no differences were observed in the risk of stroke
and cardiovascular mortality. Aspirin significantly
increased the risk of bleeding in both women and
men.

In a meta-analysis by Hayden and colleagues, it was
estimated that for 1000 patients with a 5% risk for coro-
nary artery disease (CAD) events over 5 years, aspirin
would prevent 6 to 20 MIs with a risk of 0 to 2 hemor-
rhagic strokes and 2 to 4 major gastrointestinal bleed-
ing events.10 Among patients with a 1% risk for CAD
over 5 years, aspirin would prevent 1 to 4 MIs but would
also produce 0 to 2 hemorrhagic strokes and 2 to 4
major gastrointestinal bleeding events.

The main message of primary prevention trials is
that a population’s risk is a major determinant of the
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Figure 23.1 Absolute benefit and bleeding risk of aspirin therapy in primary prevention. The plot illustrates that the number of vascular

events prevented by aspirin depends on the baseline risk of the population studied (i.e., number of events in the placebo group). The left ordinate

axis reports the number of subjects in whom an important vascular event is prevented for 1000 treated with a low dose of aspirin for 1 year. The

right ordinate axis shows the number of major bleedings caused in 1 year for each 1000 treated with aspirin. HOT, Hypertension Optimal

Treatment; US Phys, United States Physicians’ Health Study; PPP, Primary Prevention Project; UK Doc, British Doctors Trial; TPT, Thrombosis

Prevention Trial; SAPAT, Swedish Angina Pectoris Aspirin Trial. (From “Platelet-active drugs: the relationships among dose, effectiveness, and side

effects: the Seventh ACCP Conference on Antithrombotic and Thrombolytic Therapy” by Patrono C, Coller B, FitzGerald GA, Hirsh J, Roth G. Chest.

2004 Sep;126(3Suppl):234S–264S. Copyright 2004 by American College of Chest Physicians. Reproduced with permission of American College of

Chest Physicians via Copyright Clearance Center.)

absolute benefit of aspirin, and the benefits of aspirin
outweigh the risks among patients with higher risk
of cardiovascular events (Fig. 23.1). Consequently, the
American Heart Association (AHA) Guidelines for Pri-
mary Prevention of Cardiovascular Disease and Stroke
recommend low-dose aspirin (75 to 160 mg) in persons
with a global 10-year risk of CAD ≥10%.11

Secondary prevention in patients with CAD
Several studies have shown the benefits of aspirin
in patients with established cardiovascular disease in
both acute and chronic settings. The Second Interna-
tional Study of Infarct Survival (ISIS-2) – a factorial
study evaluating streptokinase and aspirin – enrolled
17 187 patients in the first 24 h after symptom onset
of acute MI.12 Patients were randomized to strepto-
kinase or placebo and further to 1-month aspirin (160
mg/day) or placebo. Compared with patients who did
not receive aspirin, those who did had 25% reduc-
tion in the 5-week rate of vascular death (9.4% ver-
sus 11.8%; OR 1.25, 95% CI 1.15 to 1.30). Bleeding not
requiring transfusion was modestly but significantly
increased by aspirin, while the rates of cerebral hem-

orrhage and transfusion were similar compared with
placebo.

A striking benefit of aspirin has been shown
in non-ST-segment-elevation ACS (NSTE ACS) pa-
tients.13,14,15,16 Among the 5031 patients with unsta-
ble angina included in a systematic review by the
Antithrombotic Trialists Collaboration, there was a sig-
nificant 46% reduction in the risk of serious vascular
events.17

Aspirin also reduced the risk of cardiovascular
events in patients with chronic CAD. In patients with
stable angina, aspirin conferred a significant 34%
reduction in the composite of MI or sudden death.18

Among 18 788 patients with a history of MI in the 12 tri-
als on antiplatelet therapy included in the Antithrom-
botic Trialists Collaboration meta-analysis, there was
a significant 25% reduction in the odds of MI, stroke,
or vascular death. 17

In summary, there is overwhelming evidence of the
benefit of aspirin in patients with known CAD (Fig.
23.2), and unanimous consensus exists on recom-
mending aspirin for patients with different manifes-
tations of CAD.
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Aspirin dose
Despite multiple clinical trials of aspirin, the optimal
dose has not yet been determined. There is consensus
on using a dose of 325 mg or less for preven-
tion of significant cardiovascular events. The daily
dose of aspirin evaluated in the primary prevention
trials ranged from 50 to 500 mg. Although comparison
of different trials is not appropriate, no relationship
between the aspirin dose used in a trial and the mag-
nitude of effect has been noticed. The lowest dose of
aspirin that demonstrated reduction in major cardio-
vascular events excluding subgroup analyses is 75 mg,
whereas the highest dose tested, 500 mg, was not asso-
ciated with significant benefit.

In secondary prevention trials, aspirin doses that
proved effective ranged from 75 to 1300 mg. The
lowest dose effective in preventing death or MI in
patients with unstable13 or chronic stable angina18

was also 75 mg daily. Among patients with acute MI,
the lowest effective dose was 165 mg/day, as used in
the ISIS-2 trial. The Antithrombotic Trialists Collab-
oration pooled analysis of trials comparing aspirin
≥75 mg/day versus aspirin <75 mg/day found no sig-
nificant difference between the different regimens.17

However, fewer data exist for doses of aspirin <75 mg
daily, so it is not clear whether lower doses are as effec-
tive as daily doses ≥75 mg. Similarly, no differences
were found between doses of 75 to 325 mg and 500 to
1500 mg.17 The indirect comparison of aspirin doses

tested in different trials showed that the proportional
reduction in vascular events was 19% with 500 to 1500
mg daily, 26% with 160 to 325 mg daily, and 32% with
75 to 150 mg daily, whereas the proportional reduction
with daily doses <75 mg was 13%.17

The Antithrombotic Trialists Collaboration meta-
analysis did not find a proportional increase in the risk
of a major extracranial bleeding in the indirect com-
parison of trials adopting various daily aspirin doses.
The two trials comparing daily doses of 75 to 325 mg
versus <75 mg overall found a slight increase in major
extracranial bleeding in the higher-dose group, which
was not statistically significant (2.5% versus 1.8%).17

A secondary analysis from the Clopidogrel in Unsta-
ble Angina to Prevent Recurrent Events (CURE) trial
showed that NSTE ACS patients who received a dose
of aspirin ≤100 mg had a significant reduction in the
risk of major bleeding compared with doses between
200 and 325 mg regardless of the use of concomitant
clopidogrel.

In summary, a dose–response effect of aspirin on
ischemic and bleeding complications has not yet been
demonstrated; therefore, using the lowest effective
doses of aspirin to prevent major ischemic events
appears an appropriate strategy. The optimal dose
of aspirin is being investigated in the CURRENT-
OASIS 7 trial, which aims to enroll 14 000 patients
with NSTE ACS undergoing percutaneous coronary
intervention (PCI) within 24 h of symptom onset.19
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The trial has a factorial design in which patients are
randomized to receive two dosing regimens of
clopidogrel; in each group, patients are further ran-
domized to receive aspirin (300 or 100 mg) for 30 days.

Aspirin in atrial fibrillation
The effect of aspirin on the risk of stroke among
patients with chronic atrial fibrillation is greatly infe-
rior to that of vitamin K antagonists (i.e., warfarin).
However, aspirin is often used in patients consid-
ered at low risk of stroke or with contraindications
for oral anticoagulation. Aspirin has been compared
with placebo in trials of oral vitamin K antagonists
including an aspirin arm (AFASAK-1,20 SPAF-1,21 and
EAFT22). In the AFASAK-1 and EAFT trials, aspirin was
not significantly better than placebo in reducing the
risk of stroke.20,22 In the SPAF-1 trial, aspirin reduced
the RR of stroke by 42%.21 In the cohort of patients who
had contraindications for warfarin (and were random-
ized solely to aspirin versus placebo), aspirin reduced
stroke by 94%, while among patients without con-
traindication to warfarin, the relative reduction was
8%, which was not significant. In a meta-analysis of
the AFASAK-1, SPAF-1, and EAFT trials, treatment with
aspirin was associated with a 21% RR reduction (RRR)
(95% CI 0 to 38).23 The pooled analysis of the three tri-
als found a 57% RRR among patents treated with oral
anticoagulation, compared with aspirin (95% CI 28 to
61).24 International normalized ratio (INR)–adjusted
oral anticoagulation is also superior compared to a
fixed low-dose vitamin K antagonist plus aspirin.25

Aspirin resistance and its clinical significance
The term “aspirin resistance” describes the phe-
nomenon of individual low response to aspirin. There
is not a single standard definition of aspirin resistance,
as “resistance” may imply failure to accomplish any of
the known effects of aspirin. Clinical aspirin resistance
may be defined as failure to prevent atherothrom-
botic ischemic events. Laboratory aspirin resistance
is defined as failure to inhibit TxA2 biosynthesis or to
produce adequate inhibition of platelet aggregation in
ex vivo platelet function tests. Treatment failure based
on the recurrence of ischemic events is not a reliable
measure for determining aspirin resistance; therefore,
assessment of aspirin resistance is based on laboratory
evaluations.

A genetic cause of aspirin resistance has been pro-
posed, but a “fixed” genetic component does not

explain the variability in the effect of aspirin observed
over time and the partial reversibility by increasing the
dose.26 Studies on aspirin effect among subjects carry-
ing the same genotype have been inconsistent.26 Alter-
native mechanisms for resistance include the produc-
tion of newly generated platelets expressing COX-2 in
response to chronic therapy with aspirin, the pres-
ence of non–COX-mediated pathways of platelet acti-
vation and nonplatelet sources of TxA2 biosynthesis
(e.g., monocyte COX-2).26,27 Laboratory methods eval-
uating the effect of aspirin include determination of
TxA2 production and assessment of TxA2-dependent
platelet function.27 The production of TxA2 is deter-
mined by measuring stable TxA2 metabolites, such as
serum TxB2 and urinary 11-dehydro-TxB2. Methods to
measure platelet aggregation in response to agonists
include optical aggregometry, electrical impedance,
and semiautomated platelet aggregometry such as the
platelet function analyzer (PFA)-100® or the Ultegra®
rapid platelet function assay (RPFA).27 Platelet func-
tion tests have several methodologic limitations, as
detailed in Table 23.1, which may flaw clinical studies
on antiplatelet resistance. Additionally, it is unknown
to what extent these ex vivo methods are reflective of
actual in vivo platelet function.28

In patients with stroke, a variable response to aspirin
has been reported. Interestingly, the antiplatelet effect
of fixed-dose aspirin tends to diminish over time
in some individuals.29,30 Incomplete response to
aspirin has been shown in variable proportion of
patients with CAD31,32,33 and peripheral artery dis-
ease (PAD).34 Several studies have shown a relation-
ship between aspirin resistance and occurrence of
ischemic events.33,34,35,36,37,38,39

Although the results of these studies are consistent,
publication bias cannot be excluded. These studies
were relatively small and lacked appropriate control
groups. Other limitations included the lack of repeated
measurement of platelet aggregation, the uncertain
role of compliance on ischemia occurrence, and the
limitation of platelet function assay. The prevalence
of aspirin resistance described in the studies ranged
from 5.5 to 75%, reflecting these limitations and a lack
of a standard definition of aspirin resistance.

In conclusion, there is no consensus on either
the definition of aspirin resistance or a standard
methodology with which to measure it. Impor-
tantly, the clinical relevance of aspirin resistance
has not been established; therefore, measuring the

411



Pierluigi Tricoci and Robert A. Harrington

Table 23.1. Advantages and limitations of tests commonly used to measure the antiplatelet effects of aspirin

Advantages Limitations

Thromboxane production

Serum thromboxane B2 Directly dependent on aspirin’s

therapeutic target, COX-1

May not be platelet specific

Operator expertise required

Urinary 11-dehydro-thromboxane B2 Dependent on aspirin’s therapeutic

target, COX-1

Not platelet specific; uncertain

sensitivity

Corelated with clinical events Uncertain reproducibility

Not widely evaluated

Thromboxane-dependent platelet function

Light or optical aggregation Traditional gold standard Not specific

Widely available Uncertain sensitivity

Correlated with clinical events Limited reproducibility

Labor intensive

Operator and interpreter dependent

Impedance aggregation Less sample preparation required Not specific

Uncertain sensitivity

Operator and interpreter dependent

PFA-100 Simple Dependent on von Willebrand factor

Rapid and hematocrit

Semi-automated Not specific

Correlated with clinical events

Uncertain sensitivity

Ultegra RPFA Simple Uncertain specificity

Rapid Uncertain sensitivity

Semi-automated

Point-of-care test

Correlated with clinical events

Reprinted from The Lancet, Vol. 367, Hankey GJ, Eikelboom JW. Aspirin resistance, pp. 606–17, 2006, with permission from

Elsevier.

platelet inhibitory effect to guide therapy on a single-
patient basis is not recommended except in research
studies.

THIENOPYRIDINES

The thienopyridine agents – clopidogrel and ticlopi-
dine – are selective and irreversible platelet adeno-
sine 5′-diphosphate (ADP)-receptor antagonists, thus
inhibiting ADP-induced platelet aggregation. These
two drugs have emerged as possible alternatives to
aspirin, but given the complementarity of their mech-
anisms of platelet inhibition, aspirin and thienopyri-
dine are frequently used in combination in several car-
diac conditions.

Antiplatelet effects of thienopyridines

ADP is released by damaged cells and activated
platelets, thus enhancing the action of many platelet
activators. ADP binds two G protein–coupled recep-
tors, P2Y1 and P2Y12, acting together to achieve com-
plete aggregation.40 P2Y12 is expressed in platelets,
megakaryocytes, and neuronal cells.40 Activated P2Y12

triggers a cascade of signaling events, including
adenylyl cyclase inhibition and PI3K activation.40

Thienopyridines act in vivo as specific antagonists
of P2Y12. Clopidogrel and ticlopidine are both inac-
tive precursors, requiring metabolic transformation
by cytochrome P450–dependent pathways to pro-
duce their active metabolites.41 The active metabolite
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contains a reactive thiol that irreversibly interacts with
the P2Y12 receptor on platelets.41 Other ADP recep-
tors, such as P2Y1 and P2Y13, are not affected by these
metabolites.41

Ticlopidine

Ticlopidine, the first clinically available thienopyri-
dine agent, is rapidly absorbed and extensively metab-
olized by the liver after oral administration, and its
bioavailability is increased by food.42 Approximately
60% is excreted renally and 23% via feces.43 The half-
life after a single-dose administration is 7.9 to 12.6 h
and 4 to 5 days after repeat dosing.43 Ticlopidine pro-
duces 40% to 60% inhibition in ex vivo ADP-induced
platelet aggregation.42 Recovery of platelet function
occurs 3 to 5 days after discontinuation.42 The peak
effect on bleeding time prolongation is seen within 3
to 7 days.42

Ticlopidine, in association with aspirin, has been
studied principally in patients who underwent coro-
nary stent placement, and the prevention of stent
thrombosis is the drug’s only approved indication in
cardiology (ticlopidine is also approved for secondary
prevention of stroke).43 The indication for treatment
in patients undergoing stent placement is based on the
results of the Stent Anticoagulation Restenosis Study
(STARS) trial,44 which randomized 1653 patients
with successful coronary stent placement, into three
groups: aspirin (325 mg daily) alone, aspirin and war-
farin, or aspirin and ticlopidine (250 mg twice a day).
Patients in the ticlopidine group had a 0.5% rate of the
primary endpoint (30-day death, revascularization of
the target lesion, angiographically evident thrombo-
sis, or MI), compared with 2.7% in the warfarin group
and 3.6% in the aspirin-only group. The results of the
STARS trial established aspirin plus thienopyridine
as the standard of care in patients undergoing stent
placement.

The side effects of ticlopidine on bone marrow,
although rare, are potentially life-threatening. Neu-
tropenia is the most serious adverse effect described
in patients receiving ticlopidine, occurring in 2.1%
of cases (0.9% of which are severe).42 Fatal cases
have been described.42 Also, bone marrow aplasia
and thrombotic thrombocytopenic purpura (TTP) can
occur in ticlopidine-treated patients. The bone mar-
row side effects occur in the first 3 months of ther-
apy, with a peak at 3 to 4 weeks for the TTP, 4 to 6

weeks for the neutropenia, and 4 to 8 weeks for the
aplastic anemia; therefore, monitoring of the blood
cell count is required every 2 weeks for the first 3
months of therapy.43 Bone marrow side effects are
potentially reversible after interruption of therapy.
Gastrointestinal side effects (diarrhea, nausea, vom-
iting) are reported in 30% to 50% of patients.

Clopidogrel

Clopidogrel has largely replaced ticlopidine in clini-
cal practice owing to its better safety profile. Clopi-
dogrel has been studied extensively in the setting of
ischemic heart disease, particularly in patients with
ACS and those undergoing PCI. Most clinical studies
have evaluated the efficacy and safety of clopidogrel
in combination with aspirin.

Pharmacodynamics

The antiplatelet action of 50 to 100 mg of clopidogrel
is observed after 2 days of treatment. The steady-state
effect, a 50% to 60% inhibition of ADP-induced platelet
aggregation, is reached after 4 to 7 days and persists
for 7 to 10 days after the last dose, a time likely indica-
tive of the life span of circulating platelets.45 A loading
dose of clopidogrel significantly shortens the onset of
the antiplatelet effect. A 300-mg loading dose was orig-
inally identified as producing the fastest effect.46 More
recently, the 600-mg loading dose has been shown to
produce more rapid platelet inhibition than the 300-
mg dose; therefore, it is potentially more favorable
in clinical situations where a rapid effect is needed.
Among patients undergoing PCI and stent implan-
tation, a 600-mg loading dose of clopidogrel inhib-
ited ADP-induced platelets by approximately 55% to
59% in the first 4 h, whereas the inhibition obtained
with 300 mg in the same time window was 38% to
40%.47 A loading dose of clopidogrel (900 mg) did
not produce any further decrease in platelet aggre-
gation at 4 h, probably because no further increase
in the plasma level of clopidogrel and its metabolite
occurred.48

Pharmacokinetics

Clopidogrel is rapidly absorbed after oral adminis-
tration and extensively metabolized by the hepatic
cytochrome P450 enzyme system into the carboxylic
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acid derivative SR26334, the main circulating metabo-
lite (which undergoes hydrolysis before binding to
P2Y12), with insignificant amounts of remaining par-
ent compound.49 The peak concentration of the main
circulating metabolite occurs approximately 1 h after
dosing.50 After 5 days of administration, approxi-
mately 50% of the dose is excreted in urine and approx-
imately 46% in feces.50 Administration of clopidogrel
with meals did not significantly modify its bioavailabil-
ity.50 The elimination half-life of SR26334 is approxi-
mately 8 h after single and repeated administration.50

Clinical studies of clopidogrel in cardiology

Primary and secondary prevention in patients
at risk for ischemic events
The Clopidogrel versus Aspirin in Patients at Risk of
Ischemic Events (CAPRIE) study compared clopido-
grel (75 mg daily) and aspirin (325 mg daily) in 19 185
patients with recent ischemic stroke, recent MI, or
symptomatic PAD followed for 1 to 3 years.51 The pri-
mary endpoint was the composite of ischemic stroke,
MI, or vascular death. Patients treated with clopido-
grel had a small but significant reduction in the occur-
rence of the primary endpoint (5.32% versus 5.83%;
RRR 8.7%, 95% CI 0.3 to 16.5). Analyses of the three sub-
groups with ischemic stroke, MI, or symptomatic PAD
showed a significant heterogeneity, with the great-
est benefit of clopidogrel observed among patients
with PAD (3.71% versus 4.86%; RRR 23.8%, 95% CI
8.9 to 36.2), whereas the effect seemed neutral among
patients with stroke and MI. Rates of intracranial
and gastrointestinal hemorrhage and significant neu-
tropenia were low (<1%) and similar between groups.

The Clopidogrel for High Atherothrombotic Risk
and Ischemic Stabilization, Management, and Avoid-
ance (CHARISMA) trial was a prospective, multicenter,
randomized, double-blind, placebo-controlled study
comparing clopidogrel (75 mg daily) plus aspirin (75 to
162 mg daily) with aspirin alone in 15 603 patients with
either multiple atherothrombotic risk factors, docu-
mented coronary disease, documented cerebrovas-
cular disease, or documented symptomatic periph-
eral arterial disease. The median follow-up was 28
months. The primary efficacy endpoint was a com-
posite of MI, stroke, or cardiovascular death. The rates
of the primary efficacy endpoint were similar between
the 2 groups (6.8% with clopidogrel versus 7.3% with
aspirin alone; RR 0.93, 95% CI 0.83 to 1.05). In the sub-

group of patients with clinically evident atherothrom-
bosis (n = 12 153), there was a significant reduction
in the rate of the primary endpoint with clopidogrel
plus aspirin (6.9% versus 7.9%; RR 0.88, 95% CI 0.77
to 0.998). This finding requires confirmation in future
studies. Patients taking dual antiplatelet therapy had
an increased rate of severe bleeding (1.7% versus 1.3%;
RR 1.25, 95% CI 0.97 to 1.61) and a significant increase
in moderate bleeding (2.1% versus 1.3%; RR 1.62, 95%
CI 1.27 to 2.08).

In summary, clopidogrel can be used as an alter-
native to aspirin in secondary prevention among
aspirin-intolerant patients. Based on the results of
the CHARISMA trial, the use of clopidogrel in addi-
tion to aspirin to prevent ischemic events in patients
with chronic atherosclerotic disease or at risk of
atherothrombosis is not recommended.

Clopidogrel in patients with NSTE ACS
The CURE trial – a large double-blind trial – random-
ized 12 562 patients with NSTE ACS to clopidogrel plus
aspirin or placebo plus aspirin within 24 h of symp-
tom onset.52 Clopidogrel was administered with a 300-
mg loading dose followed by 75 mg/day for 3 to 12
months. The primary endpoint was a composite of car-
diovascular death, nonfatal MI, or stroke. Patients in
the clopidogrel group had a 20% reduction in the rate
of the primary endpoint (9.3% versus 11.4%; RR 0.80,
95% CI 0.72 to 0.90).

Analysis of timing of clopidogrel effect indicated
benefit by 24 h. The rate of the first primary outcome
was significantly lower in the clopidogrel group at 30
days (RR 0.79; 95% CI, 0.67 to 0.92) and between 30
days and the end of the study (RR 0.82; 95% CI 0.70 to
0.95) (Fig. 23.3).53 These data suggest an early bene-
fit, possibly related to the loading dose of clopidogrel.
The population enrolled in the CURE trial was largely
managed noninvasively [43.7% underwent coronary
angiography, 16.5% coronary artery bypass grafting
(CABG), and 21.2% PCI]; the use of glycoprotein (GP)
IIb/IIIa inhibitors was approximately 6%.53 For these
reasons, the generalizability of the CURE trial results
to patients who are treated invasively has been ques-
tioned. Nonetheless, subgroup analysis showed that
the benefits of clopidogrel are consistent regardless
of the treatment strategy used (medical management,
PCI, or CABG).54

CURE trial data have also demonstrated an
increased risk of major bleeding with dual antiplatelet
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Figure 23.3 Early and late effects of clopidogrel in NSTE ACS observed in the CURE trial. NSTE ACS, non-ST-segment elevation acute coronary

syndromes. CURE, Clopidogrel in Unstable Angina to Prevent Recurrent Events. (Reproduced with permission from Yusuf S et al. Circulation

2003;107(7):960–72.)

therapy (3.7% versus 2.7%; RR 1.38, 95% CI 1.13 to
1.67). Clopidogrel increased the risk of major bleeding
in patients undergoing CABG when the drug was con-
tinued beyond the fifth day preceding the interven-
tion (9.6% versus 6.3%; RR 1.53, 95% CI 0.97 to 2.40),
whereas no bleeding increase was observed when the
drug was stopped more than 5 days prior to the surgery.
These results fed a still unresolved debate over the tim-
ing of clopidogrel administration. Some advocate the
use of clopidogrel loading as soon as possible to main-
tain the potential early benefit. Others recommend
withholding clopidogrel until coronary anatomy is
known and the CABG option is ruled out. The latter
approach is endorsed by the 2002 update of the Amer-
ican College of Cardiology (ACC)/AHA guidelines for
NSTE ACS treatment when angiography is performed
in the first 24 h.55

Clopidogrel in patients undergoing PCI
Aspirin plus a thienopyridine is the treatment of choice
for patients undergoing coronary stent implantation.
The superiority of this combination compared with
aspirin alone or aspirin plus a vitamin K antagonist
has been determined with ticlopidine.44,56 Clopidogrel
has been compared with ticlopidine, in addition to
aspirin, in two randomized trials in patients under-
going stent implantation.57,58 The Clopidogrel Aspirin
Stent International Cooperative Study (CLASSICS)
randomized 1020 patients who underwent successful

stent placement to receive either clopidogrel (300-mg
loading dose followed by 75 mg daily) or ticlopidine
(500 mg daily) for 28 days.57 The primary endpoint was
the composite of major peripheral or bleeding com-
plications, neutropenia, thrombocytopenia, or early
discontinuation of study drug as the result of a non-
cardiac adverse event. Clopidogrel showed a superior
safety profile with a 4.6% rate of primary endpoint
compared with 9.1% in the ticlopidine group (RR 0.50;
95% CI 0.31 to 0.81). Ischemic complications (cardiac
death, MI, target lesion revascularization) did not dif-
fer significantly between the two groups (1.5% versus
0.9% for clopidogrel and ticlopidine, respectively).57

In the randomized trial by Muller and colleagues, 700
patients undergoing stent placement were random-
ized to receive clopidogrel (75 mg daily) or ticlopidine
(500 mg daily).58 The primary endpoint was a compos-
ite of cardiac death, urgent target vessel revascular-
ization (TVR), angiographically documented throm-
botic stent occlusion, or nonfatal MI within 30 days.
There was a nonsignificant excess of primary endpoint
events in the clopidogrel group (3.1% versus 1.7%). No
leukopenia or thrombocytopenia was observed in the
clopidogrel group, compared with 0.7% in the ticlo-
pidine group. The incidence of adverse events requir-
ing discontinuation of the study drug was higher with
ticlopidine (2.0% versus 5.8%).58

There is no evidence that either ticlopidine or clopi-
dogrel is superior in preventing ischemic events in
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patients with stent implantation. However, clinical
studies have confirmed a better safety profile of clopi-
dogrel. Clopidogrel is also easy to administer (once a
day versus twice a day with ticlopidine) and can be
administered with a loading dose, ensuring the faster
onset of effect. For these reasons clopidogrel is cur-
rently preferred over ticlopidine in patients with stent
placement.

Pretreatment and duration of treatment with
clopidogrel after stent placement
The Clopidogrel for the Reduction of Events During
Observation (CREDO) trial was designed to answer
two questions regarding treatment of patients under-
going PCI: first, whether there was a benefit to admin-
istering a loading dose of clopidogrel prior to PCI
(pretreatment), and second, whether there was a ben-
efit to extending therapy after PCI from 1 month to
12 months.59 Overall, 2116 patients undergoing elec-
tive PCI were randomized to receive in a double-blind
fashion pretreatment with clopidogrel (300 mg) 3 to
24 h before PCI or placebo in addition to aspirin. Fol-
lowing the intervention, both groups received clopi-
dogrel (75 mg/day) for 28 days. From day 29 through
12 months, patients who received the loading dose
continued to receive clopidogrel (75 mg/day), whereas
those in the control group received placebo. Two pri-
mary endpoints were assessed: the composite of 28-
day death, MI, or urgent TVR in the per-protocol pop-
ulation (as treated) and the composite of death, MI, or
stroke in the intent-to-treat population at 1 year. Clopi-
dogrel pretreatment did not significantly reduce the
composite of death, MI, or urgent TVR at 28 days (6.8%
clopidogrel versus 8.3% placebo [RRR 18.5%, 95% CI
–14.2 to –41.8]), although a trend toward benefit of
clopidogrel was observed in a prespecified subgroup
analysis among patients who received clopidogrel at
least 6 h before PCI. Long-term clopidogrel use was
associated with a significant reduction in the rate of
the 1-year composite endpoint (8.5% versus 11.5%;
RRR 26.9%, 95% CI 3.9 to 44.4). At 1 year, there was
also an increased risk of major bleeding in patients
taking long-term clopidogrel (8.8% versus 6.7%).

PCI-CURE was an observational study of 2658
NSTE ACS patients randomized in the CURE trial
who underwent PCI.60 Following stent implantation,
all patients received open-label thienopyridine for 4
weeks. Patients in the clopidogrel group had a reduc-
tion in the rate of the composite of cardiovascular

death, MI, or urgent TVR within 30 days of PCI (4.5%
versus 6.4%; RR 0.70%, 95% CI 0.50 to 0.97).

Loading dose of clopidogrel before PCI
Studies evaluating platelet aggregation have suggested
that a 300-mg loading dose of clopidogrel may not
provide sufficiently rapid platelet inhibition before
PCI.61,62 Recent data suggest that by using a loading
dose of 600 mg, the time required to reach the maxi-
mal effect on platelet inhibition is shortened to 2 h.63

The Assessment of the best Loading Dose of clopi-
dogrel to Blunt platelet activation, Inflammation and
Ongoing Necrosis (ALBION) study randomized 103
NSTE ACS patients to receive, in addition to aspirin,
a clopidogrel loading dose of 300 mg, 600 mg, or 900
mg.64 Loading doses higher than 300 mg were asso-
ciated with significantly greater inhibition of ADP-
induced platelet aggregation.

Only one small randomized trial has directly com-
pared a 600-mg versus 300-mg loading dose of clopi-
dogrel on clinical outcomes in 255 patients undergo-
ing mostly elective PCI.65 In this study there was a sig-
nificant reduction in the composite of 30-day death,
MI, or urgent TVR in the 600-mg group.

Currently there is insufficient evidence to recom-
mend a 600-mg loading dose as standard regimen
in patients undergoing PCI. More information will
come from the ongoing CURRENT-OASIS 7 trial,
which plans to randomize 14 000 patients with NSTE
ACS undergoing PCI within 24 h of randomization to
receive either a 600-mg loading dose of clopidogrel fol-
lowed by 150 mg daily for 1 week and subsequently by
75 mg daily or a 300-mg loading dose of clopidogrel
followed by 75 mg daily.19 The primary outcome is 30-
day cardiovascular death, MI, or recurrent ischemia.
As part of a factorial design, the study will also evalu-
ate two different dosages of aspirin.

Duration of clopidogrel treatment after
drug-eluting stent placement
Drug-eluting stents (DESs) represent a major advance
in the treatment of patients undergoing PCI and have
penetrated the market (80% of PCI procedures in
the United States)66 thanks to the observed reduc-
tion in the risk of in-stent restenosis and TVR. Their
putative mechanism is to inhibit neointimal prolif-
eration within the stented lesion. Delay in the for-
mation of the neointima potentially extends the risk
of stent thrombosis; thus dual antiplatelet therapy is
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thought to be required beyond the 1-month period
of bare metal stents (BMSs). The duration of dual
antiplatelet therapy following DES evaluated in clin-
ical trials was based on preclinical data and on the
kinetics of local drug delivery. These trials established
that 3-month treatment with clopidogrel plus aspirin
for sirolimus-eluting stents and 6-month treatment for
paclitaxel-eluting stents was appropriate even though
the CREDO and CURE data showed a reduction in
ischemic events with 1 year of dual antiplatelet ther-
apy.67 However, the issue of late stent thrombosis has
been raised,68 culminating with the presentation of the
long-term results of the Basel Stent Kosten-Effekivitats
Trial-Late Thrombotic Events (BASKET-LATE) study.69

BASKET-LATE evaluated the incidence of ischemic
complications and late stent thrombosis after dis-
continuation of clopidogrel in patients with DESs
compared with patients with BMSs. A cohort of 746
patients who were event-free at 6 months were fol-
lowed for 1 year after discontinuation of clopidogrel.
Death or MI occurred in 4.9% of patients in the DES
group and 1.3% in the BMS group. Documented late
stent thrombosis with related death or target-vessel
MI occurred in 2.6% in the DES group versus 1.3%
in the BMS group. Similar results were found in an
observational analysis of the Duke Databank.70 Clopi-
dogrel use at 6 and 12 months was a significant pre-
dictor of lower risk of death and death or MI at 24
months among DES patients who were event-free at 6
and 12 months, respectively. Clopidogrel use at 6 and
12 months did not predict the risk of subsequent death
and death or MI among BMS patients.

Despite these data and a call for prolonged, perhaps
lifelong therapy with clopidogrel in patients with DES,
the optimal duration of clopidogrel use in patients
with DES is not yet established. The risk of stent
thrombosis–related events, although increased with
DES, is relatively low and must be weighed against
the economic impact for patients and public health
systems of prolonged therapy with clopidogrel. Large
randomized clinical trials with lengthy follow-up are
required to resolve this controversy.

Interindividual variability in response
to clopidogrel
Variability in the results of platelet function tests in
response to clopidogrel has been reported in several
studies.71 Interindividual variability in platelet inhibi-
tion by clopidogrel has been associated with the activ-

ity of the hepatic cytochrome P450 enzyme system,
which transforms clopidogrel into its active metabo-
lite.72

Another possible but not confirmed mechanism
is a polymorphism of the P2Y12 platelet receptor.72

Finally, drug interactions, particularly with atorva-
statin, reportedly cause a reduction in the platelet
inhibitory effect of clopidogrel.73 The interaction
with atorvastatin is thought to be related to a com-
mon metabolic pathway in the liver through enzyme
CYP3A4.73 A number of retrospective studies have
associated incomplete inhibition of ADP-induced
platelet aggregation and clinical events such as sub-
acute stent thrombosis74,75,76 and post-PCI release of
cardiac biomarkers of necrosis.77 In a small prospec-
tive analysis of patients with ST-segment-elevation
MI (STEMI), those with a reduced response to clopi-
dogrel in an ADP-induced platelet aggregation test
had increased ischemic event rates at 6-month follow-
up.78 Although the results of these studies tend to
suggest an association between lower responsiveness
to clopidogrel and atherothrombotic events, large
prospective studies are needed to confirm this associ-
ation. Furthermore, the aforementioned general pit-
falls of in vitro platelet aggregation tests apply to
both aspirin and clopidogrel resistance. In the case
of clopidogrel, one should consider that platelets also
express a second ADP receptor, P2Y1, which causes
the initial wave of ADP-induced platelet aggregation,
and interindividual variations in the extent of resid-
ual, P2Y1-dependent platelet aggregation may affect
the individual response to clopidogrel measured with
ADP-induced platelet aggregation.72

In summary, there are currently not enough data
to support the clinical use of platelet aggregation
tests to diagnose clopidogrel resistance and guide
antiplatelet therapies. However, this fact has driven the
development of new antiplatelet drugs with a more
predictable response. Future studies need to clarify
whether clopidogrel resistance is a clinically mean-
ingful phenomenon requiring physicians to use alter-
native medications or whether the phenomenon has
been somehow “inflated” to create market space for
new antiplatelet agents.79

Clopidogrel in patients with STEMI
Clopidogrel has been evaluated in two randomized
clinical trials in STEMI patients receiving fibrinolysis.
The Clopidogrel as Adjunctive Reperfusion Therapy
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(CLARITY)-TIMI 28 trial randomized 3491 patients, 18
to 75 years of age, presenting within 12 h of STEMI
symptoms, to receive clopidogrel (300-mg loading
dose, followed by 75 mg once daily) or placebo.80 A
mandatory angiography was performed 48 to 192 h
after the start of the study drug. The primary effi-
cacy endpoint was a composite of an occluded infarct-
related artery on angiography, death, or recurrent MI
before angiography. Patients in the clopidogrel group
had a reduction in the rate of the primary endpoint
(21.7% versus 15.0%; OR 0.64%, 95% CI 0.53 to 0.76).
The rates of major bleeding (1.3% versus 1.1%) and
intracranial hemorrhage (0.5% versus 0.7%) did not
significantly differ between the two arms.

The ClOpidogrel and Metoprolol in MI (COMMIT)
trial was conducted in China and included 45 849
patients (no upper age limit) with suspected MI within
24 h of symptom onset who were not scheduled
to receive primary PCI.81 In total, 39 755 patients
had STEMI and 24 967 received a fibrinolytic agent.
Patients were randomized to receive clopidogrel 75
mg/day, without loading dose, or placebo in addition
to aspirin until hospital discharge (or up to 4 weeks).
There were two coprimary endpoints: the compos-
ite of death, reinfarction, or stroke and death from
any cause during the scheduled treatment period. The
incidence of the primary composite endpoint (9.3%
versus 10.1%; OR 0.91, 95% CI 0.86 to 0.97) and death
(7.5% versus 8.1%; OR 0.95, 95% CI 0.97 to 0.99) was
lower in the clopidogrel group. Bleeding was infre-
quent and similar in the two groups (0.58% versus
0.55%).

The results of the CLARITY and COMMIT trials
established the role of clopidogrel pretreatment in
STEMI patients treated with fibrinolysis. According to
the design of these trials, clopidogrel should be given
with a 300-mg loading dose in patients younger than 75
years and without a loading dose in older patients.80,81

Clopidogrel is used routinely among patients under-
going PCI, including those undergoing primary PCI
for STEMI; therefore, there are no randomized clinical
trials formally assessing the use of clopidogrel in this
particular setting. Nonetheless, it would be important
to assess whether pretreatment with clopidogrel fol-
lowing the diagnosis of STEMI in patients undergoing
primary PCI adds any benefit. A secondary analysis in
the CLARITY-TIMI 28 trial among 1863 patients under-
going PCI after a median time of 3 days showed that
pretreatment with clopidogrel was associated with a

reduction in the rate of the composite of cardiovascu-
lar death, recurrent MI, or stroke following PCI through
30 days after randomization (3.6% versus 6.2%; OR
0.54, 95% CI 0.35 to 0.85).82 The incidence of TIMI
major or minor bleeding was similar (2.0% versus
1.9%).

Clopidogrel in atrial fibrillation
Dual antiplatelet therapy with clopidogrel and aspirin
has been compared against warfarin in 6706 patients
with atrial fibrillation and ≥1 risk factors for stroke in
the Atrial Fibrillation Clopidogrel Trial with Irbesar-
tan for Prevention of Vascular Events (ACTIVE-W).83

Patients on warfarin had a significant reduction in the
risk of the composite of stroke, non–central nervous
system systemic embolus, MI, or vascular death com-
pared with clopidogrel plus aspirin (annual risk 5.60%
versus 3.93%; RR 1.44, 95% CI 1.18 to 1.76). Major
bleeding was similar among the two groups (annual
risk 2.42% versus 2.21% for clopidogrel and oral anti-
coagulation, respectively). The ongoing ACTIVE-A
trial is evaluating clopidogrel plus aspirin or placebo
plus aspirin among patients either ineligible for or
unwilling to take oral anticoagulation therapy.84

In summary, dual antiplatelet therapy is not a
valid alternative to oral anticoagulation in patients
with atrial fibrillation and risk factors for stroke. The
ACTIVE-A trial will clarify whether clopidogrel is of any
benefit in patients with no option for oral anticoagu-
lation.

GLYCOPROTEIN IIb/IIIa INHIBITORS

GP IIb/IIIa inhibitors are the most potent antiplatelet
drugs on the market because they block the platelet
GP IIb/IIIa receptor, which is the final common path-
way of platelet aggregation. This class of drug is
one of the most extensively studied, particularly in
patients undergoing PCI and those with NSTE ACS.
Still, questions remain regarding the optimal selection
of patients, timing of administration, and their role
in the setting of new antiplatelet and antithrombotic
agents.

Three GP IIb/IIIa inhibitors are currently available
for intravenous use: abciximab, eptifibatide, and
tirofiban. Abciximab is a humanized murine mono-
clonal antibody fragment that binds the GP IIb/IIIa
receptor. Eptifibatide and tirofiban are small-
molecule GP IIb/IIIa inhibitors.
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Pharmacodynamics

The GP IIb/IIIa receptor (αIIb/β3 integrin), is a platelet-
specific adhesion receptor with specificity for a num-
ber of ligands, principally fibrinogen, von Willebrand
factor, and prothrombin.85 Platelet stimulation by ago-
nists, such as thrombin, ADP, or TxA2, causes activa-
tion of the receptor by triggering intracellular signaling
pathways, which mediate conformational changes in
the GP IIb/IIIa receptor and eventually induce high-
affinity of the receptor for its ligands.85 The binding of
GP IIb/IIIa receptors with its ligands causes platelet
aggregation.

Abciximab binds with high affinity to the GP IIb/IIIa
receptor, resulting in slow off-rate kinetics and pro-
longed receptor occupancy despite the short plasma
half-life of the drug.85 For these reasons, the dura-
tion of platelet inhibition with abciximab is approx-
imately 48 h, much longer than with small-molecule
agents.85 Abciximab also inhibits other integrins, such
as the αv/β3, the vitronectin receptor on the endothe-
lium and vascular smooth muscle cells, and the MAC-1
receptor on leukocytes.85

Eptifibatide is a synthetic cyclic heptapeptide.86

Tirofiban is a nonpeptide tyrosine derivative. Eptifi-
batide and tirofiban specifically bind to the GP IIb/IIIa
receptor, with rapid “on” rate and “off” rate, resulting
in rapid dissociation from the platelets.85

At the doses currently approved, all three GP IIb/IIIa
inhibitors produce >80% inhibition of ex vivo platelet
aggregation. However, abciximab and eptifibatide
appear to have faster onset of action and more consis-
tent and sustained antiplatelet effect.87 To overcome
these limitations, a higher-bolus regimen of tirofiban
has been tested but is not currently approved for clin-
ical use.88

Pharmacokinetics

Two hours after the administration of abciximab as
an intravenous bolus, the peak effects on receptor
blockade, platelet aggregation, and bleeding time are
observed, with return to nearly normal values by 12 h,
although a residual effect may be present 15 days after
discontinuation.89

The plasma elimination half-life of eptifibatide is
approximately 2.5 h.90 The steady state with the cur-
rently approved dosing regimen is achieved within 4
to 6 h. In healthy subjects, nearly 50% of the drug

is cleared renally.90 Among patients with creatinine
clearance (CrCl) ≤50 mL/min, the body clearance of
eptifibatide is 50% less and the concentration at steady
state twofold higher.91

The half-life of tirofiban is approximately 2 h.92

Renal elimination accounts for 39% to 69% of total
plasma clearance.92 Plasma clearance of tirofiban is
decreased by more than 50% in patients with CrCl <30
mL/min.92

Clinical studies with GP IIb/IIIa inhibitors

Percutaneous coronary interventions
GP IIb/IIIa inhibitors have been extensively studied in
the setting of PCI. Abciximab and eptifibatide reduce
the risk of ischemic complications in patients under-
going balloon angioplasty or stenting for several indi-
cations. Design, populations, and main results of these
trials are shown in Table 23.2. The Evaluation of 7E3
for the Prevention of Ischemic Complications (EPIC)
trial showed a significant 35% reduction in the rate of
ischemic events with abciximab (bolus and infusion)
compared with placebo, but also a twofold increase in
the rate in major bleeding, particularly CABG- and vas-
cular access site-related bleeding.93 For this reason, in
the Evaluation in PTCA to Improve Long-Term Out-
come with Abciximab GP IIb/IIIa Blockade (EPILOG),
an additional treatment arm with abciximab plus
moderate regimen of heparin was evaluated (70 U/kg
bolus).94 Unlike EPIC, the EPILOG trial mandated that
heparin be stopped soon after the procedure. The trial
showed that abciximab (in both heparin arms) halved
the incidence of the 30-day primary efficacy endpoint
compared with placebo. Importantly, the low-dose
heparin arm had a reduced rate of major bleeding
(2.0%) compared with the abciximab and standard
heparin dose (3.5%) and placebo plus standard-dose
heparin groups (3.1%). The Evaluation of Platelet Inhi-
bition in STENTing (EPISTENT) trial assessed stenting
with abciximab or placebo and balloon angioplasty
plus abciximab.95 In patients receiving a stent, there
was a 52% reduction in the risk of the primary ischemic
endpoint in the abciximab group compared with
placebo. Also, patients in the balloon angioplasty–
plus-abciximab group had a 36% lower primary end-
point rate compared with the stent-plus-placebo
group. Major bleeding occurred in 2.2%, 1.5%, and
1.4% of patients in the stent-plus-placebo, stent-plus-
abciximab, and balloon angioplasty–plus-abciximab
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Table 23.2. Summary of phase III randomized clinical trials of GP IIb/IIIa inhibitors in patients undergoing
percutaneous coronary intervention

Trial

Population and

sample size Trial design

Primary efficacy

endpoint

Primary efficacy

endpoint Major bleeding

Evaluation of 7E3

for the

Prevention of

Ischemic

Complications

(EPIC)

2099 patients;

balloon

angioplasty at

high risk of

ischemic

complication

1. Abciximab

(bolus 0.25

mg/kg and 10

μg/min

infusion)

2. Abciximab

(bolus 0.25

mg/kg and

placebo

infusion)

3. Placebo

30-day death, nonfatal

MI, unplanned

surgical

revascularization,

unplanned repeat

percutaneous

procedure,

unplanned

implantation of a

coronary stent, or

insertion of an

intra-aortic balloon

pump for refractory

ischemia

1. Abciximab

8.3% (p =
0.008)∗

2. Abciximab

(bolus only)

11.4%

(p = 0.43)∗

3. Placebo 12.8%

1. Abciximab 14%

(p = 0.001)∗

2. Abciximab 11%

(bolus only)

3. Placebo 7%

Evaluation in

PTCA to

improve

long-term

Outcome with

abciximab GP

IIb/IIIa

blockade

(EPILOG)

2792 pts; elective

balloon

angioplasty

1. Placebo/HHD

2. Abciximab

(0.25 mg/kg

bolus and

0.125 μg/kg per

min infusion)/

HHD

3. Abciximab/

HMD

30-day death from any

cause, MI, or urgent

revascularization

1. Placebo/HHD

11.7%

2. Abciximab/

HHD 5.4%

(p ≤ 0.001)∗

3. Abciximab/

HMD 5.2%

(p ≤ 0.001)∗

1. Placebo/HHD

3.1%

2. Abciximab/

HHD 2.0%

(p = 0.19)∗

3. Abciximab/

HMD 3.5%

(p = 0.7)∗

Evaluation of

Platelet

Inhibition in

STENTing

(EPISTENT)

2399 patients;

stent

placement

1. Placebo/stent

2. Abciximab/

stent

3. Abciximab/

balloon

30-day death, MI, or

need for urgent

revascularization

within 30 days

1. Placebo/stent

10.8%

2. Abciximab/

stent 5.3%

(p ≤ 0.001)∗

3. Abciximab/

balloon 6.9%

(p = 0.007)∗

1. Placebo/stent

2.2%

2. Abciximab/

stent 1.4%

3. Abciximab/

balloon 1.5%

(p = 0.38)∗

Chimeric 7E3

Antiplatelet

Therapy in

Unstable

angina

Refractory to

standard

treatment

(CAPTURE)

1265 patients;

angioplasty in

refractory UA

1. Abciximab

18–24 h before

PCI, and 1h

following the

procedure

2. Placebo

30-day death, MI, or

urgent intervention

for recurrent

ischemia

1. Abciximab

11.3%

2. Placebo 15.9%

(p = 0.012)

1. Abciximab

3.8%

2. Placebo 1.9%

(p = 0.043)

(Continued )
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Table 23.2. (Continued )

Trial

Population and

sample size Trial design

Primary efficacy

endpoint

Primary efficacy

endpoint Major bleeding

Integrilin to

Minimize

Platelet

Aggregation

and Coronary

Thrombosis-II

(IMPACT-II)

4010 pts; PCI 1. Placebo

2. Eptifibatide

(135 μg/kg

bolus and 0.5

μg/kg per min

infusion)

3. Eptifibatide

(135 μg/kg

bolus and 0.75

μg/kg per min

infusion)

30-day death, MI,

unplanned surgical

or repeat

percutaneous

revascularization, or

coronary stent

implantation for

abrupt closure

1. Placebo 11.6%

2. Eptifibatide

(135/0.5) 9.1%

(p = 0.035) ∗†

3. Eptifibatide

(135/0.75)

10.0%

(p = 0.18) ∗†

1. Placebo 4.8%

2. Eptifibatide

(135/0.5) 5.1%‡

3. Eptifibatide

(135/0.75)

5.2%‡

Enhanced

Suppression of

the Platelet

IIb/IIIa

Receptor with

Integrilin

Therapy

(ESPRIT)

2064 patients;

stent

placement, no

GP IIb/IIIa

inhibitor

planned

1. Placebo

2. Eptifibatide

(two boluses of

180 μg/kg at 10

min apart and

2.0 μg/kg per

min infusion)

48-h death, MI, urgent

TVR, and

thrombotic bailout

GP IIb/IIIa inhibitor

therapy within 48h

after randomization

1. Placebo 10.5%

2. Eptifibatide

6.6%

(p = 0.0015)

1. Placebo 0.4%

2. Eptifibatide

1.3%

(p = 0.027)

Randomized

Efficacy Study

of Tirofiban for

Outcomes and

Restenosis

(RESTORE)

2139 patients;

PCI within 72

hours of ACS

1. Placebo

2. Tirofiban (10

μg/kg bolus

and 0.15 μg/kg

per min

infusion)

30-day death,

myocardial

infarction, CABG

due to angioplasty

failure or recurrent

ischemia, repeat

target vessel

angioplasty for

recurrent ischemia,

and insertion of a

stent due to actual

or threatened abrupt

closure of the

dilated artery

1. Placebo 12.2%

2. Tirofiban

10.3%

(p = 0.160)

1. Placebo 3.7%

2. Tirofiban 5.3%

(p = 0.096)

ACS, acute coronary syndrome; CABG, coronary artery bypass grafting; GP, glycoprotein; HHD, unfractionated heparin,

high dose (100 U/kg bolus); HMD, unfractionated heparin, moderate dose (70 U/kg bolus); MI, myocardial infarction; PCI,

percutaneous coronary intervention; TVR, target vessel revascularization; UA, unstable angina.
∗ For comparison versus placebo.
† As-treated analysis.
‡ Actual p value not shown in the manuscript.
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groups, respectively. The Chimeric 7E3 Antiplatelet
Therapy in Unstable angina Refractory to standard
treatment (CAPTURE) trial addressed the efficacy and
safety of pretreatment with abciximab (18 to 24 h
before PCI and 1 h following the procedure) in 1265
patients with refractory unstable angina.96 The pri-
mary ischemic endpoint was significantly reduced
in the abciximab group (11.3% versus 15.9%). Major
bleeding was increased in the abciximab group (3.8%
versus 1.9%).

A high-dose double bolus of eptifibatide has been
evaluated in 2064 patients scheduled to undergo PCI
with stent implantation in a native coronary artery
in the Enhanced Suppression of the Platelet IIb/IIIa
Receptor with Integrilin Therapy (ESPRIT) trial after
lower-dosing regimens of eptifibatide showed only a
modest benefit compared with placebo.97,98 The sec-
ond bolus of eptifibatide avoids the transient recovery
of platelet aggregation that is observed within 1 h of a
single bolus.99 Eptifibatide reduced by 43% the occur-
rence of the 48-h primary composite endpoint com-
pared with placebo. The major bleeding rate was 0.4%
with placebo and 1.3% with eptifibatide.

In the Randomized Efficacy Study of Tirofiban
for Outcomes and Restenosis (RESTORE) trial, 2139
patients undergoing PCI within 72 h of presenta-
tion with an ACS were randomized to tirofiban or
placebo.100 Despite the lower rate of the ischemic com-
posite primary endpoint in the tirofiban arm, the dif-
ference was not statistically significant (10.3% versus
12.2%). Major bleeding occurred in 5.3% of patients in
the tirofiban group and 3.7% in the placebo group.

A meta-analysis of 19 randomized, placebo-
controlled trials of GP IIb/IIIa inhibitors in 20 137
patients undergoing PCI showed a significant reduc-
tion of 31% in mortality among patients treated with
GP IIb/IIIa inhibitors at 30 days (RR 0.69; 95% CI 0.53
to 0.90), at 6 months (RR 0.79; 95% CI 0.64 to 0.97), and
longer follow-up (RR 0.79; 95% CI 0.66 to 0.94).101 The
risk of 30-day MI was reduced by 43% (RR 0.57; 95% CI
0.63 to 0.70). The risk of major bleeding was similar in
trials where heparin infusion was discontinued after
the procedure (RR 1.02; 95% CI 0.85 to 1.24), whereas
major bleeding increased in trials where heparin infu-
sion was continued after the procedure (RR 1.70; 95%
CI 1.36 to 2.14).

Only one large phase III trial has compared two
different GP IIb/IIIa inhibitors head to head. The
Do Tirofiban and ReoPro Give Similar Efficacy Trial

(TARGET) compared abciximab and tirofiban using a
double-blind, double-dummy design to assess nonin-
feriority of tirofiban. A total of 5308 patients under-
going PCI were randomized to either abciximab (0.25
mg/kg bolus, followed by 12-h infusion of 0.125 μg/kg
per min) or tirofiban (10-μg/kg bolus, followed by 18-
to 24-h infusion of 0.15 μg/kg per min). The incidence
of the primary endpoint was higher in the tirofiban
group than in the abciximab group (7.6% versus 6.0%;
HR 1.26, one-sided 95% CI 1.51), which was indicative
of nonequivalence between the two drugs. The two-
sided 95% CI from 1.01 to 1.57 demonstrated the supe-
riority of abciximab over tirofiban. The rate of major
bleeding or transfusion was similar in the two groups
(0.9% versus 0.7%). A suboptimal tirofiban dosing reg-
imen, particularly the bolus dose, has been proposed
as possible cause of these results. In fact, the Com-
parison Of Measurements of Platelet aggregation with
Aggrastat, Reopro, and Eptifibatide (COMPARE) trial
showed that the dosing regimen of tirofiban tested in
the TARGET trial produced less inhibition at 15 to 30
min compared with abciximab or eptifibatide.87

In summary, there is overwhelming evidence of
benefit of GP IIb/IIIa inhibitors in patients undergo-
ing PCI, with or without stent, and for several differ-
ent indications. GP IIb/IIIa inhibitors reduce the risk
of ischemic complications and mortality. GP IIb/IIIa
inhibitors also increase the risk of major bleeding, but
the risk can be reduced by administering lower-dose
heparin and stopping heparin after the procedure.
Regarding specific agents, definitive evidence of ben-
efit in PCI exists for abciximab and eptifibatide but not
for tirofiban. Head-to-head comparison showed that
abciximab is superior to tirofiban. Therefore abcix-
imab and eptifibatide are the two drugs recommended
for use in patients undergoing PCI.

GP IIb/IIIa inhibitors in NSTE ACS

A number of randomized, controlled clinical trials
have demonstrated a significant reduction in the
incidence of ischemic complications in NSTE ACS
patients who receive up-front treatment with GP
IIb/IIIa inhibitors.

The Platelet GP IIb/IIIa in Unstable Angina: Recep-
tor Suppression Using Integrilin Therapy (PURSUIT)
trial randomized 10 948 patients with NSTE ACS to
receive either eptifibatide (bolus of 180 μg/kg per
infusion of 1.3 μg/kg per minute or a bolus of
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180 μg/kg per infusion of 2.0 μg/kg per minute) or
placebo.102 The lower-dose arm of eptifibatide was
stopped, as planned, after acceptable safety of the
higher-dose regimen was ensured. At 30 days, there
was a significant 9.5% reduction in RR of the 30-
day composite of death or MI (14.2% versus 15.7%;
p = 0.04), which was apparent after 96 h (7.6% ver-
sus 9.2%; p = 0.01). Bleeding (TIMI major bleeding
10.6% versus 9.1%, p = 0.02; GUSTO major bleeding
1.5% versus 0.9%, p < 0.001) and the need for transfu-
sion (11.6% versus 9.2%) were more common among
patients treated with eptifibatide.

In the Platelet Receptor Inhibition in Ischemic Syn-
drome Management (PRISM) trial, NSTE ACS patients
were randomized to receive tirofiban plus aspirin or
heparin plus aspirin.103 At 48 h, patients receiving
tirofiban had a significant 32% reduction in the risk of
the primary endpoint (death, MI, or refractory ische-
mia) (3.8% versus 5.6%; RR 0.67, 95% CI 0.48 to 0.92),
but the difference was no longer significant at 30 days
(15.9% versus 17.1%; RR 0.92, 95% CI 0.78 to 1.09).

In the Platelet Receptor Inhibition in Ischemic Syn-
drome Management in Patients Limited by Unsta-
ble Signs and Symptoms (PRISM-PLUS) trial, 1915
patients were randomized to tirofiban plus aspirin
(this arm was prematurely stopped for excess
of mortality), heparin plus aspirin, or tirofiban
plus heparin and aspirin.104 Patients who received
tirofiban/heparin/aspirin had a significant reduction
in the rate of the 7-day composite of death, MI,
or refractory ischemia compared with heparin plus
aspirin (12.9% versus 17.9%; RR 0.68, 95% CI 0.53 to
0.88), which persisted at 30 days (18.5% versus 22.3%;
RR 0.78, 95% CI 0.63 to 0.98) and at 6 months (27.9%
versus 32.1%; RR 0.81, 95% CI 0.68 to 0.97). Patients
receiving tirofiban had a nonsignificant increase in
the risk of major bleeding (4.0% versus 3.0%; p = 0.34)
and transfusion (4.0% versus 2.8%; p = 0.21) com-
pared with patients receiving heparin alone.

The Global Utilization of Streptokinase and tPA
for Occluded Coronary Arteries (GUSTO) IV-ACS trial
explored the benefit of early treatment with abcix-
imab in NSTE ACS patients who were not undergoing
early revascularization. A total of 7800 patients were
randomized into three groups: abciximab bolus and
24-h infusion, abciximab bolus and 48-h infusion, or
placebo. The rate of 30-day death or MI was 8.0% in the
placebo group, 8.2% in the 24-h abciximab group (OR
1.0, 95% CI 0.83 to 1.24 for comparison with placebo),

and 9.1% in the 48-h abciximab group (OR 1.1, 95%
CI 0.94 to 1.39 for comparison with placebo). Major
bleeding rate was 0.3% in the placebo group, 0.6% in
the 24-h abciximab group, and 1% in the 48-h abcix-
imab group.

In a meta-analysis of six trials of GP IIb/IIIa
inhibitors in NSTE ACS patients not routinely sched-
uled for coronary angiography, including 31 402 pa-
tients, those treated with GP IIb/IIIa inhibitors had a
9% reduction in the odds of death or MI compared
with placebo or control (10.8% versus 11.8%; OR 0.91,
95% CI 0.84 to 0.98) (Table 23.3).105 The risk of major
bleeding was increased by GP IIb/IIIa inhibitors (2.4%
versus 1.4%; OR 1.62, 95% CI 1.36 to 1.94).

In summary, although trials on eptifibatide and
tirofiban and the meta-analysis provide definitive evi-
dence on benefits of GP IIb/IIIa inhibitors in all-
comers NSTE ACS patients, the benefits appear rel-
atively modest, particularly when compared with the
benefit observed in the PCI population. Appropriate
selection of patients is critical to optimizing the ben-
efit of these drugs.

Subgroups of patients with enhanced benefits
from GP IIb/IIIa inhibitors
Troponin elevation is a marker of platelet aggregation,
thrombus formation, and distal embolization leading
to myonecrosis and therefore a marker of increased
risk of ischemic complications in ACS patients.106,107

In the CAPTURE trial, patients with elevated troponin
levels had higher rates of angiographically confirmed
thrombi, greater thrombus resolution, and reduced
event rates after abciximab treatment compared with
placebo (6-month death 9.5% versus 23.9%; p =
0.002).108 In troponin-negative patients, no treatment
benefit was seen.108 In the Platelet IIb/IIIa Antago-
nism for the Reduction of Acute coronary syndrome
events in a Global Organization Network (PARAGON)-
B trial, the GP IIb/IIIa inhibitor lamifiban showed
no benefit in the overall population but, among
troponin-positive patients, was associated with sig-
nificant reduction in the composite endpoint of death,
MI, or severe recurrent ischemia at 30 days (from 19.4%
to 11.0%; p = 0.01).109 A similar enhanced benefit
was found in the PRISM trial.107 In the Boersma meta-
analysis, a 15% relative reduction in risk of death or MI
at 30 days among troponin-positive patients receiving
GP IIb/IIIa inhibition was seen, while no benefit was
observed in troponin-negative patients.105 Stratifying
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by troponin also eliminated the sex-related differences
observed in the meta-analysis (potential detrimental
effect observed in the overall female population).105

Similarly, the Intracoronary Stenting and Antithrom-
botic Regimen: Rapid Early Action for Coronary Treat-
ment (ISAR-REACT 2) trial demonstrated benefit of
abciximab added to clopidogrel (600-mg loading dose)
among patients with NSTE ACS undergoing PCI; this
benefit was confined to troponin-positive patients,
in whom there was a 25% reduction in the rate of
30-day death or MI.110 An enhanced benefit of GP
IIb/IIIa inhibitors has been also observed in NSTE ACS
patients with diabetes.107

Post hoc analyses of randomized clinical trials sug-
gested an enhanced benefit of GP IIb/IIIa inhibitors
in NSTE ACS patients undergoing PCI. In Boersma’s
meta-analysis, the odds reduction for death or MI
among patients undergoing early PCI was 23%,
whereas no benefit was observed in patients who did
not receive PCI within 5 days of admission.105 Yet it
should be said that this type of analysis needs cautious
interpretation given potential biases.111

Overall, these results suggest that NSTE ACS patients
with high-risk features, especially positive troponin,
and those undergoing an early invasive strategy
receive the greatest benefit from GP IIb/IIIa inhibitors.
It is not clear, however, if the drug should be started
upstream on presentation in all high-risk patients
scheduled for an early invasive strategy or whether
administration of the drug should be delayed until the
time of PCI.

Upstream versus periprocedural administration
of GP IIb/IIIa inhibitors
Preliminary evidence suggests the advantage of
upstream GP IIb/IIIa inhibitor administration. In
Boersma’s meta-analysis, among patients treated with
an invasive strategy, a significant reduction of MI with
GP IIb/IIIa inhibiton was observed prior to the inter-
vention, compared with placebo; even larger ben-
efits accrued after the procedure.105 Data from the
CAPTURE, PURSUIT, and PRISM-PLUS trials showed
a 34% relative reduction in the rate of death or MI with
GP IIb/IIIa inhibitors versus placebo prior to PCI (if
any) and an additional 41% relative reduction in PCI-
related events.112

In the PRISM-PLUS trial, administration of tirofiban
was associated with reduced intracoronary thrombus

burden of the culprit lesions and resulting improve-
ment of perfusion grade.113 In the Treat angina
with Aggrastat and determine Cost of Therapy with
an Invasive or Conservative Strategy–Thrombolysis
In Myocardial Infarction (TACTICS–TIMI) 18 trial,
patients receiving a prolonged infusion of tirofiban
showed improved myocardial perfusion grade after
PCI, compared with patients who received a shorter
infusion prior to PCI.114 The only randomized clinical
trial that has formally addressed the question to date
is the Acute Catheterization and Urgent Intervention
Strategy (ACUITY) trial, designed primarily to com-
pare bivalirudin alone, bivalirudin with a GP IIb/IIIa
inhibitor, and heparin plus GP IIb/IIIa inhibitors
in moderate-risk NSTE ACS patients undergoing an
early invasive strategy.115 In a second randomization
(ACUITY Timing), patients who were allocated to one
of the two GP IIb/IIIa inhibitor groups were further
randomized to receive the drug upstream (eptifibatide
or tirofiban) or at the time of PCI (eptifibatide or abcix-
imab).116 The primary endpoint was a composite of
30-day death, MI, and urgent revascularization for
ischemia or bleeding (net clinical outcome). Patients
who received upstream treatment had a lower rate
of the composite ischemic endpoint than patients
treated with the peri-PCI strategy (7.9% versus 7.1%;
p = 0.13); the difference was not statistically signifi-
cant, yet the criteria for noninferiority of the peri-PCI
strategy were not met.116 The rate of major bleeding
was lower in the peri-PCI group (6.1% versus 4.9%;
p = 0.009), resulting in a neutral effect on the primary
composite net clinical outcome (11.7% versus 11.7%;
p = 0.93). A major criticism of ACUITY Timing is
the very short duration of the upstream GP IIb/IIIa
infusion (median 5 h) before catheterization, which
is likely too short a time to evaluate differences
between the two strategies. The ongoing EARLY ACS
trial is designed to provide a definitive answer to the
upstream versus peri-PCI GP IIb/IIIa inhibition ques-
tion. The trial will randomize approximately 10 000
patients with NSTE ACS and high-risk features to
receive either eptifibatide (double-bolus regimen) or
placebo (with provisional use of eptifibatide at the
time of PCI) in patients undergoing an early invasive
strategy. The primary endpoint is a 96-h composite of
death, MI, recurrent ischemia requiring urgent revas-
cularization, or bail-out GP IIb/IIIa inhibitor use dur-
ing PCI.117
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Table 23.4. Currently recommended dosing regimens of Glycoprotein IIb/IIIa inhibitors

PCI ACS

Abiciximab 0.25 mg/kg bolus before PCI, 0.125

μg/kg/min (maximum of 10 μg/min)

Not approved

Eptifibatide

CrCl ≥50 ml/min 180 μg/kg, followed by a continuous

infusion of 2.0 μg/kg/min

180 μg/kg bolus before PCI, infusion of 2.0

μg/kg per min, second 180 μg/kg bolus 10

minutes after the first bolus

CrCl ≤50 ml/min 180 μg/kg, followed by a continuous

infusion of 1.0 μg/kg per min

180 μg/kg bolus before PCI, infusion of 1.0

μg/kg per min, second 180 μg/kg bolus 10

min after the first bolus

Tirofiban Not approved

CrCl ≥ 30 mL/min 0.4 μg/kg per min bolus for 30 min followed

by 0.1 μg/kg per min maintenance

infusion

CrCl ≤30 mL/min 0.2 μg/kg per min bolus for 30 min followed

by 0.05 μg/kg per min maintenance

infusion

CrCl, creatinine clearance.

Dosing of GP IIb/IIIa inhibitors and their
relationship with bleeding
Despite existing dosing recommendations (Table
23.4), dosing errors with GP IIb/IIIa inhibitors are fre-
quent in clinical practice. Based on the CRUSADE
database, 27% of patients treated with GP IIb/IIIa
inhibitors received an excess dosing.118 Patients who
received an excess dose of GP IIb/IIIa inhibitors had a
higher risk of major bleeding (adjusted OR 1.36; 95%
CI 1.10 to 1.68). The role of excess dosing in bleeding
appears particularly enhanced in women.119

The recent PROTECT-TIMI 30 trial showed that, in
the more controlled environment of a clinical trial, GP
IIb/IIIa inhibitor dosing errors are also common.120

Among patients who would have required a dose
adjustment of eptifibatide based on reduced creati-
nine clearance, 45% received an excess dose. Patients
who were administered an excess dose had a 20% rate
of major or minor bleeding and a 26.7% rate of transfu-
sion, compared with 0% (for both bleeding and trans-
fusion) for patients who received proper dose adjust-
ment and 2.9% (bleeding) and 4% (transfusion) among
patients who did not require dose adjustment.

These data clearly demonstrate that overdosing is
a major determinant of bleeding risk with GP IIb/IIIa

inhibition and adhering to labeled dosing recommen-
dations is important to optimize the efficacy versus
safety profile of GP IIb/IIIa inhibitors.

Comparison between GP IIb/IIIa inhibitors
and other antithrombotic agents

The possibility that clopidogrel or bivalirudin regi-
mens may make GP IIb/IIIa inhibitors obsolete has
been recently evaluated. The first ISAR-REACT trial
included 2159 patients who underwent low-risk PCI
and were pretreated with a 600-mg clopidogrel load-
ing dose at least 2 h before the intervention. The trial
tested whether adding abciximab in the setting of
adequate pretreatment with clopidogrel would reduce
the composite of 30-day death, MI, or urgent TVR.
Patients were randomized to receive either abciximab
or placebo. The rate of the primary endpoint was low
and similar in the two groups (4% versus 4%; RR 1.05,
95% CI 0.69 to 1.59). Major bleeding did not differ in
the abciximab compared with placebo group (1% ver-
sus 1%).

Similar results were observed in the ISAR-Abciximab
a Superior Way to Eliminate Elevated Thrombotic Risk
in Diabetics (SWEET) trial evaluating 701 diabetic
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patients who underwent elective PCI after receiving
a 600-mg loading of clopidogrel.121 The primary end-
point, the composite incidence of death and MI at
1 year, was similar in the abciximab and placebo
groups (8.3% versus 8.6%; RR 0.97, 95% CI 0.58
to 1.62).

ISAR-REACT 2 addressed the same question in
NSTE ACS patients undergoing PCI.110 A total of 2022
patients pretreated with clopidogrel (600 mg) were
randomized to either abciximab or placebo. Patients
receiving abciximab had a 25% reduction in the risk of
death, MI, or urgent TVR due to myocardial ischemia
within 30 days after randomization (8.9% versus
11.9%; RR 0.75, 95% CI 0.58 to 0.97). As described pre-
viously, a subgroup analysis showed that the benefit
was concentrated in troponin-positive patients (13.1%
versus 18.3%; RR 0.71, 95% CI 0.54 to 0.95). The rates of
major bleeding (1.4% versus 1.4%; RR 1.00, 95% CI 0.50
to 2.08) and transfusion (2.5% versus 2.0%; RR 1.25,
95% CI 0.70 to 2.23) were not statistically different in
the two groups.

Bivalirudin is a parenteral direct thrombin inhibitor
and a potential alternative to heparin. An antithrom-
botic regimen based on bivalirudin alone has been
tested against the standard therapy with heparin plus a
GP IIb/IIIa inhibitor in both the PCI and the NSTE ACS
populations. The Randomised Evaluation in PCI Link-
ing Bivalirudin to Reduced Clinical Events (REPLACE)-
2 trial randomized 6010 patients undergoing elective
or urgent PCI to receive heparin plus a GP IIb/IIIa
inhibitor (abciximab or eptifibatide) or bivalirudin
alone (with provisional use of GP IIb/IIIa inhibitors
in case of complication during PCI).122 The trial was
designed to test the noninferiority of bivalirudin com-
pared with heparin plus GP IIb/IIIa inhibitors on the
composite of 30-day death, MI, urgent repeat revascu-
larization, or in-hospital major bleeding (net clinical
outcome).

There were no significant differences in the occur-
rence of the primary quadruple endpoint between
the two groups (10.0% versus 9.2% for heparin and
bivalirudin groups, respectively; OR 0.92, 95% CI 0.77
to 1.09). The rate of 30-day death, MI, and urgent
repeat revascularization was 7.6% in the bivalirudin
group and 7.1% in the heparin group (OR 1.09; 95% CI
0.90 to 1.32). In-hospital major bleeding (2.4% versus
4.1%; p < 0.001) and transfusion (2.5% versus 1.7%;
p = 0.02) were significantly lower in the bivalirudin
group.

The randomized Acute Catheterization and Urgent
Intervention Strategy (ACUITY) trial123 evaluated
bivalirudin among 13 819 patients with NSTE ACS.
Patients were randomized into three groups: heparin
plus a GP IIb/IIIa inhibitor, bivalirudin plus a GP
IIb/IIIa inhibitor, or bivalirudin alone. The primary
endpoint was a 30-day net benefit outcome [death, MI,
unplanned revascularization for ischemia (composite
ischemic endpoint) or major bleeding]. The primary
objective of the trial was to establish noninferiority of
the bivalirudin regimens in respect to heparin plus GP
IIb/IIIa inhibitors. The noninferiority limit was set at
a 25% upper boundary of a one-sided 97.5% CI. The
rate of the net clinical outcome was similar between
the bivalirudin plus GP IIb/IIIa inhibitor group and
the heparin plus GP IIb/IIIa inhibitor group (11.8%
and 11.7% for bivalirudin and heparin, respectively;
RR 1.01, 95% CI 0.90 to 1.12), as were the rates of
the ischemic component of the endpoint (7.7% versus
7.3%; RR 1.07, 95% CI 0.92 to 1.23) and major bleed-
ing (5.3% versus 5.7%; RR 0.93, 95% CI 0.78 to 1.10).
Patients in the bivalirudin-alone group had a signif-
icantly lower rate of the net clinical outcome com-
pared with the group receiving heparin plus GP IIb/IIIa
inhibitor (10.1% versus 11.7%; RR 0.86, 95% CI 0.77 to
0.97). The difference was entirely driven by the lower
rate of bleeding in the bivalirudin-alone group (3.0%
versus 5.7%; RR 0.53, 95% CI 0.43 to 0.65). There was a
nonsignificant excess of ischemic complications in the
bivalirudin-alone group (7.8% versus 7.3%; RR 1.08,
95% CI 0.93 to 1.24) that did not exceed the prespeci-
fied 25% margin for noninferiority.

The two ISAR-REACT trials have highlighted how
the benefit of aggressive platelet inhibition with GP
IIb/IIIa inhibitors, as compared with moderate inhi-
bition with clopidogrel alone, is strongly related to
the baseline risk of patients and, in particular, to tro-
ponin status. With this in mind, the results of the
ACUITY trial, where a regimen based on bivalirudin
alone was shown to be noninferior to heparin plus GP
IIb/IIIa inhibitor, should be interpreted in the light
of the risk of the trial population. In fact, patients
enrolled appeared to be in the low- to moderate-risk
range. More than 40% of patients had negative tro-
ponin values, and 27% had neither positive troponin
nor ST-segment changes in the electrocardiogram.123

Additional data are needed to evaluate the role of
inappropriate drug dosing in the increased bleeding
rate observed in the group receiving heparin plus GP
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IIb/IIIa inhibitor. Finally, future study should clarify
the impact on outcome of ischemic events relative to
bleeding in order to understand the appropriateness of
combining efficacy and safety outcomes into a single
endpoint.

GP IIb/IIIa inhibitors in patients with STEMI
The only GP IIb/IIIa inhibitor adequately studied in
phase III trials involving STEMI patients is abcix-
imab, which has been studied as adjunctive therapy
in patients receiving fibrinolysis and in those under-
going primary PCI.

Phase II trials generally supported the potential ben-
efits of combined fibrinolytic and platelet GP IIb/IIIa
inhibition therapy for improving reperfusion. The
GUSTO-V trial randomized 16 588 patients within the
first 6 h of a STEMI episode.124 Patients were ran-
domized to receive either standard-dose reteplase or a
combination of standard abciximab regimen plus half-
dose reteplase. There was no significant difference in
the rate of 30-day mortality (primary endpoint) (5.9%
in the reteplase group versus 5.6% in the combination
group; OR 0.95, 95% CI 0.83 to 1.08). Patients receiv-
ing the combination therapy had a higher incidence
of moderate to severe nonintracranial bleeding (2.3%
versus 4.6%; OR 2.03, 95% CI 1.70 to 2.42). The rates of
intracranial hemorrhage (0.6% versus 0.6%) were sim-
ilar. The mortality rate at 1 year was identical in the
two groups (8.38% versus 8.38%).125

The Assessment of the Safety and Efficacy of a New
Thrombolytic Regimen (ASSENT)-3 trial randomized
6065 patients within 6 h of STEMI onset to receive full-
dose tenecteplase (TNK) plus weight-adjusted enoxa-
parin started with intravenous 30-mg bolus; a com-
bination of half-dose TNK plus standard regimen of
abciximab [with low-dose weight-adjusted unfrac-
tionated heparin (UFH)]; or full-dose of TNK (with
weight-adjusted UFH).126 Primary endpoints were the
composite of 30-day death, in-hospital reinfarction, or
in-hospital refractory ischemia (efficacy outcome) and
the composite of the efficacy outcome, intracranial
hemorrhage, or major bleeding (efficacy plus safety
outcome).

Patients in the enoxaparin group (11.4% versus
15.4%; RR 0.74, 95% CI 0.63 to 0.87) and abciximab
group (11.1% versus 15.4%; RR 0.72, 95% CI 0.61 to
0.84) had significantly fewer efficacy outcomes than
the UFH group. Compared with the UFH group, the
composite efficacy plus safety outcome was lower in

the enoxaparin (13.7% versus 17.0%; RR 0.81, 95% CI
0.70 to 0.93) and the abciximab groups (14.2% versus
17.0%; RR 0.84, 95% CI 0.72 to 0.96). No differences
were observed in the rate of intracranial hemorrhage
(0.9% in each of the three groups), whereas other major
bleeding was significantly increased in the abciximab
group (3.0% versus 4.3% versus 2.2% for the enoxa-
parin, abciximab, and UFH groups, respectively).

The GUSTO-V and ASSENT-3 trials did not pro-
vide convincing evidence of additional benefit derived
from abciximab plus half-dose of fibrinolytic. In fact,
there was no mortality benefit, and the reduction in
the rate of reinfarction was counterbalanced by a sig-
nificant increase in the rate of major bleeding.

Abciximab has been evaluated in the setting of pri-
mary PCI in several trials; however, only one of those
was sufficiently large, the Controlled Abciximab and
Device Investigation to Lower Late Angioplasty Com-
plication (CADILLAC),127 while the others enrolled
fewer than 500 patients.128,129,130,131,132,133,134

The CADILLAC trial randomized 2082 patients with
STEMI to receive balloon angioplasty versus stent-
ing.127 Patients in each group were further randomized
in a factorial design to receive abciximab or balloon
angioplasty/stenting alone. The primary endpoint was
a composite of 6-month death, reinfarction, disabling
stroke, and ischemia-driven TVR. The incidence of the
primary endpoint was highest in the balloon angio-
plasty alone (20.0%) compared with balloon angio-
plasty plus abciximab (16.5%), stenting alone (11.5%),
and stenting plus abciximab (10.2%) groups.

The Abciximab Before Direct Angioplasty and Stent-
ing in MI Regarding Acute and Long-Term Follow-Up
(ADMIRAL) trial, a small study evaluating 400 patients
with STEMI undergoing PCI (primarily stenting), pro-
vided preliminary information on the benefit of abcix-
imab started upstream in the ambulance or emer-
gency department.134 Those in the abciximab group
had a significant reduction (4.5% versus 10.5%) in the
rate of the primary composite endpoint at 1 month
compared with placebo (death, reinfarction, TVR, or
stroke) (adjusted OR 0.41; 95% CI 0.17 to 0.97).

A meta-analysis of studies comparing abciximab
with placebo in STEMI patients undergoing primary
stenting included 1101 patients who were followed
for up to 3 years.135 The meta-analysis showed a sig-
nificant reduction in the risk of death or reinfarction
(19.0% versus 12.9%; RR 0.63, 95% CI 0.45 to 0.89) and
a reduction in mortality (14.3% versus 10.9%; RR 0.70,
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95% CI 0.48 to 1.00) in the abciximab group. Major
bleeding rates were 2.5% and 2.0% in the abciximab
and placebo groups, respectively.

In summary, currently the use of abciximab in the
context of primary PCI appears reasonable, reflecting
more the overall benefits with abciximab observed in
PCI rather than definitive evidence of benefits in the
specific situation of a primary PCI. The ongoing Facil-
itated Intervention with Enhanced Reperfusion Speed
to Stop Events (FINESSE) study will address impor-
tant questions on the efficacy and safety of upstream
medical treatments in STEMI patients planned for
primary PCI.136 Patients are randomized to facilitated
PCI with reduced-dose reteplase and abciximab bolus
doses administered in the emergency department;
facilitated PCI with abciximab bolus administered
in the emergency department; or primary PCI with
abciximab initiated in the cardiac catheterization lab-
oratory. The primary endpoint of the FINESSE study
is the 90-day composite of mortality or complications
of MI.

FUTURE AVENUES OF RESEARCH

ADP receptor antagonists

Cangrelor
Cangrelor (The Medicines Company, Parsippany, NJ,
USA) is a reversible nonthienopyridine inhibitor of
ADP-induced platelet aggregation characterized by
very fast action after intravenous administration.137

Cangrelor has a short plasma half-life (2.6 h), allowing
rapid recovery of platelet aggregation following dis-
continuation.137 Cangrelor has a greater antiplatelet
effect than thienopyridines in ADP- and thrombin-
receptor activating peptide–induced platelet aggrega-
tion.138 Cangrelor has been studied in phase II trials in
patients with ischemic heart disease,139 NSTE ACS,140

and those undergoing PCI.138 Overall, these initial
experiences with intravenous cangrelor suggest an
acceptable risk of bleeding complications and adverse
cardiac events. The CHAMPION-PCI trial, a random-
ized phase III clinical trial, is evaluating whether the
efficacy of cangrelor is superior, or at least noninfe-
rior, to that of clopidogrel in 9000 patients requiring
PCI. Patients receive, in a randomized, double-blind,
double-dummy fashion, cangrelor bolus (30 μg/kg)
followed by infusion (4 μg/kg per hour) or clopido-
grel started with a loading dose of 600 mg. The pri-

mary endpoint is the composite incidence of mortal-
ity, MI, or ischemia-driven revascularization. Another
randomized clinical trial of 4400 patients undergoing
PCI, CHAMPION-PLATFORM, is under way to eval-
uate cangrelor versus placebo (in addition to usual
care).

Prasugrel
Prasugrel (Eli Lilly and Company, Indianapolis, IN,
USA) is a new thienopyridine agent. Like ticlopidine
and clopidogrel, it is metabolized in vivo to an active
metabolite, which irreversibly binds to the platelet
P2Y12 receptor. Prasugrel has a more potent and rapid-
onset antiplatelet effect compared to clopidogrel.141 In
phase II trials in PCI patients, prasugrel was compara-
ble to clopidogrel on safety endpoints, with a trend
toward fewer ischemic complications.142 Moreover,
prasugrel showed consistent interindividual levels of
platelet inhibition on ex vivo ADP-induced platelet
aggregation, exerting its effect also in those subjects
who did not respond to clopidogrel.141 The TRial
to assess Improvement in Therapeutic Outcomes by
optimizing platelet InhibitioN with prasugrel Throm-
bolysis In Myocardial Infarction 38 (TRITON-TIMI 38)
is testing whether prasugrel is superior to clopidogrel
in the treatment of 13 000 subjects with NSTE ACS or
STEMI undergoing PCI in reducing the composite of
cardiovascular death, MI, or stroke.143

AZD6140
AZD6140 (AstraZeneca, Södertälje, Sweden) is the
first of a new chemical class of antiplatelet drugs,
the cyclopentyltriazolopyrimidines.144 It is an oral
reversible P2Y12 receptor inhibitor producing nearly
complete inhibition of ex vivo ADP-induced platelet
aggregation.144 Unlike thienopyridines, AZD6140 is an
active compound and thus does not require metabolic
transformation to an active metabolite.144 In a dose-
finding phase II study in 201 patients with atheroscle-
rosis, AZD6140 was compared with clopidogrel.144 The
antiplatelet effect is observed after 2 h. The magnitude
of platelet inhibition with doses ≥100 mg was 25% to
30% higher than clopidogrel at steady state. Dyspnea,
an unexpected side effect that appeared to be dose-
related, was observed in 10% to 20% of patients.

AZD6140 is being evaluated in a large randomized
clinical trial, Study of Platelet Inhibition and Patient
Outcomes (PLATO). In PLATO, approximately 18 000
patients recruited with moderate- to high-risk ACS
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TAKE-HOME MESSAGES

� Aspirin, thienopyridines, and GP IIb/IIIa inhibitors currently are the three major classes of antiplatelet drugs in

cardiology.
� Aspirin is indicated in primary prevention in subjects at high risk of developing cardiovascular disease and for

secondary prevention of patients with established cardiovascular disease.
� Thienopyridines are indicated for patients undergoing stent placement (ticlopidine and clopidogrel); clopidogrel is

indicated for acute and long-term care of patients with NSTE ACS, and it has been shown recently to be effective in

patients with STEMI receiving fibrinolysis.
� GP IIb/IIIa inhibitors are approved for use in patients undergoing PCI and in those with NSTE ACS.
� There are still important unanswered questions regarding currently used drugs. These include the following:

– Optimal dose of aspirin and clopidogrel

– Benefit of clopidogrel in addition to aspirin in the secondary prevention of cardiovascular disease

– Timing of clopidogrel loading dose administration in NSTE ACS

– Timing of GP IIb/IIIa inhibitors administration in NSTE ACS

– Additional benefit of clopidogrel added to GP IIb/IIIa inhibitors

– Optimal antithrombotic strategy in NSTE ACS and PCI in the setting of several agents available
� Several new antiplatelet agents are currently in development.

(including both NSTE ACS and STEMI) are treated
with PCI, CABG, or medical therapy. Patients are ran-
domized to receive AZD6140 (180-mg load) and then
90 mg/day maintenance (with additional 90 mg before
PCI) or clopidogrel for 6 to 12 months. The primary
endpoint is the composite of cardiovascular death, MI,
or stroke.

Thrombin-receptor antagonists

Thrombus-bound thrombin is the most potent acti-
vator of platelets. Thrombin acts by cleaving the pro-
tease-activated receptor (PAR)-1 as well as PAR-4,145

the thrombin receptors present on platelet surfaces.
Therefore PAR represent an attractive therapeutic tar-
get for drugs to block platelet-mediated thrombosis.
SCH 530348 (Schering-Plough, Kenilworth, NJ, USA)
is an oral thrombin-receptor antagonist (TRA) that
binds selectively to the thrombin receptor on platelets
(PAR-1). In a phase II PCI trial, SCH 530348 in addi-
tion to standard therapy (including aspirin, clopido-
grel, and GP IIb/IIIa inhibitors) has not increased
bleeding compared with placebo. SCH 530348 (40-
mg loading and 2.5 mg/day maintenance dose) is
now being evaluated in two large randomized clin-
ical trials involving 30 000 patients in secondary
prevention of cardiovascular disease (TRA 2P-TIMI

50) and in the treatment of patients with NSTE
ACS (TRA-CER).

CONCLUSION

Rapid onset of action, selectivity of targets, consis-
tent interindividual response, rapid reversibility, and
minimized risk of bleeding are ideal characteristics of
antiplatelet agents. Newer antiplatelet agents incor-
porate such characteristics and in some cases add
new, attractive therapeutic targets. Results from sev-
eral ongoing large, randomized clinical trials evaluat-
ing new antiplatelet drugs will indicate whether these
agents represent an advance in efficacy and/or safety.
These trials, along with those addressing questions
such as optimal dosing of clopidogrel and optimal tim-
ing of GP IIb/IIIa inhibition in ACS, will establish new
standards for antiplatelet therapies in the next decade.

REFERENCES

1. Smith WL, Garavito RM, DeWitt DL. Prostaglandin

endoperoxide H synthases (cyclooxygenases)-1 and -2.

J Biol Chem 1996;271:33157–60.

2. Clarke RJ, Mayo G, Price P, et al. Suppression of

thromboxane A2 but not of systemic prostacyclin by

controlled-release aspirin. N Engl J Med 1991;325:1137–41.

430



CHAPTER 23: Antiplatelet Therapies in Cardiology

3. Pedersen AK, FitzGerald GA. Dose-related kinetics of

aspirin. Presystemic acetylation of platelet cyclooxygenase.

N Engl J Med 1984;311:1206–11.

4. Peto R, Gray R, Collins R, et al. Randomised trial of

prophylactic daily aspirin in British male doctors. Br Med J

1988;296:313–16.

5. Hansson L, Zanchetti A, Carruthers SG, et al. Effects of

intensive blood-pressure lowering and low-dose aspirin in

patients with hypertension: principal results of the

Hypertension Optimal Treatment (HOT) randomised trial.

Lancet 1998;351:1755–62.

6. The Medical Research Council’s General Practice Research

Framework. Thrombosis prevention trial: randomised trial

of low-intensity oral anticoagulation with warfarin and low-

dose aspirin in the primary prevention of ischaemic heart

disease in men at increased risk. Lancet 1998;351:233–41.

7. de Gaetano G. Collaborative Group of the Primary

Prevention Project. Low-dose aspirin and vitamin E in

people at cardiovascular risk: a randomised trial in general

practice. Lancet 2001;357:89–95.

8. Ridker PM, Cook NR, Lee IM, et al. A randomized trial of

low-dose aspirin in the primary prevention of

cardiovascular disease in women. N Engl J Med

2005;352:1293–4.

9. Berger JS, Roncaglioni MC, Avanzini F, et al. Aspirin for the

primary prevention of cardiovascular events in women and

men: a sex-specific meta-analysis of randomized controlled

trials. JAMA 2006;295:306–13.

10. Hayden M, Pignone M, Phillips C, et al. Aspirin for the

primary prevention of cardiovascular events: a summary of

the evidence for the U.S. Preventive Services Task Force.

Ann Intern Med 2002;136:161–72.

11. Pearson TA, Blair SN, Daniels SR, et al. AHA Guidelines for

Primary Prevention of Cardiovascular Disease and Stroke:

2002 Update: Consensus Panel Guide to Comprehensive

Risk Reduction for Adult Patients Without Coronary or

Other Atherosclerotic Vascular Diseases. Circulation

2002;106:388–91.

12. 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

1988;2:349–60.

13. Risk of myocardial infarction and death during treatment

with low dose aspirin and intravenous heparin in men with

unstable coronary artery disease. The RISC Group. Lancet

1990;336:827–30.

14. Lewis HD Jr, Davis JW, Archibald DG, et al. Protective

effects of aspirin against acute myocardial infarction and

death in men with unstable angina. Results of a Veterans

Administration Cooperative Study. N Engl J Med

1983;309:396–403.

15. Theroux P, Ouimet H, McCans J, et al. Aspirin, heparin, or

both to treat acute unstable angina. N Engl J Med

1988;319:1105–11.

16. Cairns JA, Gent M, Singer J, et al. Aspirin, sulfinpyrazone, or

both in unstable angina. Results of a Canadian multicenter

trial. N Engl J Med 1985;313:1369–75.

17. Collaborative meta-analysis of randomised trials of

antiplatelet therapy for prevention of death, myocardial

infarction, and stroke in high risk patients. Br Med J

2002;324:71–86.

18. Juul-Moller S, Edvardsson N, Jahnmatz B, et al.

Double-blind trial of aspirin in primary prevention of

myocardial infarction in patients with stable chronic

angina pectoris. The Swedish Angina Pectoris Aspirin Trial

(SAPAT) Group. Lancet 1992;340(8833):1421–5.

19. Mehta SR. Clopidogrel in non-ST-segment elevation acute

coronary syndromes. Eur Heart J Suppl 2006;8(Suppl

G):G25–30.

20. Petersen P, Boysen G, Godtfredsen J, et al.

Placebo-controlled, randomised trial of warfarin and

aspirin for prevention of thromboembolic complications in

chronic atrial fibrillation. The Copenhagen AFASAK study.

Lancet 1989;1:175–9.

21. Stroke Prevention in Atrial Fibrillation Study. Final results.

Circulation 1991;84:527–39.

22. Secondary prevention in non-rheumatic atrial fibrillation

after transient ischaemic attack or minor stroke. EAFT

(European Atrial Fibrillation Trial) Study Group. Lancet

1993;342:1255–62.

23. The efficacy of aspirin in patients with atrial fibrillation.

Analysis of pooled data from 3 randomized trials. The Atrial

Fibrillation Investigators. Arch Intern Med

1997;157:1237–40.

24. Albers GW. Atrial fibrillation and stroke. Three new studies,

three remaining questions. Arch Intern Med

1994;154:1443–8.

25. Adjusted-dose warfarin versus low-intensity, fixed-dose

warfarin plus aspirin for high-risk patients with atrial

fibrillation: Stroke Prevention in Atrial Fibrillation III

randomised clinical trial. Lancet 1996;348:633–8.

26. Patrono C, Rocca B. Drug insight: aspirin resistance – fact or

fashion? Nat Clin Pract Cardiovasc Med 2007;4:42–50.

27. Hankey GJ, Eikelboom JW. Aspirin resistance. Lancet

2006;367:606–17.

28. Patrono C. Aspirin resistance: definition, mechanisms and

clinical read-outs. J Thromb Haemost 2003;1:1710–13.

29. Helgason CM, Tortorice KL, Winkler SR, et al. Aspirin

response and failure in cerebral infarction. Stroke

1993;24:345–50.

30. Helgason CM, Bolin KM, Hoff JA, et al. Development of

aspirin resistance in persons with previous ischemic stroke.

Stroke 1994;25:2331–6.

431



Pierluigi Tricoci and Robert A. Harrington

31. Buchanan MR, Brister SJ. Individual variation in the effects

of ASA on platelet function: implications for the use of ASA

clinically. Can J Cardiol 1995;11:221–7.

32. Gum PA, Kottke-Marchant K, Poggio ED, et al. Profile and

prevalence of aspirin resistance in patients with

cardiovascular disease. Am J Cardiol 2001;88:230–5.

33. Eikelboom JW, Hirsh J, Weitz JI, et al. Aspirin-resistant

thromboxane biosynthesis and the risk of myocardial

infarction, stroke, or cardiovascular death in patients at

high risk for cardiovascular events. Circulation

2002;105:1650–5.

34. Mueller MR, Salat A, Stangl P, et al. Variable platelet

response to low-dose ASA and the risk of limb deterioration

in patients submitted to peripheral arterial angioplasty.

Thromb Haemost 1997;78:1003–7.

35. Grotemeyer KH, Scharafinski HW, Husstedt IW. Two-year

follow-up of aspirin responder and aspirin non-responder.

A pilot-study including 180 post-stroke patients. Thromb

Res 1993;71:397–403.

36. Gum PA, Kottke-Marchant K, Welsh PA, et al. A prospective,

blinded determination of the natural history of aspirin

resistance among stable patients with cardiovascular

disease. J Am Coll Cardiol 2003;41:961–5.

37. Grundmann K, Jaschonek K, Kleine B, et al. Aspirin

non-responder status in patients with recurrent cerebral

ischemic attacks. J Neurol 2003;250:63–6.

38. Chen WH, Lee PY, Ng W, et al. Aspirin resistance is

associated with a high incidence of myonecrosis after

non-urgent percutaneous coronary intervention despite

clopidogrel pretreatment. J Am Coll Cardiol 2004;43:1122–6.

39. Andersen K, Hurlen M, Arnesen H, et al. Aspirin

non-responsiveness as measured by PFA-100 in patients

with coronary artery disease. Thromb Res 2002;108:37–42.

40. Savi P, Zachayus J-L, Delesque-Touchard N, et al. The active

metabolite of Clopidogrel disrupts P2Y12 receptor

oligomers and partitions them out of lipid rafts. Proc Natl

Acad Sci USA 2006;103:11069–74.

41. Savi P, Herbert JM. Clopidogrel and ticlopidine: P2Y12

adenosine diphosphate-receptor antagonists for the

prevention of atherothrombosis. Semin Thromb Hemost

2005;31:174–83.

42. Quinn MJ, Fitzgerald DJ. Ticlopidine and clopidogrel.

Circulation 1999;100:1667–72.

43. www.fda.gov/cder/foi/label/2001/19979s18lbl.PDF.

44. Leon MB, Baim DS, Popma JJ, et al. A clinical trial

comparing three antithrombotic-drug regimens after

coronary-artery stenting. Stent Anticoagulation Restenosis

Study Investigators. N Engl J Med 1998;339:1665–71.

45. Sharis PJ, Cannon CP, Loscalzo J. The antiplatelet effects of

ticlopidine and clopidogrel. Ann Intern Med

1998;129:394–405.

46. Savcic M, Hauert J, Bachmann F, et al. Clopidogrel loading

dose regimens: kinetic profile of pharmacodynamic

response in healthy subjects. Semin Thromb Hemost

1999;25(Suppl 2):15–19.

47. Muller I, Seyfarth M, Rudiger S, et al. Effect of a high loading

dose of clopidogrel on platelet function in patients

undergoing coronary stent placement. Heart 2001;85:

92–3.

48. von Beckerath N, Taubert D, Pogatsa-Murray G, et al.

Absorption, metabolization, and antiplatelet effects of

300-, 600-, and 900-mg loading doses of clopidogrel: results

of the ISAR-CHOICE (Intracoronary Stenting and

Antithrombotic Regimen: Choose Between 3 High Oral

Doses for Immediate Clopidogrel Effect) trial. Circulation

2005;112:2946–50.

49. Caplain H, Donat F, Gaud C, et al. Pharmacokinetics of

clopidogrel. Semin Thromb Hemost 1999;25(Suppl 2):25–8.

50. www.fda.gov/cder/foi/label/2002/20839slr018lbl.pdf.

51. A randomised, blinded, trial of clopidogrel versus aspirin in

patients at risk of ischaemic events (CAPRIE). CAPRIE

Steering Committee. Lancet 1996;348:1329–39.

52. The Clopidogrel in Unstable Angina to Prevent Recurrent

Events Trial Investigators. Effects of clopidogrel in addition

to aspirin in patients with acute coronary syndromes

without ST-segment elevation. N Engl J Med

2001;345:494–502.

53. Yusuf S, Mehta SR, Zhao F, et al. Early and late effects of

clopidogrel in patients with acute coronary syndromes.

Circulation 2003;107:966–72.

54. Fox KA, Mehta SR, Peters R, et al. Benefits and risks of the

combination of clopidogrel and aspirin in patients

undergoing surgical revascularization for non-ST-elevation

acute coronary syndrome: the Clopidogrel in Unstable

angina to prevent Recurrent ischemic Events (CURE) trial.

Circulation 2004;110:1202–8.

55. Braunwald E, Antman EM, Beasley JW, et al. ACC/AHA 2002

guideline update for the management of patients with

unstable angina and non-ST-segment elevation myocardial

infarction – summary article: a report of the American

College of Cardiology/American Heart Association task

force on practice guidelines (Committee on the

Management of Patients With Unstable Angina). J Am Coll

Cardiol 2002;40:1366–74.

56. Schomig A, Neumann FJ, Kastrati A, et al. A randomized

comparison of antiplatelet and anticoagulant therapy after

the placement of coronary-artery stents. N Engl J Med

1996;334:1084–9.

57. Bertrand ME, Rupprecht HJ, Urban P, et al. Double-blind

study of the safety of clopidogrel with and without a

loading dose in combination with aspirin compared with

ticlopidine in combination with aspirin after coronary

stenting: the clopidogrel aspirin stent international

cooperative study (CLASSICS). Circulation 2000;102:624–9.

58. Muller C, Buttner HJ, Petersen J, et al. A randomized

comparison of clopidogrel and aspirin versus ticlopidine

432



CHAPTER 23: Antiplatelet Therapies in Cardiology

and aspirin after the placement of coronary-artery stents.

Circulation 2000;101:590–3.

59. Steinhubl SR, Berger PB, Mann JT III, et al. Early and

sustained dual oral antiplatelet therapy following

percutaneous coronary intervention: a randomized

controlled trial. JAMA 2002;288:2411–20.

60. Mehta SR, Yusuf S, Peters RJ, et al. Effects of pretreatment

with clopidogrel and aspirin followed by long-term therapy

in patients undergoing percutaneous coronary

intervention: the PCI-CURE study. Lancet 2001;358:

527–33.

61. Angiolillo DJ, Fernandez-Ortiz A, Bernardo E, et al. Is a 300

mg clopidogrel loading dose sufficient to inhibit platelet

function early after coronary stenting? A platelet function

profile study. J Invasive Cardiol 2004;16:325–9.

62. Lepantalo A, Virtanen KS, Heikkila J, et al. Limited early

antiplatelet effect of 300 mg clopidogrel in patients with

aspirin therapy undergoing percutaneous coronary

interventions. Eur Heart J 2004;25:476–83.

63. Hochholzer W, Trenk D, Frundi D, et al. Time dependence

of platelet inhibition after a 600-mg loading dose of

clopidogrel in a large, unselected cohort of candidates for

percutaneous coronary intervention. Circulation

2005;11:2560–4.

64. Montalescot G, Sideris G, Meuleman C, et al. A randomized

comparison of high clopidogrel loading doses in patients

with non-ST-segment elevation acute coronary syndromes:

the ALBION (Assessment of the Best Loading Dose of

Clopidogrel to Blunt Platelet Activation, Inflammation

and Ongoing Necrosis) trial. J Am Coll Cardiol 2006;48:

931–8.

65. Patti G, Colonna G, Pasceri V, et al. Randomized trial of high

loading dose of clopidogrel for reduction of periprocedural

myocardial infarction in patients undergoing coronary

intervention: results from the ARMYDA-2 (Antiplatelet

therapy for Reduction of MYocardial Damage during

Angioplasty) study. Circulation 2005;111:2099–106.

66. Rao SV, Shaw RE, Brindis RG, et al. On- versus off-label use

of drug-eluting coronary stents in clinical practice (report

from the American College of Cardiology National

Cardiovascular Data Registry [NCDR]). Am J Cardiol

2006;97:1478–81.

67. Harrington RA, Califf RM. Late ischemic events after

clopidogrel cessation following drug-eluting stenting:

should we be worried? J Am Coll Cardiol 2006;48:2592–5.

68. Joner M, Finn AV, Farb A, et al. Pathology of drug-eluting

stents in humans: delayed healing and late thrombotic risk.

J Am Coll Cardiol 2006;48:193–202.

69. Pfisterer M, Brunner-La Rocca HP, Buser PT, et al. Late

clinical events after clopidogrel discontinuation may limit

the benefit of drug-eluting stents: an observational study of

drug-eluting versus bare-metal stents. J Am Coll Cardiol

2006;48:2584–91.

70. Eisenstein EL, Anstrom KJ, Kong DF, et al. Clopidogrel use

and long-term clinical outcomes after drug-eluting stent

implantation. JAMA 2007;297:159–68.

71. Barsky AA, Arora RR. Clopidogrel resistance: myth or

reality? J Cardiovasc Pharmacol Ther 2006;11:47–53.

72. Cattaneo M. Aspirin and clopidogrel: efficacy, safety, and

the issue of drug resistance. Arterioscler Thromb Vasc Biol

2004;24:1980–7.

73. Lau WC, Waskell LA, Watkins PB, et al. Atorvastatin reduces

the ability of clopidogrel to inhibit platelet aggregation: a

new drug-drug interaction. Circulation 2003;107:32–7.

74. Gurbel PA, Bliden KP, Samara W, et al. Clopidogrel effect on

platelet reactivity in patients with stent thrombosis: results

of the CREST Study. J Am Coll Cardiol 2005;46:1827–32.

75. Wenaweser P, Dorffler-Melly J, Imboden K, et al. Stent

thrombosis is associated with an impaired response to

antiplatelet therapy. J Am Coll Cardiol 2005;45:1748–52.

76. Barragan P, Bouvier JL, Roquebert PO, et al. Resistance to

thienopyridines: clinical detection of coronary stent

thrombosis by monitoring of vasodilator-stimulated

phosphoprotein phosphorylation. Catheter Cardiovasc

Interv 2003;59:295–302.

77. Lev EI, Patel RT, Maresh KJ, et al. Aspirin and clopidogrel

drug response in patients undergoing percutaneous

coronary intervention: the role of dual drug resistance. J

Am Coll Cardiol 2006;47:27–33.

78. Matetzky S, Shenkman B, Guetta V, et al. Clopidogrel

resistance is associated with increased risk of recurrent

atherothrombotic events in patients with acute myocardial

infarction. Circulation 2004;109:3171–5.

79. Hughes S. Conflict of interest highlighted in aspirin-

resistance debate. www.theheart.org (last accessed

February 2007). 2006.

80. Sabatine MS, Cannon CP, Gibson CM, et al. Addition of

clopidogrel to aspirin and fibrinolytic therapy for

myocardial infarction with ST-segment elevation. N Engl J

Med 2005;352:1179–89.

81. Addition of clopidogrel to aspirin in 45 852 patients with

acute myocardial infarction: randomised

placebo-controlled trial. Lancet 2005;366:1607–21.

82. Sabatine MS, Cannon CP, Gibson CM, et al. Effect of

clopidogrel pretreatment before percutaneous coronary

intervention in patients with ST-elevation myocardial

infarction treated with fibrinolytics: the PCI-CLARITY

study. JAMA 2005;294:1224–32.

83. Clopidogrel plus aspirin versus oral anticoagulation for

atrial fibrillation in the Atrial fibrillation Clopidogrel Trial

with Irbesartan for prevention of Vascular Events (ACTIVE

W): a randomised controlled trial. Lancet 2006;367:

1903–12.

84. The ASC. Rationale and design of ACTIVE: the atrial

fibrillation clopidogrel trial with irbesartan for prevention

of vascular events. Am Heart J 2006;151:1187–93.

433



Pierluigi Tricoci and Robert A. Harrington

85. Schror K, Weber AA. Comparative pharmacology of GP

IIb/IIIa antagonists. J Thromb Thrombolysis 2003;15:71–80.

86. Scarborough RM. Development of eptifibatide. Am Heart J

1999;138(6 Pt 1):1093–104.

87. Batchelor WB, Tolleson TR, Huang Y, et al. Randomized

Comparison of platelet inhibition with abciximab,

tiRofiban and eptifibatide during percutaneous coronary

intervention in acute coronary syndromes: the COMPARE

trial. Comparison of measurements of platelet aggregation

with aggrastat, reopro, and eptifibatide. Circulation

2002;106:1470–6.

88. Danzi GB, Capuano C, Sesana M, et al. Variability in extent

of platelet function inhibition after administration of

optimal dose of glycoprotein IIb/IIIa receptor blockers in

patients undergoing a high-risk percutaneous coronary

intervention. Am J Cardiol 2006;97:489–93.

89. Tcheng JE, Ellis SG, George BS, et al. Pharmacodynamics of

chimeric glycoprotein IIb/IIIa integrin antiplatelet

antibody Fab 7E3 in high-risk coronary angioplasty.

Circulation 1994;90:1757–64.

90. Gretler DD. Pharmacokinetic and pharmacodynamic

properties of eptifabatide in healthy subjects receiving

unfractionated heparin or the low-molecular-weight

heparin enoxaparin. Clin Ther 2003;25:2564–74.

91. Gretler DD, Guerciolini R, Williams PJ. Pharmacokinetic

and pharmacodynamic properties of eptifibatide in

subjects with normal or impaired renal function. Clin Ther

2004;26:390–8.

92. www.fda.gov/cder/foi/label/1998/20912lbl.pdf.

93. Use of a monoclonal antibody directed against the platelet

glycoprotein IIb/IIIa receptor in high-risk coronary

angioplasty. The EPIC Investigation. N Engl J Med

1994;330:956–61.

94. Platelet glycoprotein IIb/IIIa receptor blockade and

low-dose heparin during percutaneous coronary

revascularization. The EPILOG Investigators. N Engl J Med

1997;336:1689–96.

95. Randomised placebo-controlled and

balloon-angioplasty-controlled trial to assess safety of

coronary stenting with use of platelet glycoprotein-IIb/IIIa

blockade. The EPISTENT Investigators. Evaluation of

Platelet IIb/IIIa Inhibitor for Stenting. Lancet

1998;352:87–92.

96. Randomised placebo-controlled trial of abciximab before

and during coronary intervention in refractory unstable

angina: the CAPTURE study. Lancet 1997;349:

1429–35.

97. Novel dosing regimen of eptifibatide in planned coronary

stent implantation (ESPRIT): a randomised,

placebo-controlled trial. Lancet 2000;356:2037–44.

98. Randomised placebo-controlled trial of effect of

eptifibatide on complications of percutaneous coronary

intervention: IMPACT-II. Integrilin to Minimise Platelet

Aggregation and Coronary Thrombosis-II. Lancet 1997;

349:1422–8.

99. Gilchrist IC, O’Shea JC, Kosoglou T, et al.

Pharmacodynamics and pharmacokinetics of higher-dose,

double-bolus eptifibatide in percutaneous coronary

intervention. Circulation 2001;104:406–11.

100. The RESTORE Investigators. Effects of platelet glycoprotein

IIb/IIIa blockade with tirofiban on adverse cardiac events

in patients with unstable angina or acute myocardial

infarction undergoing coronary angioplasty. Circulation

1997;96:1445–53.

101. Karvouni E, Katritsis DG, Ioannidis JP. Intravenous

glycoprotein IIb/IIIa receptor antagonists reduce mortality

after percutaneous coronary interventions. J Am Coll

Cardiol 2003;41:26–32.

102. The PURSUIT trial investigators. Inhibition of platelet

glycoprotein IIb/IIIa with eptifibatide in patients with

acute coronary syndromes. N Engl J Med 1998;339:

436–43.

103. A comparison of aspirin plus tirofiban with aspirin plus

heparin for unstable angina. Platelet Receptor Inhibition in

Ischemic Syndrome Management (PRISM) Study

Investigators. N Engl J Med 1998;338:1498–505.

104. Inhibition of the platelet glycoprotein IIb/IIIa receptor with

tirofiban in unstable angina and non-Q-wave myocardial

infarction. Platelet Receptor Inhibition in Ischemic

Syndrome Management in Patients Limited by Unstable

Signs and Symptoms (PRISM-PLUS) study investigators. N

Engl J Med 1998;338:1488–97.

105. Boersma E, Harrington RA, Moliterno DJ, et al. Platelet

glycoprotein IIb/IIIa inhibitors in acute coronary

syndromes: a meta-analysis of all major randomised

clinical trials. Lancet 2002;359:189–98.

106. Newby LK, Goldmann BU, Ohman EM. Troponin: an

important prognostic marker and risk-stratification tool in

non-ST-segment elevation acute coronary syndromes. J Am

Coll Cardiol 2003;41(4 Suppl 1):S31–6.

107. Roffi M, Chew DP, Mukherjee D, et al. Platelet glycoprotein

IIb/IIIa inhibitors reduce mortality in diabetic patients

with non-ST-segment-elevation acute coronary

syndromes. Circulation 2001;104:2767–71.

108. Hamm CW, Heeschen C, Goldmann B, et al. Benefit of

abciximab in patients with refractory unstable angina in

relation to serum troponin T levels. N Engl J Med

1999;340:1623–9.

109. Newby LK, Ohman EM, Christenson RH, et al. Benefit of

glycoprotein IIb/IIIa inhibition in patients with acute

coronary syndromes and troponin t-positive status: the

paragon-B troponin T substudy. Circulation

2001;103:2891–6.

110. Kastrati A, Mehilli J, Neumann F-J, et al. Abciximab in

patients with acute coronary syndromes undergoing

percutaneous coronary intervention after clopidogrel

434



CHAPTER 23: Antiplatelet Therapies in Cardiology

pretreatment: the ISAR-REACT 2 randomized trial. JAMA

2006;295:1531–8.

111. Pieper KS, Tsiatis AA, Davidian M, et al. Differential

treatment benefit of platelet glycoprotein IIb/IIIa

inhibition with percutaneous coronary intervention versus

medical therapy for acute coronary syndromes: exploration

of methods. Circulation 2004;109:641–6.

112. Boersma E, Akkerhuis KM, Theroux P, et al. Platelet

glycoprotein IIb/IIIa receptor inhibition in

non-ST-elevation acute coronary syndromes: early benefit

during medical treatment only, with additional protection

during percutaneous coronary intervention. Circulation

1999;100:2045–8.

113. Zhao XQ, Theroux P, Snapinn SM, et al. Intracoronary

thrombus and platelet glycoprotein IIb/IIIa receptor

blockade with tirofiban in unstable angina or non-Q-wave

myocardial infarction. Angiographic results from the

PRISM-PLUS trial (Platelet receptor inhibition for ischemic

syndrome management in patients limited by unstable

signs and symptoms). PRISM-PLUS Investigators.

Circulation 1999;100:1609–15.

114. Tricoci P, Peterson ED, Chen AY, et al. Timing of

glycoprotein IIb/IIIa inhibitor use and outcomes among

patients with non-ST-segment elevation myocardial

infarction undergoing percutaneous coronary

intervention (results from CRUSADE). Am J Cardiol 2007;

99:1389–93.

115. Stone GW, Bertrand M, Colombo A, et al. Acute

Catheterization and Urgent Intervention Triage strategY

(ACUITY) trial: study design and rationale. Am Heart J

2004;148:764–75.

116. Stone GW, Bertrand ME, Moses JW, et al. Routine upstream

initiation vs deferred selective use of glycoprotein IIb/IIIa

inhibitors in acute coronary syndromes: the ACUITY timing

trial. JAMA 2007;297:591–602.

117. Giugliano RP, Newby LK, Harrington RA, et al. The early

glycoprotein IIb/IIIa inhibition in non-ST-segment

elevation acute coronary syndrome (EARLY ACS) trial: a

randomized placebo-controlled trial evaluating the clinical

benefits of early front-loaded eptifibatide in the treatment

of patients with non-ST-segment elevation acute coronary

syndrome–study design and rationale. Am Heart J

2005;149:994–1002.

118. Alexander KP, Chen AY, Roe MT, et al. Excess dosing of

antiplatelet and antithrombin agents in the treatment of

non-ST-segment elevation acute coronary syndromes.

JAMA 2005;294:3108–16.

119. Alexander KP, Chen AY, Newby LK, et al. Sex differences in

major bleeding with glycoprotein IIb/IIIa inhibitors: results

from the CRUSADE (Can Rapid Risk Stratification of

Unstable Angina Patients Suppress Adverse Outcomes with

Early Implementation of the ACC/AHA Guidelines)

initiative. Circulation 2006;114:1380–7.

120. Kirtane AJ, Piazza G, Murphy SA, et al. Correlates of

bleeding events among moderate- to high-risk patients

undergoing percutaneous coronary intervention and

treated with eptifibatide: observations from the

PROTECT-TIMI-30 Trial. J Am Coll Cardiol 2006;47:

2374–9.

121. Mehilli J, Kastrati A, Schuhlen H, et al. Randomized clinical

trial of abciximab in diabetic patients undergoing elective

percutaneous coronary interventions after treatment with a

high loading dose of clopidogrel. Circulation

2004;110:3627–35.

122. Lincoff AM, Bittl JA, Harrington RA, et al. Bivalirudin and

provisional glycoprotein IIb/IIIa blockade compared with

heparin and planned glycoprotein IIb/IIIa blockade during

percutaneous coronary intervention: REPLACE-2

randomized trial. JAMA 2003;289:853–63.

123. Stone GW, McLaurin BT, Cox DA, et al. Bivalirudin for

patients with acute coronary syndromes. N Engl J Med

2006;355:2203–16.

124. Topol EJ. Reperfusion therapy for acute myocardial

infarction with fibrinolytic therapy or combination reduced

fibrinolytic therapy and platelet glycoprotein IIb/IIIa

inhibition: the GUSTO V randomised trial. Lancet

2001;357:1905–14.

125. Lincoff AM, Califf RM, Van de Werf F, et al. Mortality at 1

year with combination platelet glycoprotein IIb/IIIa

inhibition and reduced-dose fibrinolytic therapy vs

conventional fibrinolytic therapy for acute myocardial

infarction: GUSTO V randomized trial. JAMA

2002;288:2130–5.

126. Efficacy and safety of tenecteplase in combination with

enoxaparin, abciximab, or unfractionated heparin: the

ASSENT-3 randomised trial in acute myocardial infarction.

Lancet 2001;358:605–13.

127. Stone GW, Grines CL, Cox DA, et al. Comparison of

angioplasty with stenting, with or without abciximab, in

acute myocardial infarction. N Engl J Med 2002;346:

957–66.

128. Lefkovits J, Ivanhoe R, Califf R, et al. Effects of platelet

glycoprotein IIb/IIIa receptor blockade by a chimeric

monoclonal antibody (abciximab) on acute and six-month

outcomes after percutaneous transluminal coronary

angioplasty for acute myocardial infarction. Am J Cardiol

1996;77:1045–51.

129. Brener SJ, Barr LA, Burchenal JEB, et al. Randomized,

placebo-controlled trial of platelet glycoprotein IIb/IIIa

blockade with primary angioplasty for acute myocardial

infarction. Circulation 1998;98:734–41.

130. Neumann F-J, Kastrati A, Schmitt C, et al. Effect of

glycoprotein IIb/IIIa receptor blockade with abciximab on

clinical and angiographic restenosis rate after the

placement of coronary stents following acute myocardial

infarction. J Am Coll Cardiol 2000;35:915–21.

435



Pierluigi Tricoci and Robert A. Harrington

131. Montalescot G, Barragan P, Wittenberg O, et al. Platelet

glycoprotein IIb/IIIa inhibition with coronary stenting for

acute myocardial infarction. N Engl J Med

2001;344:1895–903.

132. Petronio AS, Musumeci G, Limbruno U, et al. Abciximab

improves 6-month clinical outcome after rescue coronary

angioplasty. Am Heart J 2002;143:334–41.

133. Zorman S, Zorman D, Noc M. Effects of abciximab

pretreatment in patients with acute myocardial infarction

undergoing primary angioplasty. Am J Cardiol

2002;90:533–6.

134. Antoniucci D, Rodriguez A, Hempel A, et al. A randomized

trial comparing primary infarct artery stenting with or

without abciximab in acute myocardial infarction. J Am

Coll Cardiol 2003;42:1879–85.

135. Montalescot G, Antoniucci D, Kastrati A, et al. Abciximab in

primary coronary stenting of ST-elevation myocardial

infarction: a European meta-analysis on individual

patients’ data with long-term follow-up. Eur Heart J

2007;28:443–9.

136. Ellis SG, Armstrong P, Betriu A, et al. Facilitated

percutaneous coronary intervention versus primary

percutaneous coronary intervention: design and rationale

of the facilitated intervention with enhanced reperfusion

speed to stop events (FINESSE) trial. Am Heart J 2004;

147:684.

137. Fugate SE, Cudd LA. Cangrelor for treatment of coronary

thrombosis. Ann Pharmacother 2006;40:925–30.

138. Greenbaum AB, Grines CL, Bittl JA, et al. Initial experience

with an intravenous P2Y12 platelet receptor antagonist in

patients undergoing percutaneous coronary intervention:

results from a 2-part, phase II, multicenter, randomized,

placebo- and active-controlled trial. Am Heart J

2006;151:689.e1–689.e10.

139. Storey RF, Wilcox RG, Heptinstall S. Comparison of the

pharmacodynamic effects of the platelet ADP receptor

antagonists clopidogrel and AR-C69931MX in patients with

ischaemic heart disease. Platelets 2002;13:407–13.

140. Jacobsson F, Swahn E, Wallentin L, et al. Safety profile and

tolerability of intravenous AR-C69931MX, a new

antiplatelet drug, in unstable angina pectoris and

non-Q-wave myocardial infarction. Clin Ther 2002;24:

752–65.

141. Brandt JT, Payne CD, Wiviott SD, et al. A comparison of

prasugrel and clopidogrel loading doses on platelet

function: magnitude of platelet inhibition is related to

active metabolite formation. Am Heart J 2007;153:

66.e9–e16.

142. Wiviott SD, Antman EM, Winters KJ, et al. Randomized

comparison of prasugrel (CS-747, LY640315), a novel

thienopyridine P2Y12 antagonist, with clopidogrel in

percutaneous coronary intervention: results of the

Joint Utilization of Medications to Block Platelets

Optimally (JUMBO)-TIMI 26 trial. Circulation 2005;111:

3366–73.

143. Wiviott SD, Antman EM, Gibson CM, et al. Evaluation of

prasugrel compared with clopidogrel in patients with acute

coronary syndromes: design and rationale for the TRial to

assess Improvement in Therapeutic Outcomes by

optimizing platelet InhibitioN with prasugrel Thrombolysis

In Myocardial Infarction 38 (TRITON-TIMI 38). Am Heart J

2006;152:627–35.

144. Husted S, Emanuelsson H, Heptinstall S, et al.

Pharmacodynamics, pharmacokinetics, and safety of the

oral reversible P2Y12 antagonist AZD6140 with aspirin in

patients with atherosclerosis: a double-blind comparison

to clopidogrel with aspirin. Eur Heart J 2006;27:

1038–47.

145. Leger AJ, Jacques SL, Badar J, et al. Blocking the

protease-activated receptor 1–4 heterodimer in

platelet-mediated thrombosis. Circulation

2006;113:1244–54.

436



C H A P T E R

24 ANTITHROMBOTIC THERAPY
IN CEREBROVASCULAR DISEASE

James Castle and Gregory W. Albers
Department of Neurology and Neurological Sciences, Stanford University Medical Center, Stanford, CA, USA

INTRODUCTION

This chapter reviews the causes and treatments of
cerebrovascular disease with regard to antithrombotic
therapy. Included are discussions regarding the etiol-
ogy and pathogenesis of stroke, the role of antithrom-
botic medications in the treatment and prevention
of stroke, and the evidence for the use of individual
agents. Finally, a basic algorithm for the treatment of
stroke with regard to choice of antithrombotic agents
is presented.

WHAT MAKES CEREBROVASCULAR
DISEASE UNIQUE?

Although cerebrovascular disease has much in com-
mon with cardiovascular and peripheral arterial dis-
ease, there are several elements of its etiology, evalu-
ation, and therapy that set it apart. First, strokes can
be and frequently are hemorrhagic. Strokes that begin
as ischemic events can also become hemorrhagic.
These hemorrhages can have a devastating effect on
the patient and thus must be considered very care-
fully before proceeding with powerful antithrombotic
medications. Second, even very small strokes can have
a devastating effects. Practically speaking, this means
that small artery disease can play a large role in stroke
morbidity, in contrast to the more frequent large artery
pathology seen in myocardial infarction (MI) and
peripheral arterial disease. Third, unlike coronary and
peripheral arteries, the arteries of the brain are often
not amenable to mechanical intervention. Although a
patient with coronary artery disease may have bypass
surgery, stenting, or angioplasty to repair an occluded
or stenotic artery and a peripheral arterial patient may
have bypass, endarterectomy, or clot removal surgery,
these techniques are much less widely accepted in

cerebrovascular disease. With the exception of carotid
endarterectomy, which is widely accepted as the stan-
dard of care for severe carotid bifurcation atheroscle-
rotic disease, there is little evidence to support other
mechanical interventions. Finally, unlike cardiovascu-
lar disease but similar to peripheral arterial disease,
there is a long series of arteries that gives rise to the
cerebral vessels. In cardiovascular disease, possibili-
ties for the cause of an MI are limited largely to the
heart and the coronary arteries. With regard to the
brain, however, the source of stroke can include heart;
aortic arch; subclavian; brachiocephalic, carotid, ver-
tebral, and basilar arteries; major branches of the
large intracranial arteries (middle cerebral arteries,
anterior cerebral arteries, posterior cerebral arteries,
superior cerebellar arteries, posterior inferior cere-
bellar arteries, anteroinferior cerebellar arteries); and
the smaller perforating arteries supplying the interior
of the brain. This adds complexity to the diagnostic
evaluation.

ETIOLOGIES OF STROKE AND THE
ROLE OF ANTIPLATELET AGENTS

The term “stroke” can be defined broadly as “any dam-
age to the brain or the spinal cord caused by an abnor-
mality of the blood supply.”1 This definition includes
a vast array of potential etiologies and treatments.
Potential etiologies include cardioembolic disease,
large artery atherosclerosis, small artery lipohyaliniza-
tion, hypoperfusion from cardiac failure and/or cere-
bral artery stenosis, clotting disorders, arterial dissec-
tions, fibromuscular dysplasia, arteritis, vasospasm,
embolization of substances normally foreign to the
bloodstream (fat, air, bacteria, fungi, tumor cells,
etc.), rupture of a vessel causing hemorrhagic stroke,
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and hemorrhage into an atherosclerotic plaque, lead-
ing to lumen compromise.1 Antiplatelet medications
have been shown to prevent some of these stroke
types, most notably large artery atherosclerosis, car-
dioembolic disease, and small artery lipohyaliniza-
tion. Antithrombotic agents are not indicated for treat-
ment of primary intracranial hemorrhages as they may
worsen clinical outcomes.

ANTIPLATELET THERAPY IN
PRIMARY STROKE PREVENTION

Antiplatelet medicines (principally aspirin) have been
tested in multiple large trials for primary stroke pre-
vention and have shown only modest or no benefits
in this regard. Peto et al. randomized 5139 healthy
male British physicians to therapy with prophylactic
daily aspirin 500 mg versus no therapy and followed
these subjects for 6 years. They found no significant
reduction in nonfatal strokes and even a nonsignifi-
cant increase in the rate of disabling stroke.2 A simi-
lar study of 22 071 American physicians randomized
to either every other day 325 mg aspirin or placebo
showed a slight nonsignificant increase in the risk of
stroke, largely due to a near significant increase in
hemorrhagic strokes as well as higher rates of ulcers
and blood transfusions in the aspirin group.3 How-
ever, in their study of primary prevention of cardio-
vascular disease in 39 876 healthy women over the age

of 45, Ridker et al. showed a significant 17% stroke
reduction in the group taking 100 mg aspirin every
other day when compared to those taking placebo.
This effect appeared to be more robust in women over
the age of 65. There was also, unfortunately, a signifi-
cant 40% increase in the rate of major gastrointestinal
(GI) bleeding. Also of interest, in the subgroup anal-
ysis of women with a history of diabetes, there was a
54% significant relative risk reduction in the rate of
stroke [3.42% 10-year absolute risk reduction, 10-year
number needed to treat (NNT) = 29.2].4

In other populations considered at high risk for
stroke, the use of aspirin for primary prevention has
had mixed success. Hansson et al. randomized 18 790
patients with hypertension to either low-dose aspirin
or placebo. Even in these patients, aspirin had no effect
on stroke reduction, but there was a significant 84%
increase in the risk of nonfatal major hemorrhage5

(Fig. 24.1). In a similar study, the Primary Preven-
tion Project collaborative group followed 4495 patients
with one or more major vascular risk factors for 3.6
years on either aspirin 100 mg/day or placebo, find-
ing no significant difference between the two groups
in their rate of strokes. There was a nonsignificant
trend of 33% fewer total strokes but also a statisti-
cally significant increase in the rate of severe bleeding
episodes.6

In patients with asymptomatic carotid artery steno-
sis, aspirin is recommended as standard medical care.
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Figure 24.1 Primary stroke prevention with aspirin (the HOT trial).5 Overall in this hypertensive population, aspirin showed no net benefit

for primary stroke prevention but did result in an increased rate of nonfatal hemorrhages.

438



CHAPTER 24: Antithrombotic Therapy in Cerebrovascular Disease

This recommendation is based largely on the fact that
in one large study examining outcomes in patients
with asymptomatic carotid artery stenosis, there was
an increased risk of MI in those not receiving aspirin.7

Finally, in patients with intermittent or constant
atrial fibrillation, aspirin appears to have benefit when
used for the primary prevention of stroke. In the Stroke
Prevention in Atrial Fibrillation 1 (SPAF-1) trial, among
1120 patients with intermittent or chronic atrial fibril-
lation randomized to aspirin 325 mg daily or placebo
for a mean of 1.3 years for the primary prevention of
stroke or systemic embolism, there was a statistically
significant reduction in the rate of these events.8

Recommendation: The role of aspirin for the pri-
mary prevention of stroke remains controversial.
Other than in patients with atrial fibrillation or asymp-
tomatic carotid stenosis, there is not clear evidence of
substantial benefit.

ANTIPLATELET AGENTS FOR STROKE
TREATMENT AND SECONDARY
STROKE PREVENTION

Aspirin

Aspirin is the most thoroughly studied antiplatelet
agent in cerebrovascular disease. There is an over-
whelming amount of evidence proving its benefit after
ischemic stroke, both in the acute setting as well as

for secondary prevention. With regard to the use of
aspirin in the acute setting of ischemic stroke, the
most notable trials include the Chinese Acute Stroke
Trial (CAST) and the International Stroke Trial (IST).
In the CAST, the early use (within 48 h of suspected
ischemic stroke) of aspirin 160 mg daily versus placebo
was compared in 21 106 patients, who were random-
ized and followed for 4 weeks. Although only 87% of
the patients were prescreened with computed tomog-
raphy (CT) of the brain (allowing for the likely inclu-
sion of some hemorrhagic strokes), there was a statis-
tically significant 14% decrease in mortality (3.3% ver-
sus 3.9%, NNT = 167) and a 12% decrease in death or
nonfatal stroke (5.3% versus 5.9%, 0.68% absolute risk
reduction, NNT = 147) in the aspirin group. Specifi-
cally, there was a significant 22% reduction in ischemic
stroke (1.6% versus 2.1%), but this was slightly off-
set by a nonsignificant 24% increase in the rate of
hemorrhagic stroke (1.1% versus 0.9%)9 (Fig. 24.2).
Similarly, the IST compared the early use of aspirin
300 mg daily to placebo after ischemic stroke. This
study randomized 19 435 patients within 48 h of
their stroke and obtained follow-up data at 2 weeks
and 6 months. There was a statistically significant
9% decrease in the rate of death or nonfatal recur-
rent stroke at 14 days (1.1% absolute risk reduction,
NNT = 91). There was also a nonsignificant trend
of a 4% decrease in death at 14 days, a 2% decrease
in death or dependency at 6 months, and a 28%
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Figure 24.2 The CAST study.9 Given in the acute stroke setting, aspirin showed a small but clear benefit in risk of mortality and recurrent

ischemic stroke. Hemorrhagic strokes were not statistically more common with aspirin.
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Figure 24.3 The IST study.10 The use of aspirin in the setting of acute ischemic stroke resulted in a significant decrease in the rate of recurrent

ischemic strokes without causing a significant increase in the rate of hemorrhagic strokes. No mortality benefit was seen at 14 days.

decrease in the rate of ischemic strokes at 14 days10

(Fig. 24.3). These trials helped establish that aspirin
has a small but definite beneficial effect in acute stroke
therapy.

With regard to longer-term secondary stroke pre-
vention, there is also strong evidence for the use
of aspirin. In the Swedish Aspirin Low-Dose Trial
(SALT), 1360 patients with a recent transient ischemic
attack (TIA) or minor stroke were randomized to either
aspirin 75 mg daily or placebo. Over the course of this
study (median follow-up of 32 months), there was a

statistically significant 18% relative reduction in the
rate of stroke or death for patients in the aspirin arm
(4.59% absolute risk reduction, NNT = 21.8)11 (Fig.
24.4). With regard to antiplatelet agents as a whole,
in the Antithrombotic Trialists’ meta-analysis, 18 270
patients with recent stroke or TIA were pooled from
21 secondary prevention studies and found to have a
17% relative risk reduction (3.6% absolute risk reduc-
tion, NNT = 28) in the chance of a vascular event
over an average of 29 months when randomized to an
antiplatelet agent versus control.12
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Figure 24.4 The SALT study.11 When given as secondary stroke prevention after TIA or stroke, the use of aspirin resulted in a lower rate of

stroke or death (median follow-up, 32 months), with an increase in bleeding events.
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Additional evidence supports the use of aspirin
for stroke prevention after carotid endarterectomy.
Lindblad et al. randomized 232 patients undergo-
ing carotid endarterectomy to adjuvant therapy with
either aspirin 75 mg daily or placebo. The number of
patients with intraoperative or postoperative stroke
without complete recovery at 6 months was 82% lower
in the aspirin group (statistically significant, 7.9%
absolute risk reduction, NNT = 12.7). There was also a
nonsignificant 37% reduction in all neurologic events
and a 43% nonsignificant reduction in mortality at 6
months.13

One important question frequently arises with
regard to aspirin: What is the optimal dose of as-
pirin for secondary stroke prevention? A few stud-
ies have helped sort out the answer to this. The
United Kingdom–TIA (UK-TIA) trial was a random-
ized, blinded trial involving 2435 patients with a his-
tory of TIA or minor stroke. The patients were ran-
domized to either aspirin 1200 mg daily, aspirin 300
mg daily, or placebo. Although there was a statistically
significant 15% decrease in the rate of major stroke,
MI, or vascular death in the pooled aspirin groups
compared to placebo, there was no significant dif-
ference between outcomes in the two aspirin arms.14

In the Dutch TIA Trial, 3131 patients with history of

TIA or minor stroke were randomized to either 30 or
283 mg aspirin daily and followed for a mean of 2.6
years. The group taking the 30-mg dose had a statis-
tically non-significant 9% decrease in the combined
outcome of vascular death and nonfatal stroke or MI,
a 25% reduction in major bleeding complications, and
an 8% reduction in the occurrence of GI side effects.
Importantly, the group taking the lower dose showed
a statistically significant 42% decrease in minor bleed-
ing complications [2.2% absolute risk increase, num-
ber needed to harm (NNH) = 45.9 on higher dose
aspirin]15 (Fig. 24.5). Additionally, in the low-dose and
high-dose Acetylsalicylic acid for patients undergo-
ing Carotid Endarterectomy (ACE) study, 2849 patients
were randomized to low-dose (81 or 325 mg daily) or
high-dose aspirin (650 or 1300 mg daily) use prior to
and after carotid endarterectomy. This study showed
a 26% significant reduction in the rate of stroke, MI,
and death at 3 months in the lower-dose groups (2.1%
absolute risk reduction, NNT = 47.6).16

Clinical studies have failed to document any efficacy
advantage by using higher doses of aspirin but have
shown evidence of increased bleeding risk. Therefore,
current guidelines call for the use of lower doses, typ-
ically recommending 50 to 325 mg of aspirin daily for
secondary stroke prevention.17
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Figure 24.5 Dutch TIA trial.15 Followed for a mean of 2.6 years after TIA or minor stroke, patients receiving 30 mg daily of aspirin had a

significantly lower minor bleeding rate than did patients receiving 283 mg daily while having a nonsignificant trend toward fewer vascular

deaths, nonfatal strokes, and MIs.
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Recommendation: There is strong evidence to sup-
port the use of aspirin both during the acute phase of
an ischemic stroke as well as for the secondary pre-
vention of ischemic stroke. Daily doses between 50
and 325 mg are recommended.

Clopidogrel

Given that aspirin has been clearly shown to decrease
the recurrence rate of stroke, studies involving other
antiplatelet agents are typically performed by com-
parison against aspirin, rather than placebo, for eth-
ical reasons. Clopidogrel, a thienopyridine derivative
of ticlopidine, has been tested in such a fashion. In
the Clopidogrel versus Aspirin in Patients at Risk of
Ischaemic Events (CAPRIE) study, 19 185 patients with
recent ischemic stroke, MI, or symptomatic periph-
eral arterial disease were randomized in a blinded
fashion to either clopidogrel 75 mg or aspirin 325
mg daily. The primary endpoints of this study were
ischemic stroke, MI, and vascular death. It is impor-
tant to note that this study was not performed on
patients with cerebrovascular disease alone and there-
fore might be underpowered to assess the effective-
ness of clopidogrel in secondary stroke prevention.
After a mean follow-up of 1.91 years, there was a small

but statistically significant benefit of treatment with
clopidogrel. Primary endpoints occurred in 5.32% per
year in the clopidogrel group and 5.83% per year in
the aspirin group for an 8.7% relative risk reduction
with clopidogrel (0.51% yearly absolute risk reduction,
yearly NNT = 196). Within this larger study, the sub-
group of patients enrolled with ischemic stroke (n =
6431) showed a nonsignificant trend of 7.3% reduc-
tion in the risk of vascular events on clopidogrel (Fig.
24.6). The side-effect profile was similar for the two
drugs, with statistically significant differences occur-
ring in rash (0.26% in the clopidogrel group versus
0.10% in the aspirin group) and GI hemorrhage (0.52%
in the clopidogrel group versus 0.72% in the aspirin
group).18

The possible benefit of combination aspirin with
clopidogrel has also been tested in stroke patients,
given its beneficial effects in some areas of cardiol-
ogy. In the Clopidogrel in Unstable angina to prevent
Recurrent Events (CURE) trial, patients with non–ST-
segment-elevation acute coronary syndromes bene-
fited from the combination of aspirin and clopido-
grel over aspirin alone. In this study, 12 562 patients
with acute non–ST-segment-elevation coronary syn-
dromes were randomized to therapy with aspirin and
clopidogrel (300 mg loading dose followed by 75 mg
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Figure 24.6 CAPRIE trial.18 After ischemic stroke, MI, or symptomatic peripheral arterial disease, patients receiving clopidogrel showed a mild

but significant decrease in recurrent vascular events when compared to patients receiving aspirin. There was a trend toward fewer recurrent

strokes in the clopidogrel group.
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Figure 24.7 MATCH trial.20 Following TIA or stroke, high-risk patients randomized to combination of aspirin and clopidogrel for an average of 18

months showed no significant benefit in vascular events but did show significantly more life-threatening bleeding complications when compared

to patients receiving clopidogrel and placebo.

daily) versus aspirin and placebo. The patients in the
combination group had a statistically significant 20%
reduction in their rate of cardiovascular death, non-
fatal MI, or stroke (2.1% nine-month mean follow-up
absolute risk reduction, 9-month NNT = 47.6). There
was also a 38% significant increase in their rate of
major hemorrhage but no significant increase in the
rate of life-threatening hemorrhage. Of note, although
the reduction in MI was a significant 23%, the reduc-
tion in stroke was a nonsignificant 14%.19 Follow-
ing this trial, similar studies were undertaken to test
this combination in poststroke populations. The land-
mark trial in this regard was the MATCH study (aspirin
and clopidogrel compared with clopidogrel alone after
recent ischemic stroke or TIA in high-risk patients). In
this study, 7599 patients with a history of recent TIA
or ischemic stroke and at least one other vascular risk
factor were randomized to either clopidogrel 75 mg
plus placebo daily or clopidogrel 75 mg plus aspirin
75 mg daily. In this blinded intention-to-treat analysis
over 18 months of follow-up, the primary endpoints of
ischemic stroke, MI, vascular death, and hospitaliza-
tion for TIA, angina, or worsening peripheral arterial
disease was nonsignificantly lower in patients taking
the combination versus clopidogrel alone (15.7% ver-
sus 16.7%). However, there was a statistically signifi-
cant increase in life-threatening bleeds in the combi-
nation group (2.6% versus 1.3%, 0.86% yearly absolute

risk increase, yearly NNH = 116)20 (Fig. 24.7). These
results indicate that the combination of aspirin and
clopidogrel should not be routinely used for secondary
stroke prevention.

Another important combination study, involving
15 603 patients, the clopidogrel and aspirin versus
aspirin alone for the prevention of atherothrombotic
events (CHARISMA) trial, was recently published. In
this randomized and blinded study, patients with mul-
tiple risk factors (but no primary ischemic event) were
grouped together with patients having a history of
ischemic stroke, MI, or peripheral arterial disease and
assigned to take either low-dose aspirin (81 to 162 mg
daily) and clopidogrel 75 mg daily or low-dose aspirin
and placebo. Median follow-up was 28 months. The
primary endpoints were stroke, MI, and cardiovascular
death. There was a nonsignificant trend for decreased
primary endpoints in the aspirin/clopidogrel combi-
nation group (6.8% versus 7.3%) but also a nonsignif-
icant trend for more severe bleeding episodes (1.7%
versus 1.3%). For patients with vascular risk factors
only and no preceding primary ischemic events, there
was a significant increase in cardiovascular death (3.9%
versus 2.2%, NNH over median 28 months = 58.8) in
the aspirin/clopidogrel combination group.21 These
data strongly suggest that the combination of aspirin
and clopidogrel should not be used in favor of aspirin
alone, as prophylaxis of ischemic events in patients
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without a history of a previous ischemic event. For
patients with a prior ischemic event, the combina-
tion was slightly more effective than aspirin alone.
However, in light of the significantly increased risk of
bleeding associated with the clopidogrel/aspirin com-
bination in the MATCH trial, this combination is not
routinely recommended for secondary stroke preven-
tion.17

There is evidence, however, that the combination
of aspirin and clopidogrel may be of some benefit in
unstable embologenic arterial lesions. The Clopido-
grel and Aspirin for Reduction of Emboli in Symp-
tomatic carotid Stenosis (CARESS) trial randomized
to aspirin and placebo or aspirin and clopidogrel 107
patients with a stroke or TIA within 3 months, evi-
dence of an ipsilateral 50% or greater carotid steno-
sis, and evidence of microemboli in the middle cere-
bral artery detected by transcranial Doppler (TCD)
ultrasound. These patients were monitored with serial
TCD for 7 days, at the end of which those in the com-
bination group were 39.8% more likely to be free of
emboli (absolute risk reduction 28.9%, NNT = 3.5,
statistically significant); they had 61.4% fewer mean
emboli detected (statistically significant) and had a
nonsignificant trend of 64% fewer ipsilateral TIAs or
strokes.22

Another potential use of combination clopido-
grel/aspirin therapy for patients with cerebrovascular
disease is following the placement of arterial stents.
In the Clopidogrel for the Reduction of Events During
Observation (CREDO) trial, the combination of aspirin
and a loading dose of clopidogrel (300 mg) followed
by a year of clopidogrel (75 mg daily) was compared to
the combination of aspirin and a month of clopidogrel
(75 mg daily) with no loading dose in patients under-
going percutaneous coronary intervention (PCI) or
who were thought to be highly likely to be undergoing
PCI. In all, 2116 patients were enrolled and followed
over a year. There was a significant 26.9% reduction in
the risk of death, MI, or stroke in the long-term combi-
nation group (3% absolute risk reduction, NNT = 33).
This difference was more robust in patients receiving
their clopidogrel load more than 6 h prior to their inter-
vention. There was no statistically significant increase
in bleeding rates.23 No randomized trials have been
performed in patients with cerebrovascular disease
who are treated with cervical or intracranial stents;
however, based on extrapolation from the coronary
stent literature, the clopidogrel/aspirin combination

is typically used for at least 6 weeks following cere-
brovascular procedures.

Recommendation: There is no direct evidence that
clopidogrel is superior to aspirin for the secondary pre-
vention of ischemic stroke. In one very large random-
ized trial, however, there was evidence that clopidgrel
is superior to aspirin for the secondary prevention of
vascular events as well as a trend toward a reduction
in stroke. There is no evidence supporting the chronic
use of the combination of clopidogrel and aspirin
for the prevention of secondary ischemic stroke over
either therapy alone, although there is some indirect
evidence that the combination may be of some benefit
in the acute phase for unstable embologenic carotid
plaque. There is some evidence that this combination
leads to an increased risk of life-threatening bleeding
when used chronically in poststroke patients. There
are no randomized trial data to support or refute the
use of the clopidogrel/aspirin combination follow-
ing cerebrovascular stenting, although this combina-
tion has shown good results following coronary artery
stenting.

Ticlopidine

The efficacy of ticlopidine hydrochloride has been
assessed in several large studies. Hass et al. random-
ized 3069 patients with recent TIA or mild stroke to
ticlopidine 500 mg daily versus aspirin 1300 mg daily
for a 2- to 6-year follow-up. The 3-year event rate of
stroke or death was 17% in the ticlopidine group and
19% in the aspirin group. This was a modest (12% rel-
ative risk reduction, 2% absolute risk reduction, NNT
= 50) but statistically significant difference.24 Another
study from Gent et al. randomized 1072 patients with
a history of stroke to ticlopidine twice daily versus
placebo. The event rate of stroke, MI, or vascular death
was 23.3% lower (3.5% yearly absolute risk reduction,
yearly NNT = 28.6) in the ticlopidine group (signif-
icant). However, there was a 1% incidence of severe
neutropenia and 2% incidence of both severe rash and
diarrhea in the treatment arm, thereby negating some
of the positive results of the study.25

A more recent trial by Gorelick et al. was not as
favorable for ticlopidine. In this study, 1809 African-
American men and women with recent noncardioem-
bolic ischemic stroke were randomized to ticlopidine
500 mg daily versus aspirin 650 mg daily. The primary
outcomes were recurrent stroke, MI, or vascular death.
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The study was halted early as a futility analysis indi-
cated that ticlopidine was unlikely to show any benefit
over aspirin. The primary outcome rate in the ticlo-
pidine arm was 14.7% over 2 years, while the rate in
the aspirin arm was only 12.3% (nonsignificant differ-
ence). In addition, there was a 3.4% risk of neutropenia
and a 0.3% risk of thrombocytopenia in the ticlopidine
arm.26

Other studies have also questioned the safety of
ticlopidine, noting that it is associated with increased
risk of thrombotic thrombocytopenic purpura, most
commonly in the first month of therapy. This reaction
is felt to be difficult to predict even if platelet counts
are closely followed.27 The risk of neutropenia (poly-
morphonuclear cell count of <1.2 × 109/L) has been
estimated to be about 0.8%.18 For these reasons, ticlo-
pidine is not currently recommended for secondary
stroke prevention.17

The role of ticlopidine after arterial stenting has also
been examined, albeit largely in the cardiac literature.
A meta-analysis totaling 13 955 patients comparing
the use of ticlopidine with clopidogrel after coronary
stenting procedures concluded that clopidogrel had
a significant 28% relative risk reduction for 30-day
major cardiac events over ticlopidine.28 This finding,
coupled with the unfavorable side-effect profile of
ticlopidine, makes it unlikely that any further stud-
ies using ticlopidine after cerebral artery intervention
will be initiated.

Recommendation: Owing to its adverse effect pro-
file, ticlopidine is typically not recommended for sec-
ondary stroke prevention.

Dipyridamole

Several large studies have conclusively shown efficacy
for the combination of dipyridamole and aspirin in the
secondary prevention of ischemic stroke. The three
major trials demonstrating this were the European
Stroke Prevention Study-1 (ESPS-1), European Stroke
Prevention Study-2 (ESPS-2), and aspirin plus dipyri-
damole versus aspirin alone after cerebral ischemia
of arterial origin (ESPRIT). In ESPS-2, a total of 6602
patients with a history of recent stroke or TIA were
randomized to aspirin 25 mg twice daily, extended-
release dipyridamole 200 mg twice daily, a combi-
nation of the two, or placebo. This blinded study
involved 2 years of patient follow-up, and primary
endpoints included stroke and/or death. In the group

taking aspirin alone, there was a statistically signifi-
cant 18.1% decrease in the rate of ischemic strokes
compared to placebo. In the group taking extended-
release dipyridamole alone, there was a significant
16.3% reduction in primary endpoints compared to
placebo. In the combination group, however, there
was a large 37.0% reduction in the rate of stroke,
which was significant when compared with either
placebo (5.7% absolute risk reduction, NNT = 17.5)
or either medicine alone (2.7% absolute risk reduc-
tion over aspirin alone, NNT = 37). The combina-
tion, however, was less well tolerated, with a significant
31% relative increase in the rate of withdrawal from
the study when compared to the aspirin group. The
most common side effects in the combination group
were headache and diarrhea. Bleeding complications
were not significantly more common in the combina-
tion group29 (Fig. 24.8). Preceding ESPS-2 was ESPS-1.
This trial randomized 2500 patients with a history of
atherothrombotic TIA or stroke to either the combina-
tion of dipyridamole 75 mg and aspirin 325 mg three
times daily or placebo. After 24 months of follow-up,
there was a statistically significant 33% decrease in the
rate of stroke or death in the combination group (7.4%
absolute risk reduction, NNT = 13.5).30 Although this
trial did not test the aspirin/dipyridamole combina-
tion against aspirin alone, the comparative risk reduc-
tion of the combination was greater than that typ-
ically seen in trials comparing aspirin alone versus
placebo.

The recent ESPRIT trial adds even more evidence
for the efficacy of the combination of aspirin (30 to
325 mg daily) and dipyridamole (200 mg twice daily)
over aspirin alone. In this randomized trial of 2739
patients with a recent history of TIA or stroke fol-
lowed for a mean of 3.5 years, there was a statisti-
cally significant 20% reduction in the primary out-
comes of vascular death, nonfatal stroke, nonfatal MI,
or bleeding complications in the group assigned to
the combination treatment versus aspirin (30 to 325
mg daily) alone (3.0% absolute risk reduction, NNT =
33). Although this was an intention-to-treat analysis,
there was a significant 158% higher rate of discontin-
uation of assigned therapy in the combination group
(34.5% versus 13.4%), with headache being the most
frequent reason (cited as the reason in 26.2% of the
patients who discontinued combination therapy). Of
interest, despite fears of a theoretically increased risk
of coronary artery events secondary to the vasoactive
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Figure 24.8 ESPS-2 trial.29 Followed for 2 years of treatment after TIA or stroke, patients randomized to combination of aspirin and

extended-release dipyridamole showed a significant decrease in recurrent stroke risk when compared to either agent alone. Bleeding rates in the

aspirin and combination groups were similar.

properties of dipyridamole, the combination group
did not show any tendency toward increased car-
diac events and in fact showed a 27% nonsignificant
decrease in the rate of first cardiac events31 (Fig. 24.9).

Recommendation: There are two large trials show-
ing that the combination of aspirin and sustained-
release dipyridamole is superior to aspirin alone for
secondary ischemic stroke prevention.
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Figure 24.9 ESPRIT trial.31 Following recent TIA or stroke, patients randomized to a combination of aspirin and dipyridamole had a statistically

significant lower incidence of vascular death, nonfatal stroke, and nonfatal MI. There was a trend toward fewer ischemic strokes and cardiac events.
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Glycoprotein IIb/IIIa receptor antagonists

Glycoprotein (GP) IIb/IIIa receptor antagonists have
been evaluated for both the treatment of acute
stroke and secondary prevention of stroke. Sev-
eral large randomized placebo-controlled trials have
shown improved vascular outcomes in the setting
of acute non–ST-segment-elevation MI (NSTEMI),32

coronary angioplasty,33,34,35 and coronary stenting
using GP IIb/IIIa antagonists.36,37,38 Unfortunately,
these agents have not proven to be beneficial in
patients with cerebrovascular events.

In regard to the use of GP IIb/IIIa inhibitors in the
setting of acute stroke, early pilot studies indicated
that these agents may be safe when used with intra-
venous tissue plaminogen activator (tPA).39 A larger
safety study was performed in the Abciximab Emer-
gent Stroke Treatment Trial (AbESTT). In this study,
400 patients with acute ischemic stroke (within 6 h
of symptom onset) and National Institutes of Health
(NIH) stroke scale between 4 and 23 were random-
ized in a double-blind, placebo-controlled compar-
ison of intravenous abciximab given as a loading
dose followed by a 12-h infusion versus placebo. The
study found no significant difference in the rate of
symptomatic hemorrhage and showed a nonsignifi-
cant trend of improved outcomes in the abciximab
group.40 The Abciximab Emergent Stroke Treatment
Trial-II (AbESTT-II) followed shortly thereafter and
proved to be a major setback to the future of GP
IIb/IIIa inhibitors in acute stroke. Although the results
of this randomized, double-blind, placebo-controlled
study have not yet been published, the trial was halted
early after enrolling only 808 patients due to a sig-
nificantly higher rate of intracranial hemorrhage in
the treatment arm. The study was designed to assess
the functional outcomes of acute stroke patients after
treatment with 0.25 mg/kg IV bolus followed by an
intravenous infusion of abciximab at 0.125 μg/kg per
minute over 12-h versus placebo.41 In acute cere-
brovascular disease, the risk of brain hemorrhage may
be a limiting factor for the use of GP IIb/IIIa antago-
nists.

In the setting of cerebrovascular mechanical inter-
vention, there have also been some initial stud-
ies regarding the efficacy and safety of GP IIb/IIIa
inhibitors. Much of the evidence in support of the use
of these agents has come in the form of small case
series or reports. Qureshi et al. reported a series of 19

patients receiving intravenous abciximab in combi-
nation with heparin and/or intra-arterial thrombolyt-
ics while undergoing angioplasty of a carotid, verte-
bral, or basilar artery. They found a low frequency of
neurologic events and major bleeding events in this
group of patients.42 Ho et al. reported a series of three
patients in whom intravenous abciximab was given
in the setting of acute symptomatic middle cerebral
artery (MCA) embolization requiring angioplasty and
stenting. All three of these patients had complete res-
olution of their symptoms.43 Lee et al. published a
case report in which intravenous abciximab was effec-
tive in recanalizing a proximal MCA occlusion where
intravenous tPA, two doses of intra-arterial urokinase,
and angioplasty had all been unsuccessful.44 Eckert
et al. reported three patients who responded nicely to
the combination of intra-arterial tPA and intravenous
abciximab. In that series, one subtle subarachnoid
hemorrhage was seen postprocedure.45 Finally, Lee
et al. published the results of their nonrandomized
pilot study of 26 patients with acute ischemic stroke
and NIH stroke scale >10 showing that the admin-
istration of intravenous abciximab was significantly
more likely to provide recanalization [Thrombolysis In
Myocardial Infarction (TIMI) grade >1] of the affected
artery when given with intra-arterial urokinase than
was intra-arterial urokinase alone.46

Larger studies, however, have not been as encour-
aging regarding the use of GP IIb/IIIa inhibitors when
given with mechanical intervention or intra-arterial
thrombolytics. Hoffman et al. published their study
of 74 patients undergoing carotid stenting random-
ized to abciximab bolus or no therapy and failed to
show any benefit from the abciximab. In fact, there
was a mild increase in the associated cerebrovascular
events in the treatment arm.47 Additionally, in their
large retrospective review of 550 patients undergo-
ing carotid angioplasty and stenting who were pro-
phylactically treated with GP IIb/IIIa inhibitors and
heparin, Wholey et al. found that patients receiving
GP IIb/IIIa inhibitors were significantly more likely to
suffer a stroke or neurologic death than those treated
with heparin alone.48

Finally, in the setting of secondary stroke preven-
tion, the use of GP IIb/IIIa inhibitors has also been
tested. In the international trial of the oral GP IIb/IIIa
antagonist lotrafiban in coronary and cerebrovascu-
lar disease (BRAVO) study, the use of the GP IIb/IIIa
receptor antagonist lotrafiban (either 30 or 50 mg) in
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Figure 24.10 BRAVO trial.49 In patients with a history of either cardiovascular or cerebrovascular disease, the chronic use of combination aspirin

and the IIb/IIIa antagonist lotrafiban showed an increase in the rate of death and serious bleeding complications when compared to aspirin and

placebo.

combination with aspirin was tested against placebo
and aspirin for the secondary prevention of vascular
events in 9190 patients with a history of cardiovascular
disease (59% of total patients) or cerebrovascular dis-
ease (41% of total patients). Followed for up to 2 years,
the patients in the lotrafiban arm had a statistically
significant increase in risk of serious bleeding (8.0%
versus 2.8%, yearly NNH = 38.5) and death (3.0% ver-
sus 2.3%, yearly NNH = 286)49 (Fig. 24.10).

Recommendation: There is currently no evidence to
support the use of GP IIb/IIIa antagonists for either the
acute treatment or secondary prevention of ischemic
stroke.

Warfarin

An important question frequently arises with regard
to stroke treatment and prevention: Are there clini-
cal situations in which anticoagulation is more effec-
tive than antiplatelet therapy for stroke prevention?
A few large studies have been performed to help
answer this question. In the comparison of War-
farin and Aspirin for the prevention of Recurrent
iSchemic Stroke (WARSS) trial, Mohr et al. randomized
2206 patients with recent noncardioembolic ischemic
strokes to either warfarin therapy with a goal inter-

national normalized ratio (INR) of 1.4 to 2.8 or 325
mg aspirin daily. This was a blinded intention-to-
treat analysis, with primary endpoints being recur-
rent ischemic stroke or death of any cause. Follow-
up was done over 2 years. There was a statistically
nonsignificant 13% increase in the rate of death or
recurrent ischemic stroke in the warfarin group. There
was also a nonsignificant 48% increase in the rate
of major hemorrhage (within the nervous system or
requiring transfusion) and a significant 61% increase
in the rate of minor hemorrhage (7.9% yearly abso-
lute risk increase, NNH = 12.7)50 (Fig. 24.11). This
study demonstrated that warfarin is unlikely to be
more effective than aspirin when used routinely for
patients with noncardioembolic stroke and that war-
farin therapy is associated with greater cost and risk of
hemorrhage.

Another large study involving patients with recent
arterial origin TIA or minor stroke was the medium-
intensity oral anticoagulants versus aspirin after cere-
bral ischemia of arterial origin (ESPRIT) study. In this
population, 1068 patients were randomized within 6
months of their event to either warfarin (target INR 2.0
to 3.0) or aspirin (30 to 325 mg daily). These patients
were followed for a mean of 4.6 years. Although there
was a statistically nonsignificant trend toward fewer
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Figure 24.11 WARSS trial.50 In this patient population with a history of noncardioembolic ischemic stroke, the chronic use of warfarin resulted

in no benefit for recurrent stroke prevention but was associated with a statistically significant increase in minor bleeding events when compared

to aspirin.

major ischemic events (death from any ischemic vas-
cular cause, nonfatal stroke, nonfatal MI) 27% in the
warfarin group, this was offset by a statistically signif-
icant 156% relative increase in the number of major
bleeding complications (1.23% absolute yearly risk
increase, yearly NNH = 81.3).51

With regard specifically to symptomatic intracranial
disease, in the comparison of Warfarin and Aspirin for
Symptomatic Intracranial arterial stenosis (WASID)
trial, Chimowitz et al. randomized 569 patients with
a history of symptomatic 50% to 99% intracranial
arterial stenosis to either warfarin with a goal INR of
2.0 to 3.0 or 1300 mg of aspirin daily. This was also a
blinded trial, with primary endpoints being ischemic
stroke, brain hemorrhage, or death from another
vascular cause. This trial was stopped early because
of a concern of a statistically significant doubling
in the rate of death in the warfarin group (9.7%
versus 4.3%). Intracranial hemorrhage or systemic
hemorrhage requiring hospitalization, surgery, or
transfusion was also more than twice as prevalent in
the warfarin group (8.3% versus 3.2% – statistically
significant). There was no significant difference in the
rate of ischemic strokes, although there was a 23%
trend for increased ischemic strokes in the aspirin
group (Fig. 24.12). Therefore warfarin should not be
used routinely for stroke prevention in patients with
symptomatic intracranial arterial disease.52

In contrast, for high-risk cardioembolic sources of
stroke, there is strong evidence indicating that war-
farin is preferable to aspirin for stroke prevention. The
first study of this kind was the placebo-controlled,
randomized trial of warfarin and aspirin for the pre-
vention of thromboembolic complications in chronic
atrial fibrillation (AFASAK) study. In this study, 1007
patients with chronic nonrheumatic atrial fibrillation
were randomized to open warfarin, blinded aspirin,
or blinded placebo and followed for 2 years. The
rate of vascular events was 75% (4.46% absolute risk
reduction, NNT = 22.4) and 76% (4.76% absolute risk
reduction, NNT = 21.0) lower in the warfarin group
compared to the aspirin and placebo groups, respec-
tively. These results were statistically significant53 (Fig.
24.13). One year later, in the Boston Area Anticoag-
ulation Trial for Atrial Fibrillation, 420 patients with
nonrheumatic atrial fibrillation were randomized to
low-dose warfarin (INR goal 1.2 to 1.5) versus placebo
or aspirin. The warfarin group had a statistically sig-
nificant 86% relative risk reduction in the occurrence
of stroke (2.57% yearly absolute risk reduction, yearly
NNT = 38.9), as well as a 62% relative risk reduc-
tion in the occurrence of death (3.72% yearly absolute
risk reduction, yearly NNT = 26.9).54 The following
year, the results of the previously mentioned SPAF-
1 study were published. In this study, 1330 patients
with atrial fibrillation were separated into two groups
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Figure 24.12 WASID trial.52 When given chronically for symptomatic intracranial arterial stenosis (50% to 99%), warfarin was found to cause a

statistically significant increase in the rate of death and major hemorrhage when compared to aspirin.

based on whether or not they were felt to be antico-
agulation candidates for primary stroke prevention.
The patients felt not to be anticoagulation candidates
were randomized to aspirin (325 mg daily) or placebo,
and the patients felt to be anticoagulation candidates
were randomized to warfarin (goal INR 2.0 to 4.5),
aspirin (325 mg daily), or placebo. The primary end-
points in this study were ischemic stroke and systemic
embolism. The pooled placebo group had a primary

event rate of 6.3% per year, versus a rate of 3.6% per
year in the pooled aspirin group (statistically signif-
icant). Within the anticoagulation candidate group,
there was a 7.4% yearly risk of primary events in the
placebo arm versus only a 2.3% yearly risk in the
warfarin arm (statistically significant, yearly NNT =
19.6).8

In the European Atrial Fibrillation Trial (EAFT),
1007 patients with a history of nonrheumatic atrial
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Figure 24.13 AFASAK trial.53 In chronic atrial fibrillation, warfarin use resulted in a significant decrease in the rate of thromboembolic events

when compared with aspirin or placebo.
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fibrillation with a recent TIA or minor ischemic stroke
were treated with warfarin versus placebo (open)
or aspirin versus placebo (blinded). Primary out-
comes were vascular death, stroke, MI, and systemic
embolism. The annual rate of a primary outcome
in the warfarin group was significantly and substan-
tially lower than that in the placebo group (8% ver-
sus 17% respectively, yearly NNT = 11.1). The aspirin
group showed a nonsignificant trend toward primary
outcome prevention when compared to the placebo
group (15% versus 19%, respectively). Bleeding com-
plications were highest in the warfarin group, however,
with 2.8% per year incidence. In the aspirin group, that
percentage was only 0.9% per year.55

In patients who are not candidates for anticoagula-
tion, antiplatelet therapy offers a mild risk reduction
for cardioembolic strokes, although not as robust as
that seen with anticoagulation. In addition to SPAF-18

and EAFT,55 several studies have examined this issue.
In the Stroke Prevention in Atrial Fibrillation-III (SPAF-
III) trial, 892 patients with atrial fibrillation who were
considered “low risk” for stroke were followed over 2
years while taking 325 mg aspirin daily. These patients
were selected as “low risk” if they had no history of
prosthetic heart valve, mitral stenosis, other indication
for anticoagulation, congestive heart failure, left ven-
tricular ejection fraction less than 25%, history of pre-
vious embolism, systolic blood pressure greater than
160 mmHg, or were female and older than 75 years.
These patients had only a 2.0% yearly rate of stroke.56

Patients with atrial fibrillation who have other risk
factors, including age greater than 75, systemic hyper-
tension requiring treatment, previous stroke or TIA,
non–central nervous system embolic event, left ven-
tricular ejection fraction less than 45%, or diabetes
appear to be better served by anticoagulation therapy.
In the recent clopidogrel plus aspirin versus oral anti-
coagulation for atrial fibrillation in the atrial fibrilla-
tion clopidogrel trial with irbesartan for prevention of
vascular events (ACTIVE W), 6706 patients with atrial
fibrillation and at least one of the other risk factors
listed above were randomized to either warfarin with
an INR goal of 2.0 to 3.0 or a combination of clopidogrel
75 mg daily and aspirin 75 to 100 mg daily. The patients
in the anticoagulation group had a yearly stroke rate
of 1.40%, whereas the combination antiplatelet group
had a yearly stroke rate of 2.39% (yearly absolute risk
reduction 0.99%, yearly NNT = 101). This difference
was statistically significant.57

With regard to stroke risk in patients with pros-
thetic cardiac valves, various studies have shown that
patients with mechanical valves are at high risk for
stroke, and there is strong evidence that they bene-
fit from therapy with anticoagulation over antiplatelet
therapy alone.58 For patients with bioprosthetic valve
replacement, low-dose aspirin is the therapy of choice
unless the patient had a mitral or aortic valve replace-
ment within the previous 3 months, a systemic embo-
lism within the previous 3 to 12 months, evidence of
left atrial thrombus at surgery, or atrial fibrillation, in
which case anticoagulation is preferred.58

The added benefit of anticoagulation over aspirin
for prevention of cardioembolic stroke does not nec-
essarily extend to paradoxical arterial strokes arising
from the venous system. Although the possibility of
venous clot passing through a patent foramen ovale
(PFO) exists, no large “head-to-head” trials of aspirin
and warfarin have been conducted. In the PFO in cryp-
togenic stroke study (PICSS) [a study of the subgroup
of patients in the WARSS trial (see above) who had
a PFO]50 there was a statistically nonsignificant 25%
increase in the 2-year vascular event rate in those
patients randomized to warfarin versus aspirin.59

In one large observational study by Mas et al. look-
ing at stroke recurrence rates in patients on aspirin
300 mg daily with PFO and no other clear source of
stroke, the combination of having both a PFO and
an atrial septal aneurysm appeared to be a particu-
larly potent risk for stroke recurrence. Followed over
4 years, patients with an isolated PFO had only a
2.3% chance of stroke recurrence, whereas patients
with a combination of PFO and atrial septal aneurysm
had a 15.2% chance of stroke recurrence. However,
possibly due to small sample size, this difference
did not reach statistical significance, with 95% con-
fidence intervals of 0.3% to 4.3% and 1.8% to 28.6%,
respectively.60 Despite this apparently high recurrence
risk in patients with the combination of PFO and
atrial septal aneurysm, no trial has been performed to
evaluate any specific management strategy for these
patients.

Another approach to preventing these paradoxical
emboli from causing strokes is through percutaneous
closure of the PFO by mechanical device. Although
no prospective randomized trial has been completed
to evaluate this method’s efficacy against medical
therapy, this technique is being used for selected
patients at many centers. The ongoing Evaluation of
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the STARFlex® septal closure system in patients with
a stroke and/or TIA due to presumed paradoxical
embolism through a patent foramen ovale (CLOSURE)
trial is randomizing patients with PFO and crypto-
genic stroke to either percutaneous PFO closure or
antithrombotic therapy. Hopefully, this trial will shed
some light on the issue of whether or not PFO closure
is more effective than antithrombotics alone.

Also unclear is whether the addition of aspirin to
warfarin in patients at very high risk of cardioembolic
stroke is an effective strategy. In their study of postop-
erative valve replacement surgery, Turpie et al. com-
pared aspirin versus placebo when used in combina-
tion with warfarin (INR goal 3.0 to 4.5) to prevent stroke
in patients following heart valve replacement who had
a history of thromboembolism or atrial fibrillation.
They found that the combination group had a signif-
icant 77% reduction in the rate of systemic embolism
or death from vascular cause compared to the group
taking warfarin and placebo over a mean follow-up
of 30 months (9.82% absolute risk reduction, NNT =
10.2). There was a significant 55% increase in the rate of
bleeding episodes in the combination group (11.83%
absolute risk increase, NNH = 8.5) but no significant
difference in the rate of major bleeding episodes (27%
more in the combination group).61 In the Stroke Pre-
vention using an Oral Thrombin Inhibitor in atrial Fib-
rillation (SPORTIF) III and V studies (a pair of studies
examining the use of warfarin and ximelagatran for
stroke prevention in patients with atrial fibrillation),
a subgroup comparison was done between patients
taking warfarin alone (n = 3172) and those taking
warfarin and aspirin (n = 481). Although this was
not a randomized comparison, there was no signifi-
cant difference in the rate of vascular events or death
between the groups, but there was statistically sig-
nificant increase in the yearly rate of major bleeding
(3.9% versus 2.3%, NNH = 62.5) and total bleeding
(62.8% versus 36.8%, NNH = 3.8) in the combination
group.62

Recommendation: For noncardioembolic ischemic
stroke, there is no evidence to show that warfarin offers
any benefit over aspirin for secondary prevention. In
at least one subtype (stroke secondary to intracranial
arterial stenosis), there is evidence to suggest that war-
farin is inferior to aspirin for stroke prevention. For
some types of cardioembolic ischemic stroke, such as
stroke associated with atrial fibrillation or mechanical
heart valves, there is clear evidence to support the use

of warfarin over aspirin. There is currently no evidence
to support the use of warfarin over aspirin for preven-
tion of stroke from presumed paradoxical embolism
through a PFO.

COX-2 inhibitors and nonsteroidal
anti-inflammatory drugs

There are some data to suggest that COX-2 inhibitors
and nonsteroidal anti-inflammatory drugs (NSAIDs)
have an adverse effect on stroke risk. By virtue
of their suppression of prostaglandin I2 synthesis,
a platelet aggregation inhibitor and vasodilator in
endothelial cells, COX-2 inhibitors can theoretically
increase the tendency of platelets to aggregate.63 Some
specific COX-2 inhibitors that have been reviewed
include rofecoxib,64 celecoxib,65 parecoxib, and
valdecoxib.66

In their article on rofecoxib use in the chemopreven-
tion of colorectal adenoma, Bresalier et al. found that,
in the 2586 patients enrolled in the trial, there was a
statistically significant 92% relative increase in throm-
botic events (0.53% yearly absolute risk increase,
yearly NNH = 188.7) and a 132% nonsignificant rel-
ative increase in cerebrovascular events (0.23% yearly
absolute risk increase, yearly NNH = 434.8) in patients
receiving rofecoxib 25 mg daily.64 Also, Solomon et al.
reviewed the effect of celecoxib in the prevention of
colorectal adenoma prevention over 2.8 to 3.1 years of
follow-up and found, in this trial of 2035 patients, that
there was a significant 240% relative increase in the
rate of cardiovascular death, MI, stroke, or heart fail-
ure in the group randomized to celecoxib 400 mg twice
daily when compared with placebo (2.4% absolute risk
increase, NNH = 41.7).65 Nussmeier et al. showed in
a study of 1671 patients treated for 10 days and fol-
lowed for 30 days that there was a 270% significant
relative increase in the rate of cardiovascular events in
the group randomized to intravenous and oral COX-2
inhibitors for pain control when compared to placebo
(1.5% absolute risk increase, NNH = 66.7).66

With regard to NSAIDS, Kearney et al. published a
meta-analysis showing that high-dose ibuprofen and
diclofenac, possibly by virtue of their COX-2 inhibi-
tion, are also associated with an increase in vascu-
lar events.67 Interestingly, high-dose naproxen did not
seem to have this effect.67

Recommendation: There is evidence that COX-2
inhibitors can increase the chance of stroke and
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therefore should be avoided when possible in a stroke-
prone population.

FUTURE AVENUES OF RESEARCH

Two ongoing research studies that it is hoped will show
interesting new data with regard to antiplatelet agents
in ischemic stroke include the Prevention Regimen For
Effectively avoiding Second Strokes (PRoFESS) trial
and the prospective, randomized, controlled trial to
evaluate the safety and efficacy of the STARFlex®
septal closure system versus best medical therapy in
patients with a stroke and/or TIA due to presumed
paradoxical embolism through a patent foramen ovale
(CLOSURE) trail. The PRoFESS trial is a randomized,
controlled trial comparing clopidogrel to the combi-
nation of aspirin and extended-release dipyridamole
in patients after ischemic stroke. Over 20 000 patients
at 695 sites have been enrolled and are currently being
followed. The primary outcome in this study is recur-
rent stroke. The results will hopefully further define
which of the current available antiplatelet regimens is
best following an ischemic stroke.68

The CLOSURE trial is a randomized trial comparing
best medical therapy (antiplatelet or anticoagulation)

to PFO closure in patients 18 to 60 years of age with
a documented stroke or TIA and PFO with or without
atrial septal aneurysm and without any other potential
etiology for their event. The primary outcome in this
study is stroke or TIA. The results from this trial will
also hopefully further define whether a PFO should be
closed or medically treated in patients when a para-
doxical embolus is the most likely etiology of their
event.

SUMMARY

In the setting of an acute ischemic stroke, in addi-
tion to considering thrombolytics, aspirin should be
started within 48 h of onset unless there is a con-
traindication, since aspirin has been proven to be asso-
ciated with a small but statistically significant reduc-
tion in the risk of recurrent stroke or death.9,10 Beyond
the acute phase of the stroke, antiplatelet drugs have
also proven to be quite effective at preventing recur-
rent stroke. The combination of low-dose aspirin and
dipyridamole 200 mg twice daily appears to have the
largest benefit,29,31 but it cannot be tolerated by many
patients secondary to its side effects, most notably
headache.31 Clopidogrel 75 mg daily has also been

History consistent with stroke?

Brain imaging shows evidence of
acute hemorrhage?

Source for ischemic stroke

Evaluate causes of
hemorrhagic stroke

Antiplatelet Anticoagulant Uncertain

Atherothrombotic

Large Vessel
Lacunar
Unknown

High-risk Cardioembolic

Atrial fibrillation
Recent anterior MI
Mechanical Valve

Rheumatic mitral stenosis
Intracardiac thrombus

Severe cardiomyopathy

Lower-risk Cardioembolic

Patent forman ovale
Aortic arch atherosclerosis

Atrial septal aneurysm
Spontaneous echo contrast

Yes

Yes

No

Figure 24.14 Algorithm for stroke prevention with antithrombotic agents.
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TAKE-HOME MESSAGES

Aspirin
� The role of aspirin for primary stroke prevention remains controversial. Other than patients with atrial fibrillation or

asymptomatic carotid stenosis, there is not clear evidence of a substantial benefit.2 ,3 ,4 ,5 ,6 ,7

� There is clear evidence of benefit when started in the first 48 h after acute ischemic stroke.9 ,10

� There is clear evidence of benefit when given to ischemic stroke or TIA victims as secondary stroke prevention or

when given after carotid endarterectomy.11 ,12 ,13

� Daily doses of 50 to 325 mg are recommended for secondary stroke prevention.17

Clopidogrel
� Compared to aspirin, clopidogrel was shown in one large study to be of benefit when given to patients with a history

of a vascular event. Within that study, there was a statistically nonsignificant trend toward fewer recurrent strokes

in the clopidogrel arm.18

� The long-term use of combination aspirin and clopidogrel has not been shown to be more effective than clopidogrel

alone in the prevention of ischemic strokes, but it has been associated with a higher rate of hemorrhage.20 There

is some evidence to indicate that in the acute setting, the combination of aspirin and clopidogrel decreases the

presence and frequency of asymptomatic emboli released from an emboligenic arterial plaque.22

Ticlopidine
� Owing to its poor side-effect profile, ticlopidine is not recommended for routine use in the treatment or prevention

of ischemic stroke.17 ,18 ,25 ,26 ,27

Combination aspirin and extended-release dipyridamole
� Two large, randomized studies have suggested that the combination of aspirin and extended-release dipyridamole

is superior to aspirin alone when used for the secondary prevention of ischemic stroke.29 ,31

GP IIb/IIIa antagonists
� Two large randomized, controlled studies have shown that IIb/IIIa inhibitors are harmful in the setting of both acute

ischemic stroke41 and when used for secondary stroke prevention.49

shown to be slightly more effective than aspirin in
reducing the risk of vascular events and has a side-
effect profile similar to that of aspirin.18 Although there
are no current data comparing combination aspirin/
extended-release dipyridamole and clopidogrel, the
ongoing Prevention Regimen For Effectively avoiding
Second Strokes (PROFESS) trial should clarify whether
one of these regimens is superior. Aspirin 30 to 325 mg
daily is also effective for secondary stroke prevention11

and has the advantage of being inexpensive. Aspirin
has also been shown to be effective following carotid
endarterectomy.13 Clinical trials have shown that
aspirin doses as low as 30 mg daily are no less effective
than higher doses and are associated with fewer side
effects.15 For noncardioembolic strokes, aspirin has
also been shown to be no less effective than warfarin,
with a lower incidence of bleeding complications.50

In cardioembolic stroke from atrial fibrillation55 and
after mechanical valve replacement,58 warfarin has

clear benefit over aspirin, but antiplatelet agents can
be used if there are strong contraindications to antico-
agulation.56 Figure 24.14 provides a basic algorithm for
the evaluation and treatment of suspected ischemic
stroke.
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INTRODUCTION

Progressive atherosclerosis complicated by throm-
boembolic events is by far the most common cause of
peripheral arterial disease (PAD). The atherosclerotic
process is a generalized disorder that almost invari-
ably affects many vascular beds; therefore, any patient
who presents with symptoms or signs suggestive of
atherosclerotic disease in one vascular bed is likely
to have other territories involved as well (Fig. 25.1).1

The common risk factors for atherosclerosis also apply
to PAD, but the order of importance varies: smoking
and diabetes correlate most strongly with disease of
the leg arteries and predict its progression. The dis-
ease in the leg arteries remains clinically silent as long
as no hemodynamically significant obstructive lesions
develop. With the aid of simple noninvasive tests in
middle-aged adults, subclinical disease is detected
three to four times more often than is symptomatic
disease (Fig. 25.2). Intermittent claudication, or leg
pain on exercise that is relieved by rest, develops when
the distal perfusion pressure decreases secondary to
the high resistance in the proximal diseased arteries
and the collateral vessels. Progression of the disease,
to the extent that the blood flow is unable to meet the
metabolic and nutritional demands of resting tissues,
is clinically manifested by rest pain and skin lesions
on the feet. Chronic critical leg ischemia is rest pain
requiring regular analgesia; there is a low ankle sys-
tolic pressure (less than 50 mmHg) and/or toe systolic
pressure (less than 30 mmHg) with or without skin
ulceration or gangrene of the toes or feet.2

The pathophysiology of atherothrombosis and par-
ticularly the contribution of platelets are detailed
elsewhere in this book. Over the years, several tests
were applied to search for circulating “hyperactive”
platelets in the hope that they would predict future

thrombotic events. Tests to assess platelet-specific
proteins, platelet adhesion, or platelet aggregation
in vitro produced inconsistent data. They may be
too insensitive to detect in vivo platelet activation.
Measurement of urinary excretion of 11-dehydro-
thromboxane B2 was related to the presence of car-
diovascular risk factors in claudication patients and
predicted future thrombotic complications of PAD.3,4

Measurement of platelet membrane-bound or solu-
ble P-selectin or of platelet microparticles suggests
a relationship with the extent of the disease.5–7 The
decreased availability of biologically active nitric oxide
(NO) in the blood vessel wall, in accordance with the
clinical severity of the disease, is one possible mecha-
nism of platelet activation in these patients.8

Progression of leg disease is objectively quantified
in a few studies9,10 (Fig. 25.2). However, in the major-
ity of these patients, the clinical course of claudica-
tion remains fairly stable. This is ascribed to the devel-
opment of collateral vessels, metabolic adaptation in
ischemic muscle with exercise, or altered gait to favor
the use of nonischemic muscle groups. In roughly
25% of patients, particularly in those with a declin-
ing ankle brachial index (ABI), the claudication dete-
riorates to the point of requiring surgical or endovas-
cular intervention. Major amputation is a rare final
outcome in such patients. However, if the disease pro-
gresses to chronic critical limb ischemia, the prognosis
of the leg becomes poor unless revascularization can
be established. On the other hand, as a consequence
of coexisting coronary and cerebrovascular disease,
there is a significantly increased risk of stroke, myocar-
dial infarction, and cardiovascular death in patients
with PAD. The risk correlates with the extent of the
disease as assessed by the ankle pressure index.10,11,12

Asymptomatic disease is equally associated with an
increase in cardiovascular morbidity and mortality.
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10.2%

5.7%

Cerebrovascular
Disease
20.3%

PAD
5.7 %

1.5% 1.9%

Coronary Heart 
Disease 54.5% 

Figure 25.1 Atherothrombosis: a systemic disease. Overlap between clinical

manifestations in different vascular territories points to the systemic nature of

atherothrombosis. In the REACH registry, one of six patients with established

atherothrombotic disease had symptomatic involvement of more than one arterial bed.

(Adapted from Bhatt et al.1 with permission.)

In epidemiologic studies, the overall prognosis is fre-
quently poorer than in clinical studies.

The management of patients with arterial disease of
the leg involves several aspects, of which the control
of cardiovascular risk factors is of primary importance
(Table 25.1). All patients receive advice and counseling
for smoking cessation and weight reduction. Current
guidelines13,14 recommend aggressive lipid-lowering

therapy and the prescription of statins to patients with
PAD. These guidelines are mainly based on a subgroup
analysis of PAD patients in large trials on the reduction
of cardiovascular risk with statin therapy.15 Hyperten-
sion guidelines readily support the use of angiotensin-
converting enzyme inhibitors to lower blood pressure
because these drugs may show benefits beyond blood
pressure control in high-risk patients.16 This chapter

300 patients with 
asymptomatic IC

intervention: 5-10 
amputation 2-5

25 deteriorate
75 stabilize 
or improve

local outcome (5y)

5-10 non-fatal 
CV event

16 cardiac 
4 cerebral 

3 other vascular 
7 non-vascular

30 die
60-65 alive 

without CV event

systemic outcome (5y)

100 patients with IC 
presenting to doctor

100 patients with IC 
not seeking advice

Figure 25.2 Natural history of patients with intermittent claudication over 5 years after diagnosis.

(Reproduced from TASC I,9 with permission.) For every patient who consults a medical doctor because of

claudication, another patient with symptomatic claudication does not seek medical advice and another

three patients have asymptomatic PAD. IC, intermittent claudication; MI, myocardial infarction.
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Table 25.1. Treatment of intermittent claudication

Reduce cardiovascular risk

-Antiplatelet therapy

-Lipid lowering

-Glycemic control

-Weight reduction

-Blood pressure control

-Smoking cessation

Relieve symptoms

-Exercise

-Pharmacological

management

-Revascularization

-Surgical

-Endovascular

focuses on the use of antiplatelet drugs, which are pre-
scribed to improve the general prognosis and retard
the local progression of atherosclerosis in the legs.

ANTIPLATELET THERAPY PREVENTS
CARDIOVASCULAR EVENTS

As a rule, patients with atherosclerotic cardiovascu-
lar disease are prescribed low-dose aspirin to reduce
the occurrence of major thromboembolic vascular

events. The thienopyridines (ticlopidine, clopidogrel)
are alternatives. The daily intake of an antiplatelet drug
realizes a 25% odds reduction in subsequent cardio-
vascular events in this group of patients (Fig. 25.3).17

However, the data on aspirin in patients with PAD
are not as extensive as in other categories of patients
with atherosclerotic disease; only one rather small sin-
gle study with clinical endpoints has yielded a sig-
nificant result.18 The initial collaborative overview of
randomized trials of antiplatelet therapy, the meta-
analysis of the Antiplatelet Trialists’ Collaboration, cal-
culated that the vascular risk was reduced to a simi-
lar extent (odds reduction of 27 ± 2%) in a category
of high-risk patients of mixed origin as well as in
patients with prior myocardial infarction (25 ± 4%),
with acute myocardial infarction (29 ± 4%), or with
prior stroke/TIA (22 ± 4%). This mixed category was
subdivided and peripheral arterial disease was one
of the major subgroups. In this subgroup, the risk
reduction in patients with intermittent claudication
(almost 3300 patients in 22 trials) was not significant.

Antithrombotic Trialists’ Collaboration 2002

Vascular events = myocardial infarction, stroke or vascular death

Category % odds reduction

Acute myocardial infarction

Acute stroke

Prior myocardial infarction

Prior stroke/transient ischemic attack

Other high risk

• coronary artery disease

(e.g. unstable angina)

• Peripheral arterial disease

(e.g. intermittent claudication)

• High risk of embolism (e.g. atrial fibrillation)

• Other (e.g. diabetes mellitus)

All trials

1.00.50.0 1.5 2.0

Control betterAntiplatelet better

23% ±2 p<0.0001

Figure 25.3 Efficacy of antiplatelet therapy. (Reproduced from the Antithrombotic Trialists’ Collaboration 2002,17 with permission.)
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However, there was no evidence of significant hetero-
geneity between the results of the subgroups either.
In addition, in almost all of the subgroups, results
appeared to favor active treatment. The authors there-
fore concluded that it “may well be that antiplatelet
therapy is likely to be protective for any high-risk
patients with clinically evident occlusive vascular dis-
ease unless there is some special contraindication.”19

Scrutiny of the analyzed trials indicates that the num-
ber of included patients on ticlopidine by far exceeds
that of those on aspirin. Ticlopidine was studied in sev-
eral trials and was reported to reduce the incidence
of vascular death, myocardial infarction, and stroke
in patients with PAD.20,21 However, its feared side
effects of neutropenia and thrombocytopenia limit
its clinical usefulness. Clopidogrel was mainly evalu-
ated in the large CAPRIE trial, which included patients
with stroke, myocardial infarction, or PAD. The over-
all benefit of clopidogrel over aspirin was rather small
and almost entirely obtained in the subgroup of 6452
patients with symptomatic PAD followed for 1 to 3
years: the yearly event rate was 3.71% and 4.86% in
the two treatment groups, respectively, pointing to a
relative risk reduction of 24% (p = 0.0028).22 A meta-
analysis evaluated the evidence for the effectiveness
of individual antithrombotic drugs to reduce vascu-
lar events and/or mortality in patients with intermit-
tent claudication and concluded that only ticlopidine
and clopidogrel have proven efficacy in level 1 stud-
ies (randomized and double-blind or assessor-blind
studies).23

In interventional cardiology and in acute coronary
syndromes, the combined use of aspirin and clopi-
dogrel is more effective than the use of aspirin alone,
although at a higher risk of bleeding. However, in sta-
ble patients with cardiovascular disease or at high risk
of it, two large trials recently failed to provide evi-
dence for the superiority of combined therapy over
the monotherapy with either drug to prevent future
events.24,25 Both these trials included subgroups of
patients with PAD: they showed a nonsignificant rel-
ative reduction of 20% and 13%, respectively, in favor
of the dual therapy. A recent trial compared warfarin
combined with aspirin to aspirin alone in over 2100
patients with symptomatic or asymptomatic PAD fol-
lowed for nearly 3 years and reports a nonsignificant
reduction of 8% favoring the combination.26

Picotamide, another antiplatelet drug, is not univer-
sally available. It antagonizes the synthesis of platelet

Table 25.2. Antiplatelet treatment and the reduction
of vascular events in patients with PAD

Intermittent claudication: Arterial intervention:

26 trials – 6263 patients 16 trials – 3443 patients

Vascular events: Vascular events:

-antiplatelet therapy: -antiplatelet therapy:

201/3123 (6.4%) 79/1721 (4.6%)

-control: 245/3140 -control: 98/1722

(7.8%) (5.7%)

Aspirin: 5 trials – 1209

patients

Ticlopidine: 13 trials – 2488

patients

Picotamide: 1 trial – 2304

patients

Other substances:

7 trials – 262 patients

thromboxane A2 and blocks its receptors. In the
ADEP trial comprising 2304 patients with intermit-
tent claudication, a barely significant 19% reduction
favoring picotamide over placebo was reported,27 but
a secondary analysis revealed a much larger ben-
efit in patients with associated diabetes.28 In the
DAVID study, picotamide was compared to aspirin
in 1209 patients with PAD who also had diabetes; it
reduced the 2-year all-cause mortality by 45%, but
the trial lacked the statistical power to detect an
effect on vascular mortality and nonfatal cardiovas-
cular events.29 Dual thromboxane A2 blockers lead
to an increased formation of platelet-inhibiting and
vasodilatory prostaglandins; they may also prevent
deleterious effects of thromboxane on endothelial
function and atherogenesis.30 The second systematic
overview of the Antithrombotic Trialists’ Collabora-
tion analyzed data of 9214 patients with PAD from 42
randomized trials including trials in intermittent clau-
dication, vascular surgery, and endovascular interven-
tion. The pooled odds reduction for major vascular
events in these patients was 23%, similar to the aggre-
gate 22% for all 287 trials of the meta-analysis.17 Nearly
60% of the data on peripheral arterial disease relate
to antiplatelet agents other than aspirin, a limitation
that is worth keeping in mind when the pooled result
is cited as evidence favoring the use of aspirin in these
patients (Table 25.2).
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Daily Dose, mg Aspirin Control Reduction

500-1500 14.5%   17.2% 19%±3

160-325 11.5% 14.8% 26%±3

75-150 11.0% 15.2% 32%±6

<75 17.3%   19.4% 13%±8

Any dose 12.9% 16.1% 23%±2
(P<0.00001)

1.00.50.0 1.5 2.0

Antithrombotic Trialists’ Collaboration 2002

Figure 25.4 Meta-analysis of aspirin trials in high-risk patients: reduction in vascular events

with different regimens of aspirin. (Reproduced from the Antithrombotic Trialists’ Collaboration

2002,17 with permission.)

Current guidelines thus strongly recommend the
use of low-dose aspirin in all categories of patients
with cardiovascular disease. Low-dose aspirin (70 to
150 mg) seems as effective as higher doses, whereas
aspirin’s side effects are dose-related (Fig. 25.4).
Although it is admitted that the evidence in favor of
aspirin is weak, most authorities still advise its use
as a first choice; they recommend a change to ticlo-
pidine or preferentially to clopidigrel (because of its
better safety profile) in patients who do not toler-
ate aspirin or who experience a major cardiovascular
event despite aspirin intake. The preference for aspirin
cannot be based on direct evidence but by analogy on
experience with coronary and cerebral artery disease,
where its efficacy is well documented. Many patients
with peripheral artery disease indeed have evidence
of other forms of atherosclerotic disease. The switch
to clopidogrel in case of a major event under aspirin
appears logical but is a purely pragmatic approach.
A combination of aspirin and clopidogrel is an alter-
native option if a patient experiences a second vas-
cular event while on monotherapy, but there is little
evidence for this and the bleeding risk may be aug-
mented.31 Cost-benefit is another important aspect to
justify aspirin as a first choice.13,14,32

Should antiplatelet drugs be started before claudi-
cation symptoms develop? This appears reasonable
in patients with asymptomatic disease evidenced by a

decreased ankle–arm pressure index, since they have
the same increased risk of cardiovascular events and
death as patients with claudication.

ANTIPLATELET TREATMENT
INFLUENCES THE NATURAL
HISTORY OF LIMB ISCHEMIA

The immediate “local” aim of therapy in chronic arte-
rial occlusive disease is to relieve ischemic symp-
toms (intermittent claudication and rest pain) and
ultimately save tissue and limbs. Open surgical or
endovascular intervention finds its justification here
and is particularly effective in this respect. Drugs work
differently and have much less spectacular effects
on symptoms. Antithrombotic drugs were tested for
a potential influence on the local evolution of the
atherosclerotic disease in the leg. Trials in the 1980s
studied the angiographic evolution of leg arterial dis-
ease as a surrogate endpoint.33,34,35 Although variable
local effects were demonstrated, the clinical relevance
of the reported changes is not easily appreciated. The
first Antiplatelet Trialists’ Collaboration analyzed data
from 14 trials and found that aspirin compared with no
treatment reduced the risk of arterial occlusion over a
19-month period by 30%.36 Most of the data relate to
vascular grafts and arteries treated with angioplasty;
and only few are related to native untreated vessels,
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but the authors found the proportional reduction to
be similar in the three settings. Other studies focused
on the need for intervention as a clinical endpoint.
The U.S. Physicians’ Health Study, a primary preven-
tion study, reported that aspirin significantly reduces
the need for peripheral artery surgery in males without
a history of myocardial infarction, stroke, or transient
cerebral ischemia. The benefit was more pronounced
in the subset of individuals who reported claudication
at entry into the study. By contrast, the incidence of
self-reported new claudication symptoms was almost
identical in the two groups. Thus, aspirin appeared
to have more impact on the later than on the early
stages of the disease, suggesting an antithrombotic
rather than an antiatherogenic effect.37 The need for
vascular surgery was also assessed in two studies with
ticlopidine20,21: a statistically significant reduction
in new revascularization procedures was observed
when the two trials were analyzed together.23 Girolami
et al. reported, in their meta-analysis on randomized
controlled trials in claudication patients, that aspirin
compared with placebo reduces the risk of arterial
occlusion and ticlopidine reduces the need for subse-
quent revascularization procedures.23 This statement
is, however, based on three trials mentioned above,
one with aspirin35 and two with ticlopidine.20,21

Walking distance evaluates the functional capacity
of patients with impaired arterial circulation in the leg.
It is a soft endpoint in trials on intermittent claudica-
tion but is highly relevant for the patients’ activities
of daily living and the quality of life. A meta-analysis
comprising four placebo-controlled trials38,39 and a
fifth controlled study40 indicated, in all studies, a sig-
nificantly better evolution of walking capacity with
ticlopidine. By contrast, ticlopidine did not improve
walking distance significantly over placebo in the
Argentinian multicenter study.41

A statistically significant improvement of walking
distance was obtained with several other drugs, which
among other effects, are believed to have antiplatelet
activity as well. Their use in arterial disease of the
leg is not intended to compete with aspirin or the
thienopyridines or to replace them for the preven-
tion of myocardial infarction, stroke, or vascular death.
The benefit with pentoxifylline has not been very
consistent throughout the many conducted studies.42

The drug improves red cell deformability, lowers fib-
rinogen levels, and decreases platelet reactivity; its

clinical effects may thus stem from other pharma-
cologic properties than from its weak antithrom-
botic action. Cilostazol selectively inhibits phosphodi-
esterase type 3, an enzyme that breaks down cAMP. The
final result is a lower level of intracellular Ca2+ within
platelets, which in turn suppresses platelet activity.
In addition to its antiplatelet effects, cilostazol acts
as a vasodilator: it inhibits the function of contrac-
tile proteins by an analogous mechanism. Synthesis
of prostaglandins is not affected. The drug was first
marketed in Japan for patients with intermittent clau-
dication and ischemic leg ulcers. Several multicen-
ter placebo-controlled trials were conducted in the
United States. They involved more than 2000 patients
with intermittent claudication and established the
efficacy of cilostazol to improve walking distance.43,44

Prostaglandins with antiplatelet and vasodilatory
effects (mainly E1 and I2) and some of their analogs
have been used primarily in studies of patients with
critical limb ischemia. The reported results varied:
whereas there is some evidence that intravenous infu-
sion of these drugs may improve amputation-free sur-
vival,45 oral intake of the analog iloprost for up to a
year showed no clear benefit in patients with advanced
severe leg ischemia.46 In two placebo-controlled stud-
ies of short duration, a prodrug of prostaglandin E1

administered intravenously appeared to have a posi-
tive effect on walking distance in patients with claudi-
cation.47,48 Beraprost, an orally active prostaglandin
I2 analog, was tested in a few studies; the effects on
intermittent claudication were inconsistent, but there
was a reduction in cardiovascular events.49,50

A few selective serotonin antagonists with vasodila-
tor and antiplatelet properties were tested as well.
They proved ineffective and raised safety concerns.
A new compound, sarprogelate, showed promising
results without major side effects in a first study.51

Nitroaspirin is an aspirin that releases NO, a
substance that has several activities with an anti-
thrombotic potential. In patients with intermittent
claudication, the substance prevents effort-induced
endothelial dysfunction, whereas aspirin does not.52

Studies with clinical endpoints are not yet available.
No published study has yet proven that aspirin

is useful for the primary prevention of claudica-
tion symptoms in a healthy population. Because
such a study would require the enrollment of very
large numbers, an alternative approach is to select a
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population at higher risk, such as individuals with a
(still) asymptomatic decrease in ABI or patients with
diabetes.

ANTIPLATELET TREATMENT AND
ARTERIAL BYPASS SURGERY

Arterial surgery is a treatment option for patients
with incapacitating claudication symptoms or limb-
threatening ischemia. Poor outflow vessels or tech-
nical problems that reduce blood flow are the main
causes of early thrombosis of vein grafts and arte-
rial prostheses. In addition, the surgical procedure
induces a hypercoagulable state.53 Vein grafts and
prostheses are also vulnerable to intermediate and
late occlusion resulting from neointimal hyperplasia
and the progression of atherosclerosis in the native
vascular bed. To prevent occlusion, patients usually
receive antiplatelet or anticoagulant drugs or a com-
bination of both. Antithrombotic drugs are expected
to reduce the risk of early thrombosis. Although they
have never been shown to influence intimal hyper-
plasia – the mechanism underlying restenosis – they
are still being prescribed in the clinical setting in the
hope that they may improve the intermediate and late
results of arterial reconstruction.

Randomized clinical trials with aspirin are not
numerous and usually small. They date from the
1980s and are mostly single-center studies including
patients with varying degrees of lower limb ischemia
who had undergone various surgical procedures.54

Up to now, only one controlled trial has studied
ticlopidine in a homogenous population of saphe-
nous vein bypass grafts below the knee; it found the
antiplatelet drug to reduce the rate of late occlusion.55

The data were repeatedly meta-analyzed. A first meta-
analysis included five trials comparing long-term
aspirin (without or with dipyridamole) with placebo
after infrainguinal bypass surgery.54 In 423 patients
treated with antiplatelet drugs, 120 (28.4%) of the
bypasses occluded, compared with 144 (36.6%) occlu-
sions in 393 randomized placebo-treated patients,
giving a relative risk of 0.78 (95% CI 0.64 to 0.95) or
a proportional risk reduction of 22%; the absolute
risk reduction was 8.2%. No distinction was made
between prosthetic and venous bypasses. A second
meta-analysis included seven trials with antiplatelet
drugs and three with oral anticoagulants. The main
conclusion was that antithrombotic therapy decreases

the risk of graft occlusion by about 50% at 12 months
and is still protective at 24 months after surgery.56 The
importance of graft material is emphasized in another
meta-analysis on 11 randomized controlled trials of
platelet inhibitors after peripheral bypass procedures
involving 2302 patients. In this meta-analysis, there
was a clear treatment benefit of platelet inhibitors but
also significant heterogeneity, which was explained
by the proportion of patients with a prosthetic graft
in an individual trial. Aspirin did not appear to pre-
vent occlusion of vein grafts.57 The Antiplatelet Trial-
ists’ Collaboration meta-analysis58 on 11 randomized
trials (a large number are the same trials in all meta-
analyses) also included over 2000 patients with periph-
eral vascular grafts and concluded that antiplatelet
drugs reduce the incidence of graft occlusion at the
end of the (variable) follow-up period by one-third
(from 24% to 16%). To some extent this conclusion
is upheld in a fifth meta-analysis, which included tri-
als with several drugs and several types of revascular-
ization procedures. For the most part, aspirin asso-
ciated with dipyridamole and ticlopidine appeared
to improve the outcome.59 The multitude of meta-
analyses to answer the same question – Do antiplatelet
drugs improve the patency rate of vascular grafts? –
illustrates the difficulty and uncertainty in the field due
to the lack of large studies with homogenous groups.
The VIIth ACCP Consensus Conference32 simply rec-
ommends the use of aspirin in patients undergoing
prosthetic infrainguinal bypass. There is no recom-
mendation on ticlopidine because its use is largely
superseded by clopidogrel, and for this compound
there are at present no definite data on graft patency.
A randomized trial to evaluate whether clopidogrel on
a background of aspirin 75 to 100 mg/day will lead
to an increased rate of primary patency, limb salvage,
and survival in patients receiving a below-knee bypass
graft is ongoing.60 Controversy remains as to whether
aspirin therapy is best started preoperatively or post-
operatively. The weight of evidence suggests inhibition
of platelet function is best established prior to vascular
injury.

Some surgeons favor the use of vitamin K antag-
onists in patients receiving an infrainguinal vascu-
lar graft. The Dutch Bypass Oral anticoagulants or
aspirin study (BOA) investigated whether either of
these treatments more effectively prevented bypass
complications after infrainguinal bypass surgery in
2690 patients than the other but found no significant
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difference in overall occlusion rate. The frequency of
occlusion was about 14% per 100 patient-years in each
treatment group. However, analysis stratified for graft
material showed a lower risk of autologous vein graft
occlusion in the oral anticoagulation group than in the
aspirin group (17 patients needed to receive vitamin
K antagonists to prevent one occlusion); conversely,
aspirin appeared more effective in patients with a non-
venous graft (15 patients needed to receive aspirin to
prevent one occlusion).61 Despite careful control of
oral anticoagulant therapy (there is a well-organized
system of anticoagulation clinics in the Netherlands),
bleeding complications were twice as common with
oral anticoagulation as with antiplatelet therapy. There
were 18 cases of intracranial bleeding, 8 of which
were fatal, in the oral anticoagulation group, versus 4
(3 fatal) in the aspirin group. This surplus was offset by
a lower incidence of nonhemorrhagic stroke: 21 with
oral anticoagulants versus 45 with aspirin. In the bal-
ance of risk of bleeding versus a small improvement
of vein graft patency, the ACCP Consensus Conference
suggests not using vitamin K antagonists routinely in
patients who receive an infrainguinal or distal venous
bypass.32

A small study has suggested that the addition of
vitamin K antagonists to aspirin could improve the
patency of infrainguinal vein grafts at high risk of
thrombosis.62 However, the benefits of this combi-
nation were obtained at the expense of a signifi-
cantly higher rate of wound hematomas and reop-
erations for bleeding. A much larger trial found no
overall benefit from combining vitamin K antagonists;
however, in prosthetic grafts, there was a 38% pro-
portional risk reduction with this combination after
a 3-year follow-up. Again, the combination led to
more bleeding problems. As a result, the VIIth ACCP
Consensus Conference32 recommended against the
use of vitamin K antagonists combined with aspirin
in patients undergoing infrainguinal bypass surgery
unless there is a high risk of occlusion. Avoidance of
bleeding is a major concern underlying this recom-
mendation.

Optimal antithrombotic strategies in patients who
undergo peripheral vascular surgery remain a source
of controversy. Practice may differ from country to
country and center to center. An Austrian study
pointed out that most centers in that country use
heparin perioperatively and immediately postopera-
tively, frequently combined with an antiplatelet drug.

Long-term therapy consisted of antiplatelet agents,
but three-quarters of the centers use vitamin K antag-
onists as well, predominantly for vein grafts.63

Obviously, surgical patients as well as others may
benefit from antiplatelet therapy to reduce long-term
cardiovascular mortality and morbidity.

ANTIPLATELET DRUGS IN
PERCUTANEOUS ENDOVASCULAR
REVASCULARIZATION

Many patients with PAD are treated by percutaneous
transluminal angioplasty (PTA). The technique may
involve dilatation of a stenotic lesion or recanaliza-
tion of a total vessel occlusion using a wire-guided
inflatable balloon catheter and/or stent implantation.
Percutaneous atherectomy devices are less commonly
used. Restenosis/reocclusion is common when longer
infrainguinal segments are treated or outflow from
the lower leg is poor. Nitinol stents promise improved
results over conventional angioplasty64; drug-eluting
stents have failed to show significant benefit over
uncoated stents.65,66 To prevent reocclusion, treated
patients receive antithrombotic drugs, but their use is
not well defined. A meta-analysis reported improved
patency and less amputation risk after angioplasty
with the use of antiplatelet drugs, but a review of 11
randomized trials found no difference in the reocclu-
sion rate with antithrombotic drugs.59,67 There is also
confusion on the optimal drug regimen to be used,
as illustrated by the consecutive recommendations of
the ACCP Consensus Conference on Antithrombotic
Therapy.

For patients undergoing PTA, the Vth ACCP Con-
sensus Conference recommended the use of aspirin
before and after angioplasty of aortoiliac arteries
in order to reduce the incidence of periprocedural
thromboembolic events; it also suggested the use of
aspirin combined with ticlopidine in patients under-
going angioplasty of femoral and distal arteries.68 A
European expert group suggested the replacement
of ticlopidine with clopidogrel because of its similar
clinical efficacy but better safety profile.69 The com-
bined use of aspirin and thienopyridines has largely
relied on extrapolation from data in coronary angio-
plasty. The VIth ACCP Consensus Conference kept
silent on the issue,70 but the VIIth Conference rec-
ommended long-term aspirin for all lower extrem-
ity balloon angioplasties with or without stenting.32
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The confusion reflects the lack of data from suitable
randomized controlled trials. To judge from drug reg-
imens in recent trials of novel stents, aspirin given
indefinitely and combined with clopidogrel for 1 to
3 months after the intervention is common clinical
practice.

Looking back into history, the practice of using
antithrombotic drugs in patients undergoing periph-
eral endovascular procedures appears to be based on
a few rather small and methodologically questionable
studies of short duration from the pioneering period.
Studies with longer follow-up after PTA seldom distin-
guished early reocclusion from late restenosis and/or
occlusion. Reocclusion within the first few hours is
an uncommon problem in conventional angioplasty
and rarely has the dramatic consequences of occlusion
in the coronary circulation. Abciximab (adjunctive
to aspirin) statistically reduced the 24-h reocclusion
rate in a single-center placebo-controlled trial in
patients who underwent endovascular revasculariza-
tion for long-segment femoropopliteal occlusion: 1 of
47 versus 9 of 51.71 A reocclusion rate of almost 20%
would be considered poor practice in conventional
angioplasty of short lesions.

More data are available on late restenosis or reocclu-
sion. Two placebo-controlled studies were published
in the 1990s. The first randomized 199 patients to
placebo, 100 mg of aspirin, or 330 mg of aspirin (both
combined with 75 mg of dipyridamole) three times
daily and found the difference between placebo and
the highest dose of aspirin to be statistically signif-
icant.72 The second study randomized 223 patients
to 50 mg of aspirin combined with 400 mg of dipyri-
damole daily for 3 months or to placebo and found no
difference between the two treatment groups.73 Over
40% of the patients included in this study had an iliac
angioplasty, a procedure known to pose a lower risk of
reocclusion.

Later clinical trials compared low- versus high-dose
aspirin as antithrombotic prophylaxis after PTA and
found no difference in late outcome between the
two regimens; however, serious gastrointestinal side
effects were fewer with the lower dose.74,75 In an obser-
vational study of 100 patients who had an elective PTA,
ex vivo platelet aggregation was inadequately inhib-
ited in all 8 patients with late reocclusion despite a
daily intake of 100 mg of aspirin.76 The authors suggest
that some patients may require a higher dose of aspirin

or alternative antiplatelet agents such as ticlopidine or
clopidogrel. A recent Cochrane review also analyzed
trials that compared antiplatelet therapy to vitamin K
antagonists and found no significant difference but a
strong suggestion that antiplatelet agents are superior
drugs after angioplasty.77 Taken together, the data on
the effects of aspirin and other platelet inhibitors on
late restenosis and reocclusion after PTA are incon-
clusive and disappointing: the studies are small and
heterogeneous in terms of patient selection, extent
of lesions, and interventional technique. In addition,
new placebo-controlled data are unlikely to be gen-
erated because of the advice for lifelong aspirin in all
patients with PAD.

The current practice of associating thienopyridines
with aspirin for peripheral endovascular procedures is
entirely based on the extrapolation of data obtained
in coronary angioplasty with stent insertion, where
combined antiplatelet therapy results in a better early
clinical outcome. It is unlikely that we will ever be
able to base the decision on whether to use dual
antiplatelet therapy in patients undergoing periph-
eral intervention on direct scientific evidence. Clin-
icians believe that combined treatment with aspirin
and clopidogrel is warranted in this patient popu-
lation and are therefore reluctant to include eligible
patients in randomized trials. For instance, the Clopi-
dogrel and Aspirin in the Management of Peripheral
Endovascular Revascularization (CAMPER) study was
never completed because of poor recruitment. Large
efforts are being devoted to technologic improvement
of the prosthetic material that is inserted in periph-
eral arteries; studying optimal antithrombotic therapy
appears less attractive.

CONCLUSION

From a clinical perspective, there is ample evidence
that patients with PAD should receive an antiplate-
let drug in addition to a statin and eventually an
angiotensin-converting enzyme inhibitor. Improving
the cardiovascular outcome of these patients is the
major justification for their use. Low-dose aspirin is
the first-line agent for most patients; clopidogrel is an
alternative for a few clinical situations. The combina-
tion of the two drugs is reserved for short-duration
protection of recently inserted infrainguinal stents. In
general, too many issues on antithrombotic drugs in
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TAKE-HOME MESSAGES

� All patients with PAD should receive an antithrombotic drug to reduce cardiovascular mortality and morbidity.
� Low-dose aspirin is the first-line agent for most patients; clopidogrel is an alternative.
� Optimal antithrombotic therapy in arterial surgery and after endovascular procedures remains a source of controversy.
� A short course of dual antiplatelet therapy is defensible after infrainguinal endovascular interventions.

PAD are still being solved by extrapolation from other
vascular beds, particularly the coronary.

FUTURE AVENUES OF RESEARCH

The basic conclusion that patients with PAD bene-
fit from antiplatelet therapy to reduce their risk of
myocardial infarction, stroke, and vascular death is
well accepted and is unlikely to be modified by fur-
ther trials. Can new antiplatelet drugs do better? The
hope that a more powerful drug will soon open a
new era is not realistic. Because combining two drugs
with a different mode of action does not carry an
added value in chronic clinical conditions, it would
appear that the ceiling is reached. A more likely area
with potential is when intervention induces an addi-
tional thrombotic risk, but there is little incentive
to take the peripheral circulation as the preferred
target.
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INTRODUCTION

Both deep venous thrombosis (DVT) and pulmonary
embolism (PE) represent a spectrum of a single disor-
der called venous thromboembolism (VTE), which is
a quite common disorder with an estimated incidence
of 1 per 1000 inhabitants per year in the general pop-
ulation.1,2 Symptomatic VTE is associated with a high
incidence of recurrent thrombosis; recurrence rates up
to 30% after 8 to 10 years have been reported.3,4 There-
fore the primary aim of treatment of symptomatic VTE
is the prevention of recurrent VTE, including fatal PE.

In the prevention of arterial thrombosis, antiplatelet
therapy plays a key role (see Chapters 23, 24, and
25). The use of antiplatelet agents in a variety of
patients at increased risk for arterial thromboem-
bolism was associated with a significant 22% risk
reduction of a combined endpoint of myocardial
infarction, stroke, or vascular death in a large meta-
analysis by the Antithrombotic Trialists’ Collabora-
tion.5 Because platelets play a role in the initiation and
propagation of VTE as well, antiplatelet agents may be
important in the treatment and prevention of VTE.

Even before the use of antiplatelet therapy became
widespread in arterial thromboprophylaxis, several
small studies showed a protective effect in VTE pre-
vention.6,7 In the above-mentioned meta-analysis on
antiplatelet therapy in cardiovascular prevention, 32
trials provided information on the incidence of symp-
tomatic PE. Antiplatelet therapy significantly reduced
the risk of fatal or nonfatal PE by 25%.5

All current guidelines on the prevention of VTE
in surgery advocate the use of low-molecular-weight
heparin (LMWH) or vitamin K antagonists (VKAs) as
the methods of choice.8 Nevertheless, findings from
the Hip and Knee Registry demonstrate that during
the period from 1996 to 2001, some 4% to 7% of

patients who underwent primary total hip or knee
arthroplasty were still given antiplatelet therapy as
the sole means of thromboprophylaxis.9 Furthermore,
the use of antiplatelet therapy is advocated for the
prevention of air travel–related DVT.10 Finally, two
ongoing trials are addressing the use of aspirin in
the long-term prevention of recurrent VTE.11,12 The
continuing debate on a potential pathophysiologic
relation between arterial and venous thrombosis also
renews the question of whether antiplatelet ther-
apy could be useful in the treatment and prevention
of VTE.13,14

Because the role of antiplatelet therapy in the pre-
vention of VTE is being discussed with fresh interest,
this chapter reviews available evidence on the use of
antiplatelet therapy in the prevention of VTE in dif-
ferent clinical settings. However, it is necessary first to
elaborate on the pathophysiology of VTE and the role
of platelets in the pathogenesis as well as the pharma-
cology of various antiplatelet agents (more detailed
information on these topics can be found in Chapters
18 and 20). After that, the role of antiplatelet therapy
in the prevention of VTE in high-risk patients, the pre-
vention of air travel–related VTE, and the prevention
of recurrent VTE are discussed.

PLATELETS IN THE
PATHOGENESIS OF VTE

According to the famous triad of the German pathol-
ogist Virchow, stasis of blood flow, blood hypercoag-
ulability, and a damaged endothelium are the three
major factors in the development of VTE.15 Today,
VTE is best characterized as a disease of multiple
causes with many interacting genetic and acquired
risk factors contributing to thrombogenesis.16 Among
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the acquired risk factors for VTE are immobilization,
surgery, trauma, estrogens, puerperium, lupus anti-
coagulant, and malignant disease. Genetic risk fac-
tors include protein C, protein S, and antithrombin
deficiency; factor V Leiden and prothrombin 20210A
mutations; a high concentration of factor VIII; and
hyperhomocysteinemia.16

Historically, venous thrombi are considered to be
“red” thrombi, consisting of a fibrin meshwork filled
with mainly erythrocytes, in contrast to the “white”
clot in arterial thrombosis, in which platelets play
a major role.17,18 However, certain lines of evidence
suggest that the activation of platelets is impor-
tant in the development and propagation of venous
thrombi.19 In an analysis of 50 venous thrombi
obtained from femoral valve pockets, Sevitt showed
areas that were characterized by fibrin and erythro-
cytes, mostly located in proximity of the endothe-
lium, as well as areas dominated by a platelet–fibrin
network located more distally in the growing throm-
bus.20 In early thrombus formation, scanning elec-
tron microscopy studies show aggregated platelets
attached to venous endothelium.21 Moreover, inhibi-
tion of P-selectin, a signaling molecule exposed on the
surface of an activated platelet, initiates inflammatory
signaling pathways in underlying endothelium and
recruits monocytes, resulting in impaired thrombus
formation both in an experimental model of venous
thrombosis and in vivo.22

Plasma levels of thromboxane B2, a stable metabo-
lite of thromboxane A2, reflect the extent to which
platelets are activated. In an animal model of PE,
pretreatment with aspirin reversed the increase in
plasma concentrations of thromboxane B2.23 Urinary
thromboxane B2 levels are also elevated in patients
with confirmed VTE compared to patients with sus-
pected VTE in whom DVT and PE were ruled out.24

Activated platelets release several vasoactive agents,
such as prostaglandins, serotonin, adenosine diphos-
phate, and adenosine triphosphate, which stimulate
aggregation even more. Additionally, both serotonin
and thromboxane A2 are potent pulmonary vaso-
constrictors. Release of these vasoactive agents may
be of pathophysiologic significance for the hemody-
namic consequences of an acute PE.25,26 Superim-
posed on obstruction by the clot in the pulmonary
circulation, vasoconstriction mediated by activated
platelets can further increase pressure in the pul-
monary artery and thereby increase afterload for the

right ventricle. Thus the activation of platelets might
contribute to direct morbidity and mortality in pul-
monary embolism. Intriguingly, in animals pretreated
with aspirin or methysergide (a serotonin antagonist),
an attenuated hypotensive response was observed
after experimentally induced PE, with a subsequent
reduction in mortality.27 Inhibition of platelet activa-
tion and aggregation by antiplatelet agents may there-
fore reduce the incidence of thrombi, their propaga-
tion and growth, and the direct adverse hemodynamic
effects of DVT and PE.

Inhibition of platelet aggregation

Various processes involved in platelet activation and
aggregation can form a target for antiplatelet drugs.
In Figure 26.1, antiplatelet drugs and targets for the
inhibition of platelet function are summarized.

Aspirin (acetylsalicylic acid) has been thoroughly
evaluated as an antiplatelet drug. The effect of low-
dose aspirin is most likely based on the permanent
inactivation of cyclooxygenase-1 (COX-1) through
blockade of the COX channel by the acetylation of ser-
ine residue 529, which results in an irreversible inhibi-
tion of the production of thromboxane A2 from arachi-
donic acid by platelets.28 Thromboxane A2 is a potent
platelet activator that also causes vasoconstriction and
smooth muscle proliferation.29 Thus treatment with

Abciximab
Eptifibatide
Tirofiban

Gp IIb/IIIa
receptor
complex

Dense
granules

α-Granules

ADP-receptor TXA2

COX
Arachidonic acid

Collagen
thrombin

TXA2

Aspirin

Ticlopidine
Clopidogrel

Figure 26.1 Antiplatelet drugs and targets for inhibition of

platelet function. ADP, adenosine diphosphate; COX,

cyclooxygenase; TxA2, thromboxane A2. ( C© The McGraw-Hill

Companies, Inc., Harrison’s Principles of Internal Medicine, 2006.

Reproduced with permission from the publisher.)
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aspirin leads to a decrease in thromboxane A2, which
reduces the activation and aggregation of platelets. As
early as 1972, the Medical Research Council published
the results of a trial in which the effects of aspirin in
the prevention of postoperative DVT were compared
with placebo.30

Clopidogrel, ticlopidine, and the novel antiplatelet
agent prasugrel belong to the group of structurally
related antiplatelet agents called thienopyridines. The
thienopyridines are metabolized by the liver to active
metabolites, which can irreversibly block the adeno-
sine diphosphate receptor P2Y12.31 The P2Y12 recep-
tor plays an important role in platelet activation and
aggregation.32 Moreover, the thienopyridines likely
inhibit adenosine diphosphate–mediated amplifica-
tion of the platelet response to other agonists.28 In
an experimental rat model of venous thrombosis,
clopidogrel has shown a dose-dependent inhibition
of thrombus formation.33

The glycoprotein (GP) IIb/IIIa inhibitors antagonize
the integrin αIIbβ3 or GP IIb/IIIa receptor. Function-
ally active GP IIb/IIIa receptors recognize the arginine-
glycine-aspartate (Arg-Gly-Asp, or RGD) sequence
present in the soluble ligands, fibrinogen, and von
Willebrand factor. Engagement of these ligands medi-
ates platelet cohesion and the formation of platelet
aggregates. The activation of those receptors is there-
fore the final pathway of platelet aggregation.34 Abcix-
imab, tirofiban, and eptifibatide are extensively stud-
ied intravenously administered GP IIb/IIIa inhibitors
that compete with fibrinogen, von Willebrand fac-
tor, and perhaps other ligands for occupancy of the
platelet receptor.35,36 In a hamster model of DVT, a GP
IIb/IIIa inhibitor appeared to have potent antithrom-
botic properties.37

The remainder of this chapter focuses on aspirin,
since most available evidence on the use of antiplatelet
treatment in VTE prevention regards aspirin.

PREVENTION OF VTE
IN HIGH-RISK PATIENTS

Recent orthopedic surgery is a major risk factor for
the development of acute VTE. Without any prophy-
laxis, the risk of asymptomatic DVT after a hip oper-
ation is reported to be 50% or greater.38 Given the
high incidence of VTE, there is a clear need for effec-
tive thromboprophylaxis. Therefore it is not surprising
that in 1969, in view of reports on the recently dis-

covered inhibitory role of aspirin on platelet aggrega-
tion,39 the Medical Research Council (MRC) decided
to conduct a double-blind, randomized trial on the
effects of aspirin on postoperative venous thrombo-
sis.30 However, in 303 patients admitted for elective
general surgery, use of aspirin 1 day prior and for 5 days
after surgery did not result in a reduction of the inci-
dence of DVT, defined by an abnormal 125I-fibrinogen
scan.

In 1994, the Antiplatelet Trialists’ Collaboration
summarized data on the effect of antiplatelet ther-
apy in VTE prophylaxis in surgical and high-risk med-
ical patients from numerous studies that followed
upon the MRC trial.40 In total, 53 trials were eligi-
ble, providing data on 5181 patients in whom the
presence of DVT was systematically evaluated and
on 9446 patients evaluated for PE. Antiplatelet ther-
apy versus control, antiplatelet therapy in combina-
tion with heparin, and heparin monotherapy were
compared. The following antiplatelet regimens were
evaluated: aspirin monotherapy, aspirin in combina-
tion with dipyridamole, monotherapy with hydrox-
ychloroquine, and ticlodipine as monotherapy. The
numbers of participants per study was relatively small.
In total, use of any antiplatelet regimen alone or in
combination with heparin resulted in a statistically
significant 39% odds reduction of DVT incidence and
a 64% reduction in the odds of developing a symp-
tomatic PE. In absolute numbers, in the 2576 patients
treated with antiplatelet therapy, 640 (24.8%) cases
of confirmed DVT were noted, either by venogra-
phy or 125I-fibrinogen scan, whereas 875 cases among
2605 (33.6%) patients were found in the control arm
(p < 0.00001) (Fig. 26.2). In trials evaluating the occur-
rence of symptomatic PE, use of antiplatelet therapy
resulted in 47 cases in 4716 (1.0%) patients, whereas
in the control arm of the studies, 129 cases of PE in
4730 (2.7%) patients were noted (p < 0.00001). Not
all trials provided data on risk of bleeding, but in the
45 trials reporting nonfatal major bleeding defined by
need for transfusion, antiplatelet therapy resulted in
a marginally significant (p < 0.04) increase in risk:
bleeding occurred in 0.7% of the antiplatelet therapy
group versus 0.4% of the control group. The authors
concluded that antiplatelet therapy should be consid-
ered an effective form of thromboprophylaxis. How-
ever, this meta-analysis received much criticism.41

Indeed, trials analyzed in the meta-analyses did not
fulfil the modern design standards of a clinical trial. For
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Category

of trial

Surgical patients:

General surgery 22

10

13

45

8

53

278/1434

(19.4%)

163/454

(35.9%)

186/444

(41.9%)

232/436

(53.2%)

814/2339

(34.8%)

61/266

(22.9%)

875/2605

(33.6%)

160/427

(37.5%)

601/2315

(26.0%)

39/261

(14.9%)

640/2576

(24.8%)

−49.7

−15.1

−28.4

−93.2

−10.7

−103.9

106.1 37% (8)

31% (13)

49% (11)

39% (6)

42% (17)

39% (5)

41.5

42.3

189.9

19.4

209.2

398/1459

(27.1%)

Traumatic orthopaedic 

    surgery

Elective orthopaedic 

    surgery

ALL SURGICAL†

High risk medical 

    patients

ALL TRIALS†

Heterogeneity of odds reductions: 

− between four categories of trial χ2
3
 = 2.2: NS

− between 53 trails χ2
52

 = 104.5: P=0.00002

No of 

trials

with data

DEEP VENOUS 

THROMBOSIS STRATIFIED

STATISTICS

O-E Variance

Anti-

platelet

Odds ratio and 

confidence interval 

(Antiplatelet : Control)

% odds 

reduction

(SD)

Adjusted

controls†

†Crude, unadjusted control total = 700/2050 for surgical patients, 

(All trials in medical patients were evenly randomised.)

Treatment effect 2P<0.00001

Antiplatelet

therapy

better

Antiplatelet

therapy

worse

0 0.5 1.0 1.5 2.0

PULMONARY

EMBOLISM STRATIFIED

STATISTICS

Odds ratio and

confidence Interval

(Antiplatelet : Control)
Adjusted

controls†
Category

of trial

No of

trials

with data
Anti−

platelet O−E Varlance

% odds

reduction

(SD)

71% (14)

60% (20)

51% (24)

64% (10)

64% (10)

16.858/3419

(1.7%)

34/494

(6.9%)

29/537

(5.4%)

121/4450

(2.7%)

8/280

(2.9%)

129/4730

(2.7%)

47/4716

(1.0%)

3/275

(1.1%)

44/4441

(1.0%)

14/529

(2.5%)

14/504

(2.8%)

16/3408

(0.5%)

−20.7

−9.5

−6.2

−2.2

10.4

8.6

35.8

2.4

38.2

0

Treatment effect 2P<0.00001

0.5 1.0 1.5 2.0

−36.4

−38.5

26

11

16

53

9

62

Surgical patients:

General surgery

Traumatic orthopaedic 

   srugery

Elective orthopaedic 

   surgery

ALL SURGICAL†

ALL TRIALS†

High risk medical

   patients

Heterogeneity of odds reductions:

− between four categories of trial χ2
3 = 1.7: NS 

− between 62 trials χ2
37 = 37.5: NS

†Crude, unadjusted control total = 109/3936 for surgical patients. 

(All trials in medical patients were evenly randomised.)

Antiplatelet

therapy

better

Antiplatelet

therapy

worse

−
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example, the trials included open studies and studies
with improper randomizations. In a subgroup analysis
of open studies versus blinded studies, attained risk
reduction for blinded studies was 25.8% compared
with 50% for the open studies. Moreover, studies were
heterogeneous with respect to patient population
and use of antiplatelet therapy. In addition, the con-
clusions were contradicted by another meta-analysis
of VTE prevention after hip surgery.42 Imperiale and
Speroff combined the results of different treatment
groups from 56 trials, including 8 trials in which
aspirin was the treatment arm. All treatments with
the exception of aspirin significantly reduced the risk
of DVT, and only LMWH reduced the risk of PE.

A number of more recent studies evaluated the use
of aspirin compared with an active control group, as
summarized in Table 26.1. Gent et al. conducted a
double-blind randomized controlled trial with aspirin
100 mg bid compared to LMWH (danaparoid, 750 IU
bid) among 251 patients who underwent hip fracture
surgery.43 Subclinical VTE, detected with venography
at day 14 after operation, was present in 27.8% in
the LMWH group versus 44.3% in the aspirin group
(RR 0.63, 95% CI 0.41 to 0.96; p = 0.028). Six of 88
patients in the LMWH group and 12 of 84 patients
in the aspirin group developed proximal DVT or PE,
resulting in a nonsignificant relative risk reduction
of 52% in favor of LMWH. Another study evaluated
the use of aspirin versus the LMWH reviparin.44 A
total of 287 patients presenting with lower extremity
injury that required immobilizing casts or bandages
were randomized to aspirin 500 mg bid or reviparin
subcutaneous 1750 IU daily. In all patients a duplex
sonography was performed after cast removal and
in case of suspected DVT, subsequently a venogra-
phy was performed. DVT occurred in 9 of 143 (6.3%)
patients treated with LMWH versus 7 of 144 (4.8%)
patients treated with aspirin (p = 0.807). Lotke et al.
evaluated VTE by postoperative perfusion scintigra-
phy and leg venography in 388 patients who under-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 26.2 Collaborative overview of randomized trials of antiplatelet therapy. Proportional effects of antiplatelet therapy on (A) numbers

of patients in whom deep venous thrombosis was detected by systematic fibrinogen scans and/or venography, and (B) numbers of patients

observed to have pulmonary embolism, in trials that sought venous thrombosis systematically after general and orthopedic (traumatic and

elective) surgery and in high-risk medical patients. Black squares: point estimates (with area proportional to number of events) for observed

events in different subgroups. Horizontal lines: 95% CI for observed effects in different subgroups. Diamonds: point estimates and 95% CI for

overall effects, with proportional reductions indicated alongside. Solid vertical line: odds ratio of 1.0 (i.e., no effect of treatment). Dotted vertical

line: observed overall effect. O – E, Observed minus expected. ( C© Antiplatelet Trialists’ Collaboration, BMJ, 1994.40 Reproduced with permission

from the publisher.)

went hip or knee surgery and were randomized to war-
farin (targeted to a prothrombin time 1.2 to 1.5 times
higher than control value) and aspirin (325 mg bid).45

There were no differences between these treatment
groups with regard to changes in thrombotic load mea-
sured by scintigraphy, venography, or bleeding. In a
smaller study with similar design, proximal DVT or PE
occurred in 9.2% in the warfarin group and 10.6% in
the aspirin group among 194 patients who underwent
surgery for a hip fracture.46

Given these conflicting results, the Pulmonary
Embolism Prevention (PEP) trial was eagerly awaited.
In this multicenter trial, 13 356 patients undergo-
ing surgery for hip fracture and 4088 patients who
underwent elective knee or hip arthroplasty were ran-
domized to treatment with aspirin 160 mg daily or
placebo.47 The study treatment was started preop-
eratively and continued until day 35 postoperatively.
Use of any other thromboprophylaxis, including hep-
arin, LMWH, and mechanical compression devices
did not preclude entry in the trial. Patients were fol-
lowed with respect to mortality and in-hospital mor-
bidity up to day 35. A masked adjudication committee
assessed outcomes. Clinically suspected DVT had to
be confirmed by venography or duplex ultrasonog-
raphy. PE was diagnosed by a positive pulmonary
angiogram, a high-probability ventilation-perfusion
scan, an intermediate-probability scan with veno-
graphic evidence of DVT, or PE at autopsy. Among the
13 356 patients admitted for hip surgery, VTE occurred
in 105 of 6679 patients allocated to aspirin therapy
(1.6%) and in 165 of 6677 patients receiving placebo
(2.5%) (Fig. 26.3). This 36% relative risk reduction was
highly statistically significant (95% CI 17% to 50%;
p = 0.0003). The proportional effect on risk reduction
was similar in several subgroups defined by age, sex,
fracture site, use of nonsteroidal anti-inflammatory
drugs in the previous 48 h, time of first dose, type of
heparin therapy, surgical procedure, and type of anes-
thetic technique. Surprisingly, there was no reduction
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Table 26.1. Studies of VTE prevention by aspirin in surgical patients

Study (reference) Comparison

Population; method of assessing

VTE Effect

Antiplatelet Trialists’

Collaboration

Meta-analysis,

199440

Antiplatelet agents

versus control

DVT assessed by fibrinogen scan or

venography: 5181 patients (4669

surgical patients, 512 high risk

medical patients)

PE: 9446 patients (8891 surgical

patients, 555 high-risk medical

patients)

DVT: antiplatelet group: 640 of

2576 (24.8%);

control group: 875 of 2605

(33.6%); p < 0.00001

PE: antiplatelet group: 47 of 4716

(1.0%); control group: 129 of

4730 (2.7%); p < 0.00001

Gent, 199643 Aspirin 100 mg bid

versus danaparoid

750 IU bid

Hip surgery; venography at day 14

after operation

Abnormal venography: aspirin

group: 39 of 87 (44.3%);

danaparoid group 25 of 90

(27.8%); p = 0.028

Gehling, 199844 Aspirin 500 mg bid vs.

reviparin 1750 IU od

Lower extremity injury requiring

immobilizing casts; sonography

followed by venography

Abnormal venography: aspirin

group: 7 of 144 (4.8%); reviparir

group 9 of 143 (6.3%);

p = 0.807

Lotke, 199645 Aspirin 325 mg bid

versus warfarin

Total hip or total knee arthroplasty;

venography and

ventilation/perfusion scan

Large calf, popliteal, or femoral

clots at venography: aspirin

group: 55 of 166 (33.1%);

warfarin group: 36 of 146

(24.7%); p = 0.211)

High probability ventilation/

perfusion scan: aspirin group:

16/166 (9.6%); warfarin group:

12 of 146 (8.2%); p = 0.888

PEP trial, 200047 Aspirin 160 mg od on

top of standard

therapy versus

placebo

13 356 patients undergoing surgery

for hip fracture and 4088 patients

with elective arthroplasty;

clinically suspected VTE

confirmed by additional

investigations

Any VTE: aspirin group 105 of 6679

(1.6%); placebo group 165 of

6677 (2.5%); p = 0.0003

in other vascular events and overall mortality. The total
number of nonfatal myocardial infarctions or cases of
fatal ischemic heart disease was even higher in the
group randomized to aspirin therapy (105 patients
assigned to aspirin versus 79 assigned to placebo). Use
of aspirin was associated with an absolute increase of 6
postoperative bleeding episodes requiring transfusion
per 1000 patients. In the elective arthroplasty group, in
which the absolute risk of VTE was lower, the numbers
of cases of VTE did not differ significantly between
aspirin and placebo, but the proportional effects were

compatible with those among patients with hip frac-
ture. The authors concluded that their study provides
good evidence that aspirin can be used routinely in
a wide range of surgical and medical groups at high
risk of VTE throughout the period of increased risk.
However, on closer examination, this conclusion may
be too preliminary, as the PEP trial was not designed
to answer the question of whether aspirin can replace
therapy with LMWH or VKA. Indeed, one could argue
that the prophylactic benefit of aspirin was mainly
apparent in patients who did not receive additional
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Event Number of events Hazard ratio

(95% CI)

Any deep-vein

thrombosis

Pulmonary embolism

Any pulmonary

embolism

Any venous

thrombo-

embolism

46

(0.7%)

105

(1.6%)

165

(2.5%)

81

(1.2%)

69

(1.0%)

97

(1.5%)

Deep-vein thrombosis

Aspirin
(n=6679)

Placebo
(n=6677)

Venographic

Other objective

Proximal

Distal

33

36 49

48

26 43

43 54

Definite 31 59

Probable 15 22

Fatal 18 43

Non-fatal 28 38

29% (3−48)
reduction; p=0.03

43% (18−60)
reduction; p=0.002 

36% (19−50)
reduction; p=0.0003

0.25 0.50 0.75 1.00 1.25 1.50

Figure 26.3 Proportional effects of aspirin compared with placebo on pulmonary

embolism and symptomatic deep-venous thrombosis after hip fracture in the

Pulmonary Embolism Trial. Black squares: point estimates (with area proportional to

number of events) for observed events in different subgroups. Horizontal lines: 95% CI for

observed effects in different subgroups. Diamonds: point estimates and 95% CI for overall

effects, with proportional reductions indicated alongside. Solid vertical line: hazard ratio

of 1.0 (i.e., no effect of treatment). Dotted vertical line: observed overall effect. Any

venous thromboembolism refers to numbers of patients with deep-venous thrombosis,

pulmonary embolism, or both (i.e., avoids double counting of any patients with more

than one such event). ( C© Pulmonary Embolism Prevention trial Collaborative Group,

Lancet, 2000.47 Reproduced with permission from the publisher.)

prophylaxis after the hospital stay, as the main dif-
ference in VTE incidence occurred in weeks 2 to 5.
Moreover, the incidence of VTE was not different in
the aspirin group from that in the placebo group in
the 3424 patients with hip fractures who additionally
received LWMH as thromboprophylaxis.

There is still much uncertainty regarding the role of
aspirin in the prevention of VTE in high-risk individ-
uals undergoing surgery. Results from older, smaller,
and sometimes qualitatively suboptimal studies are
conflicting, even if data are correctly pooled in meta-
analysis. The PEP trial showed that aspirin does reduce
VTE incidence, but the more clinically relevant ques-

tions on which prophylactic agent to use and how long
to continue it were not addressed. In contrast, the evi-
dence for efficacy and safety of LMWH is much more
convincing. In general, use of LMWH, unfractionated
heparin, or dose-adjusted VKA has proven to reduce
the risk of symptomatic VTE by about 50% and is now
therefore considered common practice in direct post-
operative care.8 After short-term (7 to 10 days) antico-
agulant prophylaxis, the incidence of nonfatal symp-
tomatic VTE is reduced to 3.2% during the 3 months
following surgery.48 For these reasons, it is not surpris-
ing that recent guidelines issued by the American Col-
lege of Chest Physicians recommend against the use
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of aspirin monotherapy as VTE prophylaxis for any
patient group.8

PREVENTION OF AIR
TRAVEL–RELATED VTE

Several case-control studies examined the relative risk
of air travel in the development of VTE and collec-
tively suggest a weak positive association between air
travel and risk of developing VTE, mainly related to
asymptomatic calf vein thrombosis.49,50,51 The role of
specific factors related to air travel in the pathophys-
iology of VTE is as yet unknown. In a crossover study,
the effects of an 8-h flight on the clotting system were
compared to those of an 8-h movie marathon and 8 h
of normal daily life.52 The coagulation and fibrinolytic
systems were activated in some susceptible individu-
als only after the 8-h flight, indicating an additional
mechanism due to the immobilization underlying air
travel–related thrombosis. It is suggested that hypo-
baric hypoxia, which may be encountered during air
travel, activates hemostasis. However, this hypothesis
was not supported by a recent study that compared
an 8-h seat in a hypobaric hypoxic cabin to a normo-
baric normoxic cabin.53 Moreover, in a large study on
risk factors of thrombosis in an unselected population,
the risk for VTE was increased for all modes of travel.54

While focusing on leg stasis as a possible contribut-
ing factor, airlines today provide general advice to
their passengers to avoid dehydration and constrictive
clothing.55 A few studies examined the role of phar-
macologic interventions on the use of compression
stockings. In the LONFLIT 3 study, aspirin was com-
pared with LMWH or a control group.56 In total, 249
subjects at high risk for VTE – defined by a previous his-
tory of DVT, coagulation disorder, severe obesity, limi-
tation of mobility, active malignancy, or large varicose
veins – were available for analysis. Eighty-four subjects
received 400 mg of aspirin daily over 3 days, starting 12
h before air travel; 82 subjects received one injection
of weight-adjusted enoxaparin (1000 IU per 10 kg of
body weight) prior to air travel; and 83 served as con-
trols. The presence of postflight DVT was assessed by
bilateral compression ultrasound at the femoral and
popliteal levels. In the control group, 4 subjects (4.8%)
had a DVT and 2 subjects had an asymptomatic super-
ficial thrombosis. In the aspirin group, 3 subjects with
DVT (3.6%) and 3 with superficial thrombosis were
found. Prophylactic treatment with LMWH resulted in

the absence of DVT and one subject with a superficial
thrombosis. This nonblinded study failed to demon-
strate a protective effect of aspirin in the prevention of
VTE in air travel. As the study was clearly underpow-
ered, a positive effect could not be excluded. There are
no other trials on prophylactic use of aspirin in this
specific area. Hence, we can conclude that, although
the lay media still advocate the use of aspirin to pre-
vent travel-associated VTE10 and 20% of the delegates
of the XXth Congress of the International Society on
Thrombosis and Haemostasis used aspirin as throm-
boprophylaxis,57 there is no evidence thus far to sup-
port this.

PREVENTION OF RECURRENT VTE

About 30% of patients with an unprovoked VTE
develop a recurrence within 10 years of the initial
event.4 There is little discussion of the initial and long-
term treatment of a first episode of unprovoked VTE.
After at least 5 days, therapy with unfractionated hep-
arin or LMWH is begun together with VKA therapy, the
latter being continued for 6 to 12 months.58 Because
VTE frequently recurs, continuation of VKA therapy
after the first treatment period is appealing. Although
continued use of VKA certainly reduces the number
of recurrences during the treatment period, the rate
of recurrence is not reduced after discontinuation.59

In the decision to prolong VKA therapy after the ini-
tial treatment period, the estimated annual risk of
major bleeding of approximately 2.4% must be taken
into account.60 The annual risk of major bleeding is
only 0.1% in patients on long-term low-dose aspirin
therapy.28 Because aspirin may show a modest effect
in VTE prevention in high-risk surgical patients, it
has recently been suggested as an alternative to pro-
longed VKA therapy. Certainly, given its more bene-
ficial efficacy–safety ratio, use of aspirin could be an
effortless, low-cost, and, at the population level, effec-
tive strategy for secondary VTE prevention.

This concept is currently being tested in two large-
scale randomized controlled trials.11,12 The designs
of both studies are harmonized to enable meta-
analysis.61 Patients with unprovoked VTE (both DVT
and PE) are randomized to aspirin 100 mg od and
placebo starting after the usual 6- or 12-month VKA
therapy. Predefined endpoints are confirmed symp-
tomatic DVT or PE, cardiovascular events (myocardial
infarction, stroke), and all-cause mortality. As a major
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TAKE-HOME MESSAGES

� Low-dose (100 to 325 mg daily) aspirin reduces the risk of VTE by 25% to 30% in high-risk surgical and medical

patients, although it has been surpassed in efficacy by anticoagulant therapy.
� There is no evidence supporting the use of aspirin to prevent air travel–related VTE.
� The hypothesis that, given its more beneficial efficacy–safety ratio, use of 100 mg aspirin daily could be an effective

strategy for the secondary prevention of VTE at the population level is currently under investigation.

safety parameter, the incidence of major bleeding will
be assessed. In total, 3000 patients must be followed up
for 3 years to detect a 30% risk reduction of recurrent
VTE in the aspirin group versus placebo. Results from
both studies will provide an answer to the question
whether aspirin is efficacious and safe in prevention
of recurrent VTE after a first unprovoked VTE.

CONCLUSIONS

Antiplatelet therapy deserves a prominent place in
the pharmaceutical repertoire of any physician work-
ing in the field of cardiovascular medicine. Treatment
with antiplatelet medication results in the robust risk
reduction of myocardial infarction, stroke, and vascu-
lar death in a broad spectrum of patients at risk for
cardiovascular events (see Chapters 23, 24, and 25).
Because platelets also play a role in the pathogenesis of
venous thrombosis, it is not surprising to expect a pro-
tective effect of antiplatelet therapy on the incidence
of VTE as well. Several conclusions can be drawn from
our appraisal of the literature on antiplatelet treatment
(presumably with aspirin) in the prevention of VTE.

The first evidence in support of a beneficial effect
of aspirin on the incidence of VTE is provided by the
Antiplatelet Trialists’ Collaboration meta-analysis of
studies on the use of antiplatelet agents in cardiovas-
cular risk reduction, showing a significant 25% risk
reduction in VTE. Moreover, a meta-analysis of older
trials of antiplatelet agents in postsurgical VTE pre-
vention and the large PEP trial demonstrate a protec-
tive effect of the same magnitude – 25% to 30%. How-
ever, there is extensive evidence that prolonged use of
LMWH or VKAs during the hospital stay and the first
weeks postoperatively reduces VTE risk by 50%, with
an acceptable safety profile. Because no direct com-
parisons have been made between prolonged use of
aspirin and LMWH or VKAs, the most recent ACCP
guidelines advise against aspirin monotherapy for
thromboprophylaxis in surgical patients. Currently,

there is no evidence to support a role for aspirin in
air travel–related VTE. In conclusion, there is evidence
that use of aspirin is associated with a reduction in
postoperative VTE risk, although it has been surpassed
in efficacy by anticoagulant therapy. However, given its
more beneficial efficacy–safety ratio, the use of aspirin
could be a simple, low-cost, and – at the population
level – effective strategy for the secondary prevention
of VTE. We should not forget the antithrombotic merits
of this old, inexpensive, and versatile drug.

FUTURE AVENUES OF RESEARCH

Regarding prevention of recurrences, studies are
ongoing to determine the potential role of aspirin after
a first unprovoked VTE. A lower risk of major bleed-
ing in patients on chronic low-dose aspirin therapy
compared to VKA therapy and an anticipated efficacy
of approximately 30% compared to placebo in reduc-
ing the risk of recurrences strengthen the rationale for
evaluating the use of aspirin in the prevention of recur-
rent VTE.

REFERENCES

1. Silverstein MD, Heit JA, Mohr DN, Petterson TM, O’Fallon

WM, Melton LJ, III. Trends in the incidence of deep vein

thrombosis and pulmonary embolism: a 25-year

population-based study. Arch Intern Med 1998;158:

585–93.

2. White RH. The epidemiology of venous thromboembolism.

Circulation 2003;107:1–4.

3. Prandoni P, Lensing AWA, Cogo A, et al. The long-term

clinical course of acute deep venous thrombosis. Ann Intern

Med 1996;125:1–7.

4. Heit JA, Mohr DN, Silverstein MD, Petterson TM, O’Fallon

WM, Melton LJ, III. Predictors of recurrence after deep vein

thrombosis and pulmonary embolism: a population-based

cohort study. Arch Intern Med 2000;160:761–8.

5. Antithrombotic Trialists’ Collaboration. Collaborative

meta-analysis of randomised trials of antiplatelet therapy for

479



Menno V. Huisman et al.

prevention of death, myocardial infarction, and stroke in

high risk patients. Br Med J 2002;324:71–86.

6. Clagett GP, Schneider P, Rosoff CB, Salzman EW. The

influence of aspirin on postoperative platelet kinetics and

venous thrombosis. Surgery 1975;77:61–74.

7. Renney JT, O’Sullivan EF, Burke PF. Prevention of

postoperative deep vein thrombosis with dipyridamole and

aspirin. Br Med J 1976;1:992–4.

8. Geerts WH, Pineo GF, Heit JA, et al. Prevention of venous

thromboembolism: the Seventh ACCP Conference on

Antithrombotic and Thrombolytic Therapy. Chest

2004;126:338S–400S.

9. Anderson FA Jr, Hirsh J, White K, Fitzgerald RH Jr. Temporal

trends in prevention of venous thromboembolism following

primary total hip or knee arthroplasty 1996–2001: findings

from the Hip and Knee Registry. Chest 2003;124:

349S–56S.

10. BBC News. Deep-vein thrombosis. Available at:

http://news.bbc.co.uk/1/hi/health/medical notes/c-d/

986364.stm. Last updated 08–02–2003. Access date

31–01–2007.

11. Agnelli G, Becattini C. Aspirin after six months or one year of

oral anticoagulants for the prevention of recurrent venous

thromboembolism and cardiovascular events in patients

with idiopathic venous thromboembolism. The WARFASA

study. ClinicalTrials.gov identifier NCT00222677. 2005.

12. Mister R. Aspirin to prevent recurrent venous

thromboembolism (ASPIRE). NHMRC Clinical Trials Centre

2006. Available at: http://www.ctc.usyd.edu.au/trials/

other trials/aspire.htm. Last updated 09–2006. Access date

31–01–2007.

13. Lowe GDO. Arterial disease and venous thrombosis: are they

related, and if so, what should we do about it? J Thromb

Haemost 2006;4:1882–5.

14. Agnelli G, Becattini C. Venous thromboembolism and

atherosclerosis: common denominators or different

diseases? J Thromb Haemost 2006;4:1886–90.

15. Cervantes J, Rojas G. Virchow’s Legacy: deep vein thrombosis

and pulmonary embolism. World J Surg 2005;29(Suppl 1):

S30–4.

16. Rosendaal FR. Venous thrombosis: a multicausal disease.

Lancet 1999;353:1167–73.

17. Hirsh J, Hull RD, Raskob GE. Epidemiology and pathogenesis

of venous thrombosis. J Am Coll Cardiol 1986;8:104B–13B.

18. Fuster V, Badimon L, Badimon JJ, Chesebro JH. The

pathogenesis of coronary artery disease and the acute

coronary syndromes (1). N Engl J Med 1992;326:

242–50.

19. Lopez JA, Kearon C, Lee AY. Deep venous thrombosis.

Hematology (American Society of Hematology Education

Program) 2004;1:439–56.

20. Sevitt S. Structure and growth of valve-pocket thrombi in

femoral veins. J Clin Pathol 1974;27:517–28.

21. Kim Y, Nakase H, Nagata K, Sakaki T, Maeda M, Yamamoto K.

Observation of arterial and venous thrombus formation by

scanning and transmission electron microscopy. Acta

Neurochir (Wien) 2004;146:45–51.

22. Myers DD Jr, Rectenwald JE, Bedard PW, et al. Decreased

venous thrombosis with an oral inhibitor of P selectin. J Vasc

Surg 2005;42:329–36.

23. Todd MH, Cragg DB, Forrest JB, Ali M, McDonald JW. The

involvement of prostaglandins and thromboxanes in the

response to pulmonary embolism in anaesthetized rabbits

and isolated perfused lungs. Thromb Res 1983;30:81–90.

24. Klotz TA, Cohn LS, Zipser RD. Urinary excretion of

thromboxane B2 in patients with venous thromboembolic

disease. Chest 1984;85:329–35.

25. Smulders YM. Contribution of pulmonary vasoconstriction

to haemodynamic instability after acute pulmonary

embolism. Implications for treatment? Neth J Med

2001;58:241–7.

26. Utsunomiya T, Krausz MM, Levine L, Shepro D, Hechtman

HB. Thromboxane mediation of cardiopulmonary effects of

embolism. J Clin Invest 1982;70:361–8.

27. Todd MH, Forrest JB, Cragg DB. The effects of aspirin and

methysergide, singly and in combination, on systemic

haemodynamic responses to pulmonary embolism. Can

Anaesth Soc J 1981;28:373–80.

28. Patrono C, Coller B, FitzGerald GA, Hirsh J, Roth G.

Platelet-active drugs: the relationships among dose,

effectiveness, and side effects: the Seventh ACCP Conference

on Antithrombotic and Thrombolytic Therapy. Chest

2004;126:234S–64S.

29. Catella-Lawson F. Vascular biology of thrombosis:

platelet-vessel wall interactions and aspirin effects.

Neurology 2001;57:S5–7.

30. Effect of aspirin on postoperative venous thrombosis. Report

of the Steering Committee of a trial sponsored by the

Medical Research Council. Lancet 1972;2:441–5.

31. Savi P, Herbert JM. Clopidogrel and ticlopidine: P2Y12

adenosine diphosphate-receptor antagonists for the

prevention of atherothrombosis. Semin Thromb Hemost

2005;31:174–83.

32. Dorsam RT, Kunapuli SP. Central role of the P2Y12 receptor

in platelet activation. J Clin Invest 2004;113:340–5.

33. Herbert JM, Bernat A, Maffrand JP. Importance of platelets

in experimental venous thrombosis in the rat. Blood

1992;80:2281–6.

34. Coller BS. Platelet GPIIb/IIIa antagonists: the first

anti-integrin receptor therapeutics. J Clin Invest 1997;99:

1467–71.

35. Topol EJ, Byzova TV, Plow EF. Platelet GP IIb-IIIa blockers.

Lancet 1999;353:227–31.

36. Nurden AT, Poujol C, Durrieu-Jais C, Nurden P. Platelet

glycoprotein IIb/IIIa inhibitors: basic and clinical aspects.

Arterioscler Thromb Vasc Biol 1999;19:2835–40.

480



CHAPTER 26: Antiplatelet Treatment of Venous Thromboembolism

37. Imura Y, Stassen JM, Bunting S, Stockmans F, Collen D.

Antithrombotic properties of L-cysteine,

N-(mercaptoacetyl)-D-Tyr-Arg-Gly-Asp-sulfoxide (G4120) in

a hamster platelet-rich femoral vein thrombosis model.

Blood 1992;80:1247–53.

38. Clagett GP, Anderson FA Jr, Geerts W, et al. Prevention of

venous thromboembolism. Chest 1998;114:531S–60S.

39. O’Brien JR. Effects of salicylates on human platelets. Lancet

1968;1:779–83.

40. Collaborative overview of randomised trials of antiplatelet

therapy: III. Reduction in venous thrombosis and pulmonary

embolism by antiplatelet prophylaxis among surgical and

medical patients. Antiplatelet Trialists’ Collaboration. Br

Med J 1994;308:235–46.

41. Cohen AT, Skinner JA, Kakkar VV. Antiplatelet treatment for

thromboprophylaxis: a step forward or backwards? Br Med J

1994;309:1213–15.

42. Imperiale TF, Speroff T. A meta-analysis of methods to

prevent venous thromboembolism following total hip

replacement. JAMA 1994;271:1780–5.

43. Gent M, Hirsh J, Ginsberg JS, et al. Low-molecular-weight

heparinoid orgaran is more effective than aspirin in the

prevention of venous thromboembolism after surgery for

hip fracture. Circulation 1996;93:80–4.

44. Gehling H, Giannadakis K, Lefering R, Hessmann M,

Achenbach S, Gotzen L. [Prospective randomized pilot study

of ambulatory prevention of thromboembolism. 2 times 500

mg aspirin (ASS) vs clivarin 1750 (NMH)]. Unfallchirurg

1998;101:42–9.

45. Lotke PA, Palevsky H, Keenan AM, et al. Aspirin and warfarin

for thromboembolic disease after total joint arthroplasty.

Clin Orthop Relat Res 1996;324:251–8.

46. Powers PJ, Gent M, Jay RM, et al. A randomized trial of less

intense postoperative warfarin or aspirin therapy in the

prevention of venous thromboembolism after surgery for

fractured hip. Arch Intern Med 1989;149:771–4.

47. Prevention of pulmonary embolism and deep vein

thrombosis with low dose aspirin: Pulmonary Embolism

Prevention (PEP) trial. Lancet 2000;355:1295–302.

48. Douketis JD, Eikelboom JW, Quinlan DJ, Willan AR,

Crowther MA. Short-duration prophylaxis against venous

thromboembolism after total hip or knee replacement: a

meta-analysis of prospective studies investigating

symptomatic outcomes. Arch Intern Med 2002;162:1465–71.

49. Ferrari E, Chevallier T, Chapelier A, Baudouy M. Travel as a

risk factor for venous thromboembolic disease: a

case-control study. Chest 1999;115:440–4.

50. Samama MM. An epidemiologic study of risk factors for

deep vein thrombosis in medical outpatients: the Sirius

study. Arch Intern Med 2000;160:3415–20.

51. Lapostolle F, Surget V, Borron SW, et al. Severe pulmonary

embolism associated with air travel. N Engl J Med

2001;345:779–83.

52. Schreijer AJM, Cannegieter SC, Meijers JCM, Middeldorp S,

Buller HR, Rosendaal FR. Activation of coagulation system

during air travel: a crossover study. Lancet 2006;367:832–8.

53. Toff WD, Jones CI, Ford I, et al. Effect of hypobaric hypoxia,

simulating conditions during long-haul air travel, on

coagulation, fibrinolysis, platelet function, and endothelial

activation. JAMA 2006;295:2251–61.

54. Cannegieter SC, Doggen CJ, van Houwelingen HC,

Rosendaal FR. Travel-related venous thrombosis: results

from a large population-based case control study (MEGA

study). PLoS Med 2006;3:e307.

55. Chee YL, Watson HG. Air travel and thrombosis. Br J

Haematol 2005;130:671–80.

56. Cesarone MR, Belcaro G, Nicolaides AN, et al. Venous

thrombosis from air travel: the LONFLIT3 study – prevention

with aspirin vs low-molecular-weight heparin (LMWH) in

high-risk subjects: a randomized trial. Angiology 2002;53:1–6.

57. Kuipers S, Cannegieter SC, Middeldorp S, Rosendaal FR,

Buller HR. Use of preventive measures for air travel-related

venous thrombosis in professionals who attend medical

conferences. J Thromb Haemost 2006;4:2373–6.

58. Buller HR, Agnelli G, Hull RD, Hyers TM, Prins MH, Raskob

GE. Antithrombotic therapy for venous thromboembolic

disease: the Seventh ACCP Conference on Antithrombotic

and Thrombolytic Therapy. Chest 2004;126:401S–28S.

59. Kearon C. Long-term management of patients after venous

thromboembolism. Circulation 2004;110:I10–18.

60. Schulman S, Granqvist S, Holmstrom M, et al. The duration

of oral anticoagulant therapy after a second episode of

venous thromboembolism. The Duration of Anticoagulation

Trial Study Group. N Engl J Med 1997;336:393–8.

61. Brighton T, Eikelboom J, Gallus A, et al. Low-dose aspirin for

secondary prophylaxis of vein thrombosis – a prospectively

planned meta-analysis (abstract). J Thromb Haemost

2005;3(Suppl):P2202.

481





INDEX

1,4,5-IP3, 41, 171

1,4,5-triphospahte (IP3), 93, 246

6B4, 351

14–3-3ξ , 23, 152

17β-estradiol (17β-E2, 100nM), 61, 209

α-actinin, 4, 129

α granules, 1, 93, 125, 247

contents release by, 15, 149

defects

α-Storage Pool Deficiency, 61–62, 209

Jacobsen Syndrome (JS), 63, 211

Medich platelet disorder, 63, 211

Paris Trousseau Syndrome (PTS), 63, 211

Quebec platelet disorder (QPD), 62, 210

White Platelet Syndrome (WPS), 63, 211

and inflammation, 326

sCD40L and, 56, 204

α,δ-storage pool deficiency, 63, 211

α2 integrin (GPIa), 29, 163

α2A-adrenergic receptor, 66, 214

α2-adrenergic receptors, 58, 206

α2β1 integrin, 28–29, 163

platelet receptors for, 341

polymorphisms, 29, 163

GPIa (α2 integrin), 29, 163

signaling, 29, 162

structure, 28, 162

α-granule proteins, 85, 235

αIIb β3 blockers

and bleeding, 81, 230

and iatrogenic platelet disorders, 81, 229

laboratory monitoring, 81, 230

αIIbβ3, 85, 234

αIIbβ3 antagonists

monitoring, 392

variation in response to, 392

αIIbβ3 integrin, 9, 161

affinity regulation, 26, 157

clinical relevance and future directions, 27, 161

epitopes location for conformation-dependent mAbs, 26, 159

ligand-binding site location, 26, 158

polymorphisms, 11, 161

structure, 25–26, 157

α-Storage Pool Deficiency, 61, 209

A156 V mutation, 55, 202

abciximab, 2, 81, 87, 125, 229, 243, 345, 392, 419

for arterial thrombosis treatment and prevention, 112, 266

bleeding complications, 379

for patients with STEMI, 428

vs. placebo, 428

pharmacokinetics, 419

recanalization with, 447

recommended for PCI treatment, 422

to reduce reocclusion after angioplasty, 466

and surgery, 86, 237

thrombocytopenia from, 380

Abciximab Before Direct Angioplasty and Stenting in MI

Regarding Acute and Long-Term Follow-Up (ADMIRAL)

trial, 428

Abciximab Emergent Stroke Treatment Trial (AbESTT), 447

Abciximab Emergent Stroke Treatment Trial-II (AbESTT-II),

447

abdominal vein thrombosis (AVT), 47, 190

ABO blood group

compatibility, 93, 247

for infant and platelet donor, 93, 246

ACCP Consensus Conference on Antithrombotic Therapy, 465

ACCP Consensus Conference, recommendation on aspirin

use, 464

acenocoumarol

and uncontrolled bleeding, 23, 152

acetylsalicylic acid (ASA). See aspirin

acid phosphatases

in lysomes, 3, 125–127

acidosis, in trauma patients, and platelet dysfunction, 98, 252

acquired coagulation factor deficiency, 23, 151

acquired von Willebrand syndrome (AVWS), 53, 191

actin, 9, 137

assembly, 15, 149

actin binding protein, 24, 152

actin cytoskeleton, 4, 128

and GqG13, 43, 172

actin filaments

distribution, 11, 139

actin toxins, 11, 139

activated partial thromboplastin time (APTT),

21, 150

483



Index

activated platelets

and arterial thrombosis, 109, 262

αIIbβ3 in, 26, 157

complex formation with monocytes, 81, 231

ex vivo flow cytometry for assessing, 8, 135

flow cytometry detection, 8, 135

inflammatory molecules produced by, 107, 270

structure, 13–15, 150

granule secretion, 15, 149

shape change, 14, 147

active bleeding, therapeutic platelet transfusions, 99, 251–254

Acute Catheterization and Urgent Intervention Strategy

(ACUITY) trial, 425, 427

acute coronary syndrome (ACS), 3, 126, 279

clopidogrel for patients with, 414

plaque rupture in, 68, 216

acute lymphoblastic leukemia

abnormal platelet function in, 85, 234

acute myelogenous leukemia

δ-SPD and development, 60, 208

ADAMTS13

deficiency, 175

inherited deficiency, 165

adducin, 5, 130

adenosine, 326

adenosine 5′-diphosphate (ADP), 40, 60, 84, 175,

207, 234

in dense granules, 2, 93, 126, 248

enzymatic degradation, 92, 244

monitoring stimulated responses, 397

and platelet activation, 93, 246

and platelet aggregation, 1–5, 129, 131

and platelet function, 97, 251

platelet receptors for, 341

receptor antagonists, 343–345, 429

release from platelet granules, 282

succinate and, 64, 212

adenosine 5′-triphosphate (ATP), 60, 207

in dense granules, 2, 126

increased, in cystic fibrosis, 332

measurement of secretion, 11, 140

PGE2 and, 62, 210

and proplatelet elongation, 10, 139

adenosine receptors, 343

adenylate cyclase, 343

adhesion molecules

from activated platelets, 106, 255

adhesion proteins

hereditary defects, 67, 215

as platelet-derived mediators, 108, 255

platelet receptor abnormalities, 57, 204

α2-adrenergic receptors, 58, 206

Glanzmann’s thrombasthenia (GT), 203

GPIa/IIa (α2/β1) abnormalities, 56, 204

GPVI abnormalities, 57, 204

P2Y1 receptor abnormalities, 57, 204

thromboxane A2 receptor defects, 58, 205

von Willebrand disease (VWD), 56, 202

adiponectin, 61, 208

adipose tissue

and leptin, 60, 208

ADP. See adenosine 5′-diphosphate (ADP)

ADP-receptor (P2Y12) antagonists, 115, 269

afibrinogenemia, 68, 215

aggregometer

for quantifying platelet function in whole blood sample, 7, 132

AGI-1067, 302

aging, and atherosclerosis, 293

air travel-related, venous thromboembolism (VTE)

preventing, 478

airway obstruction, PDHRF and, 326

airway remodeling

chronic inflammation in bronchial asthma in, 330

Akt

and Gas6 activities, 54, 194

Akt1, 43, 175

Akt2, 43, 172–175

Alberio, L., 86, 236

albinism

oculocutaneous, 25, 208

alcohol abuse, 21, 150

allergen, platelet response to, 331

allergic asthma, 330

allergic dermatites, 333

allergic inflammation

platelet chemotaxis in, 328

alloimmune thrombocytopenia (AIT)

fetal and neonatal, 43, 169–172

clinical presentation, 41, 170

diagnosis, 41, 171

intracranial haemorrhage (ICH), 41, 171

long-term effects of antenatal management, 43, 175

management strategies, 43, 174

overall approach to therapy, 43, 173

pathogenesis, 41, 169

predictors of disease, 41, 171

screening programs, 43, 172–175

alloimmune thrombocytopenia (AIT), 24, 155

alloimmunized platelet refractoriness, 93, 247

management, 94, 248

prevention, 93, 247

alpha-thrombin-induced serotonin

LDL and, 57, 204

American Association of Blood Banks, 87, 243

American College of Cardiology/American Heart Association

guidelines for NSTE ACS treatment, 415

PCI guidelines, 398

American College of Chest Physicians, 477

American Heart Association (AHA) Guidelines for Primary

Prevention of Cardiovascular Disease and Stroke, 409

AMG531

for refractory ITP, 29, 163

amine-polystyrene particles, 63, 212

amino acids

residues for ligand binding, 26, 158

aminooxidases, 109, 265

484



Index

aminophospholipid translocase, 83, 233

Amotosalen HCl

adding to platelet transfusions, 244

anagrelide, 353

Anand, S.S., 375

Ancylostoma caninum, 374

Andonegui, G., 63, 211

Andre, P., 81, 230

anemia

in childhood, 29, 163

from erythropoietin deficiency, 83, 232

angiogenesis

platelet regulation of, 251, 308

regulators of, 2, 125

angioplasty, reocclusion after, abciximab to reduce rate, 466

angiopoietin-1, 2, 313, 315

angiotensin converting enzyme (ACE), 99, 251–254

angiotensin-converting enzyme inhibitors (ACEI)

interaction between aspirin and, 380

ankle brachial index (ABI), 458

ankle pressure index, 458

antibiotics

prophylactic after splenectomy in children, 30, 165

antibodies

to Human Leukocyte Antigens (HLA) Class I, 93, 247

loss over time, 95, 248

anticoagulant factors, 108, 261

anticoagulants

for arterial thrombosis treatment and prevention, 112, 267

for atrial fibrillation with other risk factors, 451

in CHF management, 115, 268

haemorrhagic complications vs. antiplatelet therapies, 378

intracranial haemorrhage (ICH) and, 378

for myocardial infarction prevention, 109, 265

oral therapy, 373

vs. antiplatelet therapies, 376

in CAD treatment, 374

overtreatment with, and haematomas, 15, 149

and platelet count, 1, 124

role in preventing stroke in atrial fibrillation, 376

for systolic dysfunction, 115, 269

anti-D

for ITP, 159

in children, 30, 164

limitations, 27, 160

antigen, binding to IgE, 328

anti-LIBS (ligand-induced binding site) antibodies, 26, 158

antiphospholipid antibodies (APLA), 156

antiphospholipid syndrome, 109, 264

antiplatelet therapies, 407

ADP receptor antagonists, 343–345

and arterial bypass surgery, 464–465

aspirin, 342, 370

in atrial fibrillation, 411

clinical efficacy in cardiology, 407

dose, 409

mechanism of action, 407

pharmacokinetics, 407

resistance, 411

dipyridamole, 346

experimental

collagen receptors, 351

COX inhibitors, 351

GPIb-vWf interaction, 350

P-selectin, 351

serotonin, 351

future research, 381, 429

glycoprotein IIb/IIIa inhibitors, 261, 418–429

hemorrhagic complications vs. anticoagulants, 378

and hemostatic abnormalities, 99, 254

impact on limb ischemia, 462

irreversible, 345

monitoring, 392

future research, 400

laboratory, 386

summary and future of, 399

nonhemorrhagic complications, 379

vs. oral anticoagulants

in atrial fibrillation, 376–378

for heart failure treatment, 376

in percutaneous endovascular revascularization, 465

pharmacogenomic factors in resistance to, 353

as potential cancer growth inhibitors, 312

to prevent arterial thrombosis, 471

for preventing cardiovascular events, 460

resistance, 155

in stroke prevention, 438

for stroke treatment and secondary prevention

aspirin, 280

clopidogrel, 323

dipyridamole, 445

future research, 453

glycoprotein IIb/IIIa receptor antagonists, 329

ticlopidine, 444

warfarin, 448

thienopyridines, 412–418

antiplatelet effects, 412

See also clopidogrel; ticlopidine

for thrombosis prophylaxis, 109, 265

thromboxane pathway inhibitors, 347

and warfarin, 374

Antiplatelet Trialists’ Collaboration, 460, 462, 464, 473, 479

antithrombin, 109, 265

antithrombin III (ATIII)

levels in diabetes mellitus-type II, 286

antithrombotic therapy

αIIbβ3 integrin as target of, 27, 161

for atrial fibrillation, 381

with direct thrombin inhibitors (DTI), 372

future research, 357

for peripheral vascular surgery, 465

tissue factor and factor VIIa as targets, 374

with pentasaccharides and factor Xa inhibitors, 370–372

with unfractionated heparin and Low Molecular Weight

Heparins, 125

Antithrombotic Trialists’ Collaboration, 309, 410, 461, 471

485



Index

anuria

in HUS, 45, 176

aortic stenosis (AS) BK

AVWS and, 85, 235

apheresis platelets, 86, 242

apixaban, 373

APLA. See antiphospholipid antibodies (APLA)

aplastic anemia

from clopidogrel, 380

from ticlopidine, 380

ApoE-/- mouse, 293

for investigating platelet adhesion in atherosclerotic lesion

development, 295

apoptosis, 13, 142

apoptosis inhibitory proteins, 13, 147

aprotinin, 99, 253, 350

arachidonate

TxA2 from, 46, 186

arachidonate metabolites, 59–60, 207

arachidonic acid (AA), 5, 79, 84, 107, 131, 228, 234, 255, 327

impaired liberation from membrane phospholipids, 64, 212

metabolism, 97, 251

in diabetic patients, 285

and platelet aggregation, 4, 129

in prostaglandin synthesis, 342

arachidonic acid metabolism, 62, 210

arachidonic acid-induced platelet thromboembolism, 67, 215

Arg/Gln substitution, 27, 160

argatroban, 350, 372

Arixtra Study in Percutaneous Coronary Intervention: a

Randomized Evaluation (ASPIRE) Pilot Trial, 371

Arp 2/3 complex of proteins, 15, 149

arterial bypass surgery

and antiplatelet therapies, 464–465

arterial circulation

walking distance and impaired, 463

arterial stents

combination clopidogrel/aspirin therapy after, 444

ticlopidine after, 445

arterial thrombi, 108, 261

and activated platelets, 109, 262

antiplatelet therapies, 367, 471

clinical presentation, 113, 261–267

consequences of, 108, 261

future research, 289

leptin and, 66, 213

risk factors for, 109, 262

treatment and prevention, 113, 265–267

anticoagulation, 112, 267

aspirin, 109, 265, 367

cilostazol, 111, 266

dipyridamole, 111, 266

glycoprotein IIb/IIIa inhibitors, 112, 266

thienopyridines, 110, 265

arterial wall tissue factor

role of, 81, 229

artherosclerosis

mouse model, 67, 215

aryl sulfatase

in lysomes, 3, 125–127

ASA (acetylsalicylic acid). See aspirin

ASCET (ASpirin non-responsiveness and Clopidogrel Endpoint

Trial) trial, 396

Ashcoff, K., 12

ASPECT (Antithrombotics in the Secondary Prevention of Events

in Coronary Thrombosis), 112, 267

aspirin, 342

and allergic asthmatics, 332

anticancer activity, clinical trials, 316

anti-inflammatory effects, 115, 268

for arterial thrombosis treatment and prevention, 109,

265, 367

for atrial fibrillation, 411, 439

or warfarin vs. placebo, 450

benefits of, 342

and bleeding time, 3, 128

for carotid artery stenosis, 438

clinical efficacy in cardiology, 407

primary prevention, 156

secondary prevention in CAD, 409

clopidogrel in combination with, 80, 229, 378, 442

vs. clopidogrel, 414

for PAD, 461

for coronary artery disease, 374

dipyridamole use with, 347

dose, 409

effect on thromboprophylaxis, 309

effectiveness of, 352

gastric bleeding from, 342

guidelines for cessation prior to surgery, 86, 236

and iatrogenic platelet disorders, 227

impact on platelets, 86, 236

interaction with angiotensin-converting enzyme inhibitors

(ACEI), 380

laboratory monitoring, 79, 228

low-dose

for cardiovascular disease, 462

vs. high-dose, after angioplasty, 466

measuring platelet responses to, 390

mechanism of action, 407

monitoring, 393

nonhemorrhagic complications, 379

NSAID drug interaction with, 353

for peripheral arterial disease, 460

pharmacokinetics, 407

vs. placebo, for preventing stroke, 452

as platelet inhibitor, 87, 243, 288, 472

and postoperative bleeding, 476

and priming activity, 70

resistance, 4, 79, 129, 228, 342, 394, 411

identifying with PFA-100, 395

role in thromboprophylaxis, 310

side effects, 378

and stroke

optimal dose for secondary stroke prevention, 441

prevention, 438

486



Index

risk, 408

treatment and secondary prevention, 280

with thienopyridines for peripheral endovascular

procedures, 466

and thrombopoietin, 58, 207

thromboxane A2 (TxA2) measurement for monitoring

therapy, 391

ticlopidine with, 413

variation in response to, 392

and warfarin, 374

for noncardioembolic stroke, 448

for PAD, 461

ximelagatran and, 373

aspirin effect, 69, 226

aspirin therapy

in low-risk ET, 54, 194

assassin bug, 351

Assessment of best Loading Dose of clopidogrel to Blunt platelet

activation, Inflammation and Ongoing Necrosis

(ALBION) study, 416

Assessment of Safety and Efficacy of New Thrombolytic Regimen

(ASSENT)-3 trial, 428

asthma, 159

clinical studies, 330

experimental animal studies, 329

serotonin and, 325

atherosclerosis, 99, 251–254, 279, 293

assessment of burden and risk, 293

biological markers to predict presence, 293

clinical manifestations, 301

future research, 302

and inflammatory cells accumulation, 294

hypochlorite-modified proteins in plaques, 57, 204

and peripheral arterial disease (PAD), 458

platelet adhesion

and lesion formation initiation, 295

transition from loose to firm, 296

risk factors for, 279

second-hand smoke and, 22, 264

atopic dermatitis, 333

atorvastatin

clopidogrel interaction with, 353, 417

ATP. See also adenosine 5′-triphosphate (ATP)

atrial fibrillation, 114, 267

antiplatelet therapies vs. oral anticoagulants, 376–378

antithrombotic therapy for, 115, 269

aspirin for, 411, 439

and cerebral ischemic events, 288

clopidogrel in, 418

and other risk factors

anticoagulants for, 451

pathogenesis of thromboembolic events in, 376

treatment with warfarin or aspirin vs. placebo, 450

Atrial Fibrillation Clopidogrel Trial with Irbesartan for

Prevention of Vascular Events (ACTIVE-W) trial, 418

Aurora-B/AIM-1, 7, 133

autoantibodies, interference with platelet surface function,

85, 236

autoerythrocyte sensitization syndrome, 148

autoimmune lymphoproliferative syndrome, 29, 164

autoimmune platelet dysfunction

and platelet function disorders, 85, 236

automated analysis

platelet size and appearance, 24, 156

Axl receptor

for Gas6, 53, 194

azathioprine

for ITP, 28, 162

AZD 6140, 302, 344, 398, 429

β-thromboglobulin (βTG), 2, 126

β1 integrin

cytoplasmic domain of, 28, 162

gene encoding, 28, 162

β-galactosidase

in lysomes, 3, 127

β-glucuronidase

in lysomes, 3, 127

β-lactam antibiotics, and iatrogenic platelet disorders, 82, 231

β-thromboglobulin (βTG)

measurement of plasma levels, 11, 139

PGE2 and, 62, 210

β-tubulin isoform

absence of, 4, 128

bacterial sepsis

as splenectomy risk, 27, 161

bacterial testing, for platelet transfusions, 87, 243

Bak alloantigen, 27, 160

barbourin, 346

Basel Stent Kosten-Effekivitats Trial–Late Thrombotic Events

(BASKET-LATE) study, 417

basic fibroblast growth factor (bFGF), 109, 262

Bcl-2, 13, 136

Bcl-3 protein, 299

Bcl-xL, 13, 130

Becker, R.P., 8, 134

Behnke, O., 8, 12, 134, 140

beraprost, 349, 463

Bernard–Soulier syndrome (BSS), 2, 21, 22, 28–29, 38, 85, 108,

126, 150, 163, 166, 236, 255

molecular defects, 55, 202

possibility for platelet study, 7, 132

Bessis, M., 8, 134

betahexosaminidase

in lysomes, 3, 127

BgII restriction fragment length polymorphism (BglII), 29, 163

Bigalke, B., 302

bilirubin

impact on platelet transfusion outcome, 95, 250

Billroth, T., 311

bioprosthetic valves

stroke risk and, 451

thromboembolism from, 114, 267

biotynilated idraparinux (SSR126517), 371

bivalirudin, 350, 372, 427

with GP IIb/IIIa inhibitor, 425

487



Index

bleeding

anticoagulants vs. antiplatelet therapies, 378

aspirin and, 408

clopidogrel with aspirin and, 378

essential thrombocythemia (ET) and, 53, 191

gastrointestinal, aspirin and, 378

GP IIb/IIIa inhibitors dose and, 426

with oral anticoagulation, 465

PFA-100 for evaluating interoperative risk, 7, 133

postoperative, aspirin and, 476

therapeutic platelet transfusions, 99, 251–254

warfarin and, 377

bleeding disorder

impaired epinephrine-induced aggregation and, 45, 186

inspection for subcutaneous, 13, 147

prolonged in EP3 knockout mice, 67, 214

bleeding patient

differential diagnosis, 21, 150

focused medical history and general physical exam, 15, 149

initial urgent measures, 13, 147

bleeding time, 3, 127

cardio-pulmonary bypass procedure and, 98, 252

and hematocrit, 99, 253

PFA-100 versus, 7, 133

and platelet count, 93, 245

bleeding time (BT)

limitations for screening, 69, 226

as platelet function test, 386

blood

platelet biogenesis in, 12, 140

shed vs. venous

platelet number and MMP-2 content, 68, 216

blood coagulation cascade, 54, 194

blood coagulation factors, 23, 152

blood loss

estimating extent, 13, 147

blood sampling, 1, 124

preventing artefactual in vitro platelet activation, 9, 137

blood thrombogenicity, and glycemic control, 285

blood transfusion

and bleeding, 23–24, 152

blood vessel injury

platelet reponse to, 54, 201

blood-borne metastasis, 312

BM-567, 348

BM-573, 348

Boersma, E., 425

Bolzano variant, 55, 202

Bombeli, T., 295

bone marrow

platelet biogenesis in, 12, 140

suppression by clopidogrel, 380

ticlopidine side effects on, 413

bone marrow examination

for thrombocytosis evaluation, 53, 192

Born, GVR, 4, 128

Boston Area Anticoagulation Trial for Atrial Fibrillation, 449

Br polymorphism

and fetoneonatal alloimmune thrombocytopenia (FNAIT),

29, 163

Bresalier, R., 452

bronchial asthma

chronic inflammation and airway remodelling, 330

BT. See bleeding time (BT)

buffy coat method of platelet preparation, 86, 242

CAD. See coronary artery disease (CAD)
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