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ABSTRACT 

Platelet activation is one of the essential steps in the gen-
esis and propagation of atherothrombosis. Accumulating 
clinical evidence suggests that an elevated platelet count, 
platelet activation, and platelet hyperreactivity (defi ned as 
residual platelet activity despite antiplatelet drug therapy) 
may be associated with adverse cardiovascular events in 
patients with acute coronary syndromes. Platelet function 
can be analyzed using various assays and measures of 
platelet activation. The best assays for measuring residual 
platelet activity in the setting of antiplatelet therapy are 
still being defi ned, as are their predictive values. Platelet 
aggregation remains the gold standard, but other testing 
methods offer advantages for specifi c applications, such 
as detecting overall platelet hyperreactivity in the pres-
ence of antiplatelet therapy or detecting inhibition of the 
adenosine diphosphate receptor P2Y12. Standard testing 
protocols for platelet aggregation are needed to achieve 
consistency among studies.

KEY POINTS 

Platelet function assays are inherently variable because 
they measure cell function rather than a single analyte.

Screening tests, or global tests for platelet function, do not 
identify specifi c causes of platelet dysfunction but combine 
measurement of different aspects of platelet function.

There appears to be a subgroup of patients with stable 
cardiovascular disease who have an increased risk of major 
cardiac events associated with platelet hyperreactivity.

For predicting cardiac events, receiver operating charac-
teristic (ROC) curve analysis should be used to objectively 
defi ne cutoff values for platelet hyperreactivity as opposed 
to reliance on arbitrary cutoff values.

P latelets play a substantial role in atherothrom-
bosis, and platelet activation is implicated in 
the genesis of acute coronary syndromes (ACS) 
(Figure 1). This review describes platelet func-

tion and the mechanisms behind platelet activation, the 
utility of laboratory tests of platelet function for assess-
ing cardiovascular risk, and the role of platelets in vari-
ous phases of atherosclerosis. Against this backdrop, the 
article concludes by reviewing current evidence on the 
association between platelet hyperreactivity—defi ned 
as residual platelet activity despite antiplatelet drug 
therapy—and ACS. Here and throughout this supple-
ment, ACS is understood to comprise unstable angina 
and myocardial infarction (MI) with or without ST-
segment elevation. 

PLATELET FUNCTION 

Platelets are non-nucleated cells produced by mega-
karyocytes, which are very large cells (50 to 100 μm in 
diameter) found in bone marrow. The megakaryocyte 
surface membrane forms protoplatelet extensions from 
which platelets “bud off” and are emitted into the cir-
culation, where they number approximately 200,000 to 
400,000 per microliter of blood.

Platelet activation
Platelets play a crucial role in the vascular response to 
injury, and activation of platelets has long been recog-
nized as an important step. Platelets release dense gran-
ules that contain the nucleotide adenosine diphosphate 
(ADP), which activates other platelets. They also pos-
sess alpha granules, which contain proteins and protein 
mediators (eg, platelet-derived growth factor, platelet 
factor 4) that are involved in infl ammatory processes. 
The platelet surface is coated with hundreds of thou-
sands of receptors for other cells, including activated 
vascular wall cells and extracellular matrix proteins. 
Platelets possess an affi nity for adherence, especially to 
injured vessel walls, where they release their granule 
contents and then aggregate. These properties promote 
platelets’ involvement in many vascular processes, 
including ACS, as will be explored below.

Platelets exist in a nonactivated state and are 
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drawn passively into areas of vascular injury. Initially, 
they adhere to proteins such as von Willebrand factor, 
which is a large extracellular matrix protein produced 
by endothelial cells. The platelet glycoprotein Ib/IX/V 
binds to von Willebrand factor, forming a loose associa-
tion that results in platelets rolling on the surface of the 
vessel wall. As a multimer, von Willebrand factor exists 
in one subunit that is dimerized and then polymerized, 
making it an ideal substrate for platelets because of the 
multiple substrates to which platelets can adhere.

Platelets are then engaged through receptors for 
collagen (ie, glycoprotein Ia/IIa or integrin �2�1) and 
glycoprotein VI, leading to intracellular signaling and 
activation of the platelets. Platelet activation is followed 
by fi rm adhesion through engagement of another integ-
rin, the �IIb�3 (glycoprotein IIb/IIIa) receptor, on platelet 
surfaces for fi brinogen. The glycoprotein IIb/IIIa recep-
tor is involved in a homotypic platelet–platelet inter-
action with an �IIb�3 receptor on another platelet, which 
attracts further platelets and results in platelet–platelet 
adhesion, called platelet aggregation. This platelet cas-
cade is depicted in Figure 2.

Platelet fi brinogen receptor
The platelet fi brinogen receptor (glycoprotein IIb/IIIa 
receptor) is an �IIb�3 integrin that binds to arginine-
glycine-aspartic acid (RGD) epitopes of proteins, such 
as fi brinogen. Fibrinogen has a two-dimensional sym-
metry, with RGD groups on both ends of the molecule, 
which makes it an ideal molecule for linking platelet to 
platelet. 

von Willebrand factor has RGD groups, as do both 
fi bronectin and glycoprotein IIb/IIIa vitronectin, and can 
therefore bind to many plasma and extracellular matrix 
proteins. The glycoprotein IIb/IIIa receptor is inactive in 
resting platelets. It becomes activated during the platelet 
activation process and binds to fi brinogen, which bridges 
to other platelets, causing aggregation.

ADP receptors
Various receptors on platelet surfaces are responsible for 
platelet activation. One is a family of receptors for ADP. 
As ADP is released from platelets, it can then activate 
other platelets by binding to the receptors. The ADP 
receptor P2Y12 signals through G protein pathways and 
is coupled to adenylate cyclase, an enzyme that cata-
lyzes the conversion of adenosine triphosphate to cyclic 
adenosine monophosphate (cAMP). High levels of 
cAMP inhibit platelet function; ADP binding to P2Y12 
shuts down adenylate cyclase, which leads to phospho-
inositide 3-kinase activation and accelerated aggrega-
tion and platelet release. 

A fi nal notable factor in the mediation of platelet 
activation and aggregation is phospholipase A2, which 
liberates arachidonic acid from the platelet membrane, 

metabolizing it through cyclooxygenase and thrombox-
ane synthase to generate thromoboxane A2, which leads 
to release of platelet granule contents and aggregation 
of other platelets.

PLATELET FUNCTION TESTS 

Platelet function assays are inherently variable because 
they measure cell function rather than a single analyte. 
Several new platelet testing devices have come to mar-
ket with the goal of ease of use; many can now be used 
at the bedside to measure platelet function.

Platelet count
In my view, the platelet count remains one of the best 
tests for assessing bleeding risk, as a low platelet count is 
one of the most common causes of bleeding. However, 
the platelet count is not a functional assay because it 
does not evaluate other platelet functions. 

Screening tests
Screening tests, or global tests for platelet function, 
do not identify specifi c causes of platelet dysfunction 
but combine measurement of many different aspects 
of platelet function, such as adhesion, aggregation and 
granule release.

Bleeding time. The bleeding time is an archaic test 
because of the poor correlation between bleeding time and 

FIGURE 1. Resting platelets stimulated by an agonist become 
activated; the activated platelets can trigger intravascular thrombosis 
and infl ammatory processes and have been implicated in athero-
genesis and development of acute coronary syndromes. Antiplatelet 
drug therapy is designed to result in a therapeutic response due to 
inhibited or diminished platelet activation in response to agonists. 
There is increasing evidence, however, that preserved platelet activity 
despite the presence of antiplatelet drugs, or platelet hyperreactivity, 
may be associated with adverse cardiovascular events. 
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bleeding disorders or thrombotic disorders. Its utility in 
measuring platelet function is therefore highly limited.

PFA-100. The PFA-100 Platelet Function Analyzer 
system (PFA-100) is one example of a global platelet 
function assay that measures multiple platelet func-
tions, including platelet adhesion and aggregation. The 
instrument, which is about the size of a bread box, uses a 
citrate-anticoagulated whole blood specimen to measure 
platelet reaction in a high-shear environment. Blood 
travels at high shear rates through membranes coated 
with either collagen and ADP or collagen and epineph-
rine (epinephrine receptors exist on platelet surfaces). 
Platelets adhere to the membranes and then activate, 
aggregate, and occlude a small aperture in the center of 
each membrane, yielding a measurable closure time. 

Since the PFA-100 was developed before the avail-
ability of the thienopyridine antiplatelet drugs, its utility 
lies not in monitoring the effects of those agents but in 
its ability to detect aspirin-induced platelet dysfunction 
or intrinsic platelet function disorders. An abnormal 
epinephrine cartridge closure time in the presence of 
a normal ADP cartridge closure time indicates aspirin-
induced platelet dysfunction. An abnormal closure time 
on both measures is indicative of von Willebrand disease 
or a platelet defect such as Glanz mann thrombasthenia or 
Bernard-Soulier syndrome.

Specifi c functional tests
Platelet aggregation. One of the most common methods 
of measuring platelet aggregation is called optical platelet 
aggregation. This technique, which is a high-complexity 
laboratory test, involves adding an aggregating agent (eg, 
ADP, epinephrine, thrombin, arachidonic acid) to plate-
let-rich plasma, a turbid platelet-rich suspension derived 
from whole blood. The effect of the aggregating agent on 

the suspension’s light transmittance is then measured to 
assess platelet aggregation progress (Figure 3). 

Whole blood platelet aggregation is typically a high-
complexity laboratory test. Recently, self-contained 
assay platforms that can measure whole blood aggre-
gation have been developed. These are applicable for 
smaller hospitals and near-patient settings. One such 
rapid platelet function analyzer, known commercially 
as VerifyNow, offers point-of-care assessment of plate-
let function. The instrument, which is the size of a 
telephone answering machine, operates by a principle 
similar to that of optical platelet aggregation: platelet 
function is measured by the rate and extent of change 
in light transmittance in response to the introduction 
of agonists specifi c to various antiplatelet medications. 
Low light transmittance indicates a blood sample with 
inhibited platelet function; high light transmittance 
indicates normal platelet function.

Measurement of VASP phosphorylation. Vasodila-
tor-stimulated phosphoprotein (VASP) is an intracel-
lular platelet protein that is nonphosphorylated in 
basal state. The phosphorylation of VASP depends on 
the level of activation of the P2Y12 receptor, a target of 
thienopyridine drugs. Thus, measuring VASP phospho-
rylation by fl ow cytometry using citrated whole blood 
can be a highly specifi c indicator of the action and effi -
cacy of clopidogrel and other thienopyridine drugs. 

A fl ow cytometry assay that measures VASP phospho-
rylation requires a whole blood sample that is incubated 
with ADP to measure what is called the platelet reactivity 
index. Adding ADP to whole blood stimulates adenylate 
cyclase, lowering cAMP and shutting off protein kinase, 
which results in low levels of VASP phosphorylation. 
Thus, if VASP is phosphorylated, the platelets are inhib-
ited; if VASP is not phosphorylated, the platelets are acti-

FIGURE 2. In the process of platelet activa-
tion, unactivated circulating platelets initially 
encounter an area of vascular injury and 
adhere rapidly to exposed von Willebrand fac-
tor (vWF) through the glycoprotein (GP) Ib/IX/V 
membrane receptor. Collagen in the extracel-
lular matrix is also engaged through receptors 
�2�1 (GPIa/IIa) and GPVI, leading to platelet 
shape change and activation. Cell signaling 
results in conformational change in the fi brino-
gen receptor GPIIb/IIIa (�IIb�3), with binding 
to fi brinogen and fi brin leading to platelet 
aggregation and thrombus formation.

Reprinted, with permission, from Kottke-Marchant K, ed. 
An Algorithmic Approach to Hemostasis Testing. 

Northfi eld, IL: College of American Pathologists; 2008. 
Copyright © 2008 College of American Pathologists.

Sequence of platelet activation and aggregation

Platelet Platelet
adhesion
and rolling

GPIb/IX/V �2�1 GPVI
GPIIb/IIIa

Activation Firm
adhesion

Aggregation

vWF Collagen Fibrinogen

 on May 24, 2023. For personal use only. All other uses require permission.www.ccjm.orgDownloaded from 

http://www.ccjm.org/


CLEVELAND CLINIC JOURNAL OF MEDICINE         VOLUME 76 • SUPPLEMENT 1         APRIL 2009    S5

KOTTKE-MARCHANT

vated. A satisfactory therapeutic response to clopidogrel 
or another thienopyridine drug produces a low platelet 
reactivity index, refl ecting platelet inhibition.

ROLE OF PLATELETS IN ATHEROSCLEROSIS 

Platelets serve major functions in three key aspects 
of atherosclerosis: atherogenesis, infl ammation, and 
atherothrombosis. 

Atherogenesis
Platelets play a pivotal role in atherogenesis.1 They 
release matrix metalloproteinases that are involved in 
degrading the matrix in atherosclerotic plaques. More-
over, they contain and release chemokines and growth 
factors, including: 

RANTES, a chemokine that stimulates mono-• 
cytes and T cells to increase the production of monocyte 
infl ammatory mediators

Platelet-derived growth factor, which stimulates • 
the migration and proliferation of smooth muscle cells

Transforming growth factor–• �, which also stimu-
lates proliferation of smooth muscle cells.

Infl ammation
Activated platelets release infl ammatory mediators and 
thereby change the adhesive and chemotactic proper-
ties of endothelial cells. Likewise, mediators derived 
from infl ammatory cells (neutrophils) can affect platelet 
function.

Platelet-derived mediators include the following:
Pro-interleukin (IL)-• �, which triggers the synthe-

sis of E-selectin that enables endothelial cells to interact 
with leukocytes

Thromboxane A• 2, which increases neutrophil 
adhesion to facilitate platelet aggregation

Platelet-derived growth factor and platelet factor • 
4, which increase neutrophil chemotaxis (the ability of 
neutrophils to infi ltrate atherosclerotic plaque)

CD40 ligand, a protein expressed on platelets that • 
induces infl ammatory responses in the endothelium

P-selectin, a cell adhesion molecule expressed on • 
activated platelets that enhances the adhesion of mono-
cytes on activated endothelial cells. 

Among the neutrophil-derived mediators, some—
such as superoxide and leukotrienes—enhance platelet 
activation, whereas elastases inhibit platelet activation.

Overall, once infl ammation begins in an atherosclerotic 
plaque, much reciprocal platelet activation can occur, so 
that the infl ammatory process can become a feed-forward 
loop to eventually promote atherothrombosis.

Atherothrombosis
In the last stage of the atherosclerotic process, platelet 
enzymes that degrade the matrix may make plaques 
vulnerable to rupture by creating fi ssures in the fi brous 

plaque cap. This exposes the lipid-rich core, which con-
tains a signifi cant amount of thromboplastin. Exposure 
to the extracellular matrix can lead to further platelet 
adhesion, activation, and aggregation. The development 
of a platelet thrombus is usually one of the ultimate steps 
in atherothrombosis leading to ACS, including MI.

  ROLE OF PLATELETS IN ACUTE CORONARY 
SYNDROMES: WHAT IS THE EVIDENCE?

How predictive is an elevated platelet count?
Evidence suggests that a simple elevated platelet count 
may predict adverse outcomes following ACS. Among 
10,793 patients with ST-segment-elevation MI in the 
Thrombolysis in Myocardial Infarction (TIMI) trials 
database, higher platelet counts on presentation were 
associated with higher rates of death, reinfarction, and 
development of congestive heart failure at 30 days (Fig-
ure 4).2 In subsequent follow-up, a greater decrease in 
platelet counts after MI was associated with an increased 
risk of reinfarction.2

However, another study conducted in a slightly differ-
ent population—1,616 patients with non-ST-segment-
elevation MI/unstable angina—found no correlation 
between platelet count (by quintiles) and death at 60 
months.3 The lowest mortality was observed in patients 
with a platelet count in the second-lowest quintile, 
although the highest mortality was indeed observed in 
the quintile of patients with the lowest platelet counts.3 

The differing results in the above two studies suggest 
that additional platelet factors, beyond platelet count, 
contribute to the risk of adverse outcomes following 
ACS. 

Platelet hyperreactivity and outcomes in ACS
Platelet hyperreactivity—ie, residual platelet activity 
despite antiplatelet therapy—appears to be involved 

FIGURE 3. Optical platelet aggregation involves introduction of 
an aggregating agent to platelet-rich plasma to assess its effect on 
light transmission. The greater the increase in light transmission, the 
greater the platelet aggregation.
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in the spectrum of ACS. A recent study evaluated the 
association between hyperreactivity of platelets to ADP 
and outcomes in 600 patients with stable cardiovascular 
disease who were on aspirin therapy.4 Hyperreactivity 
was defi ned as a collagen/ADP closure time of less than 
90 seconds on the PFA-100 system (short collagen/
ADP closure time). On receiver operating character-
istic (ROC) curve analysis, a short collagen/ADP clo-
sure time served as a signifi cant predictor of recurrent 
events (relative risk [RR] = 3.65; 95% CI, 1.76–7.57) 
and death (RR = 6.56; 95% CI, 1.93–22.35) com-
pared with a closure time of 90 seconds or greater. The 
authors concluded that there appears to be a subgroup 
of patients with stable cardiovascular disease who have 
an increased risk of major adverse events associated with 
platelet hyperreactivity.4

An earlier study by Harrison et al assessed platelet 
function using the PFA-100 in 78 patients presenting 
with acute chest pain classifi ed as MI, unstable angina, or 
nonspecifi c chest pain.5 Using the PFA-100, they found 
shorter collagen/ADP closure times and higher levels 
of von Willebrand factor in subjects with MI compared 
with those who had unstable angina or nonspecifi c chest 
pain.5 Fuchs et al reported a similar association between 

von Willebrand factor and outcomes in 208 patients 
with ACS,6 raising the possibility that von Willebrand 
factor, through its association with increased platelet 
adhesion and activation, may be a major contributor to 
risk in ACS. 

Similarly, an association between platelet hyperreac-
tivity and cardiovascular events has been suggested in 
patients with type 2 diabetes. In a 2007 study of 173 
patients with type 2 diabetes and coronary artery disease 
receiving dual antiplatelet therapy (aspirin plus clopido-
grel), the 2-year risk of major cardiovascular events was 
signifi cantly higher in those in the highest quartile of 
platelet aggregation compared with those in the lower 
three quartiles (hazard ratio = 3.35; 95% CI, 1.68–6.66).7 
In a separate study, Serebruany et al measured platelet 
activity by fi ve different testing methods in 822 patients 
with coronary artery disease and found signifi cantly 
higher platelet hyperreactivity by all methods in those 
patients who had diabetes (n = 257) than in those who 
did not (n = 565).8

Marcucci et al recently examined the relationship 
between clinical characteristics and residual platelet 
activity in 386 patients with ACS on dual antiplatelet 
therapy (aspirin plus clopidogrel).9 The presence of 
residual platelet activity (determined by platelet aggre-
gation in response to the agonists arachidonic acid and 
ADP, as well as by the PFA-100) was associated with 
signifi cantly higher infl ammatory status, as determined 
by leukocyte count and erythrocyte sedimentation rate. 
The same association was observed among a subset of 
patients in this study undergoing percutaneous coronary 
intervention (PCI) who were receiving dual antiplate-
let therapy; additionally, residual platelet activity was 
associated with a signifi cantly higher incidence of dia-
betes and a signifi cantly lower ejection fraction in this 
subset.9

Platelet hyperreactivity while on dual antiplatelet 
therapy (aspirin plus clopidogrel) was also found to be 
predictive of clinical outcome in a study of 195 patients 
with non-ST-elevation MI undergoing PCI.10 Hypore-
sponse to antiplatelet therapy, as measured by a high 
VASP platelet reactivity index (PRI), predicted an 
increased risk of recurrent ischemic events within 30 
days of PCI. Using ROC curve analysis, the investiga-
tors found that a VASP PRI cutoff value of 53% (ie, 
a high PRI [> 53%] indicates residual platelet activity 
despite clopidogrel) had a sensitivity of 93%, a specifi c-
ity of 50%, a positive predictive value of 12%, and a 
negative predictive value of 99% for ischemic events.10 
Similarly, among 144 patients undergoing PCI assessed 
for decreased platelet reactivity to a loading dose of 
clopidogrel, Bonello et al also found that a VASP PRI 
greater than 50% was optimal for predicting major 
adverse cardiovascular events: all 21 events in the study 
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FIGURE 4. Higher platelet counts were associated with adverse 
outcomes at 30 days among 10,793 patients with ST-segment-
elevation myocardial infarction (MI) in the Thrombolysis In Myocar-
dial Infarction (TIMI) trials database.2 

Reprinted from American Journal of Cardiology (Ly HQ, et al. Association of platelet 
counts on presentation and clinical outcomes in ST-elevation myocardial infarction. 

Am J Cardiol 2006; 98:1–5), Copyright © 2006, with permission from Elsevier. 
www.sciencedirect.com/science/journal/00029149 

Higher platelet count associated with 
adverse outcomes in ST-elevation MI
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occurred among patients whose VASP PRI was in the 
highest four quintiles.11 

  CONCLUSIONS AND GENERAL ASSESSMENT 
OF PLATELET FUNCTION TESTS

Platelets clearly are involved in the pathogenesis of 
atherothrombosis. Accumulating evidence suggests that 
both an elevated platelet count and platelet hyperreac-
tivity (residual platelet activity despite dual antiplatelet 
therapy) may be associated with adverse cardiovascular 
events in patients with ACS. 

Platelet function can be measured using several dif-
ferent assays and measures of platelet activation. The 
best assays for measuring residual platelet activity in the 
setting of antiplatelet therapy are still being defi ned, as 
are their predictive values. Platelet aggregation remains 
the gold standard. The PFA-100 may detect overall 
platelet hyperreactivity despite the use of antiplatelet 
therapy, and is attracting increasing use for this purpose. 
VASP phosphorylation may be a good assay for detect-
ing P2Y12 inhibition but is limited to thienopyridines in 
terms of detecting platelet hyperreactivity. For predict-
ing adverse cardiac events, ROC curve analysis should 
be used to objectively defi ne cutoff values for platelet 
hyperreactivity as opposed to reliance on arbitrarily 
defi ned cutoff values. 

Moving forward, standard testing protocols for plate-
let aggregation clearly are needed to achieve consistency 
among studies.
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