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Clopidogrel is a widely used antiplatelet agent that irreversibly inhibits platelet P2Y12 ADP receptors after con-
version to an active metabolite. There are a number of laboratory tests capable of detecting clopidogrel-
induced platelet inhibition and published literature correlates suboptimal clopidogrel response to adverse car-
diovascular outcomes. Genetic polymorphisms are thought to affect conversion of the prodrug to the active
metabolite, and the FDA has recently added a black-box warning to clopidogrel to highlight the effects of these
polymorphisms on drug bioavailability and to inform prescribers about the availability of genetic testing. For
these reasons, there is growing interest in the use of laboratory tests to monitor patients treated with clopidog-
rel. This article summarizes the currently available laboratory testing, including platelet function tests and gen-
otyping for CYP2C19 variants. Am. J. Hematol. 86:1032–1034, 2011. VVC 2011 Wiley-Liss, Inc.

Introduction
Clopidogrel is an inactive oral prodrug oxidized to an

active metabolite (R-130964) by the cytochrome P450
(CYP) system via a two-step pathway [1,2]. The active
drug irreversibly inhibits platelet P2Y12 ADP receptors,
leading to impaired platelet function [3]. Some patients
demonstrate suboptimal response due to decreased bioa-
vailability of the active drug [3,4]. The FDA recently added
a black-box warning to clopidogrel to alert prescribers to
genetic polymorphisms that affect conversion to the active
metabolite. Because low-responders may be at risk for
adverse cardiovascular events, there is increasing interest
in laboratory monitoring via platelet function and genetic
tests. However, appropriate clinical utility of testing is still
uncertain, and testing is not currently the standard of care.

Functional tests
Functional and biochemical laboratory test methods are

summarized in Table I.
The gold standard functional test is light transmission

aggregometry (LTA) in platelet-rich plasma in response to
ADP. Some aggregation is preserved due to retained activ-
ity of the P2Y1 ADP receptor. The effects of clopidogrel on
platelet aggregation demonstrate inter-individual variability
and response has been shown to be normally distributed
[5,6]. This calls into question a system where patients are
classified as responsive or nonresponsive since individual
differences are expected. Suboptimal response to clopidog-
rel has been defined as �70% aggregation to 10 lM ADP,
which was the 90th percentile of 100 healthy volunteers in
one study [7] and marked the highest quartile in patient
response from another study [6]. Another definition of sub-
optimal response is �50% aggregation in response to 5 lM
ADP [8]. However, there are no consensus definitions, and
a variety of cutoffs have been used [9]. Because aggrega-
tion in treated patients may overlap with nontreated individ-
uals, it may be informative to determine percent inhibition
on clopidogrel from baseline aggregation prior to initiation
of therapy.
LTA is not widely used for drug monitoring because it is

technically demanding with short sample stability and long
turnaround times. Whole blood aggregometry (WBA), which
detects aggregation by impedance changes, is subject to
similar limitations. Point-of-care (POC) platelet function
tests are available and are more practical for widespread
use. Both LTA and POC tests are affected by numerous
pre-analytical variables [9]. Commonly used POC tests are
summarized in the next paragraph.

The PFA-1001 analyzer (Siemens Healthcare Diagnos-
tics, Deerfield IL) evaluates platelet aggregation in high-
shear conditions in response to collagen/epinephrine or col-
lagen/ADP cartridges. Because of nonspecificity for activa-
tion through P2Y12, the collagen/ADP cartridge is not
adequately sensitive to clopidogrel effect and should not
be used for this purpose [4,9–11]. A new cartridge, (INNOV-
ANCE1 PFA P2Y) appears sensitive, but is not yet com-
mercially available [11]. The VerifyNow1 P2Y12 test
(Accumetrics, San Diego, CA) evaluates platelet aggrega-
tion of fibrinogen-coated beads in response to ADP, and is
designed to specifically measure P2Y12-mediated aggrega-
tion, with results expressed as P2Y12 Reaction Units (PRU)
[4,9]. The instrument also measures baseline aggregation to
thrombin receptor-activating peptide in a second channel,
and percent P2Y12 inhibition is calculated. A common cutoff
for suboptimal clopidogrel response is �240 PRU. Similar
cutoffs have been reported by several groups using receiver
operating characteristic curve (ROC) analysis [12–14]. In
the Plateletworks1 test (Helena Laboratories, Beaumont,
TX), platelet aggregation is determined by comparing plate-
let counts performed on a CBC analyzer at baseline and af-
ter addition of ADP [3]. Platelet aggregates are not counted
as platelets, thus individuals with normal platelet function
have decreased counts after exposure to ADP.
Flow cytometric measurement of vasodilator-stimulated

phosphoprotein (VASP) phosphorylation status is a bio-
chemical test that has been used as an indicator of P2Y12
inhibition since an active P2Y12 receptor results in VASP
dephosphorylation [3,4]. This assay has been used fre-
quently in research protocols and drug development, but is
not widely available.
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Genetic tests
At least seventeen variant alleles of the CYP2C19 gene

are associated with phenotypes that have increased,
decreased, or equivalent generation of R-130964 relative to
wild-type. The wild-type allele is designated *1, and the
wild type (WT) genotype, designated CYP2C19 *1/*1, has
normal activity. The CYP2C19*2 and CYP2C19*3 alleles
are non-functional. Other alleles associated with absent or
reduced metabolism are CYP2C19 *4, *5, *6, *7, and *8
[2,15]. These variants occur less frequently than CYP2C19
*2 and *3, which account for the majority of reduced func-
tion alleles in Caucasians (85%) and Asians (99%).
Patients with poor metabolizer (PM) status have two loss-
of-function alleles (2 LOF) and those with one loss of func-
tion allele (1 LOF) have intermediate metabolizer (IM) sta-
tus [1]. The genotype composition of a population is highly
dependent on its ethnic makeup (Table II) [1].
Genetic testing is typically performed by real-time PCR

for CYP2C19*2 and CYP2C19*3, but some laboratories
test for the CYP2C19*17 allele which is associated with
rapid metabolism [16]. The PCR product is exposed to f-
luorescently-labeled probes specific to the possible poly-
morphic regions and the signals are quantified to determine
genotype.

Clinical utility of testing
Despite adequate generation of active metabolite and

P2Y12 receptor blockade by clopidogrel, platelets may be
activated through other mechanisms, and underlying medi-
cal conditions such as hyperlipidemia, atherosclerosis, and
diabetes can increase platelet reactivity. Compliance, differ-
ences in intestinal absorption, and effects of other drugs
metabolized by CYP enzymes (statins, omeprazole) also
impact drug efficacy [2,9,17]. Thus, some patients will ex-
perience treatment failure.
Inadequate clopidogrel response in laboratory tests

appears commonplace, with a recent meta-analysis report-
ing a prevalence of 21% [18], and persistent on-treatment
platelet reactivity has been associated with adverse clinical
outcomes [6–8,12,13,19]. Although there is evidence that
platelet inhibition can be increased by higher doses [6], al-
ternative dosing strategies have not been confirmed in clini-
cal trials, nor has the impact of switching to an alternative
therapy such as prasugrel. In the recently published GRAV-
ITAS trial, patients with high on-treatment platelet reactivity
were randomized to either high- or standard-dose clopidog-
rel for 6 months, and the high-dose regimen did not demon-
strate clinical benefit [13]. Genetic sub-analysis of the
GRAVITAS data in the GIFT trial is pending, as are two
randomized trials (ARCTIC and DANTE), evaluating the ef-
ficacy of tailored clopidogrel therapy based on laboratory

monitoring. The TRIGGER-PCI trial, designed to evaluate
the efficacy of switching poor responders to prasugrel,
was recently terminated due to a low rate of cardiovascular
events.
To complicate matters, it is unclear how to best define

suboptimal response since numerous tests are available
but standardization is lacking [4,20]. In one study, there
was poor agreement when the ability of tests to identify
patients with insufficient platelet inhibition was compared.
Compared with LTA (20 lM ADP), WBA (20 lM ADP)
showed slight agreement (j 0.101) and VerifyNow1

showed fair agreement (j 0.364) [20]. A recent comparison
of several platelet function tests to predict clinical outcome
in clopidogrel-treated patients showed that LTA (5 lM ADP)
had a sensitivity of 60.2% and specificity of 59.1%, Verify-
Now1 had sensitivity of 60.4% and specificity of 63.1%,
and Plateletworks1 had a sensitivity of 63.0% and specific-
ity of 58.5%, using ROC analysis to determine optimal cut-
offs [14].
In regard to genetic testing, CYP2C19 genotype does

not always predict platelet response to clopidogrel with cer-
tainty and other CYP enzymes (CYP1A2, CYP2B6,
CYP2C9, and CYP3A) may affect generation of R-130964
[2]. It should also be noted that recent publications have
questioned the importance of CYP2C19 polymorphisms
[21], which appear to explain only approximately 12% of
reported variability [1]. Other genetic factors, such as
ABCB1 [22] and PON1 [23] genotypes, are proposed to be
important predictors of drug response.
Despite these limitations, in March, 2010, the FDA

required clopidogrel to carry a black-box warning notifying
prescribers that some patients are poor metabolizers, in
whom clopidogrel at recommended doses forms less active
metabolite and has a smaller effect on platelet function,
and that the effectiveness of clopidogrel as a preventive
therapy is reduced in these patients. The recommendations
also inform providers that tests are available to identify

TABLE I. Selected Laboratory Tests Used to Detect Clopidogrel Responsiveness

Test Description Advantages Disadvantages

Light transmission
aggregometry (LTA) in
platelet-rich plasmaa

Optical detection of platelet aggregation
in response to ADP

Historic gold standard method Available only in specialized labs, poorly
standardized, and affected by
numerous pre-analytical variables

PFA-1001 Platelet aggregation in response to
collagen/ADP and high shear
conditions

Simple point-of care-test performed on
whole blood-INNOVANCE1 PFA P2Y
cartridge appears sensitive to
clopidogrel (not currently available)

Affected by numerous pre-analytical
variables-Collagen/ADP cartridge is
not adequately sensitive to clopidogrel
effect, use is not recommended

VerifyNow1 P2Y12 Optical detection of platelet aggregation
of fibrinogen-coated beads in
response to ADP

Simple point-of care-test performed on
whole blood-Designed specifically to
measure P2Y12-mediated aggregation

Affected by numerous pre-analytical
variables

Plateletworks1 Platelet counts pre- and post- ADP used
to calculate aggregation

Simple point-of-care test performed on
whole blood

Affected by numerous pre-analytical
variables-Does not measure
aggregation directly

VASP phosphorylation Flow cytometry method determines
VASP phosphorylation status

Biochemical measure of clopidogrel
effect on P2Y12

Assay is not widely available-Affected by
numerous pre-analytical variables

a
Whole blood aggregometry can also be used (detects aggregation by impedance rather than light transmission).

TABLE II. Ethnic Differences in CYP2C19 Genotype

Ultra-rapid
metabolizer

Intermediate
metabolizer
(1 LOF allele)

Poor
metabolizer

(2 LOF alleles)

Caucasian 18–23% 13–22% 2%
African

American
15–20% 13–29% 4%

Asian <5% 21–37% 14%

LOF, loss of function.
Data adapted from Shuldiner AR, O’Connell JR, Bliden KP, et al. JAMA

2009;302:849-85712.
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patient CYP2C19 status, and that alternative treatment or
treatment strategies can be considered in CYP2C19 poor
metabolizers. These recommendations are presumably
based on the idea that the loss of conversion conferred by
a *2 or *3 allele has been shown to impact patient out-
comes in some studies. For instance, a recent meta-analy-
sis has shown that among patients treated with clopidogrel
for percutaneous coronary intervention, carriage of even a
single reduced-function CYP2C19 allele is associated with
a significantly increased risk of major adverse cardiovascu-
lar events, particularly stent thrombosis [24]. However, the
rationale for routine genotyping is still unclear and prospec-
tive randomized clinical trials will be necessary to deter-
mine the efficacy of CYP2C19 genotype-directed therapy
[15,25].
In summary, due to the lack of a uniformly established

method to evaluate clopidogrel response, 2008 guidelines
from the American College of Chest Physicians do not rec-
ommend any test of platelet function to assess the effects
of clopidogrel in individual patients [17]. Recent recommen-
dations from the American College of Cardiology and
American Heart Association also do not support routine
platelet function or genetic testing at this time [25]. Results
of current and future clinical trials are needed to help eluci-
date the correct approach.
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