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Overview of platelet functional testing 
methods and their controversial role in 
the clopidogrel-treated patient

  review

Platelet functional testing has been available to clinicians for several decades. Despite certain limitations, 
it has proven useful in several arenas, including diagnosing bleeding disorders, assessment of platelet-derived 
hemostasis and for monitoring response to antiplatelet medication. Special attention has recently been 
paid to high residual platelet reactivity in patients undergoing percutaneous coronary interventions and 
being treated with antiplatelet medications, largely because of the increased risk of major cardiovascular 
events and stent thrombosis. In keeping with this, determining high residual platelet reactivity in patient 
appropriately taking aspirin and P2Y12 inhibitor therapy has focused attention on tests aimed at diagnosing 
poor antiplatelet, and specifically clopidogrel response. Based on this, attempts to predict and intervene 
on poor response and its potential outcomes are prominent in the current literature, with the assistance 
of both platelet functional analysis and genetic determination of poor clopidogrel response. It is this 
subject that the authors seek to review.

KEYWORDS: antiplatelets n light transmission aggregometry n platelet reactivity 
testing n VerifyNow®

Sandra A Weiss*1,2 & 
William Weintraub1

1Christiana Care Health Network, 
Newark, DE, USA 
2252 Chapman Road, Suite 150, 
Newark, DE 19702, USA 
*Author for correspondence: 
Tel.: +1 302 366 1929 
Fax: +1 302 366 1006 
sweiss@christianacare.org

Platelets were first identified as distinct cellu-
lar blood components over 100 years ago, with 
contemporary platelet functional testing rooted 
in the 1960s. However, throughout most of the 
20th century, platelet functional testing was 
unreliable, in part, because of the difficultly in 
simulating hemostasis in vitro and inhibiting 
artifactual activation with platelet manipula-
tion. Although these problems have not been 
eliminated in modern practice, contemporary 
functional assays have become more adept at 
dealing with them. 

There are numerous assays that measure 
platelet number and functionality. Of these, 
the appropriate test varies depending on the 
clinical situation and question at hand, such as 
the need to diagnose certain bleeding disorders, 
assessment of platelet-derived hemostasis and 
for monitoring response to antiplatelet medi-
cation. Regarding the latter, it is important to 
recognize that with the prevalent use of per-
cutaneous interventions for coronary disease 
and the resulting necessary use of aspirin and 
P2Y12 inhibitors (e.g., clopidogrel, prasugrel 
and ticagrelor), appropriate response to these 
drugs proves critical in prevention of adverse 
outcomes. Highlighting this point, clopidogrel, 
the most widely used P2Y12 inhibitor, and clop-
idogrel response variability has garnered recent 
scientific attention, emerging as a remarkably 
prevalent and controversially treatable disor-
der associated with increased risk of ischemic 

cardiovascular events. It has been estimated 
that the prevalence of clopidogrel hyporesponse 
or nonresponse ranges between 15 and 40%, 
and varies over the time course of therapy with 
dual antiplatelet therapy [1]. Numerous stud-
ies have linked high levels of platelet aggrega-
tion while on treatment with clopidogrel with 
a significant increase in the risk of fatal and 
nonfatal ischemic events in timeframes rang-
ing from 30 days to 2 years [2–15]. In addition, 
suboptimal platelet response to clopidogrel has 
been linked to stent thrombosis events, espe-
cially early in the post-percutaneous coronary 
intervention (PCI) period [10,16–19]. Recent data 
have emerged that more potent antiplatelet 
regimens, including prasugrel and ticagrelor, 
have proven more predictable and effective in 
achieving the desired antiplatelet effects [20,21]. 
However, the role of these agents in patients 
found to be poorly responsive or nonresponsive 
to clopidogrel has not been fully investigated 
and determined. 

In light of the above discussion, the aim of 
this paper is to:
�� Describe the most widely used assays used to 
determine response to antiplatelet medications;

�� Compare the utility of those assays;

�� Discuss the growing and controversial role 
these assays play on determining response to 
antiplatelet, and specifically clopidogrel, 
therapy.
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Platelet functional analysis: assays 
testing antiplatelet inhibition
In broad strokes, the functional tests used to deter-
mine response to antiplatelet therapy include mea-
surements of flow cytometry, activation-dependent 
signaling and platelet aggregation.

�� Flow-cytometry/activation-
dependent signaling
Platelets are identified and counted using sam-
ples of platelets incubated with a fluorescent 
monoclonal antibody directed against an antigen 
expressed on the platelet surface. Furthermore, 
the detection of activation-dependent receptors 
that are extruded onto the platelet surface when 
stimulated can be quantified by targeting recep-
tors such as P-selectin and activated GPIIb/IIIa. 
Platelet receptor reactivity can also be analyzed 
by detecting the end-product of intracellular 
signaling, such as VASP. However, despite these 
techniques being specific for activation status 
of the P2Y12 receptor, this method says little 
about the activation status of the platelet over-
all, which is affected by several biological fac-
tors. Therefore, although useful in many clinical 
scenarios, information about receptor expression 
and clinical outcomes are lacking. Furthermore, 
this technique is hampered by its complexity, 
requirement for highly specialized staff and 
prohibitively high cost.

�� Platelet aggregation
Light transmission aggregometry (LTA) was 
developed in the 1960s, and has since become 
the gold standard of platelet functional test-
ing. Blood is centrifuged to obtain platelet-rich 
plasma, which is then suspended between a 
light source and photocell. Platelet-rich plasma 
is suspended between two platinum wire elec-
trodes that become covered with platelets, pro-
ducing a baseline measure of light transmission. 
Agonists are used to induce platelet aggregation 
with a resulting increase in light transmission as 
recorded by the photocell. For tests of clopidogrel-
induced platelet inhibition, ADP is used as an 
agonist (typically ranging from 5–20 µmol/l), 
although thromboxane, thrombin and collagen 
are also employed in test-appropriate scenarios. 
The response depends on the baseline function 
of the platelet and the concentration of agonist, 
which change the response curve accordingly. 
Despite its accuracy, reproducibility and wide-
spread acceptance as the gold standard, LTA 
has proven to be time and labor intensive, costly 
and requires significant technical expertise for 
performance and interpretation. 

Recently, simplified point-of-care antiplatelet 
assays based on the principles of platelet aggre-
gation have become available. They are widely 
based on the idea of whole-blood analysis, which 
was developed as an alternative to the platelet-
rich plasma systems described previously. One 
such assay, VerifyNow® (Accumentrics, CA, 
USA), employs a turbidimetric-based optical 
detection system which quantifies platelet coag-
glutination with agonist-coated styrene micro-
beads [22]. The VerifyNow assay contains a prep-
aration of human fibrinogen-coated microbeads 
mixed with agonist (arachidonic acid for the 
aspirin assay and ADP [20 μmol/l] for the P2Y12 
assay). Fixed aliquots of whole-blood sample are 
automatically drawn into sample wells from the 
collection tube where platelets come in contact 
with an agonist. Aggregation is measured as 
functions of platelet-microbead coagglutination 
and light transmittance through sample using a 
proprietary algorithm, reporting values as aspirin 
reaction units or P2Y12 reaction units (PRU). 
Higher aspirin reaction units and PRU values 
reflect greater reactivity, and thus, platelet aggre-
gation. For the P2Y12 assay, a second channel 
containing a fixed concentration of the potent 
platelet agonist iso-TRAP, serves as a measure 
of maximal platelet aggregation, eclipsing the 
antiplatelet activity of clopidogrel and thereby 
obviating the need for a drug-naive sample to 
serve as a reference to the on-treatment value.

A second point-of-care assay based on 
whole-blood sampling and electrical impedance 
described with some frequency in the literature 
is multi-electrode platelet aggregometry (MEA; 
Dynabyte, Munich, Germany). The adhesion 
and aggregation of platelets on the device surface 
increases the electrical impedance between two 
sensor electrodes. The increase of impedance due 
to the increasing platelet attachment is detected 
and the electrical signal is transformed to an 
arbitrary aggregation unit (AU) that is plotted 
against time (AU × min). This device quantifies 
the aggregation measurements as the area under 
curve of AU × min. Whole blood is used with 
various target specific agonists: arachidonic acid 
and collagen for aspirin, thrombin receptor acti-
vating peptide for IIb/IIIa antagonists and ADP 
for P2Y12 inhibitors. 

Finally, Plateletworks® (Helena Laboratories, 
TX, USA) is yet another point-of-care assay 
which determines degree of platelet aggregation. 
Whole-blood aliquots are added to both baseline 
and agonist reagent tubes (collagen, ADP and/or 
arachidonic acid). The samples are then run on a 
standard impedance cell counter. Within several 
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minutes, percentage aggregation can be deter-
mined based on platelet baseline and agonist 
counts. However, one drawback to this assay 
is that it must be performed within 10 min of 
blood withdrawal to prevent spontaneous platelet 
activation. 

�� Comparison of assays measuring 
platelet inhibition
Many studies have looked at the correlation 
between assays evaluating platelet inhibition 
and, to a lesser extent, the comparison of said 
assays to predict outcomes. Especially given 
their ease of use and rapid output, recent atten-
tion has been paid to point-of-care assays, com-
paring them to the more traditional, validated 
laboratory-based methods LTA and VASP. 

Regarding this, the widest body of evidence 
exists for VerifyNow, with varied results. The 
earliest studies suggested a poor correlation 
between VerifyNow and LTA (the current gold 
standard tool for evaluating platelet inhibition), 
with correlation coefficients as low as 0.36 [23,24]. 
However, these same studies were performed 
during the earliest iterations of the VerifyNow 
assay. More recent literature has demonstrated 
a robust correlation between VerifyNow and 
LTA, with correlation coefficients as high as 
0.7–0.88 [25–27]. Similar trends have been noted 
for VerifyNow and VASP [25], which in some 
situations tended to correlate more strongly 
and with less variability than with LTA [28]. 
Interestingly however, the most contemporary 
study comparing VerifyNow with VASP deter-
mined that definite stent thrombosis events were 
associated with PRU values of more than 222, 
while VASP was found to have no association, 
calling its predictive capability into question [29].

MEA and its correlation with laboratory-based 
techniques, as well as with VerifyNow, have also 
been recently evaluated, again with somewhat 
disparate results. One study suggested a correla-
tion with LTA as high as 0.71, with similar corre-
lation to VerifyNow (r = 0.62) [30]. However, oth-
ers have not been able to substantiate this finding 
in as far as it was compared with VerifyNow, 
demonstrating more modest correlation between 
the two assays ranging from 0.39–0.47, and even 
less strongly to VASP [31,32]. Despite this, one 
recent study did demonstrate that low response 
to clopidogrel as assessed by MEA was signifi-
cantly associated with an increased risk of stent 
thrombosis in patients undergoing PCI [33].

Plateletworks was noted in a recent study to 
similarly predict outcomes alongside LTA and 
VerifyNow [34], but little is known about how 

well its findings correlate with other standard 
assays. Although Plateletworks has demon-
strated promise in being able to accurately deter-
mine levels of platelet inhibition, further study is 
warranted to determine its reliability.

Importantly, the above discussion highlights 
that VerifyNow has tended to outperform other 
point-of-care assays in demonstrating platelet 
inhibition, has comparable capabilities to the 
laboratory-based standard LTA and in some 
studies has even outperformed proven labora-
tory-based techniques such as VASP [29,35]. It 
is based on these findings that several studies 
looking at tailored therapy described below have 
utilized VerifyNow as part of their study design. 

However, to complete a full evaluation of test 
performance, one should also look at the repro-
ducibility of these assays. One study looked at 
the repeatability of LTA, MEA and VerifyNow 
when induced with arachidonic acid, and found 
that coefficients of variation for duplicate mea-
surements at baseline and during treatment with 
aspirin varied widely across assays (0.4–12 and 
3–46%, respectively). The day-to-day variabil-
ity was also quite marked (3–37%). VerifyNow 
varied the least (0.4–3%), while MEA varied 
the most (8–46%) between baseline and on-
treatment measurements [36]. Similarly, LTA 
was shown to have reasonable short term repro-
ducibility, but the long-term reproducibility was 
quite poor [37]. A review of the various assays spe-
cific to clopidogrel-induced platelet inhibition is 
presented in Table 1. 

In summary, if one is interested in testing 
platelet inhibition, no test is perfect. Either one 
accepts time and expense for laboratory-based 
standards, or accepts the potential limitations 
of reliability and reproducibility in all method-
ologies, but especially point-of-care measures. 
Despite their imperfections, these tools are what 
we have available and play an important role in 
the growing field of patient-centered care. It is 
with this in mind that we turn our discussion to 
the arena of platelet reactivity testing in patients 
treated with antiplatelet medications.

The current controversy over platelet 
reactivity testing
Platelet activation occurs independently through 
binding of circulating and locally released ADP 
to the ADP P2Y12 platelet surface receptor. This 
receptor modulates phosphorylation of intra-
cellular VASP via a G-protein coupled mecha-
nism, with resultant conformational activation 
of the platelet glycoprotein IIb/IIIa receptor. 
Clopidogrel, the most commonly prescribed 
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P2Y12 inhibitor, irreversibly binds the P2Y12 
receptor, disabling this activation pathway for the 
life of the platelet [38]. Whereas large-scale clini-
cal trials conducted over the past several decades 
have demonstrated the utility of various anti-
platelet regimens in the primary and secondary 
prevention of atherothrombotic cardiovascular 
events, many treated patients continue to accrue 
such events. In the landmark CURE trial, clopi-
dogrel in combination with aspirin – that is, dual 
antiplatelet therapy, was demonstrated to reduce 
the risk of cardiovascular end points by 20% 
compared with aspirin alone in the overall study 
population [39]. However, 10% of patients con-
tinued to have events on dual antiplatelet therapy 
[38], suggesting that the protective effects of this 
therapy were perhaps incomplete. More recent 
mechanistic studies support this contention and 
have revealed the existence of significant inter-
patient clopidogrel response variability. It has 
been estimated that the prevalence of clopidogrel 
hyporesponse or nonresponse ranges from 15 to 
40% [40]. In patients who remain adherent to 
clopidogrel therapy, clinical factors such as dia-
betes mellitus, increased BMI, impaired intesti-
nal absorption and competitive antagonism of 
liver CYP isozymes by conjunctive pharmaco
therapies may contribute to clopidogrel response 
variability. Cellular factors including increased 
ADP exposure, upregulation of P2Y12 recep-
tors and accelerated platelet turnover add to 
overall resistance, and polymorphisms in the 
genes encoding the various CYP isozymes also 
appear to significantly contribute to clopidogrel 
response variability. CPY2C19 in particular 
appears to play a particularly prominent role in 
both the biotransformation of clopidogrel, as 
well as clopidogrel resistance. 

It follows that the utilization of the tools 
previously described that measure degree of on-
treatment platelet reactivity would be of clinical 
value. In fact, these tools have been increasingly 
utilized in studies correlating high platelet reac-
tivity to clinical outcomes [14,15]. For example, 
the ARMYDA-PRO study showed that the 
highest quartile platelet reactivity measured by 
VerifyNow was associated with higher incidence 
of major adverse cardiovascular events compared 
with the lowest quartile reactivity [15], an out-
come that was mostly driven by incidence of 
periprocedural myocardial infarction. Similarly, 
Marcucci et  al. noted that platelet reactivity 
greater than or equal to 240 PRU in patients 
undergoing PCI was an independent predictor 
of 12-month cardiovascular death and nonfatal 
myocardial infarction [14]. 

Although platelet reactivity testing is attrac-
tive in theory, widespread support for routine 
use has been hindered by several scientific and 
practical issues. First, there has been a lack of 
definitional standardization for clopidogrel ‘non-
responsiveness’ or ‘resistance.’ Some studies have 
looked at absolute difference between baseline 
(pretreatment) platelet aggregation and post-
treatment aggregation [41], while others have 
looked at the baseline-referenced percentage 
decrease or inhibition of platelet aggregation 
[19]. Neither methodology, however, adheres to 
a uniform cutoff value for nonresponse. A sec-
ond important impediment has been the lack 
of a widely-accepted standard methodology 
for assessment of on-treatment platelet reactiv-
ity/aggregation and the question of nonuniform 
agreement among tests, as described earlier. 
Finally, and probably most importantly, there is 
only a modest ability for these tests to accurately 

Table 1. Platelet functional analysis assays for clopidogrel-induced platelet inhibition.

Assay Type PPV/NPV† Ease of use Expense High platelet reactivity cutoff†

Light transmission 
aggregometry 

Platelet-rich plasma 
aggregometry

12/94% (5 μmol 
ADP aggregation)
12/94% (20 μmol 
ADP aggregation)

+ +++ 43%(5 μmol ADP aggregation)
65%(20 μmol ADP aggregation)

Vasodilator-stimulated 
phosphoprotein 
phosphorylation 

Flow cytometry 18/100% + +++ 50% VASP-PRI

Multi-electrode platelet 
aggregometry

Whole-blood 
aggregometry

2.5/100% +++ + 468 AU x min

Plateletworks Whole-blood 
aggregometry

12.6/93.9% +++ + 80.5%

VerifyNow® P2Y12 Whole-blood 
aggregometry

13.3/94.3% +++ + 236 PRU

+: Minimal: +++: Maximal; AU × min: Arbitrary aggregation units x minutes; NPV: Negative predictive value; PPV: Positive predictive value; PRU: P2Y12 reaction units; 
VASP-PRI: Vasodilator stimulate phosphoprotein-platelet reactivity index. 
†Data taken from [33,34,74].
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predict clinical outcomes. This was evaluated in 
the POPULAR study, in which on-treatment 
platelet reactivity was evaluated with several 
different assays in over 1000 patients on clopi-
dogrel following elective stent implantation [34]. 
Although the incidence of cardiovascular events 
at one year in POPULAR was significantly 
higher in patients with high on-treatment plate-
let reactivity compared with those with normal 
platelet reactivity, consistent with the finding 
of Marcucci et al. and Patti et al. (on average 
12 vs 6%) [42,43], the ability for the three most 
robust tests (LTA, VerifyNow and Plateletworks) 
to discriminate those having and not having an 
event was at best modest, with sensitivities of 
55–63% and specificities of 59–64%. This was 
further supported by the recent evaluation of 
VerifyNow in patients with definite and prob-
able stent thrombosis in two studies, the largest 
of which was the ADAPT-DES trial. The study 
demonstrated that although high on-treatment 
PRU was associated with events in the overall 
population of over 11,000 patients (three-fold 
increased risk of 30-day stent thrombosis), there 
existed considerable overlap in on-treatment 
PRU levels in patient with and without stent 
thrombosis [29,44]. The limited sensitivity and 
specificity made the test questionably helpful 
in the individual patient. This was thought to 
be in part due to the low stent thrombosis rate 
in the overall population (0.46%), and more 
pronounced in stable patients without acute 
coronary syndrome (ACS; stent thrombosis rate 
0.22%).

A great deal of attention has been paid to 
the VerifyNow assay, which is demonstrated by 
the above discussion. It is impossible to avoid 
such discussion as a significantly larger body 
of evidence simply exists for VerifyNow com-
pared with other assays, and especially other 
point-of-care assays. This is, in part, because 
of its ease of use and proven reliability com-
pared with standard techniques. However, 
ADAPT-DES was the first large-scale analysis 
to call the utility of the VerifyNow assay into 
question and perhaps giving pause to its growing 
popularity.

�� Drug metabolite measurements
Although the previous discussion focused on 
assays used to measure response to antiplatelet 
therapy, a brief word about drug metabolite mea-
surements, specifically the products of clopido-
grel metabolism, is warranted. Not a great deal 
of research has been devoted to this area and lim-
ited information exists regarding comparisons 

of drug metabolite measurements to standard 
measurements of platelet reactivity. However, 
the limited data that do exist suggest the main 
product of clopidogrel metabolism, carboxylic 
acid, is significantly variable from patient to 
patient, consistent with the variability noted by 
assays aimed at platelet reactivity [45]. However, 
beyond potentially having a role in determining 
patient compliance with clopidogrel by the pres-
ence of quantifiable drug metabolite, its scope in 
detecting degree of platelet inhibition is limited 
to the research arena. 

�� Can high on-treatment platelet 
reactivity be overcome & should 
platelet reactivity testing play a part?
Indeed, while several studies have demonstrated 
that increasing the dose of clopidogrel load and 
maintenance can reduce platelet hyporesponse 
[46–49], trials evaluating dose adjustment in 
response to high platelet reactivity and clini-
cal outcomes have been equivocal. One study 
demonstrated that VASP-guided repeat loading 
with clopidogrel (up to three additional doses) 
in patients undergoing PCI with a more than 
50% VASP index (high platelet reactivity) to 
achieve adequate inhibition resulted in signifi-
cantly fewer major adverse cardiovascular events 
at 1 month compared with standard treatment 
[50]. Similarly, two prospective studies demon-
strated tailored loading of clopidogrel effectively 
reduced high on-treatment platelet reactivity and 
decreased 30-day cardiovascular events [51,52]. 
However, the GRAVITAS trial, the largest pro-
spective randomized study evaluated over 2200 
subjects with high platelet reactivity on clopi
dogrel as measured by VerifyNow following 
PCI with a drug-eluting stent [53]. The groups 
were randomly assigned to standard-dose clopi
dogrel (no load, 75 mg/day) or high-dose clopi-
dogrel (600 mg load, 150 mg/day thereafter) 
for 60 days. The primary end point (6-month 
incidence of death from cardiovascular causes, 
nonfatal myocardial infarction or stent throm-
bosis) was nearly identical between groups, a 
remarkable low 2.3%. However, the study’s abil-
ity to obtain reduced platelet reactivity in patient 
in the high maintenance-dose clopidogrel arm 
was hampered as 40% of that population did not 
achieve this goal. Therefore, as a means to either 
support or refute the findings in GRAVITAS, 
the ARCTIC study (NCT00827411) proposed 
that dose adjustment of clopidogrel, based on 
biological monitoring by VerifyNow, would 
reduce the rate of severe cardiovascular compli-
cations compared with a conventional strategy in 



Interv. Cardiol. (2012) 4(5)542 future science group

review   Weiss & Weintraub

patients scheduled for drug-eluting stent implan-
tation and followed up for 1 year [54,101]. The 
study has completed enrollment, but the results 
have not yet been reported.

A second potential avenue for overcoming 
poor response to clopidogrel may lie in the new 
P2Y12 agents prasugrel and ticagrelor. They are 
of clinical interest in that they have been shown 
to consistently reduce platelet reactivity as they 
are not affected by the cytochrome alleles that 
reduce clopidogrel effectiveness [55,56]. However, 
whether choosing one of these alternatives a pri-
ori in patients with high on-treatment platelet 
reactivity with clopidgrel results in improved 
clinical outcomes, has not been shown. For 
example, the TRIGGER-PCI trial, which ran-
domized patients with high on-treatment plate-
let reactivity, as measured by VerifyNow, to 
either prasugrel or continued clopidogrel, was 
terminated prematurely due to futility [57].

In accordance with the limitations noted 
above, several societies, including the 2008 
American College of Chest Physicians clini-
cal practice guidelines, a 2010 report from the 
American College of Cardiology Foundation and 
the American Heart Association, a 2010 report 
endorsed by the Society for Cardiovascular 
Angiography and Interventions and the Society 
of Thoracic Surgeons and a 2010 ‘white paper’ 
from the Journal of the American College of 
Cardiology do not endorse routine testing of 
platelet reactivity or changing therapy based on 
results of this testing [58–60].

�� The role of genetic testing 
One final related consideration is that of testing 
for reduced-function CYP alleles. Although it 
does not speak to the functionality of platelets 
in patients treated with antiplatelet medications, 
it is becoming increasingly difficult to separate 
functionality from the genetic make-up that cre-
ates said functionality in patients treated with 
clopidogrel. This is highlighted by the black box 
warning for clopidogrel (which does not point 
to functional testing, but genetic testing) and 
the growing number of studies that are aimed 
at both functional assessment, as well as genetic 
determination. Therefore, the authors will 
briefly focus on the role for genetic testing.

Individuals with the wild-type CYP2C19 vari-
ant account for approximately 35% of the gen-
eral population, and are termed extensive metab-
olizers. This variant results in 40–60% platelet 
inhibition on average by LTA. Individuals with 
the gain-of-function allele account for another 
30% of the general population, and are termed 

ultra-rapid metabolizers. However, several loss-
of-function alleles have been identified and 
confer a 45–55% relative reduction in platelet 
inhibition compared with extensive metaboliz-
ers. As such, carriers of these loss-of-function 
allele combinations have been termed poor 
metabolizers. However, poor metabolizers are 
relatively rare, comprising approximately 2% of 
the Caucasian population [61–63].

Recent studies have found that ACS patients 
with reduced-function CYP2C19 alleles are sig-
nificantly more likely to develop cardiovascular 
events and acute stent thromboses compared 
with noncarriers in a timeframe ranging from 
15 months to 8 years after initiation of clopi-
dogrel therapy [64–68]. In a substudy of the 
TRITON-TIMI 38 trial, clopidogrel-treated 
carriers of a reduced-function CYP2C19 allele 
had a 53% relative increase in cardiovascular 
death, myocardial infarction and stoke com-
pared with noncarriers. It was additionally 
noted that carriers of the reduced-function 
CYP2C19 allele had a significant increase in 
platelet aggregation as seen by LTA compared 
with noncarriers as they were exposed to 32.4% 
less active drug [66]. This further held true in 
a population mostly comprised of post-PCI 
patients (91%), where 1.6-fold increased risk 
of death, myocardial infarction or stroke was 
demonstrated among carriers of one loss-of-
function allele and 1.8-fold increased risk was 
demonstrated if the patient carried two such 
alleles [61]. However, not all evidence supports 
these findings. For instance, retrospective anal-
yses from the CURE and the PLATO trials, 
which included both PCI and medically treated 
patients, failed to demonstrate that loss-of-
function alleles were associated with increased 
cardiovascular risk [62,63]. Furthermore, a 
pooled analysis of observational cohorts only 
showed a weak 1.12-fold increased risk of car-
diovascular events associated with carriage of 
a single loss-of-function allele and a 1.22-fold 
risk in those who carry two [61]. The utility of 
genomic testing is further called into question 
when loss-of-function carriers are common, 
but the rate of events, and specifically the rate 
of stent thrombosis, which is intertwined with 
clopidogrel nonresponse, is rather infrequent 
by comparison. 

The US FDA recently distributed a black box 
warning for clopidogrel, noting that reduced 
effectiveness of the drug could be seen in 
patients who are poor metabolizers, that tests are 
available to identify genetic variants that could 
lead to poor clopidogrel metabolism and that 
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healthcare professionals should consider alterna-
tive agents or dosing strategies for such patients. 
Exactly what those alternatives are remains to 
be seen, but recent evidence shows treatment 
with high-dose maintenance clopidogrel (150–
300 mg daily) compared with standard dose fails 
to alter high on-treatment platelet reactivity in 
homozygote carriers of loss-of-function alleles, 
nor does it reliably overcome the influence of 

loss-of-function alleles in heterozygotes [69–71]. 
Furthermore, the often noted gastric side effects 
of high-dose clopidogrel make this regimen 
impractical. Regarding alternative agents, carri-
ers of loss-of-function alleles in TRITON TIMI-
38 treated with prasugrel did not demonstrate 
an increased risk of stent thrombosis while, as 
previously noted, those treated with clopido-
grel had a significantly increased rate of stent 

Executive summary

Platelet functional analysis: assays testing antiplatelet inhibition
�� The functional tests used to determine response to antiplatelet therapy include measurements of flow cytometry, activation-dependent 

signaling and platelet aggregation.
�� Light transmission aggregometry is considered the gold standard but is labor intensive and expensive.
�� Point-of-care assays that are widely based on whole-blood aggregometry include VerifyNow® (Accumentrics, CA, USA), multi-electrode 

aggregometry and Plateletworks® (Helena Laboratories, TX, USA). 

Comparison of assay measuring platelet inhibition
�� VerifyNow is the point-of-care assay that has demonstrated the greatest degree of reproducibility and reliability in determining degree of 

platelet inhibition compared with the gold standard, light transmission aggregometry. 
�� Less is known about multi-electrode aggregometry and Plateletworks as the body of evidence is not as robust as for VerifyNow. 

Multi-electrode aggregometry has less data suggesting its reliability and predictive capability, but Plateletworks has demonstrated some 
promise.

The current controversy over platelet reactivity testing
�� Dual antiplatelet therapy with aspirin and a thienopyridine is the mainstay of treatment for patients with manifest coronary disease, 

and specifically those undergoing percutaneous intervention. Several factors, however, limit the effectiveness of this therapy, with 
thienopyridine and, specifically, clopidogrel resistance playing a prominent and widely publicized role. 

�� Studies have been aimed at identifying patients at risk for major cardiovascular events and stent thrombosis using the assays described 
above, with VerifyNow prevalently utilized as the assay of choice.

�� Although initially attractive, the use of platelet reactivity testing has been hampered by several factors: 
-	 A lack of definitional standardization for clopidogrel ‘nonresponsiveness’ or ‘resistance’;

-	 The lack of a widely-accepted standard methodology for assessment of on-treatment platelet reactivity/aggregation and the 
question of uniform agreement among tests;

-	 The, at best, modest ability for these test to accurately predict clinical outcomes. 

Drug metabolite measurements
�� Clopidogrel metabolism products demonstrated wide inter-patient variability, similar to that seen with absolute antiplatelet response to 

clopidogrel by platelet inhibition testing.
�� Beyond potentially having a role in determining patient compliance with clopidogrel by the presence of quantifiable drug metabolite, its 

scope in detecting degree of platelet inhibition is limited to the research arena. 

Can high on-treatment platelet reactivity be overcome & should platelet reactivity testing play a part? 
�� Studies aimed at altering clinical outcomes by assay-guided changes in clopidogrel dosing have resulted in no statistically significant 

improvement to the present time. 
�� Studies aimed at altering clinical outcomes by assay-guided changes in P2Y12 inhibitor choices to newer, more potent agents, have 

been similarly disappointing.
�� Ongoing studies directed at the above questions will attempt to either support or refute the previously reported findings.
�� Guidelines and the major cardiovascular societies do not currently support the role of platelet reactivity testing to guide decisions about 

drug dosing and agent choices.

The role of genetic testing
�� CYP2C19 contributes largely to the metabolism of clopidogrel. CYP2C19 alleles further make up a large component of the genetic 

variation leading to clopidogrel-response variability.
�� Patients considered poor metabolizers of clopidogrel via loss-of-function alleles have been found to be at increased risk of cardiovascular 

events after stent placement.
�� However, the results are controversial as the high prevalence of reduced-function alleles does not correlate with the much lower rate of 

stent thrombotic events.
�� Studies to date have not reliably demonstrated an improvement in platelet reactivity or clinical outcomes in clopidogrel dose adjustments 

in patients with loss-of-function alleles. However, retrospective analyses have suggested promise in alternative P2Y12 inhibitor choices in 
patients with loss-of-function alleles. 

�� Studies are currently underway, which will attempt to demonstrate an improvement in clinic outcomes by changing therapy based on 
genetically proven clopidogrel poor response.
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thrombotic events [72]. Similarly, in a genetic 
substudy of PLATO, ticagrelor was associated 
with a reduced incidence of events compared 
with clopidogrel regardless of genotype status 
[63]. In summary, prasugrel and ticagrelor may 
mitigate the adverse effects of loss-of-function 
alleles, but currently only retrospective analyses 
are available. Ongoing prospective PAPI-2 trial 
(NCT01452152), which will randomize genet-
ically-proven poor-responders to clopidogrel or 
prasugrel, seeks to shed light on whether genetic-
guided therapy choices will result in improved 
outcomes [102].

Conclusion & future perspective
Moving forward, the use of guided therapy may 
find its niche in clinical practice but currently 
the field remains murky. Point-of-care platelet 
reactivity testing has proven itself to be a rea-
sonably reliable and rapid method of estimating 
clopidogrel response compared with our labo-
ratory-based standards. These tests, and more 
recently CYP2C19 genetic testing, have become 
increasingly available, making it much easier to 
make such determinations. With the multitude 
of variables affecting the metabolism of clopido-
grel, many clinicians are left wondering how to 
maneuver when high levels of platelet reactivity 
are noted on therapy, especially considering the 
relatively low rate of manifest stent thrombotic 
events. This may also have major implications 
now that clopidogrel has a generic formulation 
and chosing between the market standard ver-
sus superior but more expensive alteranatives 
becomes an everyday decision. When faced with 
borderline platelet inhibition values in patients 
loaded and maintained on clopidogrel and given 
the current disparity of clinical trial outcomes, 

it is unclear whether the practice of additional 
clopidogrel loading or a change to a different 
agent is of value, a statement that succinctly 
highlights the opinion of the authors in this 
very unsettled arena. ARCTIC will attempt to 
support or refute the knowledge garnered from 
GRAVITAS in demonstrating that dose adjust-
ment of clopidogrel will yield improved cardio-
vascular outcomes. Further, the P2Y12 substudy 
of TRILOGY-ACS (NCT00699998) aims to 
compare prasugrel with clopidogrel among 
medically-managed non-ST elevation ACS 
patients [73,103]. It’s goal will be to provide the 
largest prospective data integration of functional 
analysis via VerifyNow and pharmacogenomics 
in patients with ACS treated with clopidogrel 
versus prasugrel. It has the potential to extend 
the scope of both functional and genomic test-
ing to a larger patient subset in that the study 
is uniquely testing only medically-managed 
patients. Finally, the pharmacogenomics piece 
will also be substantiated or refuted by the 
ongoing PAPI-2 study. In summary, however, 
until we prove that changing the dose or type 
of therapy because of the results of functional or 
genomic testing is beneficial, we will continue to 
maneuver somewhat blindly. 
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