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CLOPIDOGREL BLOCKS THE

platelet P2Y12 adenosine
diphosphate (ADP) recep-
tor, inhibition of which has

been shown to reduce cardiovascular
events in patients with an acute coro-
nary syndrome (ACS) and in those
undergoing percutaneous coronary
intervention (PCI).1-4 Although the
standard 75-mg daily maintenance
dose of clopidogrel has proven to be
clinically efficacious in these settings,
variability in the pharmacodynamic
response to clopidogrel is well recog-
nized, and patients with higher plate-
let reactivity while receiving clopido-
grel are at increased risk of adverse
cardiovascular events.5 Clopidogrel, a
prodrug, needs to undergo biotrans-

formation to form an active metabo-
lite, and interindividual differences
in clopidogrel metabolism are a

Author Affiliations are listed at the end of this article.
Corresponding Author: Jessica L. Mega, MD, MPH,
Brigham and Women’s Hospital, 75 Francis St, Bos-
ton, MA 02115 (jmega@partners.org).

Context Variants in theCYP2C19gene influencethepharmacologicandclinical response
to the standard 75-mg daily maintenance dose of the antiplatelet drug clopidogrel.

Objective To test whether higher doses (up to 300 mg daily) improve the response
to clopidogrel in the setting of loss-of-function CYP2C19 genotypes.

Design, Setting, and Patients ELEVATE-TIMI 56 was a multicenter, randomized,
double-blind trial that enrolled and genotyped 333 patients with cardiovascular dis-
ease across 32 sites from October 2010 until September 2011.

Interventions Maintenance doses of clopidogrel for 4 treatment periods, each last-
ing approximately 14 days, based on genotype. In total, 247 noncarriers of a CYP2C19*2
loss-of-function allele were to receive 75 and 150 mg daily of clopidogrel (2 periods
each), whereas 86 carriers (80 heterozygotes, 6 homozygotes) were to receive 75, 150,
225, and 300 mg daily.

Main Outcome Measures Platelet function test results (vasodilator-stimulated phos-
phoprotein [VASP] phosphorylation and VerifyNow P2Y12 assays) and adverse events.

Results With75mgdaily,CYP2C19*2heterozygoteshadsignificantlyhigheron-treatment
platelet reactivity than did noncarriers (VASP platelet reactivity index [PRI]: mean, 70.0%;
95% CI, 66.0%-74.0%, vs 57.5%; 95% CI, 55.1%-59.9%, and VerifyNow P2Y12 reac-
tionunits[PRU]:mean,225.6;95%CI,207.7-243.4,vs163.6;95%CI,154.4-173.9;P�.001
for both comparisons). Among CYP2C19*2 heterozygotes, doses up to 300 mg daily sig-
nificantly reducedplatelet reactivity,withVASPPRIdecreasing to48.9%(95%CI,44.6%-
53.2%)andPRUto127.5(95%CI,109.9-145.2) (P�.001for trendacrossdoses forboth).
Whereas 52% of CYP2C19*2 heterozygotes were nonresponders (�230 PRU) with 75
mg of clopidogrel, only 10% were nonresponders with 225 or 300 mg (P� .001 for both).
Clopidogrel, 225mgdaily, reducedplatelet reactivity in CYP2C19*2heterozygotes to lev-
els achieved with standard clopidogrel, 75 mg, in noncarriers (mean ratios of platelet re-
activity, VASP PRI, 0.92; 90% CI, 0.85-0.99, and PRU, 0.94; 90% CI, 0.84-1.04). In
CYP2C19*2 homozygotes, even with 300 mg daily of clopidogrel, mean VASP PRI was
68.3% (95% CI, 44.9%-91.6%) and mean PRU, 287.0 (95% CI, 170.2-403.8).

Conclusion Among patients with stable cardiovascular disease, tripling the mainte-
nance dose of clopidogrel to 225 mg daily in CYP2C19*2 heterozygotes achieved lev-
els of platelet reactivity similar to that seen with the standard 75-mg dose in noncar-
riers; in contrast, for CYP2C19*2 homozygotes, doses as high as 300 mg daily did not
result in comparable degrees of platelet inhibition.
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source of the variable response to the
antiplatelet medication.

Cytochrome P450 (CYP) enzymes
play a critical role in the metabolism of
clopidogrel. Multiple studies have dem-
onstrated that both heterozygotes and
homozygotes for loss-of-function
CYP2C19 alleles have lower levels of the
active clopidogrel metabolite,6,7 dimin-
ished platelet inhibition,8,9 and higher
rates of adverse cardiovascular events as
compared with noncarriers in the set-
ting of treatment with standard 75-mg
maintenance doses of clopidogrel.10

Regulatory agencies, including the US
Food and Drug Administration (FDA)
and the European Medicines Agency,
have responded to these data. In the case
of the FDA, a boxed warning was added
to the clopidogrel prescribing informa-
tion that recommends considering alter-
native treatment strategies in patients
with particular CYP2C19 genotypes.

As such, data are needed to offer
guidance as to what might constitute
optimal treatment strategies in pa-
tients with loss-of-function CYP2C19

alleles. Although newer P2Y12 inhibi-
tors are available that are unaffected by
CYP2C19 genotype, these medica-
tions can be expensive and are not ac-
cessible in all countries. In contrast,
clopidogrel is widely available, al-
ready generic in some countries, and
anticipated to be generic in the United
States in 2012, which may influence the
cost.

T h e r e f o r e , w e c o n d u c t e d
ELEVATE-TIMI 56, a multicenter,
randomized, double-blind trial, to
test whether maintenance doses of
up to 300 mg daily of clopidogrel can
improve platelet reactivity in the set-
ting of the major loss-of-function
CYP2C19 genotype (CYP2C19*2),
particularly among heterozygotes,
who constitute approximately 25% to
45% of the population depending on
racial background. We hypothesized
that: (1) increasing the maintenance
doses of clopidogrel in patients
who carry a CYP2C19*2 allele will
correspondingly reduce platelet reac-
tivity, and (2) among carriers of

CYP2C19*2, a higher maintenance
dose of clopidogrel can be found that
reduces platelet reactivity to the lev-
els achieved in noncarriers treated
with the established, standard 75-mg
daily maintenance dose of clopido-
grel.

METHODS
In total, 335 patients from 32 sites were
enrolled from October 2010 until Sep-
tember 2011 in the trial, which was con-
ducted in patients with known cardio-
vascular disease taking 75 mg of
clopidogrel daily (FIGURE 1). To be eli-
gible, patients needed to have an indi-
cation for the use of clopidogrel (either
a myocardial infarction [MI] and/or PCI
�4 weeks and �6 months prior to en-
rollment) and be clinically stable. All
patients took aspirin, 81 to 325 mg,
daily, and they were requested to keep
taking a stable dose during the study
if medically indicated. Key exclusion
criteria were use of anticoagulants or
proton pump inhibitors (PPIs), cur-
rent smoking, prior stent thrombosis,

Figure 1. Patient Flow Diagram

333 Provided adequate sample for blinded genotyping

335 Patients enrolled

237 Included in the primary analysis (≥1 follow-up platelet sample)
10 Excluded

9 No follow-up platelet samples
1 Determined to have another loss-of-function CYP2C19 allele

82 Included in the primary analysis (≥1 follow-up platelet sample)
77 CYP2C19∗2 heterozygotes
5 CYP2C19∗2 homozygotes

4 Excluded (no follow-up platelet samples)

233 Randomized 82 Randomized

247 CYP2C19∗2 noncarriers allocated to treatment with blinded 
daily clopidogrel (each dose~14 days): 75 mg and 150 mg

86 CYP2C19∗2 carriers allocated to treatment with blinded 
daily clopidogrel (each dose~14 days): 75 mg and 150 mg

14 Allocated to initial treatment but
discontinued before randomization
to subsequent sequences

4 Allocated to initial treatment but
discontinued before randomization
to subsequent sequences

2 Excluded (not genotyped)

116 Randomized to receive
the following sequence of
blinded daily clopidogrel
(each  dose~14 days):
75 mg and 150 mg

117 Randomized to receive
the following sequence of
blinded daily clopidogrel
(each dose~14 days):
150 mg and 75 mg

41 Randomized to receive
the following sequence of
blinded daily clopidogrel
(each dose~14 days):
225 mg and 300 mg

41 Randomized to receive
the following sequence of
blinded daily clopidogrel
(each dose~14 days):
300 mg and 225 mg

The number of individuals screened for eligibility is not known.
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heightened risk of bleeding, end-stage
renal or hepatic disease, or a proce-
dure or hospitalization planned in the
next 12 weeks.

Study Protocol

Atthetimeofenrollment,abaselineclini-
cal evaluation was performed, and each
patient underwent blood sampling for
blindedgenotypingandplatelet function
testing. A pyrosequencing assay was
performedattheCenterforAdvancedMo-
lecularDiagnosticsatBrighamandWom-
en’sHospital toassessforCYP2C19*2sta-
tus (National Center for Biotechnology
Information[NCBI]genomebuild37.1,
NG_008384). Genotyping was re-
peated using a Nanosphere Verigene
2C19/CBS nucleic acid research-use-
only assay. A total of 333 individuals
were successfully genotyped and con-
firmed for CYP2C19*2 status.

Patients were allocated, using a cen-
tral interactive voice response system
(WorldwideClinicalTrials), toablinded
sequenceofmaintenancedosesof clopi-
dogrel for 4 treatment periods, each ap-
proximately 14 (±3) days. Patients who
werecarriersofCYP2C19*2 received75,
150, 225, and 300 mg daily of clopido-
grel (invarious sequences).Noncarriers
received 75 and 150 mg daily (2 periods
of each dose) of clopidogrel (in various
sequences).At theendofeach treatment
period,platelet function testingwasper-
formedandischemic,bleeding,andother
adverseeventswereascertained.Afterthe
laststudydrugtreatmentperiod,patients
resumedtheirprestudyantiplateletmedi-
cationif indicatedandwerecontactedap-
proximately30dayslatertoassessforany
adverse events.

The trial was approved by the insti-
tutional review board of each partici-
pating site, and participants provided
written informed consent. An indepen-
dent data and safety monitor reviewed
unblinded data.

End Points

The outcome measurement was on-
treatment platelet reactivity index (PRI)
determined through flow cytometric as-
sessment of phosphorylation status of va-
sodilator-stimulated phosphoprotein

(VASP). The VASP PRI was determined
from ambient blood samples sent to the
Center for Platelet Research Studies
(Children’s Hospital Boston), which was
blinded to patient treatment group.11

Platelet function testing was also con-
ducted at each site with an encrypted
point-of-care device (VerifyNow P2Y12

test; Accumetrics) and reported as P2Y12

reaction units (PRU), indicating the
amount of ADP-mediated platelet aggre-
gation specific to the platelet P2Y12 re-
ceptor. Nonresponder status was pre-
specified at 230 PRU or greater.12 Based
on data that emerged after initiation of
ELEVATE-TIMI 56,13 an additional cut
point of 208 PRU or greater was also ex-
plored. Fatal, cardiovascular, cerebro-
vascular, and bleeding events were also
assessed at each visit. These events were
adjudicated by a blinded clinical event
adjudicator. Adverse events and seri-
ous adverse events were collected.

Statistical Analysis

Continuous data are presented as means
and 95% confidence intervals, and cat-
egorical data are presented as counts and
percentages unless otherwise speci-
fied. The analytic data set consisted of
all patients who were successfully geno-
typed, with the exception of 1 patient
who was ultimately found to have a
non–*2 loss-of-function CYP2C19 al-
lele (and therefore never received the
225- or 300-mg dose of clopidogrel). No
imputation was applied for missing data,
and platelet function data were ana-
lyzed per-protocol.

The association of different doses of
clopidogrel (test of trend) with plate-
let reactivity among carriers (with het-
erozygotes and homozygotes tested
separately and combined) and noncar-
riers of the CYP2C19*2 loss-of-
function allele was evaluated by fit-
ting a repeated mixed model with
patient as a random effect and doses as
fixed effects, and, in the case of VASP
PRI, adjusting for the time from sample
collection to analysis. No significant
carryover effects were detected for the
dose sequences among CYP2C19*2
noncarriers (P=.82) or carriers (P=.46).
Least square means and the differ-

ences among the means were calcu-
lated. Pairwise differences among means
(ie, between individual clopidogrel
maintenance doses) were assessed.
Tukey-Kramer correction for multiple
testing was used. Proportions of non-
responders were compared within each
genotype group using a generalized lin-
ear model to account for correlated ob-
servations. A 2-sided P value of less than
.05 was set as the level of significance.

The least square means from the
mixed models were used to test whether
higher maintenance doses of clopido-
grel in carriers of a loss-of-function
CYP2C19 allele could result in similar
platelet inhibition as compared with a
standard maintenance dose of clopido-
grel in noncarriers. Differences among
the least square means were calcu-
lated and reported with the 95% con-
fidence intervals. Ratios of the means
were calculated with 90% confidence
intervals, and equivalence boundaries
of 0.8 to 1.25 were used, extrapolating
from prior FDA guidance.14

To obtain at least 80% power to de-
tect a 7.5% difference in the paired
VASP PRI means of the tested doses
(which corresponds to 50% of the ob-
served difference seen with increasing
the maintenance dose of clopidogrel
from 75 to 150 mg in patients of un-
known genotype),15 and maintaining an
overall � of .05 for the study, at least
76 CYP2C19 loss-of-function allele car-
riers were required. In this calcula-
tion, the standard deviation of the dif-
ference was assumed to be 20%. Based
on an estimate of the proportion of pa-
tients carrying a CYP2C19 loss-of-
function allele, the total sample size
needed to be at least 254.

The following clinical outcomes were
assessed by dose for CYP2C19*2 carri-
ers and noncarriers using an intention-
to-treat approach: death (cardiovascu-
lar and noncardiovascular), cardiac
ischemic events (MI, unstable angina,
urgent coronary revascularization),
cerebrovascular events (stroke and tran-
sient ischemic attack), and bleeding
(Thrombolysis in Myocardial Infarc-
tion[TIMI] scales). Analyses were con-
ducted using SAS version 9.2.
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RESULTS
In total, 333 patients were enrolled and
underwent genotyping. Their mean (SD)
age was 60.2 (9.9) years, 74.8% were
male, 57.1% had a history of MI, and
97.3% had a history of PCI. A total of 247
patients were noncarriers of a
CYP2C19*2 allele whereas 86 were car-

riers (80 heterozygotes and 6 homozy-
gotes).Clinical characteristicsdidnotdif-
fer between the carrier and noncarrier
groups (TABLE 1). The adherence rates
for the 75-, 150-, 225-, and 300-mg doses
of clopidogrel among CYP2C19*2 car-
riers on study drug were 97.3%, 98.1%,
98.6%, and 98.3%, respectively.

Response to Higher Doses
of Clopidogrel
When treated with a standard clopido-
grel maintenance dose of 75 mg daily,
both CYP2C19*2 heterozygotes and ho-
mozygotes had significantly higher on-
treatment platelet reactivity than did
noncarrier patients (mean VASP PRI,
70.0%; 95% CI, 66.0%-74.0%, and
86.6%; 95% CI, 80.7%-92.5%, vs 57.5%;
95% CI, 55.1%-59.9%; P� .001 for both
comparisons). Among CYP2C19*2 het-
erozygotes, higher clopidogrel main-
tenance doses (up to 300 mg) pro-
duced significant reductions in platelet
reactivity (P� .001 for trend) (FIGURE 2
and TABLE 2). Each 75-mg more of
clopidogrel daily resulted in an ap-
proximate 8% to 9% absolute reduc-
tion in VASP PRI, with some attenua-
tion between the 2 highest doses.
Moreover, individual pairwise com-
parisons between the higher daily doses
of clopidogrel (150, 225, and 300 mg)
and the 75-mg daily dose of clop-
idogrel were all statistically signifi-
cant (P� .001) as were comparisons
between each of the higher doses
(P� .001) except for the comparison
between 225 and 300 mg daily.

The VerifyNow results as assessed by
PRU were similar to the VASP data
across dose and genotype (Table 2).
When treated with the standard main-
tenance dose of clopidogrel, 75-mg
daily, both CYP2C19*2 heterozygotes
and homozygotes had significantly
higher platelet reactivity than did non-
carrier patients (mean PRU, 225.6; 95%
CI, 207.7-243.4, and 328.8; 95% CI,
247.9-409.7, vs 163.6; 95% CI, 154.4-
173.9; P � .001 for both compari-
sons). Analogous to the VASP find-
ings, higher doses of clopidogrel
resulted in a significant reduction in
platelet reactivity among CYP2C19*2
heterozygotes (P� .001 for trend).

Using a prespecified cut point for non-
responder status (defined as on-
treatment platelet reactivity �230 PRU),
53 of 234 noncarriers (23%) were non-
responders with the 75-mg dose and 28
of 227 (12%) with the 150-mg dose.
Among CYP2C19*2 heterozygotes, 40 of
76 (52%) were nonresponders with the

Table 1. Patient Baseline Characteristicsa

Overall
(N = 333)

CYP2C19*2
Noncarriers

(n = 247)

CYP2C19*2
Carriers
(n = 86)

P Value
(Carriers vs
Noncarriers)

Age, mean (SD), y 60.2 (9.9) 60.8 (9.9) 58.6 (9.7) .07

Male sex 249 (74.8) 186 (75.3) 63 (73.3) .71

Race/ethnicityb

White 293 (88.0) 224 (90.7) 69 (80.2)

Black 30 (9.0) 18 (7.3) 12 (14.0)
.02

Asian 8 (2.4) 3 (1.2) 5 (5.8)

Other 2 (0.6) 2 (0.8) 0

Systolic blood pressure,
mean (SD), mm Hg

126.8 (14.5) 126.6 (13.8) 127.3 (16.3) .67

Diastolic blood pressure,
mean (SD), mm Hg

76.0 (9.4) 75.4 (9.3) 77.5 (9.7) .12

Heart rate, mean (SD), /min 68.6 (10.6) 68.4 (10.4) 69.1 (11.2) .38

BMI, mean (SD)c 30.7 (6.3) 30.4 (5.5) 31.4 (8.1) .93

Hypertension 287 (86.2) 214 (86.6) 73 (84.9) .68

Hypercholesterolemia 315 (94.6) 232 (93.9) 83 (96.5) .58

Diabetes mellitus 118 (35.4) 90 (36.4) 28 (32.6) .52

Family history of CAD 137 (41.1) 99 (40.1) 38 (44.2) .51

History of MI 190 (57.1) 134 (54.3) 56 (65.1) .08

History of PCI 324 (97.3) 240 (97.2) 84 (97.7) �.99

CABG procedure 59 (17.7) 43 (17.4) 16 (18.6) .80
Abbreviations: BMI, body mass index; CABG, coronary artery bypass graft; CAD, coronary artery disease; MI, myo-

cardial infarction; PCI, percutaneous coronary intervention.
aUnless otherwise indicated, data are presented as No. (percentage).
bData on race were patient-reported.
cCalculated as weight in kilograms divided by height in meters squared.

Figure 2. On-Treatment Platelet Reactivity Across Genotype and Clopidogrel Daily Dose
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VASP PRI indicates vasodilator-stimulated phosphoprotein phosphorylation assay platelet reactivity index.
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75-mg dose of clopidogrel. Higher main-
tenance doses of clopidogrel in
CYP2C19*2 heterozygotes significantly
reduced the proportion of nonre-
sponders to 10% with 225 mg daily (8/
75, P� .001) and 300 mg daily (7/73,
P�.001) (FIGURE 3). The risk ratios for
nonresponder status were 0.51 (95% CI,
0.37-0.69), 0.21 (95% CI, 0.11-0.39),
and 0.20 (95% CI, 0.11-0.38) with 150,
225, and 300 mg daily of clopidogrel,
respectively. Among the CYP2C19*2-
heterozygote nonresponders to clopi-
dogrel, 75 mg, daily, the proportions
who became responders were 49% (18/
37), 79% (31/39), and 81% (30/37)
when treated, respectively, with 150,
225, and 300 mg daily of clopidogrel.
Similar results were obtained when a
cut point for nonresponder status of 208
PRU or greater was used (eFigure 1,
available at http://www.jama.com).

When evaluating the CYP2C19*2 ho-
mozygotes, we saw a trend toward less
platelet reactivity with higher mainte-
nance doses of clopidogrel; however,
even with 300 mg daily of clopidogrel,
these individuals had a mean VASP PRI
of 68.3% (95% CI, 44.9%-91.6%) and
VerifyNow PRU of 287.0 (95% CI,

170.2-403.8). Similarly, the nonre-
sponder rate (�230 PRU) was 80%
(4/5) with clopidogrel, 75 mg, daily and
remained high at 60% (3/5) despite
clopidogrel, 300 mg, daily.

High-Dose Clopidogrel
in CYP2C19*2 Carriers
vs Standard-Dose Clopidogrel
in Noncarriers

In CYP2C19*2 heterozygotes, a 150-mg
daily maintenance dose of clopidogrel
still resulted in platelet reactivity that
tended to be higher than that seen in
noncarrier patients treated with 75 mg
daily (FIGURE 4). In contrast, the
225-mg daily dose resulted in platelet
reactivity at least as good as what was
observed in response to standard clopi-
dogrel dosing in noncarrier patients
(mean ratios of platelet reactivity, VASP
PRI, 0.92; 90% CI, 0.85-0.99, and PRU,
0.94; 90% CI, 0.84-1.04) (eFigure 2).
A 300-mg daily dose of clopidogrel re-
sulted in superior reductions in plate-
let reactivity as compared with stan-
dard 75-mg clopidogrel dosing in
noncarrier patients as measured both
by VASP PRI and PRU (P� .001 for
both). For CYP2C19*2 homozygotes,

even 300 mg daily of clopidogrel did not
result in platelet reactivity levels simi-
lar to standard clopidogrel dosing in
noncarriers (Table 2).

Clinical Events

There were no deaths, cerebrovascu-
lar events, or TIMI major or minor
bleeding events. Among CYP2C19*2

Table 2. On-Treatment Platelet Reactivitya

Mean (95% CI)
P Value

for Trend75 mg 150 mg 225 mg 300 mg

VASP PRI
Noncarriers 57.5 (55.1-59.9) 46.9 (44.3-49.1) �.001

No. of patients 237 232

Carriers 71.0 (67.1-74.9) 62.4 (58.1-66.7) 54.0 (49.4-58.5) 50.1 (45.9-54.3) �.001

No. of patients 80 80 81 81

CYP2C19*2 heterozygotes 70.0 (66.0-74.0) 61.4 (57.0-65.9) 52.7 (48.0-57.4) 48.9 (44.6-53.2) �.001

No. of patients 75 75 76 76

CYP2C19*2 homozygotes 86.6 (80.7-92.5) 77.8 (67.4-88.1) 73.0 (50.6-95.5) 68.3 (44.9-91.6) .003

No. of patients 5 5 5 5

VerifyNow PRU
Noncarriers 163.6 (154.4-173.9) 126.7 (117.7-137.5) �.001

No. of patients 236 230

Carriers 231.9 (214.0-249.8) 195.9 (178.2-213.7) 161.2 (142.6-179.8) 137.7 (118.4-157.1) �.001

No. of patients 81 78 80 78

CYP2C19*2 heterozygotes 225.6 (207.7-243.4) 188.1 (170.8-205.4) 152.9 (135.2-170.6) 127.5 (109.9-145.2) �.001

No. of patients 76 73 75 73

CYP2C19*2 homozygotes 328.8 (247.9-409.7) 310.2 (247.5-372.9) 286.0 (177.9-394.1) 287.0 (170.2-403.8) .32

No. of patients 5 5 5 5
Abbreviations: PRI, platelet reactivity index; PRU, platelet reactivity units; VASP, vasodilator-stimulated phosphoprotein phosphorylation.
aA total of 246 noncarriers had baseline platelet function data and were entered into the model; 237 also had �1 follow-up platelet function value. A total of 80 heterozygotes and

6 homozygotes had baseline platelet function data and were entered into the model; 77 heterozygotes and 5 homozygotes also had at least 1 follow-up platelet function value.

Figure 3. Clopidogrel Nonresponders
Among CYP2C19*2 Heterozygotes Across
Daily Doses of Clopidogrel
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noncarriers taking the 75 mg and 150
mg doses, 2 patients had cardiac ische-
mic events while taking the 75-mg dose
and 3 with the 150-mg dose. There were
0 and 5 patients with bleeding events,
respectively, that met criteria for bleed-
ing requiring medical attention. Among
carriers of a CYP2C19*2 allele, there
was 1 patient who experienced a car-
diac ischemic event at the 75-mg dose
of clopidogrel. A bleeding event requir-
ing medical attention occurred in 1 of
the patients in each of the following
dosing regimens: 75, 225, and 300 mg.
No adverse events or serious adverse
events that were not end points oc-
curred at a frequency greater than 3%
per treatment group, and there were no
significant imbalances specifically for
hematologic, gastrointestinal, or mus-
culoskeletal disorders for CYP2C19*2
carriers at the different doses (eTable).

COMMENT
Clopidogrel, one of the most com-
monly prescribed cardiovascular medi-
cations in the world, is approved for a
single maintenance dose of 75 mg daily.
However, the response to clopidogrel is
variable, and as a group, patients with
either 1 or 2 loss-of-function CYP2C19
alleles have an attenuated pharmaco-

logic response and worse clinical out-
comes in the setting of treatment with
the standard dose of clopidogrel. We
now show that (1) higher maintenance
doses of clopidogrel in patients carry-
ing a CYP2C19*2 allele significantly re-
duce platelet reactivity, and (2) daily
maintenance doses of 225 mg of clopi-
dogrel or greater in CYP2C19*2 hetero-
zygotes can achieve on-treatment plate-
let reactivity at least comparable with
what is achieved with 75 mg daily of
clopidogrel in noncarrier patients with
cardiovascular disease.

Prior systematic pharmacogenetic
studies have tested clopidogrel main-
tenance doses of 150 mg daily in car-
riers of a loss-of-function CYP2C19 al-
lele and have reported mixed results.
In one study of healthy individuals, a
150-mg maintenance dose of clopido-
grel adequately reduced platelet reac-
tivity in carriers of 1 or 2 loss-of-
function CYP2C19 alleles16; other
studies conducted in patients with car-
diovascular disease with CYP2C19 loss-
of-function alleles have not demon-
strated as significant reductions in
platelet reactivity with the 150-mg dose
of clopidogrel.17-21 Concordant with the
latter observation, we found that in-
creasing the maintenance dose from 75

to 150 mg did not on average inhibit
platelet reactivity to the levels seen with
75 mg of clopidogrel in noncarrier pa-
tients. Rather, we found that on aver-
age, it required a tripling of the clopi-
dogrel maintenance dose to achieve
platelet reactivity that is at least as good
as that observed with 75 mg of clopi-
dogrel in CYP2C19*2 noncarriers. In-
terestingly, CLOVIS-2 studied the phar-
macologic efficacy of different loading
doses of clopidogrel based on CYP2C19
genotype and also found that a tri-
pling of the dose (ie, a 900-mg load)
achieved a degree of platelet inhibi-
tion comparable with what was ob-
served in response to the standard
300-mg loading dose in noncarrier pa-
tients.22 Patients in our trial tolerated
these higher maintenance doses of
clopidogrel during the approximately
2-week duration of each therapy, with
low rates of discontinuation. How-
ever, further long-term intervention
trials are warranted.

Prasugrel and ticagrelor are newer
P2Y12 ADP receptor blockers that achieve
significantly higher levels of platelet in-
hibition than does clopidogrel.23,24 These
agents have been shown to reduce is-
chemic events as compared with clopi-
dogrel in patients with ACS, although
with increased rates of nonsurgical bleed-
ing.25,26 In contrast to clopidogrel, the ef-
fects of prasugrel and ticagrelor are un-
affected by variants in the CYP2C19 gene
(and correspondingly, no association be-
tween CYP2C19 genotype and clinical
events has been observed in patients
treated with these agents),27,28 and thus
these medications represent other alter-
native treatment strategies in such pa-
tients. However, clopidogrel will likely
continue to be used throughout the
world, and it is therefore important toun-
derstand clopidogrel’s effects across
CYP2C19 genotypes and with higher
maintenance doses.

Studies have evaluated whether tai-
loring clopidogrel therapy using plate-
let function testing improves clinical
outcomes. Bonello and colleagues29 gave
patients repeated loading doses of clopi-
dogrel (up to 2400 mg total) to achieve
a target level of suppression of platelet

Figure 4. Difference in Platelet Reactivity Between CYP2C19*2 Heterozygotes Treated With
Increasing Doses of Clopidogrel vs Noncarriers Treated With 75 mg of Clopidogrel Daily
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reactivity in each patient before PCI,
and this strategy resulted in a signifi-
cant decrease in adverse outcomes. In
contrast, in GRAVITAS and RECLOSE
2-ACS, higher maintenance doses of
clopidogrel after PCI in patients with
high on-treatment platelet reactivity at
baseline did not improve outcomes.30,31

The higher maintenance dose in
GRAVITAS was clopidogrel, 150 mg,
daily, which resulted in a median PRU
of 211 (interquartile range, 155-262),
and therefore somewhere between 25%
and 50% of the population remained
nonresponders with this dose. In
RECLOSE 2-ACS, despite treating with
higher maintenance doses of clopido-
grel or switching to ticlopidine, 38%
of patients continued to be nonre-
sponders. ELEVATE-TIMI 56, in con-
junction with the important observa-
tions from GRAVITAS and RECLOSE
2-ACS, highlights that doses even
higher than 150 mg of clopidogrel or
other agents may be necessary when
tailoring antiplatelet therapy to over-
come resistance in some patients, par-
ticularly those who carry a loss-of-
function CYP2C19 allele.

Patients who carry 2 CYP2C19 loss-
of-function alleles, also known as poor
metabolizers, face particular hurdles
when it comes to generating enough ac-
tive clopidogrel metabolite and plate-
let inhibition with standard doses of
clopidogrel, as noted by the FDA.
ELEVATE-TIMI 56 was not specifi-
cally powered to evaluate these indi-
viduals, as they constitute only 2% of
the tested population. Nonetheless, in
ELEVATE-TIMI 56, among the subset
of CYP2C19*2 homozygous patients,
even the 300-mg dose of clopidogrel
was not able to achieve on-treatment
platelet reactivity comparable with
clopidogrel, 75 mg, daily in noncarri-
ers. Similarly, in CLOVIS-2, the high
clopidogrel loading dose of 900 mg was
able to adequately lower on-treatment
platelet reactivity among carriers of 1
loss-of-function CYP2C19 allele but not
2.22 Such patients may be better served
by treatment with prasugrel or ticagre-
lor, or perhaps the addition of cilo-
stazol, all of which do not appear to be

affected significantly by the CYP2C19
variants.

There are some limitations to these
analyses. First, treatment allocation was
based on carriage of only the *2
CYP2C19 loss-of-function allele, for
which we could engage in timely, vali-
dated genotyping. More comprehen-
sive genotyping panels are available; of
note though, CYP2C19*2 is the most fre-
quent variant, accounting for greater
than 95% of the loss-of-function allele
carrier status. Second, each treatment pe-
riod consisted of approximately 14 days.
This time frame allowed for a reason-
able window to achieve steady state an-
tiplatelet effect with each regimen with
no significant carryover effect from the
prior treatment. However, defining the
long-term tolerability of the higher-
dose regimens will require gathering ad-
ditional experience. Third, PPI use at
baseline was an exclusion criterion.
Whereas this approach allowed for a fo-
cused evaluation of higher doses of clopi-
dogrel in patients with CYP2C19 ge-
netic variants, further studies will be
needed to address questions pertaining
to possible interactions between clopi-
dogrel dosing, PPI use, and genotype.
Fourth, this study focused on achieved
platelet reactivity as the primary out-
come of interest. While platelet reactiv-
ity is a well-validated predictor of poor
clinical outcomes, large-scale and long-
term trials powered for clinical out-
comes will be necessary to assess for
adverse events and establish preferred
treatment regimens. Until then,
ELEVATE-TIMI 56 offers a framework
to rationally select alternative doses and
lays the foundation for future studies.

In conclusion, ELEVATE-TIMI 56
demonstrates that among patients with
stable cardiovascular disease, tripling
the maintenance dose of clopidogrel to
225 mg daily in CYP2C19*2 heterozy-
gotes achieved levels of platelet reac-
tivity similar to that seen with the stan-
dard 75-mg dose in noncarriers. Even
300 mg of clopidogrel daily, however,
is unlikely to result in optimal degrees
of platelet inhibition in CYP2C19*2 ho-
mozygotes. These data help define how
patients with different CYP2C19 geno-

types respond to clopidogrel mainte-
nance dosing strategies and provides
useful information to guide further
clinical studies.
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