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Testing of CYP2C19 Variants and Platelet
Reactivity for Guiding Antiplatelet Treatment
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Randomized controlled trials have
established dual antiplatelet treatment with
clopidogrel and aspirin as the current
standard of care for medical and
interventional management of acute
coronary syndromes.? Dual antiplatelet
treatment is also recommended for patients

undergoing PCI# with placement of stents The full report and this summary are
(either bare metal or drug eluting). available at www.effectivehealthcare.
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use of clopidogrel in patients who have
experienced acute cerebrovascular events
(e.g., stroke) and those with peripheral
arterial disease.3--8 For patients with atrial
fibrillation and contraindications to vitamin
K antagonists, the ACTIVE A (Atrial
Fibrillation Clopidogrel Trial with

Irbesartan for Prevention of Vascular
Events) trial suggested that the
combination of clopidogrel and aspirin is
more effective than aspirin alone for
preventing thromboembolic disease.’
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Since the approval of clopidogrel by the U.S. Food and
Drug Administration (FDA) for routine clinical use, the
drug has become one of the most commonly prescribed
agents in the United States. However, patient response to
clopidogrel-based antiplatelet therapy is variable both
between patients and across multiple measurements within
a patient, with some patients showing no or minimal
platelet response to clopidogrel administration (often
termed clopidogrel “nonresponsiveness” or “resistance”).
Alternatives to standard clopidogrel treatment include
higher dose clopidogrel regimens and the use of other
antiplatelet agents, such as prasugrel or ticagrelor.!0-13
Given the availability of alternative antiplatelet strategies
and concern about adverse clinical outcomes in clopidogrel
nonresponders, research has focused on methods to
identify patients who are unlikely to benefit from
clopidogrel-based treatment. The question of identifying
the optimal antiplatelet therapy may also carry cost
implications because generic clopidogrel products are now
available in the United States.?

Clopidogrel Metabolism

To be biologically active, clopidogrel must be transformed
to the active metabolite R-130964 by members of the CYP
enzyme system, primarily the enzyme CYP2C19.
R-130964 acts by binding irreversibly to the P2Y 12
receptor (the adenosine diphosphate [ADP] receptor) on
the surface of platelets and inhibits platelet aggregation for
the life cycle of the platelet.!4:15

However, the relationship between genotype and clinical
outcomes is not straightforward. The fact that each
individual carries two CYP2C19 alleles results in
combinations of alleles of varying enzymatic activity. The
combined effect of the two alleles on actual enzymatic
activity levels depends on the “true” genetic model of
CYP2C19 alleles (dominant, recessive, additive, or
codominant). Unfortunately, the true underlying genetic
model for CYP2C19 variants is not known with certainty.!6
This is of particular concern, as the allele frequency of
CYP2C19 variants is heterogeneous across populations of
different ethnicities, resulting in different genotype
prevalences. For example, data from the Third National
Health and Nutrition Examination Survey (NHANES III)
showed statistically significant heterogeneity in the
prevalence of the *2 allele among non-Hispanic whites,
Mexican-Americans, and non-Hispanic blacks. Non-
Hispanic blacks had the highest prevalence of the *2 allele
(18.3%) and of homozygotes for that allele (*2/*2;
3.8%).17 Studies have shown that the prevalence of the rare

allele is even higher in East Asian populations, with *2
allele frequencies as high as 30-40 percent.!8-20

Furthermore, the CYP2C19 genotype is only one of many
determinants of the effect of clopidogrel on platelet
reactivity. For example, a genome-wide association study
recently demonstrated that the *2 allele accounts for only
12 percent of the total observed variation in clopidogrel
responsiveness in a selected white population.2! Several
studies have demonstrated that environmental factors and
patient characteristics, such as body mass index, diabetes,
and smoking habits, can influence platelet reactivity.

Predicting Response and Guiding Antiplatelet
Treatment

There are currently two main approaches to determine
whether a patient will have a poor response to clopidogrel:
(1) genetic testing to see whether the patient has a
genotype that is associated with reduced ability to
metabolize clopidogrel (a “poor-metabolizer” phenotype)
and (2) direct testing of the patient’s blood while the
patient is taking clopidogrel to see whether the platelets
actually have become less prone to aggregate in response
to specific agonists (phenotypic testing for platelet
reactivity).

Genetic Tests for CYP2C19 Variants

Genetic testing for one or more genetic variants can be
performed with various genotyping methods. For biallelic
variants, these methods identify homozygotes for each
variant and heterozygotes. Testing for CYP2C19 variants
requires a sample of somatic genetic material, usually
obtained from a blood sample or from buccal swabs.
Because allelic variants at the CYP2C19 locus do not
change over a person’s lifetime, testing done at any time
point is representative of the person’s genotype.

Measurement of Platelet Reactivity

Phenotypic testing measures the reactivity of platelets
while a patient is taking clopidogrel (on-clopidogrel
platelet reactivity). Several assays for measuring platelet
reactivity are available. These include rapid point-of-care
platelet function assays (e.g., VerifyNow, Platelet Function
Analyzer [PFA]-100, Plateletworks); measurements of
mediators of reactivity (e.g., vasodilator-stimulated
phosphoprotein [ VASP] phosphorylation using flow
cytometry); and functional assays (e.g., aggregometry
using appropriate agonists). We refer to all these assays as
“phenotypic tests” because they attempt to measure an
intermediate clinical phenotype (platelet reactivity).22

4 FDA release, available at www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm304489.htm; last accessed: October 16, 2012.



Scope

We performed a comparative effectiveness review
regarding the utility of testing for CYP2C19 variants and
platelet reactivity for guiding antiplatelet treatment. We
evaluated the analytic validity, predictive utility, and
comparative effectiveness of genetic and phenotypic tests
as biomarker tests (and of relevant test-and-treat strategies)
for guiding antiplatelet therapy in patient populations who
are eligible for clopidogrel treatment.

Key Questions

On the basis of the original topic nomination and an
extensive process of topic development and refinement, we
formulated the following Key Questions to guide the
review:

Key Question 1. In patient populations who are
candidates for clopidogrel therapy, does genetic testing
for CYP2C19 variants predict intermediate and clinical
outcomes following treatment initiation?

a. What is the analytic validity (technical test
performance) of the various assays used for CYP2C19
genetic testing?

b. What is the clinical validity (predictive accuracy) of
genetic testing for predicting intermediate and clinical
outcomes in patients who are receiving clopidogrel
therapy?

c. Do the following factors modify the association
between genetic test results and clinical outcomes?

1. Comedications

ii. Patient-level factors (e.g., race or ethnicity, age, sex,
disease severity, or comorbidities)

iii. Test-related factors (e.g., between-assay differences)

iv. System-level factors (e.g., settings where testing is
performed)

Key Question 2. In patient populations receiving
clopidogrel therapy, does phenotypic testing of platelet
reactivity predict intermediate and clinical outcomes?

a. What is the analytic validity (technical test
performance) of the various assays used in phenotypic
testing of platelet reactivity?

b. What is the clinical validity (predictive accuracy) of
phenotypic testing for predicting intermediate and
clinical outcomes in patients who are receiving
clopidogrel therapy?

c. Do the following factors modify the association
between phenotypic test results and clinical outcomes?

1. Comedications

ii. Patient-level factors (e.g., race or ethnicity, age, sex,
disease severity, or comorbidities)

iii. Test-related factors (e.g., between-assay differences)

iv. System-level factors (e.g., settings where testing is
performed)

Key Question 3. What is the comparative effectiveness
of alternative test-and-treat strategies (including a
no-testing strategy) for therapeutic decisionmaking
regarding antiplatelet therapy among patients who are
candidates for clopidogrel-based treatment?

a. What is the comparative effectiveness of the following
testing strategies on therapeutic decisionmaking,
platelet reactivity during followup, and clinical
outcomes in patients who are candidates for antiplatelet
treatment?

i. Genetic testing for CYP2C19

ii. Genetic testing for CYP2C19 followed by
phenotypic testing for platelet reactivity

iii. Phenotypic testing for platelet reactivity
iv. No testing

b. How do modifying factors (e.g., race or ethnicity, age,
sex, comorbidities, diet, or the time between conducting
the test and obtaining results) affect the association of
alternative phenotypic or genetic test-and-treat
strategies and patient outcomes? Alternative test-guided
treatments can include nonclopidogrel antiplatelet
agents or high-dose clopidogrel regimens.

Key Question 4. What are the potential adverse effects
or harms from genetic or phenotypic testing per se or
from test-directed treatments?

Analytic Framework

We developed an analytic framework (Figure A) that maps
the Key Questions within the context of populations,
interventions, comparators, and outcomes of interest, as
well as the chain of logic that evidence must support to
link the interventions to health outcomes. Analytic and
clinical validity were straightforward to represent in the
analytic framework (Key Questions 1a, 1b, 2a, and 2b).
Regarding treatment decisionmaking (Key Question 3a),
we conceptualized the analytic framework as a decision
problem, wherein patients’ disease can be managed with
one of the following approaches (depicted from top to
bottom in the flow diagram):

» Undergo genetic testing and then base the treatment
decision on the test results.



Undergo genetic testing and then base the treatment
decision on the test results. After receiving therapy for
an adequate period of time, undergo phenotypic testing
for platelet reactivity and use the results to decide
whether the treatment strategy should be modified.

Receive standard treatment directly and, after an
appropriate amount of time, undergo phenotypic testing
for platelet reactivity and use the test results to decide
whether the treatment strategy should be modified. Use
of phenotypic testing (but not genetic testing) as a
monitoring test can be considered a variation of this
strategy in which the test is repeatedly performed.

Figure A. Analytic framework

Receive antiplatelet therapy without undergoing any
testing (the current standard of care).

The above strategies were identified as the most prevalent
in published studies by preliminary searches conducted in
preparation of this review. Additional variations of these
strategies were uncovered by the full evidence review.

Modifiers of the effects of testing on outcomes, in terms of
both predictive ability and decisionmaking, were reviewed
in Key Questions 1c, 2¢, and 3b. Tests and test-directed
treatments may be associated with harms, investigated in
Key Question 4.
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Methods

Literature Search, Study Selection, and Data
Extraction

We conducted literature searches for studies in
MEDLINE®, the Cochrane Central Trials Registry, and the
Cochrane Database of Systematic Reviews (from inception
through July 27, 2012) without any language restriction.
Our search included terms for the populations, tests, and
drugs of interest. (See Appendix A of the full report for
complete search strings, which were extensively validated
against previous reviews on the tests of interest.) We also
performed searches of the Human Genome Epidemiology
Network (HuGENet) database and National Institutes of
Health Genetic Association Database, using the same
cutoff date (July 27, 2012). Finally, we performed a
targeted search of the FDA Web site (last search performed
on April 25, 2012).

We considered both comparative and noncomparative
studies for Key Questions pertaining to prognostic ability
but focused on comparative studies of alternative test-and-
treat strategies. We did not include non—English-language
studies. We excluded narrative reviews, editorials, letters to
the editor, and other papers not presenting primary
research data. We also excluded studies reporting
exclusively on healthy individuals. Studies conducted in all
relevant care settings were included. We contacted the
authors of the primary studies to verify cases of suspected
overlap.

A single investigator extracted data from each study;
quantitative results were verified by a second reviewer.
Disagreements were resolved by consensus involving a
third investigator. We extracted information on the
following items: patient selection criteria, population
characteristics, sample size, study design, analytic details,
and outcomes.

Risk-of-Bias Assessment of Individual Studies

For assessing the risk of bias, we followed recently updated
guidance from the Agency for Healthcare Research and
Quality “Methods Guide for Effectiveness and
Comparative Effectiveness Reviews” (Methods Guide),
available on the Effective Health Care Web site.?3-24 Two
independent reviewers evaluated the risk of bias for each
study, and disagreements were resolved by consensus
including a third reviewer.

For studies of analytic validity (Key Questions 1a and 2a),
we compiled a list of 11 items for assessing quality and
completeness of reporting based on a recent AHRQ
Methods Report.2

For studies of predictive ability (Key Questions 1b, lc, 2b,
and 2c¢), we based our assessment on the recently proposed
Quality Assessment of Diagnostic Accuracy Studies
(QUADAS)-2 instrument,26 a new version of the validated
QUADAS list of quality items?7-2? for systematic reviews
of medical tests. We used the number of items scored as
having been adequately addressed (i.e., indicative of low
risk of bias) to classify studies into three categories (A, B,
or C) indicating low, moderate, and high risk of bias,
respectively.

Finally, for studies providing information on test-and-
treatment strategies (Key Questions 3 and 4) we used a
combination of items from the QUADAS-2 tool and the
Cochrane risk-of-bias tool.30

Data Synthesis

We summarized our findings according to the order of the
Key Questions. Within each Key Question, results were
organized on the basis of the populations assessed and
clinical indications for clopidogrel use, index tests used,
and outcomes assessed.

Meta-Analysis

We performed random-effects inverse-variance meta-
analysis when at least three studies were available on
sufficiently similar populations using the same test and
assessing the same outcomes.3! Between-study
heterogeneity was assessed on the basis of the Q statistic32
(considered statistically significant when its p-value [P]
was less than 0.1). Between-study inconsistency was
assessed using the 2 index.33 Prior to the review, we
decided not to combine studies of different phenotypic
tests for platelet reactivity because they are based on
different principles of measurement. Similarly, we decided
not to combine trials providing information about effect
modification due to heterogeneous populations enrolled in
trials comparing different pairs of interventions (i.e., the
magnitude and direction of effect modification by the tests
of interest were likely to vary among different treatment
comparisons).

In the absence of consensus on the correct genetic model,
we assumed a dominant model for all minor alleles
because this is the model used in previous CYP2C19
meta-analyses and because it allowed fullest use of the
data. We performed sensitivity analyses assuming a
recessive or additive model.

We used hazard or incidence rate ratios in our meta-
analyses whenever available or extractable from the
reviewed studies. When such statistics were not reported
and could not be calculated, we used risk (proportion)
ratios because they approximate the relative incidence rate.



For case-control studies, we used odds ratios because they
are valid statistics for these designs and approximate the
incidence rate ratio or risk ratio, depending on sampling
methods.34-3¢ For parsimony, we refer to all these statistics
as relative risks (RRs).

Other Analyses

To assess the impact of study-level characteristics on
estimates of the effect size, we used univariable random-
effects metaregression.33 Subgroup and metaregression
analyses were performed for factors reported at the group
level. Predefined subgroups of interest were those defined
by race or ethnicity, sex, specific assay used, and clinical
setting of test use (e.g., short-term administration of
clopidogrel during treatment of acute cardiac events or PCI
vs. chronic clopidogrel use). We also explored temporal
trends in the reported effect sizes using metaregression
with year of publication as the covariate. We used Egger’s
regression-based test37 to assess the presence of small-
study effects.37:38

Strength of the Body of Evidence

We graded the strength of the body of evidence for the Key
Questions following the Methods Guide and recently
updated recommendations for the Evidence-based Practice
Center (EPC) Program.23-39 Briefly, the strength of
evidence was graded as high, moderate, low, or insufficient
on the basis of four dimensions: risk of bias (described
above), consistency, directness, and precision. We assessed
the consistency of the data as either “no inconsistency” or
“inconsistency present” (or “not applicable” if only one
study). We also assessed the sparseness of the evidence.
We considered evidence to be sparse if it was from only
one study with a small sample size. Strength ratings were
assigned on the basis of our level of confidence that the
evidence reflected the true effect for the major
comparisons of interest.

Assessing Applicability

We assessed applicability of the study findings on the basis
of the individual study eligibility criteria and baseline
characteristics of the included populations, following
recommendations in the Methods Guide and recently
updated recommendations for the EPC Program.23-3 We
did not assess the applicability of studies regarding the
analytic validity of the tests of interest (Key Questions la
and 2a) because technical test performance does not
directly inform medical decisions, although it is a
prerequisite for the clinical use of tests.40

Results

The literature search yielded 10,475 citations (10,374 from
electronic databases, 77 from scientific information
packets, and 24 from hand-searching). Of these, 1,419
articles were reviewed in full text. After full-text review,
326 were judged to have met the inclusion criteria for one
or more Key Questions. We summarized the findings of the
report according to the order of the Key Questions. Within
each Key Question, results are organized for each
appropriate subgroup on the basis of the populations
assessed and clinical indications for clopidogrel use, index
tests assessed, and outcomes assessed.

Key Question 1a: Analytic Validity of Tests
for Genotyping CYP2C19 Variants

Eligible Studies

We identified 11 studies reporting information on the
analytic validity of genotyping methods for detecting
CYP2C19 variants. We also reviewed four FDA 510(k)
summaries on genetic testing.

Summary of Findings

Primary studies generally indicated excellent test-retest
reliability and interassay agreement. FDA 510(k)
summaries did not report analyses on samples from
populations and genes of interest to our review. However,
the documents provided further evidence that genotyping
methods have high test-retest reliability and indicated that
rates of interassay agreement were high.

Primary studies reported limited information on the
methods used to assess analytic validity. This probably
reflects the fact that the primary focus of all included
publications was not the tests’ analytic validity but rather
their clinical utility. Generally, studies provided adequate
information on the genotyping methods used. However,
they provided little information on the use of positive or
negative control samples, the handling of uninterpretable
results, and the test detection limits. Four studies reported
information on the reproducibility of genotyping across
different genotyping methods, but no study assessed
reproducibility across operators. No study was conducted
as part of an interlaboratory standardization project.

Key Question 1b: Predictive Value of Genetic
Testing for CYP2C19 Variants

Eligible Studies

The 106 studies addressing Key Question 1b were
described in 98 publications, 8 of which described 2
studies each. The vast majority of studies (100, or 94%)
were of patients with ischemic heart disease. Three studies



enrolled patients with different forms of vascular disease
(coronary, cerebrovascular, or peripheral arterial); one
enrolled patients with cerebrovascular disease; one
enrolled a mixed population of patients with manifest
atherothrombotic disease along with asymptomatic patients
at high risk for atherothrombotic disease; and one enrolled
patients with atrial fibrillation who were not candidates for
vitamin K antagonist therapy.

The 106 studies had intermediate to large sample sizes:
median number of enrolled individuals = 277, 25th
percentile = 98, 75th percentile = 802, minimum = 30,
maximum = 5,148. They were conducted recently (median
year of start of enrollment, 2006, with 75% beginning
enrollment after 2004), reflecting the relatively recent
widespread availability of genetic testing for CYP2C19
variants. The majority of enrolled patients were men and
the median age was 64 years. Across studies, the median
proportions of patients with dyslipidemia and hypertension
were both over 60 percent. The median proportions of
patients with diabetes mellitus and patients who smoked
were both greater than 25 percent. Overall, 94 percent of
studies had a longitudinal (cohort) design; 11 of these were
genetic substudies consisting of prospectively followed
clopidogrel-treated groups from randomized trials.b

Overall, studies had moderate risk of bias: 12 studies were
rated as quality A, 88 studies were rated as quality B, and 6
were rated as quality C. We caution that this aggregate
risk-of-bias rating can be misleading, especially in the
presence of poor reporting, because it assigns the same
weight to all items.

Summary of Findings

The two most common genotyping methods were TagMan
genotyping (44 studies; 42%) and polymerase chain
reaction with restriction fragment length polymorphism
analysis (PCR-RFLP; 13 studies; 12%). In the majority of
cases, analyses were conducted on genetic material
isolated from blood (92 studies; 87%). Among the 56
studies that reported the genotyping success rate, the
median was 100 percent (minimum = 74%; maximum =
100%). Violations of Hardy-Weinberg equilibrium (on the
basis of an exact goodness-of-fit test) were not more
common than would be expected by chance.

Below, findings are presented for studies providing
information on the ability of genetic testing for CYP2C19
variants to predict clinical outcomes (57 studies) or platelet
reactivity (74 studies) during followup.

Clinical Outcomes

Several clinical outcomes of interest were reported:
all-cause mortality, cardiac mortality, acute coronary
syndromes, stent thrombosis, stroke, major adverse
cardiovascular events (MACE), bleeding events, and need
for revascularization. Under a dominant genetic model,
loss-of function CYP2C19 alleles were statistically
significantly associated with stent thrombosis (RR=1.52;
95% confidence interval [CI], 1.17 to 1.97); cardiovascular
mortality (RR=1.98; 95% CI, 1.13 to 3.46); and MACE
(RR=1.20; 95% CI, 1.04 to 1.39). Under a dominant
genetic model, gain-of-function alleles (CYP2C19*17)
were statistically significantly associated with reduced risk
of MACE (RR=0.82; 95% CI, 0.74 to 0.92). Studies on the
predictive value of CYP2C19 variants were judged to have
moderate risk of bias. There was some indication of
systematic differences between larger and smaller studies
(loss-of-function alleles: p<0.001, p=0.002, and p=0.049
for stent thrombosis, cardiovascular mortality, and MACE,
respectively; gain-of-function alleles: p=0.046 for bleeding
events). There was also substantial risk of selective
outcome reporting for outcomes other than MACE.

Sensitivity analyses using alternative genetic models
(recessive and additive for the variant alleles) were based
on a minority of studies and possible only for the
association of loss-of-function alleles with MACE and
stent thrombosis. Generally, these analyses were congruent
with analyses using a dominant model because they also
indicated significant association between loss-of-function
alleles and adverse clinical outcomes. Effect sizes using
both the recessive and additive models were larger than
those under the dominant model.

Intermediate Outcome: Platelet Reactivity

The intermediate outcome of platelet reactivity was
reported either as a continuous variable (in 61 studies) or
according to a threshold of reactivity (e.g., high vs. low; in
39 studies). The most common assays for assessing
reactivity were light-transmission aggregometry (LTA), the
VerifyNow P2Y 12 assay, and the VASP assay. For platelet
reactivity as a continuous outcome, the mean or median
reactivity was generally higher among clopidogrel-treated
patients with one or two loss-of-function alleles than those
with no loss-of-function alleles. For platelet reactivity as a
categorical outcome, studies generally showed that platelet
reactivity above the threshold used (or in higher quantiles
compared with lower quantiles of reactivity) was more
common in clopidogrel-treated patients with one or two

b When appropriate, modification of the relative treatment effect by genotype status has been considered under Key Questions 3 and 4 of this report.



loss-of-function alleles than those with no loss-of-function
alleles. Only a minority of studies reported analyses under
different genetic models, and it was often impossible to
reconstruct such analyses from the reported data. Because
of the extensive differences among studies of either type of
reactivity outcome and the often incomplete reporting of
numerical information, we did not perform meta-analyses
for studies using reactivity as the outcome of interest.

Key Question 1c: Factors Affecting the
Predictive Value of Genetic Testing for
CYP2C19 Variants

We reviewed studies to identify any evidence that patient-
or system-level factors or test characteristics could modify
the prognostic ability of genetic testing for CYP2C19
variants. We considered both within-study information
(e.g., studies in which the predictive effect of phenotypic
testing was evaluated in two or more patient subgroups)
and information across studies (through metaregression
analyses on study-level factors).

Effect Modification Within Studies

Twenty studies reported information on modification of the
prognostic effect of the genetic test by various factors; 5
studies assessed more than two potential effect modifiers.
Only two of the effects assessed were statistically
significant, each in a single study: a multiplicative
interaction between the *2 and *3 CYP2C19 alleles on
on-clopidogrel platelet reactivity and an interaction
between clinical presentation and loss-of-function
CYP2C19 allele carriership (comparing a cohort of
patients with myocardial infarction, ischemic stroke, or
peripheral arterial disease vs. asymptomatic patients at
high risk for atherothrombotic events). The following
nonstatistically significant comparisons were also reported:
effect modification by proton-pump inhibitors (five
studies) and by ancestry (three studies), gene-gene
interactions (four studies). The following modifiers were
also evaluated in one study each: indication for clopidogrel
use (acute coronary syndromes vs. stable angina), whether
patients were clopidogrel pretreated or naive upon study
entry, whether patients required a loading dose or not
(because they were on chronic clopidogrel therapy), the
duration of clopidogrel therapy, smoking status (number of
cigarettes per day), body-mass index (=25 kg/m?2 vs. <25
kg/m?), stent type (bare metal vs. drug eluting), myocardial
infarction subtype (ST elevation or non—ST elevation),
history of PCI (yes vs. no), interactions with a large set of
clinical and procedural factors, administration of
polyunsaturated fatty acids, whether patients were on
calcium channel blockers or their combination with proton
pump inhibitors. All results were nonsignificant. Overall,

the reported findings do not provide sufficient evidence to
support or exclude a differential effect of CYP2C19
variants across any of the factors assessed in the studies we
reviewed. The statistically significant findings should not
be overinterpreted, given the number of comparisons
performed and the potential for selective reporting across
studies.

Effect Modification Across Studies

Potential modifiers of the predictive effect of genetic
testing for CYP2C19 that were assessed across studies
using subgroup and metaregression analysis were disease
subtype (acute coronary syndromes vs. mixed coronary
artery disease populations), setting of care (PCI vs. other),
race or ethnicity (white vs. East Asian), duration of
followup (=30 days vs. >30 days), and year when
enrollment was started (continuous variable).
Metaregression analyses, both for stent thrombosis and
MACE, suggested that the effect of loss-of-function alleles
may be more extreme among individuals of East Asian
ethnicity; however, this finding needs to be interpreted with
caution, given the relatively small number of publications
reporting on individuals of East Asian ethnicity and the
potential for confounding by other factors that differ
between studies conducted in populations of different
ethnicities.

Effect Modification Summary

In general, considering both analyses within studies and
across studies, there is insufficient information to support
or exclude the presence of substantial modification of the
prognostic effect of CYP2C19 variants by any of the
investigated factors because most modifiers were evaluated
in a single study (in the majority of cases producing
nonsignificant results) and because metaregression
analyses (nonsignificant for all but one of the factors
explored) may be confounded by study-level
characteristics.

Key Question 2a: Analytic Validity of Tests
for On-Clopidogrel Platelet Reactivity

Eligible Studies

We identified 104 studies reporting information on the
analytic validity of assays for measuring platelet reactivity.
We also reviewed 20 FDA 510(k) summaries on
phenotypic testing assays. All published studies enrolled
patients with ischemic cardiovascular disease. The six most
commonly assessed assays (with some studies assessing
more than one) were LTA, the VerifyNow P2Y 12 assay, the
VASP assay, the Multiplate analyzer, the PFA device, and
thromboelastography. We summarized the reported



information regarding analytic performance, interassay
agreement, test reliability and assay variation, and
correlations between assays applied to the same sample (by
far the most common metric reported). No other aspect of
analytic validity was evaluated in the studies.

Summary of Findings

Overall there appeared to be low to moderate agreement
between assays. Agreement was generally greater between
measurements obtained with the same assay using different
agonist concentrations than between different assays.

In the 12 studies providing information on analytic
performance, analytic sensitivities ranged between 0.35
and 1.00, and analytic specificities ranged between 0.42
and 0.95. In studies reporting results across multiple cutoff
values, a tradeoff between sensitivity and specificity was
apparent, as expected. Overall, these results indicate poor
agreement in sample classification (e.g., high vs. low
reactivity) when one of the two tests compared was
considered a gold standard. However, the evidence
suggests that no test is a gold standard (i.e., all have
measurement error).

Forty studies provided information on interassay
agreement. Overall, disagreements were relatively
common between measurements obtained by different
assays or by using different agonist concentrations within
the same assays.

Forty-three studies reported information on assay
variability, although more than 90 percent did not describe
the methods used in their assessment. One study used the
intraclass correlation coefficient for repeat measurements
to assess the reliability of measurements using LTA, the
VASP assay, the Multiplate analyzer, and the
INNOVANCE assay. Variability or coefficient-of-variation
results were less than 10 percent in all but two studies.
These results need to be interpreted with caution, given the
poor reporting of study methods and the fact that multiple
studies were published by a limited number of investigative
teams. (In most cases, we could not ascertain whether the
studied populations overlapped.)

Of the 56 studies reporting correlation values, only 1 used
Lin’s concordance correlation coefficient (an appropriate
metric), reporting a high correlation (p = 0.97) between
observed and estimated platelet inhibition for the
VerifyNow assay. The remaining studies used inappropriate
metrics (e.g., Spearman or Pearson correlation coefficients
or linear regression, which in the simple bivariate case of
two measurements is equivalent to the Pearson correlation)
or did not report the calculation method used.#142 The
results indicated that the association between
measurements obtained using different methods is

relatively poor. However, given the inappropriateness of
the methods used to assess agreement, even high
correlation values would not be considered indicative of
good agreement.

None of the 20 FDA 510(k) summaries on phenotypic tests
of platelet reactivity reported relevant analyses that met
our study selection criteria: either no data were reported or
the population or agonist used in testing was not of
interest, the analytic validity was not reported for
clopidogrel-treated patients, or the sample size was less
than 10.

Key Question 2b: Predictive Ability of
Phenotypic Testing for Platelet Reactivity

Eligible Studies

Of the 128 studies addressing Key Question 2b, the vast
majority (122 studies) were of patients with ischemic heart
disease. Four studies enrolled patients with cerebrovascular
disease; one study enrolled patients with peripheral arterial
disease; and one study enrolled a mix of patients with
ischemic heart disease, cerebrovascular disease, and
peripheral arterial disease. Studies reported information on
a variety of assays for measuring platelet reactivity. Table
A summarizes information on the patient populations and
outcomes assessed in the 128 studies. Detailed information
on each test is presented separately under the discussion of
individual assays. For parsimony, we discuss below only
results for the test-outcome combinations for which the
strength of the overall body of evidence was judged to be
at least “low.” (Please refer to the Methods section for
details on our approach to rating the strength of evidence.)
Complete results are available in the full report. The
strength of evidence for all patient populations other than
those with ischemic heart disease was judged to be
insufficient owing to the very few studies and small sample
sizes.

Overall, studies were considered to have a moderate risk of
bias. All studies used a longitudinal design (not case
control, in keeping with our inclusion criteria), and no
studies had substantial loss to followup. Inappropriate
exclusions were uncommon, but information on blinding
was often not reported (particularly for the index test) or
not used. It was often unclear whether analyses, including
the definitions of increased platelet reactivity and the
outcomes assessed, had been prespecified and reported in
full. Using the cutoff values based on the number of
adequately addressed risk-of-bias items, 36 studies were
rated as quality A, 80 studies were rated as quality B, and
12 were rated as quality C. A more detailed discussion of
risk of bias, focusing on the individual items assessed, is
presented in the full report.



Table A. Populations, outcomes, and strength of evidence in studies for Key Question 2b, according to

test used

Test Used
(Total Number
of Studies;
Studies Other
by Patient All-Cause | CV Clinical Platelet
Population) Death Death ACS ST Stroke Bleeding = MACE Outcomes | Reactivity
LTA (total = 55; IHD =13 IHD =9 IHD =18 IHD =19 IHD = 12 IHD =7 IHD =37 IHD =8 IHD =11
IHD = 53; PAD [low] [low] [low] [low] [low] [insufficient] | [low] [insufficient] [insufficient]
=1, IHD, CVD, IHD, CVD, PAD =1
PAD=1) PAD=1 [insufficient]

[insufficient]
VerifyNow IHD =10 IHD =7 IHD =19 IHD = 15 IHD =8 IHD = 12 IHD =24 IHD =7 IHD =4
P2Y12 (total = [low] [moderate] [low] [low] [insufficient] | [low] [moderate] [insufficient] [insufficient]
38; IHD = 35; CVD =3
CVD =3) [insufficient]
VASP (total = 19; | IHD =4 IHD =6 IHD =6 IHD = 10 IHD =1 IHD =1 IHD =8 IHD =4 IHD =7
IHD = 18; IHD, [insufficient] | [insufficient] | [low] [low] [insufficient] | [insufficient] | [low] [insufficient] [insufficient]
CVD,PAD=1) IHD, CVD,

PAD =1

[insufficient]
Multiplate IHD =6 IHD =5 IHD =9 IHD =10 IHD =3 IHD =9 IHD =13 IHD =6 IHD =2
analyzer (total [insufficient] | [insufficient] | [insufficient] | [insufficient] | [insufficient] | [insufficient] | [insufficient] [insufficient] [insufficient]
=18; IHD =17; CVD =1
CVD=1) [insufficient]
TEG (total = 6; IHD =2 No studies IHD =2 IHD =1 IHD =1 IHD=3 IHD =4 No studies No studies
IHD = 6) [insufficient] [insufficient] | [insufficient] | [insufficient] | [insufficient] | [insufficient]
PFA-100 (total IHD =2 IHD =2 IHD =5 IHD =3 IHD =1 IHD =1 IHD =9 IHD =2 IHD =1
=11; IHD = 10; [insufficient] | [insufficient] | [insufficient] & [insufficient] | [insufficient] @ [insufficient] | [low] [insufficient] [insufficient]
IHD, CVD, PAD IHD, CVD,
=1) PAD =1

[insufficient]
Other (total = 9; IHD =3 No studies IHD =3 IHD =1 IHD =1 IHD =2 IHD =6 IHD =3 IHD =3
IHD =9) [insufficient] [insufficient] | [insufficient] | [insufficient] | [insufficient] | [insufficient] [insufficient] [insufficient]

Note: Numbers indicate the number of available studies for each test-outcome combination in the population specified. Studies could
have involved more than 1 combination. Text in brackets reflects our assessment of the strength of evidence for each test-outcome
association.

ACS = acute coronary syndromes; CV = cardiovascular; CVD = cerebrovascular disease; IHD = ischemic heart disease;

LTA = light-transmission aggregometry; MACE = major adverse cardiovascular events; PAD = peripheral arterial disease;

PFA = Platelet Function Analyzer; ST = stent thrombosis; TEG = thromboelastography; VASP = vasodilator-stimulated
phosphoprotein.
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LTA in Ischemic Heart Disease

Fifty-three studies included patients with ischemic heart
disease and reported information on the predictive value of
LTA for clinical outcomes (47 studies) and platelet
reactivity (11 studies). Four studies reported both clinical
and intermediate outcomes. Thirty-eight of the 53 studies
enrolled patients with chronic stable coronary artery
disease, 12 enrolled patients with acute coronary
syndromes, and 3 enrolled mixed populations with chronic
and acute presentations. Most studies used ADP as the
agonist to assess reactivity but a few used ADP in
combination with arachidonic acid (AA) to assess the
response to both clopidogrel and aspirin. The strength of
evidence for the prognostic effect of high platelet reactivity
as measured by LTA on the following outcomes was
considered low on the basis of clinical heterogeneity,
variation in the metrics and cutoffs used to define
reactivity, and imprecision of the study-level estimates of
effect.

All-Cause Mortality (13 Studies; 12 ADP, 1 ADP + AA)
Studies did not suggest an association between increased
platelet reactivity as measured by LTA and increased
all-cause mortality in patients with ischemic heart disease.

Cardiovascular Mortality (9 Studies; 8 ADP, 1 ADP +
AA)

Studies suggested an association between increased
platelet reactivity as measured by LTA and cardiovascular
mortality in patients with ischemic heart disease.

Acute Coronary Syndromes (18 Studies; 17 ADP, 1 ADP
+AA)

Overall, results provided some evidence of an association
between increased platelet reactivity as measured by LTA
and increased risk of acute coronary syndromes in patients
with ischemic heart disease.

Stent Thrombosis (19 Studies; 17 ADP, 2 ADP + AA)
Nineteen studies reported information on the ability of
platelet reactivity as measured by LTA to predict stent
thrombosis. Three publications reported data from the
same population. Taken together, the studies suggested an
association between increased platelet reactivity and
increased risk of stent thrombosis in patients with ischemic
heart disease.

MACE (37 Studies; 35 ADP, 2 ADP + AA)

Three of the 37 studies reported data from the same
population. We evaluated data for the longest followup
time available. All studies used ADP as the agonist to
measure platelet reactivity; two studies used ADP in
combination with AA to assess the response to both
clopidogrel and aspirin. The majority of reviewed studies
suggested an association between increased platelet
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reactivity as measured by LTA and increased risk of
MACE.

Stroke (12 Studies; 11 ADP, 1 ADP + AA)

The 12 reviewed studies did not suggest an association
between increased platelet reactivity as measured by LTA
and increased stroke in patients with ischemic heart
disease.

VerifyNow P2Y12 in Ischemic Heart Disease

Thirty-five studies included patients with ischemic heart
disease and reported information on the predictive value of
the VerifyNow P2Y'12 assay. Of these, 33 assessed the
value of the test for predicting clinical outcomes, and 3 for
predicting platelet reactivity during followup. Two studies
reported both clinical and platelet reactivity outcomes. Of
the 35 studies, 21 enrolled patients with chronic stable
coronary artery disease, 12 enrolled patients with acute
coronary syndromes, and 2 enrolled a mixed population
with chronic and acute presentations.

All-Cause Mortality (10 Studies; 9 ADP, 1 ADP + AA)
A meta-analysis of three studies that used ADP as the
agonist and defined high platelet reactivity on the basis of
platelet reactivity units found a summary RR of 1.21 (95%
CI, 0.83 to 1.77; p=0.313), indicating a nonsignificant
association between high platelet reactivity and all-cause
mortality. There was little evidence of between-study
heterogeneity (P, =0.902; 2 =0%). Meta-analysis was not
performed for the four other studies, which either used
percent platelet inhibition to define reactivity or defined
reactivity using a different cutoff.

Cardiovascular Mortality (7 Studies, All ADP)

A meta-analysis of the four studies that used cutoff values
based on platelet reactivity units found a summary RR of
2.50 (95% CI, 1.28 to 4.87; p=0.007), indicating a
significant association between high platelet reactivity and
cardiovascular mortality. There was little evidence of
between-study heterogeneity (P, =0.527; I2 =0%). The
three studies not included in the meta-analysis did not
report a significant association between higher platelet
reactivity and increased cardiovascular mortality.

Acute Coronary Syndromes (19 Studies; 16 ADP, 1 ADP
+AA)

Nineteen studies reported information on the ability of the
VerifyNow P2Y 12 assay to predict myocardial infarction in
patients receiving clopidogrel-based treatment. Taken
together, the studies suggested an association between
increased platelet reactivity as measured by VerifyNow and
increased rates of both periprocedural and
nonperiprocedural acute coronary syndromes in patients
with ischemic heart disease. However, the strength of
evidence for this association was considered low on the



basis of variability in the metrics and thresholds used to
define reactivity and heterogeneity of the included patient
populations.

Stent Thrombosis (15 Studies; All ADP)

Fifteen studies reported information on the ability of the
VerifyNow P2Y 12 assay to predict stent thrombosis in
patients receiving clopidogrel-based treatment. Of these,

11 did not report statistically significant results and
produced relatively wide Cls, indicating substantial
uncertainty around estimates of the RR; 4 studies reported
statistically significant associations between high reactivity
with risk of stent thrombosis. Because of heterogeneity in
the metrics used to define platelet reactivity, meta-analysis
was possible only for six studies that used the same metrics
and cutoffs for reactivity. The summary RR was 1.67 (95%
ClI, 0.80 to 3.47; p=0.172). There was some evidence of
between-study heterogeneity (P,=0.159; >=37%).
Considering all studies, there was weak evidence to
support an association between increased platelet reactivity
as measured by VerifyNow and stent thrombosis in patients
with ischemic heart disease.

MACE (24 Studies; 23 ADP, 1 ADP + AA)

One study that used both ADP and AA to identify a
population of responders to both clopidogrel and aspirin
reported significantly higher odds of MACE in those who
were clopidogrel nonresponders (irrespective of aspirin
response status) compared with responders. A meta-
analysis was done of 13 of the 23 remaining studies that
enrolled nonoverlapping patient populations and used
cutoff values for platelet reactivity based on platelet
reactivity units. The summary RR was 2.48 (95%, CI, 1.86
to 3.32; p<0.001) and there was evidence of moderate
heterogeneity (P,=0.045; 2=44%) and statistically
significant small-study effects. Ten studies were not
included in the meta-analysis due to differing definitions of
reactivity, poor reporting, and patient overlap. Specifically,
five studies used percentage of platelet inhibition to define
platelet reactivity; two used a different cutoff to define
reactivity; two studies did not provide adequate data for
inclusion; and one overlapped with another publication that
had larger sample size. Among the five studies that used
percentage of platelet inhibition to define platelet
reactivity, three studies reported significantly higher rates
of MACE and one study reported nonsignificantly higher
rates of MACE at 6 months or 1 year in those with a low
response to clopidogrel. In contrast, one study reported
lower rates of MACE at 30 days in those with a low
response to clopidogrel.
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Bleeding Events (12 Studies; All ADP)

A meta-analysis of six nonoverlapping studies with similar
reactivity cutoffs found no significant difference by
reactivity status for either all bleeding events (4 studies;
RR=1.09; 95% CI, 0.88 to 1.37; p=0.421) with little
evidence of heterogeneity (P,=0.738; ’=0%) or severe
bleeding events (4 studies; RR=0.85; 95% CI, 0.32 to 2.25;
p=0.738) with evidence of moderate heterogeneity
(P,=0.074; ’=57%). Four other studies with different
cutoff values reported lower but not statistically
significantly different rates of major and minor bleeding
for patients with a low response to clopidogrel (compared
with responders), and a fifth study did not report any
bleeding events.

VASP Assay With Flow Cytometry in Ischemic
Heart Disease

Eighteen studies included patients with ischemic heart
disease and reported information on the predictive value of
the VASP assay. Of these, 13 assessed the value of the test
for predicting clinical outcomes, 6 assessed the value for
predicting platelet reactivity during followup, and 1
reported both clinical and platelet reactivity outcome.
Eight studies enrolled patients with acute coronary
syndromes, five enrolled patients with chronic stable
coronary artery disease, and five enrolled mixed
populations with chronic and acute presentations.

Acute Coronary Syndromes (6 Studies; All ADP)

One study reported that no events were observed regardless
of platelet reactivity status and thus was not included in
meta-analysis. Of the remaining five studies, two were
nonoverlapping. The other three had overlapping study
populations and enrollment periods, so in meta-analysis we
used data from the publication reporting the largest number
of events. A meta-analysis of the three studies, all of which
used cutoff values based on the platelet reactivity index,
found a summary RR of 1.47 (95% CI, 0.77 to 2.794;
p=0.246). There was little evidence of between-study
heterogeneity (P,=0.372; 2=0%).

Stent Thrombosis (10 Studies; All ADP)

Two studies reported that no events were observed
regardless of platelet reactivity status and thus were not
included in meta-analysis. Of the remaining eight studies,
three were nonoverlapping. The other five had overlapping
study populations and enrollment periods, so in meta-
analysis we used data from the publication reporting the
largest number of events. A meta-analysis of the four
studies found a summary RR of 3.37 (95% CI, 1.59 to 7.1;
p=0.015), indicating a statistically significant association
between high platelet reactivity and stent thrombosis.



There was no evidence of between-study heterogeneity
(Py=0.487; P=0%).

MACE (8 Studies; All ADP)

Two publications involved overlapping study populations;
in meta-analysis we included data from the publication
reporting the largest total number of cardiovascular events.
A meta-analysis of the six nonoverlapping studies found a
summary RR of 2.57 (95% CI, 1.21 to 5.47; p=0.015),
indicating a statistically significant association between
high platelet reactivity measured by the VASP assay and
MACE. There was evidence of moderate between-study
heterogeneity (P,=0.044; 2=56%).

Multiplate Analyzer, Thromboelastography, and
PFA-100 in Ischemic Heart Disease

The strength of evidence was insufficient for all outcomes
for these three tests.

Comparative Studies of Test Performance Among
Platelet Reactivity Assays

Twelve studies reported extractable information on clinical
outcomes for at least two of the assessed tests. We focused
on outcomes that were addressed by at least 3 comparative
studies: major adverse cardiovascular events (composite
outcome, 10 studies) and stent thrombosis (4 studies). The
data could not be quantitatively synthesized because the
studies involved several assays being applied to the same
patient population, in which case results are likely to be
correlated because the population is shared and assays
done on samples of the same blood will yield correlated, if
not identical, results.

MACE (Comparative Studies)

Ten studies reported comparative information regarding
the ability of assays to predict MACE. The most commonly
used test was LTA, which was compared with various tests
(most often thromboelastography and VerifyNow P2Y12).
Overall, point estimates were similar between alternative
test methods within each study and Cls were overlapping,
suggesting that the predictive ability of the compared tests
is fairly similar.

Stent Thrombosis (Comparative Studies)

Four studies reported comparative information regarding
the ability of assays to predict stent thrombosis for patients
undergoing PCI with stent implantation. LTA was used in
three studies, and the VerifyNow P2Y 12 and PFA-100
assays were each used in two studies. Point estimates were
variable within each study. However, Cls were extremely
wide and overlapping, suggesting that there is substantial
uncertainty regarding the relative predictive ability of the
compared tests for stent thrombosis and that there is

substantial uncertainty regarding comparative test
performance for this outcome.

Comparative Studies of Test Performance of
Genetic Testing for CYP2C19 Variants and
Phenotypic Testing for Platelet Reactivity

Four studies reported information on the prognostic value
of genetic and phenotypic tests for MACE and three for
stent thrombosis. For each of the four studies, we plotted
the points corresponding to each assay’s sensitivity and
specificity in the receiver operating characteristic space.
Points were often close to the chance diagonal, indicating
that test performance was generally poor. However, the
paucity of data did not allow firm conclusions.

Key Question 2c: Factors Affecting the
Predictive Value of Phenotypic Testing for
Platelet Reactivity

We reviewed studies to identify any evidence that patient-
or system-level factors or test characteristics could modify
the predictive ability of phenotypic testing for platelet
reactivity. As for Key Question 1c, we considered both
within-study information (e.g., studies where the predictive
effect of phenotypic testing was evaluated in two or more
patient subgroups) and information across studies (through
metaregression analyses on study-level factors).

Effect Modification Within Studies

In total, seven studies reported information on effect
modification of the predictive effect of platelet reactivity.
All studies reported information on clinical outcomes.
Only a small subset of the eligible studies provided
information adequate to statistically assess effect
modification, and selective reporting was highly likely.
Studies assessed the following factors as potential
modifiers: the use of glycoprotein IIb/I1la inhibitors as an
adjunct treatment for PCI (two studies), diabetes mellitus
(two studies), and chronic kidney disease (one study). Two
studies used the VASP assay to assess platelet reactivity;
two used the VerifyNow P2Y 12 assay (one of which also
used the VerifyNow ASA, which uses arachidonic acid as
the agonist to measure “aspirin resistance”); and one used
LTA (with ADP as the agonist). Statistically significant
interaction effects were reported only in the study that
assessed whether coexisting chronic kidney disease in
patients with coronary artery disease modified the
predictive value of the VASP assay. The study found that
high on-clopidogrel platelet reactivity had statistically
significantly greater effects on several clinical outcomes
(all-cause mortality, cardiac death, and a composite
outcome of all-cause mortality, myocardial infarction, or



target-lesion revascularization) in patients with chronic
kidney disease than in those without chronic kidney
disease.

Effect Modification Across Studies

In analyses across studies (metaregression) the following
factors did not statistically significantly modify the
prognostic value of the VerifyNow P2Y 12 assay on MACE
(the only test-outcome combination with 10 or more
available studies): disease subtype (acute coronary
syndromes vs. coronary artery disease); duration of
followup (=30 days vs. >30 days); and year when
enrollment was started (continuous variable).

Effect Modification Summary

In general, information on effect modification was limited,
both within and across studies. Few studies reported
information on the same potential effect modifiers, results
were imprecise, and selective reporting was highly likely.
Information across studies was also limited by the number
of available studies on each test and outcome of interest. It
is unclear whether the predictive effect of phenotypic
testing differs across patient subgroups.

Key Question 3a: Comparative Effectiveness
of Alternative Test-and Treat Strategies

We grouped the studies we identified for this Key Question
into three categories:

1. Randomized trials of test-and-treat strategies: These
studies randomize patients to alternative management
strategies, at least one of which is based on a test of
interest. Patients are then followed up for intermediate
or clinical outcomes.

2. Randomized treatment trials that evaluate treatment-
effect modification: These are randomized studies in
which patients in all groups undergo the test of interest
at baseline. Treatment assignment is based on
randomization and thus is independent of test results.
Because these studies include both test-positive and
test-negative patients in each treatment arm, they can be
used to assess test result % treatment interactions.

3. Randomized trials with test-based selection: These
studies select patients on the basis of baseline test
results and then randomize them into non—test-based
treatment groups. When properly randomized and
conducted, these studies can provide unconfounded
estimates of the treatment effect conditional on a
particular test result.

Genetic Testing for CYP2C19 Variants
Studies of Test-and-Treat Strategies

We identified a single-center pilot study with low risk of
bias that compared a strategy of testing for CYP2C19
variants versus no testing to guide treatment
decisionmaking in a predominantly white population
(95%). The study randomized 200 adult patients
undergoing PCI for the treatment of non-ST-segment-
elevation acute coronary syndrome or stable CAD to a
treatment group guided by CYP2C19 genotyping or a
control group with no testing.

Clinical Outcomes

The study reported information on a composite outcome
of cardiovascular death, nonfatal myocardial infarction,
readmission to hospital, and stent thrombosis. Twenty-three
(25%) of 91 patients assigned to the rapid genotyping
group were CYP2C19*2 carriers (4 were homozygotes);
23 (24%) of 96 in the standard therapy group were
CYP2C19 *2 carriers (3 were homozygotes). No clinical
adverse ischemic outcomes were observed in either group
at 7 or 20 days of followup.

Intermediate Outcome: Platelet Reactivity During
Followup

Intermediate outcomes were assessed with the VerifyNow
P2Y12 assay. The primary study endpoint was the
proportion of CYP2C19*2 carriers with a P2Y'12 reactivity
unit (PRU) value of more than 234 after 1 week of dual
antiplatelet therapy. The results indicated that platelet
reactivity at the last followup assessment was lower in the
groups that received test-based treatment than in those that
did not undergo testing.

Randomized Trials Reporting Information on Treatment-
Effect Modification by CYP2C19 Genotype Status

We identified 13 publications (reporting on 12 study
populations) describing randomized controlled trials that
provide information on effect modification by CYP2C19
variants. Six studies provided information on clinical
outcomes, five on intermediate outcomes (platelet
reactivity during followup), and one on both types of
outcome.

Clinical Outcomes

Six studies (reported in seven publications®) provided
clinical outcome information. Five of the six studies were
large (>1,000 participants), multicenter, randomized trials
of clopidogrel-based treatment versus alternative
treatments and had at least one outcome event. The sixth

¢ Five publications reported information on a single population each and one publication reported information on two independent populations.



study, a smaller, single-center trial with a followup of 30
days, reported that no clinical outcomes of interest were
observed. Studies used robust methods for randomization
and allocation concealment.

The five larger studies were the CURE (Clopidogrel in
Unstable Angina to Prevent Recurrent Events) trial, which
included patients with non—ST-elevation acute coronary
syndromes; the PLATO (Platelet inhibition and patient
Outcomes) trial, which involved patients with ST-elevation
or non—ST-elevation acute coronary syndromes; the
TRITON-TIMI 38 (Trial to Assess Improvement in
Therapeutic Outcomes by Optimizing Platelet Inhibition
with Prasugrel-Thrombolysis in Myocardial Infarction
38), which included those with moderate- to high-risk
acute coronary syndromes who were undergoing PCI; the
CHARISMA (Clopidogrel for High Atherothrombotic Risk
and Ischemic Stabilization, Management and Avoidance)
trial, which included a mixed population of patients with
manifest thrombotic disease (coronary, cerebrovascular,
and peripheral arterial disease) along with individuals at
high risk for developing atherothrombotic disease; and
ACTIVE A, which enrolled patients with atrial fibrillation
who were not candidates for vitamin K antagonist therapy.
CURE, CHARISMA, and ACTIVE A compared aspirin
plus clopidogrel (at standard doses) with aspirin
monotherapy, TRITON-TIMI 38 compared aspirin plus
clopidogrel versus aspirin plus prasugrel, and the PLATO
trial compared aspirin plus clopidogrel versus aspirin plus
ticagrelor. All trials were designed and powered to detect
the main effect of antiplatelet therapy but were not
specifically powered to detect heterogeneity of treatment
effects and typically included only a subsample of the
overall trial population.

The CURE, PLATO, CHARISMA, and ACTIVE A trials
did not find statistically significant effect modification by
CYP2C19 genotype for any of their efficacy outcomes.
The genetic substudy of TRITON-TIMI 38 reported
statistically significant treatment-effect heterogeneity
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among genotype groups (at least one loss-of-function
allele vs. none; p=0.046), with prasugrel being superior to
clopidogrel among carriers of loss-of-function CYP2C19
alleles. Overall the available studies do not suggest that
CYP2C19 genotype status is a strong modifier of the
treatment effects evaluated in the studies. However, these
studies included only small subsets, 15 to 40 percent of the
original trial populations, suggesting that selection bias
may have affected their results. This was a concern
particularly for the CHARISMA trial, in which differences
in baseline characteristics and outcome rates were
observed between the patients included and those not
included in the genetic substudy. Furthermore, details were
not provided regarding the timing of obtaining samples for
genetic analyses, but samples were generally not obtained
at the trial baseline. In such cases, survivor bias, another
form of selection bias, may also affect study results.

Because of the large differences in included populations,
treatments compared, and exposure and outcome
definitions among studies reporting on treatment-effect
modification by CYP2C19 variants on clinical outcomes,
we did not perform a meta-analysis. Given that
comparators (placebo, prasugrel, or ticagrelor) differed
across studies, it is plausible that interaction effects could
have different magnitudes or directions. For purposes of
illustration, we used the counts reported in the studies to
compare the treatment effect among carriers of CYP2C19
loss-of-function alleles versus noncarriers (i.e., those with
normal or gain-of-function alleles), as shown in Figure B.



Figure B. Results from large randomized trials assessing effect modification by CYP2C19
variants on MACE
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Note: The top set of panels presents forest plots of treatment effects (odds ratios) on MACE among carriers of at least 1 LOF

allele (top left panel), treatment effects among noncarriers of LOF alleles (top middle panel), and relative effects (rOR) comparing
the treatment effect among LOF carriers and LOF noncarriers (top right panel). The bottom set of panels presents forest plots of
treatment effects on MACE among homozygotes for 2 LOF alleles (bottom left panel), treatment effects among nonhomozygotes

of LOF alleles (bottom middle panel), and relative effects (rOR) comparing the treatment effect among homozygotes and
nonhomozygotes of LOF alleles (bottom right panel). Two studies did not provide adequate data for the comparisons of homozygotes
and nonhomozygotes. The CURE, CHARISMA, and ACTIVE A trials compared aspirin plus clopidogrel vs. aspirin monotherapy;
the TRITON-TIMI 38 trial compared aspirin plus clopidogrel vs. aspirin plus prasugrel; the PLATO trial compared aspirin plus
clopidogrel vs. aspirin plus ticagrelor. Point estimates for treatment effects are shown as black circles (carriers) or white circles
(noncarriers); point estimates for relative treatment effects are shown as black squares. For all symbols, size is inversely proportional
to the standard error of each estimate. Horizontal lines denote 95% confidence intervals for all estimates. Vertical dashed lines denote
no effect. Please see Tables 18 and 19 in the full report for definitions of the genotype categories and outcomes reported by each
study. References to individual studies are provided in Table 5 of the main report.

ACTIVE A = Atrial Fibrillation Clopidogrel Trial with Irbesartan for Prevention of Vascular Events A; CHARISMA = Clopidogrel
for High Atherothrombotic Risk and Ischemic Stabilization, Management and Avoidance; CURE = Clopidogrel in Unstable Angina
to Prevent Recurrent Events trial; homoz. = homozygotes; LOF = loss of function; MACE = major adverse cardiovascular events;
nonhomoz. = nonhomozygotes; PLATO = Platelet inhibition and patient Outcomes trial; rOR = relative odds ratio; TRITON-TIMI
38 =Trial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition with Prasugrel-Thrombolysis in
Myocardial Infarction; Tx = treatment.
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Intermediate Outcome: Platelet Reactivity During
Followup

Seven studies assessing treatment-effect modification by
CYP2C19 variants provided information on platelet
reactivity during followup as an intermediate outcome. All
seven were based on randomized trials comparing
clopidogrel-based treatment with alternative therapies, had
small to moderate sample sizes (range, 60 to 474
participants), and enrolled heterogeneous populations of
patients with acute or chronic coronary artery disease. In
this group of studies, 79 to 100 percent of the patients
enrolled were included in the genetic substudies,
suggesting that selection bias was unlikely. All had short
followup periods (<7 days to 6 weeks), and they generally
provided adequate descriptions of the methods used for
generating the randomization sequence but did not provide
sufficient information to assess methods of allocation
concealment

The studies differed in the alleles genotyped and the
genotype groupings used. Platelet reactivity during
followup was assessed by the VerifyNow P2Y 12 assay in
all seven studies, as well as by LTA in four studies and the
VASP assay (based on flow cytometry) in two studies.
Because of the differences in designs, populations,
treatments compared, and followup durations among the
included studies, we did not perform a meta-analysis. The
overall results were variable and no conclusions could be
drawn.

Studies With Genetic Test—Based Selection of Patients

We identified a single multicenter trial (ELEVATE-TIMI
56) that used genetic—test-based selection of patients and
then randomized them to alternative antiplatelet
treatments. The study enrolled 335 patients with known
cardiovascular disease (57.1% with a history of myocardial
infarction; 97.3% with a history of PCI) on maintenance
clopidogrel therapy (75 mg daily). The trial was well
conducted, with centralized randomization and blinding of
both patients and outcome assessors (both for clinical and
intermediate outcomes) to the treatment assessment. The
sample size was based on a priori power analysis for
platelet reactivity outcomes and the recruitment target was
attained. There were minimal dropouts and losses to
followup.

Clinical Outcomes

The study reported no deaths or cerebrovascular events.
However, it was not powered to provide robust evidence on
clinical outcomes and did not have adequate followup to
do so. Among CYP2C19*2 noncarriers, two patients had
cardiac ischemic events while taking the 75 mg dose and
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three with the 150 mg dose. Among carriers of a
CYP2C19%*2 allele, one patient experienced a cardiac
ischemic event while taking the 75 mg clopidogrel dose.

Intermediate Outcome: Platelet Reactivity During
Followup

Intermediate outcomes were assessed with the VASP assay
(primary analysis) and the VerifyNow assay (secondary
analysis). When treated with a standard clopidogrel
maintenance dose of 75 mg/day, both CYP2C19*2
heterozygotes and homozygotes had significantly higher
on-treatment platelet reactivity than did noncarrier patients
(p<0.001 for both pairwise comparisons). Among
CYP2C19*2 heterozygotes, higher clopidogrel
maintenance doses up to 300 mg produced significant
reductions in platelet reactivity (p<<0.001 for trend).
Results with the VerifyNow assay were similar to the VASP
data across dose and genotype. Among CYP2C19*2
homozygotes, there was a trend toward less platelet
reactivity with higher maintenance doses of clopidogrel;
however, even with 300 mg daily of clopidogrel, these
individuals had increased reactivity as measured by VASP
and VerifyNow. In CYP2C19*2 heterozygotes, 150 mg
resulted in platelet reactivity that tended to be higher than
that seen in noncarrier patients treated with 75 mg daily.
For CYP2C19*2 homozygotes, even 300 mg daily of
clopidogrel did not result in platelet reactivity levels
similar to those with standard clopidogrel dosing in
noncarriers.

Phenotypic Testing for Platelet Reactivity
Studies of Test-and-Treat Strategies

We identified seven studies directly comparing alternative
test-and-treat strategies. Six of the seven studies had a
randomized design, and one was a nonrandomized
comparative study of test-and-treat strategies. Generally,
the randomized trials had moderate risk of bias, were
prospectively conducted, and performed phenotypic testing
immediately after sample collection, without knowledge of
clinical or intermediate outcomes. However, information to
judge whether outcomes were assessed without knowledge
of the index-test result was often not reported. Subjects
and personnel were not blinded, and reporting was
incomplete regarding the methods of generating the
randomization sequence and concealing allocation. The
single nonrandomized comparative study had high risk of
bias because the two groups being compared (test-guided
treatment and non—test guided treatment) were enrolled in
different research institutions, increasing the probability
that results were affected by confounding or selection bias.
Four studies evaluating the use of the VASP assay were of



moderate size (the smallest enrolling 153 patients; the
largest, 429 patients); three were multicenter studies; and 1
was a single-center investigation. One randomized
controlled trial (RCT) evaluating the use of the Multiplate
analyzer enrolled 192, patients and one nonrandomized
comparative study evaluating the same assay enrolled 798
patients. The single study assessing VerifyNow was smaller
(60 patients) and was conducted in a single research center.

The six RCTs directly comparing alternative test-and-treat
strategies assessed patients undergoing PCI. Four enrolled
patients with stable coronary artery disease or acute
coronary syndromes, and one enrolled exclusively patients
undergoing elective stenting. The experimental groups in
five studies (three using the VASP assay, one using the
VerifyNow assay, and one using the Multiplate analyzer)
employed repeat reactivity monitoring at multiple time
points with modification of the administered clopidogrel
dose on the basis of test results. The other two studies
performed only a single assessment of platelet reactivity,
with subsequent treatment modification in patients found
to have reactivity values above a predefined threshold.
Control groups were given clopidogrel-based therapy at
standard doses. Four studies reported a prospective power
calculation and enrollment goal, which was met in all
cases.

Clinical Outcomes

All seven studies comparing alternative test-and-treat
strategies reported information on cardiovascular mortality.
In addition, six reported on MACE (composite outcomes),
five on stent thrombosis, three on acute coronary
syndromes (myocardial infarction or unstable angina),
three on myocardial infarction alone, two on all-cause
mortality, and two on repeat revascularization. Overall, the
studies had short followup durations and included
moderate numbers of participants; thus, the outcome rates
were low, and relative effect estimates (when possible to
calculate) were often extreme (e.g., odds ratios <0.5) and
had substantial uncertainty (wide CIs). Studies generally
indicated that the groups with test-based monitoring had
better outcomes (lower event rates) than the groups without
test-based monitoring; however, the differences were often
not statistically significant. Meta-analyses were not
performed, owing to the differences in the populations
included, interventions compared, and durations of
followup used.
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Intermediate Outcome: Platelet Reactivity During
Followup

Four of the seven studies directly comparing alternative
test-and-treat strategies reported information on platelet
reactivity as an intermediate outcome. Although results
generally indicated that platelet reactivity at the last
followup assessment was lower in the groups that received
test-based treatment than in those that received standard
treatment, reporting was often incomplete and precluded
statistical comparisons between groups. Furthermore,
studies had short followup periods, and it was unclear
whether the observed differences in reactivity affected
clinical outcomes.

Studies of Treatment-Effect Modification by Baseline
Platelet Reactivity

We identified three studies reporting information on effect
modification by baseline platelet reactivity in patients
randomized to alternative antiplatelet therapies.

Clinical Outcomes

One study, a platelet reactivity substudy of the ISAR-
REACT 4 trial (Intracoronary Stenting and Antithrombotic
Regimen: Rapid Early Action for Coronary Treatment-4),
reported information on clinical outcomes. In the platelet
sub-cohort of this trial, 205 patients (36%) had high
on-clopidogrel platelet reactivity at the time of PCI (35.0%
in the abciximab plus heparin group vs. 37.6% in the
bivalirudin group). A significant interaction was observed
between study treatment arm and platelet aggregation
regarding the combined efficacy endpoint (death,
myocardial infarction, or urgent target vessel
revascularization; P for interaction = 0.037). This study
was considered to have moderate risk of bias because the
patient population was not representative of the parent trial
population, suggesting the possibility of selection bias.

Intermediate Outcome: Platelet Reactivity During
Followup

Two studies reported information on platelet reactivity
during followup. The first study was a post hoc evaluation
based on a crossover RCT comparing triple therapy
(aspirin + clopidogrel + cilostazol) with double therapy
(aspirin + clopidogrel + placebo) for patients with stable
coronary artery disease. Based on the study results, we
estimated that baseline platelet reactivity did not modify
the effect of cilostazol on subsequent measurements. This
study was considered to have high risk of bias because it
was a post hoc assessment based on a convenience sample
enrolled in a crossover trial and because the parent trial
had a large withdrawal rate (23%). The second study
reported the response rate among “poor responders” to the



clopidogrel loading dose during prasugrel-based therapy
and during clopidogrel-based therapy. Generally the
response rates were higher during prasugrel therapy,
regardless of the assay used to assess platelet reactivity.
However, the study did not report the response status
during followup for patients who were “responders” to the
clopidogrel loading dose. Thus, the interaction between
post—loading-dose response to clopidogrel and treatment
assignment could not be assessed. This study was
considered to have a high risk of bias because of
incomplete outcome reporting and because information on
the generation of the randomized sequence and allocation
concealment was unclear.

Studies With Phenotypic Test—Based Selection of
Patients

Fourteen studies met our inclusion criteria and reported
information on the comparative effectiveness of treatments
administered to patients selected on the basis of baseline
platelet reactivity. The sample sizes ranged from 21 to
more than 2,000 participants, and all 14 studies were
relatively recent (published in 2008-2012). Only two trials,
the GRAVITAS multicenter trial (Gauging Responsiveness
with a VerifyNow Assay—Impact on Thrombosis and
Safety) and the TRIGGER PCI trial (Testing Platelet
Reactivity In Patients Undergoing Elective Stent
Placement on Clopidogrel to Guide Alternative Therapy
With Prasugrel), reported data from more than 100
randomized patients. Eleven studies were performed
mainly or exclusively in the PCI setting, two studies
included patients with stable coronary artery disease
(noninterventional setting), and one study enrolled patients
on chronic hemodialysis receiving clopidogrel treatment.
On-clopidogrel platelet reactivity was used as a selection
criterion in all studies; it was assessed using the VerifyNow
P2Y12 assay in nine studies, LTA in three studies, the
VASP assay with flow cytometry in two studies, and other
assays in two studies. (One study combined measurements
from three assays to define high on-treatment reactivity.)
The treatment comparisons were between standard-dose
clopidogrel-based therapy and high-dose clopidogrel in six
studies, prasugrel in four studies, ticagrelor in two studies,
and addition of a glycoprotein IIb/II1a inhibitor in two
studies.

Overall, the risk of bias varied across studies. The
GRAVITAS trial had low risk of bias, both regarding
aspects related to the index test of interest and regarding
general aspects of randomized trial design (e.g., generation
of the randomization sequence and allocation
concealment). The TRIGGER-PCI trial did not provide
adequate information about the randomization procedure
and allocation concealment or blinding of patients to
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treatment assignment; however outcomes assessors were
blinded to treatment assignment. Smaller studies (typically
with short-term followup) were generally considered to
have a higher risk of bias, owing to problems in the
application of the tests of interest (e.g., an unclear rationale
for the thresholds used) or incomplete reporting of
outcomes. Furthermore, these studies often did not provide
information sufficient to judge their risk of bias regarding
general aspects of randomized trial design.

Clinical Outcomes

Clinical-outcome comparisons between the randomized
treatment groups were reported in 10 of the 14 studies.
Here, we discuss only the results of the two larger trials
(GRAVITAS and TRIGGER-PCI). The remaining 12
studies had smaller sample sizes, ranging from 21 to 159
patients, and also had short followup durations.
Information on these trials is presented in the full report.

The GRAVITAS trial (2,214 randomized patients) included
patients who had undergone PCI for stable coronary artery
disease or non-ST-segment-elevation acute coronary
syndrome and showed increased on-clopidogrel reactivity
on the VerifyNow P2Y'12 assay. The patients were
randomized to high-dose clopidogrel or standard-dose
clopidogrel, both in combination with aspirin. After 6
months of followup, there was no statistically significant
difference between the randomized groups in the rate of
cardiovascular death, nonfatal myocardial infarction, stent
thrombosis, all-cause mortality, or composite
cardiovascular outcomes, either (1) cardiovascular death or
nonfatal myocardial infarction or (2) cardiovascular death,
nonfatal myocardial infarction, or stent thrombosis. The
study also included followup information for a randomly
selected group of patients with low platelet reactivity at
baseline who were treated with standard-dose clopidogrel.
(See the Results section for Key Question 1b for details.)

The TRIGGER-PCI study compared prasugrel versus
standard-dose clopidogrel in 423 patients with high
on-clopidogrel platelet reactivity as measured by the
VerifyNow P2Y 12 assay. After 236 patients had completed
the planned 6-month followup, a blinded interim review
identified a single primary endpoint event. Because of the
very low event rate, the trial was terminated early for
futility. As such, for all outcomes, event rates were very
low and differences in event rates between groups were not
statistically significant. Across all 10 studies reporting data
on clinical outcomes, patient populations were
heterogeneous, selected on the basis of different inclusion
criteria, and assessed using different therapeutic regimens.
For these reasons, we did not perform meta-analyses for
any of the clinical outcomes reported.



Intermediate Outcome: Platelet Reactivity During
Followup

Ten studies reported information on intermediate
outcomes. Eight studies had a total duration of 3 months or
less; five studies had a crossover design. The outcomes
were assessed using different assays and were
heterogeneously reported. Generally, patients on higher
dose clopidogrel regimens and those receiving prasugrel
showed greater responses in platelet reactivity compared
with those receiving standard-dose clopidogrel regimens.

Combined Genetic Testing for CYP2C19 Variants
and Phenotypic Testing To Guide Antiplatelet
Treatment

We identified four studies providing information on
test-based treatment strategies that also provided
information on the CYP2C19 genotype of participants. All
four studies reported genetic analyses based on
randomized trials that had enrolled patients on the basis of
baseline platelet reactivity testing. Briefly, two of the
studies were conducted in the setting of small (21 and 64
patients) crossover RCTs of short duration (30 and 60
days); one was based on a short-term parallel-arm trial (2
weeks of followup); and one study (GIFT—Genotype
Information and Functional Testing) was conducted in the
setting of the large GRAVITAS trial with a followup of 6
months. Analyses stratified by treatment and genotype
status were not reported for clinical outcomes, and all four
studies reported results for the intermediate outcome of
platelet reactivity. Studies did not report significant effect
modification by genotype for this outcome. (All analyses
assumed a dominant model for loss-of-function alleles;
analyses under an alternative model were not possible.) In
general, results were inconclusive because studies were
small and none had been prospectively powered
specifically to assess effect modification by genotype.

Key Question 3b: Factors Modifying the
Comparative Effectiveness of Alternative
Test-and-Treat Strategies

Only four of the studies considered relevant to Key
Question 3a provided information about the use of testing
for clinical decisionmaking with data stratified by patient
characteristics: ancestry in two, baseline percent inhibition
of on-clopidogrel reactivity in one, diabetes status in one,
and history of PCI and symptomatic atherothrombosis on
trial entry in one. None of the factors appeared to
statistically significantly affect study results relevant to the
use of testing to guide antiplatelet therapy.
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Key Question 4: Harms of Testing and of
Test-Directed Treatment

Harms of Test-Directed Treatment

All studies addressing Key Question 4 were also included
in Key Question 3a; assessment of the risk-of-bias of
individual studies is addressed in that section. We discuss
studies belonging to each of three designs—studies of
test-and-treat strategies, studies of treatment-effect
modification, and studies with test-based selection—
separately for genetic testing (for CYP2C19 variants) and
for phenotypic testing (of platelet reactivity).

Genetic Testing for CYP2C19 Variants

We identified a single study comparing testing for
CYP2C19 variants against a no-testing strategy to guide
treatment decisionmaking. The study monitored major and
minor bleeding using the thrombolysis in myocardial
infarction (TIMI) classification over 30 days of followup.
The frequency of minor and major bleeding was not
different between the study groups.

Studies of Treatment-Effect Modification by CYP2C19
Genotype Status

Six studies (reported in five publications) provided
information on treatment-effect modification of bleeding
outcomes by CYP2C19 status. Five were based on large
randomized trials of clopidogrel-based therapy that
included more than 1,000 patients in their genetic
substudies (the same studies discussed in the
corresponding section of Key Question 3a). The sixth
study was a small genetic substudy of 126 patients that
reported no major bleeding events by TIMI criteria in
either group. The five larger studies compared the effect of
alternative treatment strategies, stratified by CYP2C19
genotype, on safety outcomes (in all five studies, bleeding
events). The test for interaction (a test for heterogeneity of
treatment effects across genotype groups) was not
statistically significant for any of the reported comparisons,
indicating that the impact of the compared treatments on
bleeding events was not significantly different across
patient groups defined by CYP2C19 genotype.

Because of the large differences in populations included,
treatments compared, and exposure and outcome
definitions among studies reporting on treatment-effect
modification by CYP2C19 variants, we did not perform a
meta-analysis. However, we used the counts reported in the
studies to compare the treatment effect among carriers of
CYP2C19*2 or *3 (loss-of-function alleles) versus
noncarriers (i.e., carriers of CYP2C19*1 or *17 [normal
and gain-of-function alleles, respectively]). The odds ratios
for the treatment effect within each genotype subgroup and



relative odds ratios comparing the treatment effect across under a recessive genetic model; however, only three
genotype groups showed that treatment-effect modification  studies provided data for this analysis and CIs were wide
was nonstatistically significant in all five studies (Figure (reflecting the low number of homozygous individuals in
C). Effect modification was also nonstatistically significant each study).

Figure C. Bleeding events in large randomized trials reporting information on effect
modification by CYP2C19 variants
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Note: The top set of panels presents forest plots for treatment effects (odds ratios) on bleeding outcomes among carriers of at least

1 LOF allele (top left panel), treatment effects among noncarriers of LOF alleles (top middle panel), and relative effects (rOR)
comparing the treatment effect among LOF carriers and LOF noncarriers (top right panel). The bottom set of panels presents forest
plots of treatment effects on bleeding outcomes among homozygotes for 2 LOF alleles (bottom left panel), treatment effects among
nonhomozygotes of LOF alleles (bottom middle panel), and relative effects comparing the treatment effect among homozygotes and
nonhomozygotes of LOF alleles (bottom right panel). Two studies did not provide adequate data for the comparisons of homozygotes
and nonhomozygotes. The CURE, CHARISMA, and ACTIVE A trials compared aspirin plus clopidogrel vs. aspirin monotherapys;
the TRITON-TIMI 38 trial compared aspirin plus clopidogrel vs. plus prasugrel; the PLATO trial compared aspirin plus clopidogrel
vs. aspirin plus ticagrelor. Point estimates for treatment effects are shown as black circles (carriers) or white circles (noncarriers);
point estimates for relative treatment effects are shown as black squares. For all symbols, size is inversely proportional to the standard
error of each estimate. Horizontal extending lines denote 95% confidence intervals for all estimates. Vertical dashed lines denote

no effect. Please see Table 41 in the full report for definitions of the genotype categories and outcomes reported by each study.
References to individual studies are provided in Table 5 of the main report.
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ACTIVE A = Atrial Fibrillation Clopidogrel Trial with Irbesartan
for Prevention of Vascular Events A; CHARISMA = Clopidogrel
for High Atherothrombotic Risk and Ischemic Stabilization,
Management, and Avoidance; CURE = Clopidogrel in Unstable
Angina to Prevent Recurrent Events trial; homoz. = homozygote;
LOF = loss of function; nonhomoz. = nonhomozygote; PLATO
= PLATelet inhibition and patient Outcomes trial; rOR = relative
odds ratio; TRITON-TIMI 38 = Trial to Assess Improvement

in Therapeutic Outcomes by Optimizing Platelet Inhibition

with Prasugrel-Thrombolysis in Myocardial Infarction; Tx =
treatment.

Studies With Genetic Test—Based Selection of Patients

One study, the ELEVATE-TIMI 56 trial, genotyped
patients on chronic clopidogrel therapy for the presence of
CYP2C19 *2 alleles, Patients with at least one *2 allele
were randomized to various sequences of clopidogrel at
doses of 75, 150, 225, or 300 mg daily, each for
approximately 2 weeks. Noncarriers were randomized to
clopidogrel 75 or 150 mg daily, each dose for two periods
of approximately 2 weeks. There were no TIMI major or
minor bleeding events overall, and there were no
significant differences in hematologic, gastrointestinal, or
musculoskeletal disorders in CYP2C19*2 carriers across
different clopidogrel doses.

Phenotypic Testing for Platelet Reactivity
Studies of Test-and-Treat Strategies

Seven studies comparing alternative test-and-treat
strategies provided information on harms of test-directed
treatment. The studies had short followup durations (1 year
in one study, 6 months in another, and 30 days in the
remaining five), and few events were observed, particularly
severe or major bleeding outcomes. Consequently, data
were sparse and Cls around effect estimates were wide,
indicating substantial uncertainty.

Studies of Treatment-Effect Modification by Baseline
Platelet Reactivity

Two studies provided information on treatment-effect
modification by baseline on-clopidogrel platelet reactivity.
One reported no severe bleeding events and the other
reported no significant effect modification.

Studies With Phenotypic Test—Based Selection of Patients

Twelve of the 14 randomized trials with phenotypic
test—based patient selection reported treatment-related
harms. The two larger studies (the GRAVITAS and the
TRIGGER-PCI trials) found no statistically significant
difference in bleeding events. The remaining 12 small
studies had short followup durations (<1 month in 6 of the
12 studies) and generally reported low rates of events.
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Combined Testing for CYP2C19 Variants
and Phenotypic Testing To Guide Antiplatelet
Treatment

Of the four studies providing information on test-based
treatment strategies that also provided information on the
CYP2C19 genotype of participants, none reported data on
treatment-related harms stratified by treatment group and
genotype status. Therefore, the interaction of genotype
status and treatment could not be assessed.

Harms of Testing Per Se

We found no studies reporting on the harms of the testing
process for CYP2C19 genotyping or measuring platelet
reactivity in the populations of interest. However, one
study comparing VASP-guided therapy with standard
clopidogrel dosing in the PCI setting noted that patients in
the test-guided arm had a longer time from clopidogrel
loading to PCI than patients in the arm that was not test
guided (p<0.001). The delay was due to the need for repeat
testing and treatment modification until a predefined
reactivity threshold was reached in the test-guided group.
It is unclear whether this delay resulted in harm to patients.

Discussion

Clopidogrel is used extensively in the interventional
management of coronary artery disease and the treatment
and secondary prevention of acute coronary syndromes.*3
Furthermore, it is used for the management of patients
undergoing neurointervention (with stent placement), for
the prevention of stroke in patients with atrial fibrillation
who are not candidates for vitamin K antagonist therapy,
and for the management of selected patients with
peripheral arterial disease. However, response to
clopidogrel therapy—as assessed by ex vivo studies of
platelet function— is variable among patients and over
time. Some patients experience little suppression of
platelet reactivity despite adhering to treatment, while
others experience more profound suppression that may
increase their risk of bleeding. Given the availability of
several therapeutic options for antiplatelet treatment (e.g.,
increasing the loading or daily maintenance dose of
clopidogrel or using adjunctive or replacement therapies
such as prasugrel, ticagrelor, or cilostazol), there is interest
in reliably identifying patients who are less likely to
respond to standard clopidogrel treatment, as well as those
who are most likely to respond to alternative treatments.
This report reviewed the evidence of the effectiveness and
comparative effectiveness of two types of tests that have
been extensively evaluated as biomarkers for outcome
prognosis for patients receiving clopidogrel therapy and as
biomarkers of treatment response: genetic testing for



CYP2C19 variants and phenotypic testing for on-
clopidogrel platelet reactivity.

Key Findings and Assessment of the Strength
of Evidence

Table B presents a summary of the report’s key findings.
When appropriate, results are presented separately for each
of the populations and outcomes of interest. We did not
assess the strength of evidence for studies of analytic
validity because analytic validity is a prerequisite for the
clinical use of the tests and because no framework exists
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for assessing the strength of evidence for analytic validity
studies. We also did not assess the strength of evidence for
studies exclusively assessing platelet reactivity as an
outcome because platelet reactivity measurements during
followup are not usually performed as part of clinical care
and because platelet reactivity is not a patient-relevant
outcome. Instead, we focus here on the body of evidence
pertaining to predictive effects, treatment decisionmaking,
and harms as related to patient-relevant clinical outcomes.
Please see the Methods section for a detailed discussion of
our approach to rating the strength of evidence.
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In summary, the analytic validity for genotyping appears
well established. In contrast, the relatively poor agreement
among phenotypic tests suggests that more work is needed
to specify which phenotypic tests provide measurements
that are usable for clinical decisionmaking. Both genetic
testing for CYP2C19 variants and assays for measuring
platelet reactivity appear to predict adverse cardiovascular
outcomes. However, the evidence is weakened by a
substantial concern about selective reporting, publication
bias, and concerns about risk of bias in individual studies.
Evidence of the utility of these tests to guide treatment is
still inconclusive due to the small number of available
studies, as well as heterogeneity in the included
populations, tests used, and interventions compared.
Evidence directly comparing the two testing approaches is
totally lacking.

Our review has synthesized more publications than
previous reviews have, with generally similar findings.
Regarding the predictive effects of CYP2C19 genotype
status, existing systematic reviews have reached similar
conclusions to ours, both in magnitude and direction. Also
consistent with our findings, previous analyses have
suggested that selective outcome reporting and publication
bias may have affected meta-analytic estimates.!6:44

Compared with previous systematic reviews regarding
platelet reactivity assays, our review includes a much
larger number of studies and considers multiple assays
assessing on-clopidogrel platelet reactivity using agonists
to stimulate platelets ex vivo. In contrast to previous
meta-analyses, we did not combine results across different
assays (i.e., across tests using different measurement
principles), different agonist concentrations, or different
calculation methods or cutoff values for defining high
reactivity. We believe that this choice is supported by our
review of analytic validity, which found low to moderate
agreement between different assays. Of note, our analyses
relevant to the VerifyNow P2Y 12 assay include almost
double the number of studies included in a recently
published meta-analysis of individual data on the same
assay.*> Despite differences in selection criteria and
analysis methods, our results were similar, identifying a
large effect size for the association between platelet
reactivity as measured by the VerifyNow P2Y 12 assay and
adverse cardiovascular outcomes.

To our knowledge, this is the first review to
comprehensively evaluate the use of genetic and
phenotypic testing to guide clinical decisionmaking. We
developed a structured approach that considered different
experimental designs (randomized trials of alternative
test-and-treatment strategies, randomized treatment trials
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assessing effect modification by biomarkers, and
randomized treatment trials using the biomarkers to select
patients for inclusion). Although the studies we identified
were too diverse to support firm conclusions on the value
of the tests of interest, we believe that our methodological
approach will be helpful as the evidence base continues to
grow. For example, it will be applied in our updated
literature review.

Applicability

The vast majority of included studies enrolled patients
with ischemic heart disease. Acute or chronic coronary
disease represented almost all available studies for all Key
Questions. Other populations who are potential candidates
for antiplatelet therapy (e.g., patients with cerebrovascular
disease, peripheral arterial disease, or atrial fibrillation)
were included in a minority of studies only. This imbalance
is not unexpected, given that clopidogrel’s primary
indications pertain to ischemic heart disease. However, it is
probably not prudent to extrapolate findings from studies
of ischemic heart disease to other patient populations.
Given that a large number of studies included patients
undergoing PCI, these findings are most applicable to
interventional settings.

For CYP2C19 variants, we found limited evidence that
prognostic effects were different in subgroup and
metaregression analysis by ethnicity (East Asian vs. white).
More evidence is needed to validate this finding and to
obtain information on patient populations underrepresented
in this review (e.g., blacks). Patient race or ethnicity may
be an important effect modifier because the prevalence of
variant alleles is substantially different among racial and
ethnic groups. For example, *2 variants are much more
common in East Asian populations than others.

The majority of studies were conducted in tertiary (usually
academic) medical centers. Studies of treatment-effect
modification by CYP2C19 genotype were based on large
randomized trials, and findings may not be generalizable to
everyday care settings. Because patient information on
preexisting vascular disease in studies of predictive effects
was generally incompletely reported, it is unclear whether
patients in the included studies are representative of those
seen in clinical practice. Nonetheless, the distribution of
risk factors for ischemic vascular disease (male sex,
hyperlipidemia, diabetes, hypertension, smoking, etc.)
appeared to be representative of contemporary patient
populations, and the majority of studies were conducted in
recent years.



Implications for Clinical and Policy
Decisionmaking

Despite the availability of a large literature on the use of
genetic testing of CYP2C19 variants and phenotypic
testing of platelet reactivity for predicting outcomes in
patients receiving clopidogrel-based therapy, studies
provided limited information on the value added by these
tests over ascertainment of conventional risk factors in the
populations of interest (e.g., clinical or laboratory
information or disease-specific predictive scores). The data
suggest that both test methods can provide prognostic
information for some important clinical outcomes.
However, selective outcome reporting for both types of
tests, uncertainty about the underlying genetic model for
CYP2C19 variants, and heterogeneity across studies in the
metrics used to assess reactivity undermine certainty
regarding this prognostic effect. Furthermore, there is little
comparative evidence on the prognostic utility of
individual tests or combinations of tests. These and other
limitations of the existing literature may reduce the
potential for clinical application of the tests reviewed here
as prognostic markers for patients on clopidogrel-based
antiplatelet therapy. The available evidence was insufficient
for determining the utility of either type of testing for
guiding the choice of antiplatelet therapy.

Limitations of the Evidence

On the basis of the large number of reviewed studies, we
believe that the evidence regarding genetic testing for
CYP2C19 variants and phenotypic testing for platelet
reactivity for guiding antiplatelet treatment and predicting
outcomes in patients who receive such treatment is limited
in the following ways:

* Despite the large number of available studies providing
information on analytic validity, most studies used
inappropriate statistical methods to assess interassay
agreement.

* There was a lack of comparative studies evaluating the
relative predictive ability of alternative assays for
measuring platelet reactivity, genetic testing of
CYP2C19 variants, or combinations of these tests.

* Development (“training”) and assessment (“test”)
samples were not separated when developing predictive
markers.

» Selective outcome reporting was a concern regarding
the association between test results and several clinical
outcomes. Most studies reported information on
composite clinical outcomes, but often they did not
provide results for the component clinical events.
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* There was uncertainty about the genetic model for
CYP2C19 variants. Poor reporting of primary study
results precluded the assessment of alternative genetic
models (e.g., results were often reported only for
collapsed genotype categories).

» Exposure definitions were heterogeneous because not
all studies genotyped the same CYP2C19 variants and
because studies used different assays, metrics, and
cutoff values to define increased platelet reactivity.

* There was a paucity of studies evaluating the impact of
test-guided treatment selection on the basis of
CYP2C19 genotyping or reactivity measurements.

* The number of studies providing information on
treatment-effect modification by CYP2C19 genotype
status or baseline on-clopidogrel platelet reactivity was
limited. Investigations based on completed randomized
trials (repurposed RCTs) were not powered to detect
treatment-effect modification and were susceptible to
selection bias because included patients represented
only a minority of the populations included in the
parent trials.

Future Research

This review identified substantial gaps in the literature on
genetic testing for CYP2C19 variants and phenotypic
testing for platelet reactivity, both as biomarkers of future
outcomes among patients who are receiving clopidogrel
therapy and, more importantly, as tests for guiding
treatment selection for patients who are candidates for
antiplatelet treatment. We believe that the following
evidence gaps may represent fruitful areas for future
research:

*  Analytic validity of phenotypic testing: Future studies
using rigorous methods to inform the analytic validity
of tests for measuring platelet reactivity are needed,
particularly with regard to test-retest reliability,
interassay agreement, and analytic performance.

* Prognostic accuracy, with a focus on comparative
prognostic performance: Large-scale prospectively
designed studies of the tests of interest are needed to
derive reliable estimates of prognostic performance.
Studies should focus on the relative performance of
competing tests, prespecify “positive” and “negative”
test results, and report complete data for all outcomes
assessed.

» Direct comparisons of methods for test-guided
treatment selection: Even if the predictive value of tests
were established, this information is inadequate as a
basis for treatment decisionmaking. The most



promising tests could be prioritized for assessment in
directly comparative studies of testing versus no testing
for guiding treatment choice. Such studies could
provide unconfounded estimates of the relative benefits
and harms of the compared strategies.*® However,
randomized comparisons of alternative testing
strategies are costly and time consuming. Furthermore,
recruitment may be challenging or impossible if one of
the treatment groups is standard clopidogrel-based
therapy, in view of the current FDA-approved labeling
and recent results from studies using pharmacodynamic
endpoints. Still, such designs may be appropriate when
comparing antiplatelet therapies other than standard
clopidogrel dosing (including high-dose clopidogrel
treatment). When experimental studies are not
considered logistically or ethically feasible,
observational data may be useful, especially given that
CYP2C19 testing is not universally implemented.

“Repurposing”’ completed randomized trials to assess
effect modification: An alternative to direct comparative
studies of testing strategies is to assess effect
modification by genotype status by repurposing already
completed randomized trials, in which the drugs of
interest were tested against a suitable comparator, by
genotyping samples from enrollees. Results of genetic
analyses could be associated with the prospectively
recorded clinical outcomes.47-#8 Although this approach
did not provide definitive answers in this review due to
limitations of the existing studies, future repurposed
trials could yield more informative results if they were
properly planned. Such planning must include a
strategy for obtaining samples from all participants (or
a random sample thereof), acquiring specimens prior to
treatment, and using appropriate methods to control for
multiple testing. When randomized trials are not
available for repurposing, a similar approach can be
implemented in the setting of registries linking DNA
information to electronic health records. Patients
receiving different antiplatelet therapies whose choice
of treatment was not based on CYP2C19 status, but for
whom material for genotyping is available, are
candidates for such research.

Monitoring of platelet reactivity to guide treatment:
Strategies of monitoring platelet reactivity can be
conceptualized as “dynamic treatment regimes”49-51
(i.e., rules for sequential decisionmaking based on the
evolution of reactivity measurements over time). With
these methods, the impact of alternative monitoring
strategies on clinical outcomes can be evaluated using
observational data. The most promising monitoring
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strategies can then be evaluated in randomized
comparative studies.

Conclusions

In summary, we found limited evidence on the analytic
validity of genetic testing for platelet reactivity. However,
using evidence from other populations and genetic
variants, we believe that the available assays for CYP2C19
genotyping have adequate technical test performance. In
contrast, we found a large body of evidence on the analytic
validity of assays for measuring platelet reactivity
suggesting that interassay agreement is only poor to
moderate. No phenotypic assays can be considered a “gold
standard” test.

We found some evidence supporting a significant
association between loss-of-function CYP2C19 variants
and increased risk of stent thrombosis, cardiovascular
mortality, and MACE. We also found a significant
association between gain-of-function alleles and reduced
risk of MACE. The interpretation of these associations
should be cautious, given the potential for selective
reporting and small-study effects to have affected study
results. Furthermore, the applicability of findings to patient
populations other than those with ischemic coronary artery
disease, particularly those undergoing revascularization
procedures, was limited. We also found evidence
supporting an association between high on-clopidogrel
platelet reactivity as measured by various assays
(particularly LTA, VerifyNow P2Y'12, and the VASP assay)
and adverse cardiovascular events. Our confidence in these
findings is limited by the relatively small number of studies
available for each test-outcome combination, the potential
for selective outcome reporting, and the common lack of
separation between the populations used to derive test
thresholds of optimal predictive value and those used to
assess predictive value at these thresholds.

The evidence on the use of testing to guide treatment
choice was insufficient. A single randomized trial of
CYP2C19 testing versus no testing provided limited
evidence on clinical outcomes. Subanalyses of five well-
conducted randomized controlled trials generally did not
find strong evidence of effect modification by CYP2C19
status. However, concern regarding selection bias in the
genetic substudies and the heterogeneity of patient
populations and treatments rendered the evidence
inconclusive. Similarly, the short followup periods and low
numbers of outcome events in trials of platelet reactivity—
guided treatment versus standard antiplatelet therapy did
not offer a firm base for conclusions. No studies comparing



genetic and phenotypic testing strategies were identified.

Additional research is needed to better establish the
prognostic value and clinical utility for treatment
decisionmaking of both genetic testing for CYP2C19
variants and phenotypic testing for platelet reactivity,
focusing on standardizing testing methods and assessing
the relative impact of testing strategies on patient-relevant
clinical outcomes in large well-conducted clinical trials.
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