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Abstract 

ASSESSMENT OF CLOPIDOGREL DISCONTINUATION RATES 
FOLLOWING PHARMACOGENOMIC TESTING IN A HIGH-RISK 

PATIENT POPULATION: AN INTERIM ANALYSIS OF THE 
UPGRADE REGISTRY 

David Anthony Huggar, M.S.P.S. 

The University of Texas at Austin, 2017 

Supervisor:  Jim M. Koeller 

Background:  Advancements in the science and technology of pharmacogenomics 

(PGx) offer a unique opportunity for clinicians to improve care efficiency.  Clopidogrel is 

an antiplatelet agent commonly used for treatment of complications from coronary artery 

disease (CAD).  Clopidogrel is a pro-drug and keenly dependent on cytochrome P450 

enzymes for bioactivation to exert its antiplatelet effects.  Poor CYP2C19 metabolic 

activity has been associated with reduced antiplatelet effects and worse cardiovascular 

outcomes.  As a result, the FDA requires a warning of this association be included in the 

drug label for clopidogrel.  This thesis work examined whether clinicians adhere to FDA 



 

vii 

recommendation of using an alternative antiplatelet therapy when persons taking 

clopidogrel were identified as CYP2C19 poor metabolizers. 

Methods:  This retrospective, interim analysis of the UPGRADE Registry 

identified subjects taking clopidogrel prior to undergoing PGx testing.  Clopidogrel 

discontinuation rates were then assessed by medication reconciliation reports at follow-up 

in the 90-days following receipt of PGx results.  Discontinuation rates of subjects identified 

as CYP2C19 poor metabolizers (PM) were compared to those identified as non-poor 

metabolizers (non-PM) (ultrarapid, extensive, or intermediate). 

Results:  Overall, 1,753 subjects were included in the analysis.  The median age of 

subjects was 75 years, and distribution of CYP2C19 phenotypes mirrored global estimates. 

Forty-three subjects were identified as PM (2.5%), and 1,710 were identified as non-PM 

(97.5%).  No difference in discontinuation rates was observed between PM and non-PM 

subjects (2.3% vs. 1.9%; OR=0.37, 95% CI 0.05-2.98).  Furthermore, discontinuation rates 

were not affected by concomitant proton-pump inhibitor (PPI) use. 

Conclusion:  Despite relatively robust evidence associating poor CYP2C19 

function with worse outcomes in subjects taking clopidogrel, clinical uptake of related 

recommendations appears poor in the primary care setting.  Multiple barriers to clinical 

uptake of the FDA’s recommendations exist.  This finding maintains significant 

implications for future PGx recommendations.   
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Glossary 

• American College of Cardiology (ACC): A non-profit professional organization 

dedicated to cardiovascular care and health 

• American Heart Association (AHA): A non-profit organization dedicated to 

fighting heart disease and stroke 

• Allele: one of two or more alternate forms of a gene 

• Extensive metabolizers (EM): homozygous or heterozygous for wild type enzymes 

• Genotype: genetic (DNA) makeup for a specific gene 

• Heterozygous: genotype consists of two different alleles 

• Homozygous: genotype comprising of two identical alleles either dominant or 

recessive 

• Intermediate metabolizers (IM): presence of a combination of alleles that confer 

reduced metabolic function relative to extensive metabolizers, but increased 

compared to poor metabolizers 

• Pharmacogenomics (PGx): study of interactions between drugs and genes 

• Phenotype: the observable expression of a genotype 

• Polymorphism: a genetic mutation resulting in an allele other than the wild-type 

• Poor metabolizers (PM): presence of two decreased or loss-of-function alleles that 

confer significantly reduced metabolic function 

• Ultra-rapid metabolizers (UM): presence of one or more gain-of-function alleles 

that confer increased metabolic function 

• Wild type: refers to naturally occuring phenotype; "normal"	
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CHAPTER ONE 

CORONARY ARTERY DISEASE 

Burden of Coronary Artery Disease  

Coronary artery disease (CAD) is one of the leading causes of death in the 

developed world, followed by stroke and lung cancer. In the United States, nearly 1 in 3 

deaths are caused by heart disease. While the rate of death from heart disease appears to 

have decreased, significant morbidity, mortality, and economic costs still exist.1 Since 

1990, the age-adjusted mortality from heart disease has decreased roughly 22%.2 In 2005, 

the overall death rate from heart disease was 279 per 100,000 Americans.3 In contrast, the 

overall death rate attributable to heart disease in 2013 was 223 per 100,000 Americans.  

Despite reductions in the rates of death from CAD relative to population growth, the 

absolute death rate continues to rise globally (up 40% by some estimates).2 

More than 2,200 Americans die from heart disease each day.3 The American Heart 

Association estimates 15.5 million Americans 20 years or older are living with some degree 

of CAD.1 By one estimate, this number will eclipse 23 million by 2030. Despite 

improvements in mortality, CAD still remains a significant burden in the United States and 

worldwide.4 
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Pathogenesis of Coronary Artery Disease 

Coronary artery disease is preventable.  However, a number of modifiable risk 

factors for development exist.  The Framingham Heart Study, for example, famously 

studied lifetime incidence of a cardiovascular disease composite in individuals 30–74 years 

old.  Implicated in their results were age, blood pressure, diabetes, dyslipidemia, gender, 

and smoking status.  These findings have been reiterated countless times in other studies 

of heart disease risk factors. 

Once thought of as merely a cholesterol storage disease, our understanding of CAD 

is now radically different.  CAD is a chronic inflammatory disorder driven by complex 

interactions between vascular tissue, blood, and pro-inflammatory cytokines.  Altogether, 

the responsible parties initiate and sustain inflammation in the plaque microenvironment.5, 

6 Resultant inflammation is implicit in local, myocardial, and systemic complications of 

atherosclerosis.  Research continues to assess the predictive value of pertinent 

inflammatory markers in determining risk of heart disease.7, 8  

The vascular walls are composed of endothelial cells, smooth muscle cells, and an 

extracellular matric.  Each layer is distinctly different and maintains a unique tissue 

microenvironment.  The tunica intima, or intima, is the innermost layer and consequently 

in direct contact with blood flow.  The intima consists of a thin layer of endothelial cells 

and is separated from the middle layer of tissue, or tunica media, by a dense elastic 

membrane called the internal elastic lamina.   The media is the thickest layer of the vascular 

wall.  The media provides mainly functional support and thus is composed of smooth 
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muscle cells, elastic fibers, and connective tissue.  This middle layer also plays a significant 

role in aiding blood flow by alternating contraction and relaxation.  The outermost layer, 

tunica adventitia, is separated from the media by another layer of elastic lamina.  The 

adventitia functions mainly to attach the vasculature to surround organs.  As a result, the 

outermost layer is composed of collagen mainly. 

Lesion formation is a cornerstone of CAD development.  Lesion development is 

triggered by endothelial cell damage that induces leukocyte adhesion to arterial 

endothelium.  Among others, monocytes are the most common leukocytes involved.  The 

presence of chemotactic cytokines further upregulates leukocyte adhesion.  Adhering 

monocytes simultaneously begin to mature and migrate from the luminal side of the artery 

to the intimal side.  This migration is driven chiefly by mediators like histamine that 

increase cellular permeability.  Mature monocytes become macrophages, which localize to 

vascular fatty deposits and engulf excess lipids in an effort to reduce their burden, 

producing foam cells.  Foam cells become the chief constituent of the lipid core in an 

atherosclerotic lesion.  Stability of the lipid core is fortified by migration of nearby smooth 

muscle cells and macromolecules like collagen, elastin, and proteoglycans (Figure 1.1).5, 6 

In most cases, lesions proliferate outward (away from the lumen) before producing 

stenosis. In fact, by the time most lesions have started occluding an artery, the intimal layer 

already maintains significant atherosclerosis (Figure 1.1).5 
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Figure 1.1: Pathogenesis of Atherosclerosis6 

 

 

In addition to lesion formation, arterial remodeling plays a significant role in the 

development and progression of heart disease.  Arterial walls undergo adaptive remodeling 

to compensate for accumulation of atherosclerotic plaque.  The extent and type of 

remodeling appears to vary as post-mortem studies indicate arteries can either enlarge or 

contract in response to plaque accumulation.9-11 

Historically, much of the attention in the scientific community focused on the 

relationship between arterial stenosis and heart disease.  The risk of experiencing an event 

being relative to the degree of arterial stenosis.  However, as technology improved, namely, 
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angiography, it became more clear that atherosclerosis is not a segmental disease.6 It is now 

well understood that lesions can proliferate either inward or outward.  In fact, there appears 

to be an association between the direction of proliferation and plaque stability.12 

Issues stem directly from plaque proliferation and stability.  In chronic, stable 

disease, stenosis of arterial lumens inevitably reduces blood flow to the heart.  Reduced 

blood flow ultimately leads to ischemia and increased stress on the heart.  Acutely, plaques 

may become unstable, triggering thrombus formation, which can trigger potentially fatal 

ischemic events.  The majority of mechanisms underlying acute plaque instability involve 

physical disruption.6 Disrupted plaques provoke thromboses by release of prothrombotic 

molecules contained within the lipid core.  Platelets play a critical role in thrombus 

development.  Platelets are activated in response to plaque rupture and adhere to 

surrounding collagen in response to adenosine diphosphate (ADP) release.[13] Depending 

on the size of the plaque and its contents, the resultant thrombus may either lyse and lodge 

somewhere distal from the plaque, or it may grow and further occlude the surrounding 

lumen. 

Management of Coronary Artery Disease  

  Management of CAD requires comprehensive risk stratification of both short-term 

and long-term risks of experiencing an adverse cardiovascular event or death.  Management 

of stable CAD differs from unstable CAD in obvious ways.  General management 

principles in stable CAD include risk factor control, lifestyle modification, and evidence-

based pharmacological therapy.  Pharmacologic therapy focuses primarily on relief of 
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angina symptoms, and prevention of cardiovascular events.  Events are ultimately 

prevented by: 1. Reduction of plaque progression; 2. Reduction of the inflammatory 

microenvironment, and 3. Prevention of thrombosis in the event of plaque rupture.14 

In addition to medical therapy, revascularization is also a reasonable option in 

certain scenarios.  Revascularization includes coronary artery bypass graft (CABG), 

percutaneous coronary intervention (PCI), and hybrid methods.  Bypass grafting involves 

placement of grafted vasculature to bypass a stenotic artery.  In contrast, PCI involves 

catheter-guided balloon expansion of stenotic arteries.  Advances in technology and 

technique have established revascularization methods as both safe and effective.  Mortality 

from revascularization in persons with stable disease is less than 0.5%.  Event rates 

following revascularization methods depend chiefly on the clinical scenario being treated 

(number of affected vessels, degree of stenosis, etc.). 

Overall, revascularization offers the potential advantage of better symptom relief, 

decrease drug burden, and generally improved quality of life.  Despite the benefits of 

angiography, they are not without risks.  Hazards of revascularization include: 

periprocedural myocardial infarction (MI), stroke, cognitive dysfunction, and stent 

thrombosis (ST) in the case of PCI.  While the rates of these events are low, they are 

significant.  Stent thrombosis, in particular only occurs in 0.5% to 1% of patients, however, 

between 20% and 45% of all episodes end fatally.15, 16  

Due to the inherent risk of thrombosis imparted by plaque instability or stent 

placement, antiplatelet therapy is an important part of CAD management.  The use of 
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antiplatelet therapy for reduction of adverse cardiovascular events in high risk populations 

has been shown to be effective at reducing rates of adverse cardiovascular events.17-20 

Aspirin alters platelet function by irreversibly acetylating cyclooxygenase, which prevents 

formation of thromboxane A2, a mediator of platelet aggregation.  A large meta-analysis 

by the Thrombotic Trialists’ Collaboration indicated aspirin use was associated with 

significant reductions in serious vascular events, unstable angina, and risk of requiring 

angioplasty.21  

Thienopyridines, such as clopidogrel, prasugrel, and ticagrelor, are alternative 

antiplatelet therapies to aspirin.  Dual antiplatelet therapy (DAPT) with aspirin plus a 

thienopyridine has been shown to significantly improve adverse cardiovascular event rates 

compared to aspirin monotherapy.  However, the benefit is limited to certain high-risk 

patient populations.  In addition, thienopyridines are associated with an increased risk of 

bleeding, and are significantly more expensive.   

Current joint guidelines from the American College of Cardiology (ACC) and 

American Heart Association (AHA) recommend antiplatelet therapy in persons with stable 

or unstable CAD unless contraindicated.  In patients with stable CAD, both groups 

recommend antiplatelet monotherapy with aspirin over thienopyridines, with preference 

for clopidogrel over others.  Dual antiplatelet therapy is reserved for cases of high-risk 

stable CAD (e.g. post MI or stroke) and unstable CAD.22 
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CHAPTER TWO 

THE ROLE OF CLOPIDOGREL 

Clinical Utility 

Clopidogrel is a potent oral antiplatelet agent used to reduce the risk of 

atherothrombotic events in persons with recent history of an acute ischemic event or long-

standing peripheral arterial disease.  Clopidogrel is also used in combination with aspirin 

after a person has received a coronary artery stent, primarily to reduce the risk of stent 

thrombosis. Marketed by Sanofi and Bristol-Myers Squibb as Plavix, clopidogrel was the 

second-best selling drug in 2010, claiming $9.4 billion in sales worldwide before market 

exclusivity ran out in May 2012.23 

A second-generation thienopyridine, clopidogrel is a structural mimic of its 

predecessor ticlopidine.  Ticlopidine produced antiplatelet and antithrombotic activities in 

rats after oral administration.  However, not long after starting clinical studies, ticlopidine 

began inducing severe blood dyscrasias in a number of patients.  This sparked the search 

for an analogue with similar antiplatelet activity lacking the hematotoxicity.  Scientists 

eventually found the addition of a methylester to the structure of ticlopidine bypassed the 

previous toxicities while maintaining the desired antiplatelet effects.  This new molecule 

was clopidogrel.23 
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Clopidogrel alters platelet aggregation by selectively, and irreversibly, binding the 

P2Y12 subtype of ADP receptors on platelets.  This binding competitively inhibits ADP 

from triggering conformation changes to glycoprotein IIb/IIIa.  Glycoprotein IIb/IIIa is a 

platelet surface receptor that ultimately aids in clot formation by binding fibrinogen, an 

essential component of platelet aggregation.  Fibrinogen is a precursor to fibrin cross-

linking.  Binding fibrinogen allows formation of platelet-fibrin complexes, an essential 

component of clot formation.  In addition to inhibiting glycoprotein IIb/IIIa, clopidogrel 

limits activation of other platelet function agonists, including: thromboxane A2, collagen, 

prostaglandins, and serotonin.23, 24 

Clopidogrel is a mainstay in many antiplatelet regimens due to its unique 

mechanism of action.  When compared to aspirin monotherapy, clopidogrel has shown 

modest, but significant mortality benefit.  The CAPRIE study demonstrated an 8.7% 

relative risk reduction (0.5% absolute risk reduction) of composite cardiovascular events 

(ischemic stroke, MI, or vascular death), marginally favoring clopidogrel for long-term use 

in patients with atherosclerotic vascular disease.25 However, as an adjunctive therapy, the 

results are more robust, with relative risk reduction of similar major adverse cardiovascular 

events indicated as anywhere from 20-29% when compared to placebo plus aspirin alone.26, 

27 Consequently, clopidogrel maintains indications as part of a DAPT regimen for 

prevention of MI and stroke, however, the scope of this background will focus on its role 

in post-PCI management.  
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When compared to aspirin as monotherapy, dual antiplatelet therapy (DAPT) with 

clopidogrel has shown modest but significant mortality benefit in patients post-PCI.  The 

PCI-CURE study demonstrated a significant benefit from DAPT over aspirin monotherapy 

at both 30 days (RR 0.70, 95% CI (0.50-0.97)), and 9 months (RR 0.83, 95% CI 0.70-0.99) 

post-PCI.  The findings significantly favored DAPT with clopidogrel for both acute and 

long-term use in patients post-PCI.[28]  

The duration of use for clopidogrel post-stenting is a topic of continued research.  

Historically, stent thrombosis is classified by timing relative to stent placement.  Rates of 

stent thrombosis are highest (0.5-1%) within the first 4-6 weeks following PCI and 

gradually decline as a function of time since stent placement.29 By one estimate the 

cumulative incidence of stent thrombosis 10-years post-PCI is 2%.30 As a result, 

ACC/AHA has typically recommended treatment with DAPT for at least 6-12 months 

following stent placement depending on CAD stability.29 However, very late stent 

thrombosis is a continued phenomenon with events reported as late as 20-years post-stent 

placement.31, 32 Incidence of delayed stent thrombosis are influenced by a number of factors, 

including stent type, stent placement, and duration of antiplatelet therapy.  ACC/AHA has 

acknowledged there may be value in prolonger DAPT, however, more research is 

required.29, 33, 34 Of note, stent thrombosis rates are also affected by stent-type, however this 

is beyond the scope of this study. 
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Bioactivation of Clopidogrel 

Early evaluations of activity noted that clopidogrel only inhibited platelet activation 

in vivo, which suggested bioactivation was necessary[DH1]. Studies of the roles of enteric 

and hepatic metabolism in animals indicated a mechanism highly dependent on hepatic 

metabolism.35 However, clinical trials were initiated in 1998, without identification of the 

structure of the active metabolite responsible for the antiplatelet activity of clopidogrel.  

Two years later, in 2000, the structure was identified as 2-oxo-clopidogrel.  The active 

metabolite contained a highly reactive thiol group which formed a disulfide bridge with a 

cysteine residue in the platelet receptor, P2Y12.  The disulfide bridge effectively allowed 

for irreversible inhibition of P2Y12.  This thiol-dependent inhibition was confirmed by 

lack of activity in platelets pre-treated with thiol reactive agents.36, 37  

The pathway by which clopidogrel is metabolized to the active moiety continues to 

be a topic of debate.  Clopidogrel undergoes bioactivation in the liver.35 Roughly 50% of a 

single oral dose of clopidogrel is absorbed in the intestine, with only 15% of the total dose 

ultimately activated (Figure 2.1).  Initially, there was disagreement whether clopidogrel 

underwent a one or two-step process.  However, the bulk of pharmacology literature 

supports a two-step bioactivation.   

The first step is a cytochrome P450-dependent monooxygenation to an inactive 

metabolite, 2-oxoclopidogrel.  This step is catalyzed by CYP2C19 (45%), CYP1A2 (36%), 

and CYP2B6 (19%).38 The second step is a cytochrome P450-dependent oxidative opening 

of 2-oxoclopidogrel, which results in a sulfenic acid metabolite.  The sulfenic intermediate 
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is highly reactive and ultimately reduced to the active thiol.39, 40 The active metabolite of 

clopidogrel has been detected in blood as two different stereoisomers, H3 and H4. 

However, only H4 has been shown to be biologically active.37 Metabolism of 2-

oxoclopidogrel to the active H4 metabolite is driven by CYP3A4 (53.5%), CYP2C19 

(26.1%), and CYP2B6 (18.5%).38, 41  

Figure 2.1: Bioactivation of Clopidogrel42 
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Cytochrome P450 3A4 

The particular CYP450 isoenzymes responsible for bioactivation remain unclear.  

The parent molecule of clopidogrel, ticlopidine, is a known potent inhibitor of both 

CYP2C19 and CYP2D6.  Despite this, pharmacologic studies have suggested CYP3A4 

function may influence the antiplatelet activity of clopidogrel.  In particular, patients co-

treated with a known CYP3A4 inhibitor have exhibited blunted antiplatelet response to 

clopidogrel.43, 44 Studies evaluating the clinical impact of CYP3A4 function are 

inconsistent.  An observational study of patients receiving clopidogrel and a statin after 

PCI found a small, albeit statistically insignificant, increase in cardiovascular events in 

patient receiving statin therapy metabolized by CYP3A4.45 However, this finding has not 

been consistently supported by subsequent studies.46, 47 The clinical relevance of this 

interaction remains to be seen. 

Cytochrome P450 2C19 

Owing to uncertainty surrounding the role of the CYP3A subfamily, the isoenzyme 

CYP2C19 has garnered the most attention for influencing bioactivation of clopidogrel.   

Around the time clopidogrel received FDA approval an observation was made that proton 

pump inhibitors (PPIs) altered platelet reactivity in patients receiving aspirin and 

clopidogrel post-PCI.48 This was of interest as PPIs are routinely used to reduce the risk of 

gastrointestinal bleeding in patients receiving antiplatelet therapy.  In addition, numerous 

PPIs inhibit CYP2C19 to varying degrees.  The influence of concomitant PPI use was 
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further confirmed by findings from the Omeprazole Clopidogrel Aspirin (OCLA) Study.  

Investigators from the OCLA group looked at omeprazole in particular, and noted subjects 

receiving omeprazole in addition to dual-antiplatelet therapy maintained a significantly 

higher platelet reactivity index compared to those receiving dual antiplatelet therapy 

alone.49 

The interaction between clopidogrel and PPIs was also evaluated on timing.   

Dosing omeprazole at the same time as clopidogrel resulted in a 40% decrease in active 

metabolite exposure relative to taking clopidogrel alone.  This interaction persisted when 

the clopidogrel dose was either doubled or given 12-hours apart from omeprazole.50 

Extrapolation of the effects of omeprazole on clopidogrel metabolism to other PPIs 

was attempted.  In a post-PCI population, patients received both clopidogrel, aspirin, and 

a PPI.  PPI use was not limited to omeprazole.  The results suggested omeprazole 

significantly reduced exposure to the active metabolite of clopidogrel.  In contrast, 

pantoprazole and esomeprazole (a stereoisomer of omeprazole) were found to have no 

influence on overall exposure.  A case-control study from 2012 later compared the 

influence of PPI use and histamine-2 receptor antagonist (H2RA) use.  The investigators 

confirmed H2RA use was not associated with reduced clopidogrel activity, while PPIs 

were.  In contrast to previous studies, their findings were extended to include 

esomeprazole.51  

In 2009, Mega et al., published a subgroup analysis of the Trial to Assess 

Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition with Prasugrel-
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Thrombolysis in Myocardial Infarction (TRITON-TIMI) 38.  Investigators inferred a 

relevant pharmacokinetic association between persons with reduced CYP2C19 function 

and decreased exposure to clopidogrel active metabolites based of pharmacodynamics data 

of patients from six heterogeneous studies.  This association was applied to a sample of the 

TRITON-TIMI 38 study population, which found a significant increase in composite risk 

of death due to CAD, MI, or stroke associated with reduced CYP2C19 function (12.1% vs. 

8%; HR 1.53; CI 1.07-2.19; p=0.01).52, 53 

Similarly, a study of both healthy a healthy Amish population and subjects 

undergoing PCI at Sinai Hospital of Baltimore.  The Amish population was known to be 

treatment naïve, and thus used to assessed for correlates to clopidogrel response and 

CYP2C19 genotype including, age, sex, body mass index, lipid levels, and blood pressure.  

The hospitalized PCI population was assessed for the influence of CYP2C19*2 on 

cardiovascular outcomes.  Both cohorts exhibited a significant influence of CYP2C19 on 

function on platelet aggregation. The CYP2C19*2 gene was associated with significantly 

higher rates of cardiovascular events at 1 year of follow up, however, this association was 

only noted in participants still taking clopidogrel still taking clopidogrel at follow-up.54  

Based on the above studies, and other similar studies, the FDA required the makers 

of clopidogrel (Plavix®) to perform an additional kinetics study assessing the role of 

CYP2C19 on response to clopidogrel.  In a crossover trial of 40 healthy subjects, those 

with poor CYP2C19 function were found to have reduced active metabolite exposure, and 

increased platelet aggregation compared to subjects with normal or enhanced CYP2C19 
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function.  Before the end of 2009, the Food and Drug Administration placed a boxed 

warning on the label of clopidogrel.  The boxed warning states, “the effectiveness of 

clopidogrel results from its antiplatelet activity, which is dependent on its conversion to an 

active metabolite by the cytochrome P450 system, principally CYP2C19.” The warning 

indicates persons with two nonfunctional CYP2C19 alleles, or poor metabolizers, will 

experience reduced antiplatelet effects.  As a result, clinicians are advised to consider use 

of an alternative P2Y12 inhibitor in persons identified as CYP2C19 poor metabolizers.   

However, the language of the warning stops short of requiring all persons undergo PGx 

testing prior to initiating clopidogrel.55 

Figure 2.2: Clopidogrel Boxed Warning55 

 

 

The impact of CYP2C19 function on the efficacy of clopidogrel and clinical 

outcomes one-year post-PCI was assessed again in 2016 by Sun et al.  The investigators 

grouped 519 Chinese subjects into groups based on CYP2C19 function.  Both IM and PM 

maintained significantly higher rates of residual platelet reactivity and select inflammatory 
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biomarkers 24-48 hours post-PCI compared to EM.  Additionally, at one-year follow-up, 

both IM and PM experienced significantly higher rates of the primary composite outcome 

(cardiac death, MI, and unstable angina) [6.6% vs. 13.9%, p=0.006, OR 1.267 (1.1-1.5)]. 

However, these findings were driven chiefly by unstable angina (n=59/69 events).56 

Two years later, a large meta analysis of the association of CYP2C19 genotype and 

clopidogrel responsiveness reported a lack of significant association between genotype and 

cardiovascular outcomes.  Based on the results of 42,016 participants from 32 studies, 

individuals with ≥ 1 loss-of-function CYP2C19 allele experienced less platelet inhibition 

and higher risk of CVD events (RR 1.18; CI 1.09-1.28).   However, a significant bias from 

small studies was noted.  When limiting analyses to only studies with ≥ 200 subjects, 

neither finding remained statistically significant.57 

Much of the debate ultimately stems from disagreement on the metabolic pathway 

for bioactivation of clopidogrel to the active metabolite.  At present it appears both 

CYP3A4/5 and CYP2C19 play significant roles.  However, to what extent remains to be 

elucidated. 
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CHAPTER THREE 

STUDY RATIONALE 

Genomics and Clinical Outcomes 

Advances in modern medicine have driven the rate of age-adjusted mortality from 

heart disease down considerably over the last three decades (Figure 1).58 However, in 2015, 

the age-adjusted mortality rate increased by nearly one percent.59 Heart disease is one of 

the leading causes of death worldwide.  In the United States alone an estimated one in three 

persons suffer from some form of heart disease, costing more than $320 billion annually in 

healthcare spending and lost productivity.  The CDC estimates by 2030 the cost will swell 

to more than $800 billion at the current rate.60 Thus prevention and treatment of the various 

forms of heart disease present both a significant burden on the healthcare system and 

unique opportunity for improvement. 

Medical management of heart disease is both common and costly.  In 2015, 

Americans spent roughly $419-457 billion on prescription drugs, with cardiovascular drugs 

among the most widely used.61 Many approved drugs demonstrate population benefits, 

however, significant individual variability in response still occurs.  While there are many 

potential causes for interindividual differences in response, the role of genetics is 

undeniable.62  
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In the more than 15 years since publication of initial data from the Human Genome 

Project, the uptake of pharmacogenomics and personalized medicine has been slower than 

anticipated.  Despite the existence of more than 60 unique genes affecting more than 165 

medications, there remains a degree of uncertainty regarding the utility of PGx testing in 

clinical practice. 

Clopidogrel Sequencing Guidance 

The drug label for clopidogrel currently contains a boxed warning from the FDA 

describing a risk of reduced antiplatelet activity from clopidogrel in persons with two 

nonfunctional CYP2C19 alleles.  The required labeling indicates the availability of genetic 

tests for identification of patient metabolic status.  In addition, the label recommends 

consideration of an alternative platelet P2Y12 inhibitor in patients known to be CYP2C19 

poor metabolizers.  However, the FDA has not outlined an appropriate population for 

routine CYP2C19 testing prior to initiation of clopidogrel. 

The Clinical Pharmacogenetics Implementation Consortium (CPIC) is a non-profit 

organization that collects, curates, a disseminates guidelines for use of PGx test results in 

the form of actionable prescribing recommendations for specific drugs.  In contrast to the 

FDA, CPIC recommended routine testing in either all persons requiring antiplatelet therapy 

after PCI, or persons considered to be at moderate-to-high risk of poor outcomes due to 

inadequate antiplatelet activity (e.g. multiple-vessel PCI, history of poor outcome, 

confounding conditions, or angiographic features).  The CPIC guidelines recommend 

prasugrel or other alternative therapy in persons with intermediate or poor CYP2C19 
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metabolic function.  The recommendation for alternative antiplatelet therapy in 

intermediate metabolizers is classified as a moderate recommendation, while the 

recommendation in poor metabolizers is classified as strong.63 

Observed Clinical Uptake 

Despite these recommendations, very few patients undergo CYP2C19 genetic 

testing prior to initiation of clopidogrel.  A large, multi-center, observational study of PGx 

testing effectiveness and clinical uptake was performed by Villarreal et al.63 This 

prospective, observational study assessed effectiveness and utility in a real-world clinical 

setting of patients at increased risk of adverse drug effects or interactions.  The findings 

from Villarreal confirmed many population genetic polymorphism estimates on a large 

scale.  Less than one of every four reported interactions (drug or gene) resulted in a 

meaningful change in drug therapy.  The rates of meaningful change were greater in 

patients who experienced an ADR and had a reported interaction (drug or gene), however 

this group made up less than 5% of the entire cohort. 

Contained within the population studied by Villarreal was a large portion of patients 

taking clopidogrel as an outpatient.  Roughly 10% of the cohort had initiated clopidogrel 

without upfront genetic testing.63 This raised the question of whether these patients were 

adequately responding to antiplatelet therapy, or the FDA-mandated boxed warning was 

simply not being heeded. 
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CHAPTER FOUR 

OBJECTIVES AND HYPOTHESES 

Objective 1 

To determine if identification of CYP2C19 phenotypic status, as defined by the FDA, 

influences whether or not high-risk patients (taking ≥ 4 medications, history of adverse 

effect(s), or lack of activity) discontinue taking clopidogrel. 

 

Hypothesis 1.1: There are no differences in clopidogrel discontinuation rates 

based on CYP2C19 phenotype. 

 

Hypothesis 1.2: Concurrent PPI use does not influence clopidogrel 

discontinuation rates. 

Objective 2 

To determine if clinicians adhere to an FDA-recommendation to use alternative 

antiplatelet therapy in subjects identified as CYP2C19 poor metabolizers. 

 

Hypothesis 2.1: Clinicians do not switch patients to alternative antiplatelet therapy 

in subjects identified as CYP2C19 poor metabolizers 
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CHAPTER FIVE 

METHODS 

Study Design 

This study was an interim analysis of subject-level data from subjects enrolled in 

the Utility of Pharmacogenomics for Reducing Adverse Effects (UPGRADE) Registry.   

The UPGRADE Registry was a single-arm prospective, observational evaluation of the 

utility from PGx testing in high-risk persons with a history of adverse reaction (ADR) or 

lack of activity (LOA) from a drug with known PGx implications. 

CompanionDx Reference Lab, was the developer of a proprietary, novel genomics 

diagnostic lab test.  CompanionDx developed the observation database, and corresponding 

data collection forms used at various phases of data collection, including patient 

consenting, 90-day pre and post-test 90-day history.  CompanionDx was also responsible 

for dissemination of PGx test results to appropriate participating clinicians.  The database 

developed by CompanionDx was ultimately provided to investigators at the University of 

Texas Health San Antonio (UTHSA). 

Data collection and management were under the purview of Syntactx, a contract 

research organization based out of New York City, New York.  Syntactx was tasked with 

quality assurance by performing periodic checks that data was being collected and input 

correctly and completely.  Checks were to be performed by employment of statistical 
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monitoring techniques intended to identify missing, inconsistent, or invalid data.  However, 

these checks were not ultimately not performed.   

Prior to enrollment, subjects were screened by the investigator for an ADR or LOA.  

Subjects with a positive ADR or LOA finding submitted a sample for PGx testing.  It is 

important to note that the positive finding must have been present at the time of sample 

submission.  Subjects were consented and enrolled after receipt of their sample. 

Adverse drug reaction was defined as an appreciably harmful or unforeseen 

reaction, stemming from use of a medication, which predicts hazard and warrants 

prevention or intervention.  As stated by Villarreal, “ADR events included any unexpected, 

unintended, undesired, or excessive response to a drug that requires drug discontinuation, 

change in drug therapy, dose medication, hospital admission, prolonged healthcare facility 

stay, supportive treatment, significantly complicates diagnosis, negatively affects 

prognosis, or results in temporary or permanent harm, disability or death.  By definition, 

an allergic reaction and an idiosyncratic reaction would be considered ADR events.”63 

Severity of adverse events were assessed at the discretion of study investigators.  

An event was considered severe if it resulted in death, a life-threatening event, 

hospitalization, a persistent or significant disability, or other outcome deemed appropriate 

based upon medical judgement.  Study sponsors held final-say over ultimate severity 

assessments. 

An adverse event was considered unforeseen if it is deemed definitively or probably 

related to the drug and is not described in the package insert.  Additionally, adverse events 
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may also be deemed unforeseen if they occurred at greater frequency or severity than 

described in product labeling.  Relationship of the adverse event to any drug was assessed 

using a five-point assignment system.  Only events deemed definitely or probably related 

were included in subject enrollment and data analysis.  

The proprietary PGx testing functioned as a diagnostic tool for investigating 

physicians rather than a screening tool.  Essentially, the physicians only requested tests 

related to the genes affecting pathways involving the subject’s current medications or 

substitution medications, and limited to only subjects with positive findings at screening. 

Samples of participating subjects’ DNA were obtained using a physician-

administered buccal swab.  Investigators then ordered an extensive genetic panel specific 

to the genes affected by the subject’s current medications and potential replacements.  

Results of the genetic panel were evaluated, and a comprehensive report was disseminated 

accordingly to investigators. 

The final report included a compilation of all potential drug-drug and drug-gene 

interactions stemming from the subject’s genetic and pharmacologic profile.  All 

interactions were coded by severity and degree of certainty as either standard (green), 

caution (yellow), or warning (red) (Figure 5.1).  “Standard” interactions were considered 

to have no evidence of interaction.  “Caution” interactions were considered to have 

evidence of interaction, but unknown effect.  Lastly, “warning” interactions were 

considered to have evidence of interaction and potential harm due to inclusion in FDA 

labeling. 
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Figure 5.1: Classification of Recommendations 

 

 

This study, was a retrospective review of the above interim data analysis.  The 

original cohort from Villarreal, et al was narrowed to only persons receiving clopidogrel 

without pretreatment genetic testing.  After matching Sample ID and Registry ID between 

the two initial databases, the cohort was reduced to 1,767 subjects.  The cohort was further 

censored to remove all persons with genotypes that have not been thoroughly studied.  The 

decision to do this was based on the unclear implication on clinical outcomes.  Genotypes 

that were excluded were any deemed by CPIC to have inconclusive evidence on their 

effect.  This resulted in exclusion of an additional 14 subjects.  Excluded genotypes 

included *9, *10, and *13 alleles.64 

  

Warning -Interaction	noted	in	product	label
-Alternative	medication	recommended

Caution -Evidence	of	interaction,	but	unknown	effect
-Monitoring	recommended

Standard -No	evidence	of	interaction
-Continue	therapy
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Figure 5.2: Study Cohort 

 

 

Subject-level data was then differentiated by CYP2C19 metabolizer status.  

Subjects were labeled Poor Metabolizer if their genotype coded for a phenotypic poor 

metabolizer.  Per the CPIC guidelines, subjects were considered a poor metabolizer if their 

CYP2C19 genotype contained any two combination of *2, *3, *4, or *8 alleles.  This is 

slightly more inclusive than the definition cited by the FDA as any two combination of *2 

or *3 alleles.   The CYP2C19*2 allele is the most common loss-of-function allele.  Roughly 

15% of Caucasians and African Americans maintain at least one copy, while rates are much 

higher in Asians (29-35%).  Villarreal confirmed a similar association of higher rates of 

poor CYP2C19 metabolic function and Asian ethnicity compared to non-Asians (14.8% 

vs. 2.8%, respectively) (Figure 5.3).63 Other loss-of-function alleles exist (*4-*8), however, 

the majority are much less prevalent, and typically below 1%.  In Asians, however, 
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CYP2C19*3 is slightly more prevalent with frequencies estimated between 2% and 9%.  

As a result, CYP2C19*2 and *3 are the most commonly cited loss-of-function alleles and 

maintain the most evidence of influence on clinical outcomes associated with clopidogrel 

use.64  

 

Figure 5.3: Distribution of CYP2C19 phenotypes by ethnicity from Villarreal63 

 

Among the list of less-studied loss-of-function alleles is CYP2C19*4.  The 

CYP2C19*4 haplotype is unique in that it contains both a gain-of-function promoter region 

and a loss-of-function mutation region.  The gain-of function region codes for 

CYP2C19*17, while the loss-of-function region codes for CYP2C19*4A.  When both 
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mutations are present, the increased activity from *17 is overcome and the resulting allele 

is CYP2C19*4B.  When only the loss-of-function mutation is present, the allele exists as 

CYP2C19*4A.65 Estimates suggest the *4A and *4B alleles may be as frequent as 2-3% in 

certain populations.66 While there are no explicit studies of the clinical impact of these 

CYP2C19 alleles, the in vitro influence is documented, and thus should be considered as a 

marker for reduced CYP2C19 metabolic activity.67 

Similarly, the CYP2C19*8 allele is known to confer reduce function, how the 

prevalence is estimated at less than 1%.  Due to a lack of measured clinical impact, *8 is 

typically not assayed in patients.  However, the assay employed by CompanionDx™ 

included identification of CYP2C19*8, and thus warrants inclusion in as a loss-of-function 

allele.  While presence of one *8 allele is not significant enough to classify as a poor 

metabolizer, like *4, when combined with another loss-of-function allele CYP2C19 

function becomes poor.64 

After subjects were classified as either poor or non-poor CYP2C19 metabolizers, 

they were assessed for continuation of clopidogrel after undergoing PGx testing.  

Additionally, the use of proton pump inhibitors prior to testing was accounted for to 

identify any confounding influence due to the noted interaction between clopidogrel and 

multiple proton pump inhibitors.  This was further differentiated by the use of omeprazole 

in particular, as omeprazole maintains the most evidence for a significant interaction.
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Study Variables 

Dependent Variable(s) 

Clopidogrel Continuation: defined as the presence of clopidogrel in a subject’s 

medication list at follow-up in the 90-day period following PGx testing.  This 

variable will be a dichotomous measure presented as ‘Yes’ or ‘No’.  

Independent Variable(s) 

Age: a continuous variable reported as the age at which PGx test was 

administered 

Gender: a dichotomous measure reported as ‘M’ or ‘F’. 

 

Race/Ethnicity: a categorical variable representing African American, American 

Indian/Native Alaskan, Asian, Caucasian, Hispanic/Latino, Native Hawaiian, or 

other.  This variable was self-reported from patient and/or caretaker. 

 

CYP2C19 Genotype: a nominal variable reported as a two-allele pair for subject 

CYP2C19 gene.  This variable was used to define subject ‘CYP2C19 Phenotype’ 

and consequently ‘Metabolizer Status’. 
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CYP2C19 Phenotype: a nominal variable defined as the degree of CYP2C19 

metabolic function.  Subjects were identified as ultra-rapid (UM), extensive (EM), 

intermediate (IM), or poor metabolizers (PM) based off the results from the PGx 

test.  This variable was used to assign ‘Metabolizer Status’. 

 

Metabolizer Status: a dichotomous variable defined as CYP2C19 metabolic 

function.  Subjects were classified as ‘PM’ if their CYP2C19 Phenotype variable 

corresponded with ‘PM’.  Subjects were classified as ‘Non-PM’ if their CYP2C19 

Phenotype variable corresponded with ‘UM’, ‘EM’, or ‘IM’.  This variable was 

intended to mimic the population addressed in the boxed warning contained on 

the label for clopidogrel. 

 

Drug-Drug Interaction(s): a binary measure (1/0) of an interaction between any 

two medications contained in a subject’s medication list prior to PGx testing. 

 

Drug-Gene Interaction(s): a binary measure (1/0) of any interaction between 

subject genetic profile and medication listed prior to PGx testing. 

 

Caution: a dichotomous variable intended to measure subject receipt of a 

recommendation due to a DDI/DGI classified as ‘Caution’.  These were 

recommendations with evidence of an interaction with unknown effects.  These 
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recommendations included close monitoring and follow-up for ADRs.  Results 

will be presented as ‘Yes’ or ‘No’. 

 

Warning: a dichotomous variable to measure subject receipt of a recommendation 

due to a DDI/DGI classified as ‘Warning’.  These were any FDA-mandated 

recommendation found on package inserts.  ‘Warning’ recommendations included 

alternative medication.  Results will be presented as ‘Yes’ or ‘No’. 

 

PPI Use Pre-90: a dichotomous measure defined as the presence of a PPI in 

subject’s medication list in the 90 days preceding PGx test administration.  PPIs 

will include brand and generic forms of dexlansoprazole, esomeprazole, 

lansoprazole, omeprazole, pantoprazole, and rabeprazole.  Results will be 

presented as ‘Yes’ or ‘No’. 

 

Omeprazole Use Pre-90: a dichotomous measure defined as the presence of 

‘omeprazole’, or ‘Prilosec’ in a subject’s medication list in the 90 days preceding 

PGx test administration.  Results will be presented as ‘Yes’ or ‘No’.   
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Statistical Program 

All statistical analyses were performed using JMP® Pro for Macintosh, Version 

13.0.  Cary, NC. 

Statistical Analysis 

 Descriptive statistics were used to evaluate baseline characteristics and 

compare clopidogrel discontinuation rates.  Continuous variables were presented as means, 

standard deviations, medians, and interquartile ranges (Table).  Categorical variables were 

presented as percentage and number of subjects in each group.  All variables were assessed 

for normality using appropriate statistical tests.  A Fisher’s Exact test was used to test for 

significant differences in clopidogrel continuation rates differentiated by ‘Metabolizer 

Status’.   
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CHAPTER SIX 

RESULTS 

Patient Baseline Characteristics 

A total of 1,756 patients were included in this subgroup analysis of the UPGRADE 

Registry.  The median patient age was 75 years (IQR 68.9-81.2) (Table 7.1).  As discussed 

by Villarreal, this is likely a function of pre-specified inclusion criteria as well as the 

geographic distribution of patients included.  The majority of patients included in this 

subgroup were female (54.3%) and non-Hispanic Caucasian (91.2% and 86% 

respectively).  Fourteen different combinations of wild-type and variant alleles were found 

after sequencing (Figure 7.1).  A plurality of patients (37.6%) were identified as CYP2C19 

extensive metabolizers.  A large percentage of patients (32.8%) were identified as 

CYP2C19 ultra-rapid metabolizers.  Despite being the most common phenotype, the 

number of extensive metabolizers was lower than expected for a predominantly Caucasian 

population.  Similarly, the percentage of ultra-rapid metabolizers was much higher than 

expected.  Population estimates indicate ~72% of Caucasians are CYP2C19 extensive 

metabolizers, while less than 3% are CYP2C19 ultra-rapid metabolizers (Figure 7.2).66 

While clopidogrel use was a criterion for inclusion in this subgroup, concurrent proton-

pump inhibitor use was not.  A large portion of the cohort was identified as taking any PPI 

concurrently (38.4%), with slightly less than half (16%) taking omeprazole specifically. 
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Table 6.1: Population Baseline Characteristics 

Characteristic PM 
(n=43; 2.5%) 

Non-PM  
(n=1,710; 97.5%) 

Total 
(n=1,753) 

p-value 

Age [years], median (IQR) 75.7 (68.1-84.3) 75 (68.9-81.2) 75 (68.9-81.2) 0.444η 
Gender [female], n (%) 25 (58.1) 926 (54.2) 953 (54.3) 0.546χ 
Race, n (%)     
American Indian, Alaskan 
Native 

1 (2.3) 30 (1.8) 31 (1.8)  

Asian 4 (9.3) 9 (0.5) 13 (0.7)  
Black, African American 8 (18.6) 190 (11.1) 198 (11.3)  
Caucasian 30 (69.8) 1,478 (86.4) 1,507 (86)  
Hispanic, Latino 3 (7) 111 (6.5) 114 (6.5)  
CYP2C19 Phenotype, n (%)     
UM N/A 577 (33.7) 577 (32.9)  
EM N/A 658 (38.5) 658 (37.5)  
IM N/A 475 (27.8) 475 (27.1)  
PM 43 (100) N/A 43 (2.5)  
PPI use prior to PGx test, 
% (n) 

    

Any PPI 18 (41.9) 657 (38.4) 675 (38.5) 0.755χ 
Omeprazole 3 (7) 277 (16.2) 280 (16.2) 0.140χ 
Drug-Drug interaction(s), 
median (IQR) 

1 (0-1.75) 1 (0-2) 1 (0-2) 0.429η 

Drug-Gene interaction(s), 
median (IQR) 

3 (2-4) 3 (2-4) 3 (2-4) 0.105η 

Clopidogrel interaction(s), 
median (IQR) 

1 (1-2) 1 (0-2) 1 (0-2) <0.0001η 

Interaction caution(s), 
median (IQR) 

2 (1-3) 2 (1-4) 2 (1-4) 0.243η 

Interaction warning(s), 
median (IQR) 

2 (1-2) 1 (0-2) 1 (0-2) <0.0001η 

IQR: interquartile range; UM: ultra-rapid metabolizer; EM: extensive metabolizer; IM: intermediate metabolizer; PM: poor metabolizer; PPI: 
proton-pump inhibitor; PGx: pharmacogenomics 
η: Wilcoxon Rank Sums test 
χ: Fisher’s Exact test 
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Figure 6.1: Population CYP2C19 genotype distribution 

 

Figure 6.2: Population CYP2C19 Phenotype Comparison to Frequency Estimates64 
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Objective 1:  To determine if identification of CYP2C19 phenotypic status (poor 

metabolizer, non-poor metabolizer influences whether or not high-risk patients) are 

continued on clopidogrel after genetic testing. 

Hypothesis 1.1: There is no difference in clopidogrel discontinuation rates based on 

CYP2C19 phenotype. 

A total of 43 (2.5%) subjects were identified as poor metabolizers (2.5%), and 1,710 

(97.5%) were identified as non-poor metabolizers.  After receipt of results from PGx 

testing, 33 (1.9%) subjects discontinued taking clopidogrel at the discretion of their study 

investigator.  In contrast, only one subject (2.3%) identified as a PM discontinued 

clopidogrel.  The majority of subjects that discontinued clopidogrel were non-poor 

metabolizers (n=32, 97%).  While a higher percentage of poor metabolizers discontinued 

clopidogrel after their CYP2C19 function was identified, this result was not statistically 

significant (1.9% vs. 2.3%; OR=0.37, 95% CI 0.05-2.98; p=0.5627) (Figure 7.3).  Post hoc 

analysis of study power indicated only 5.3% power to identify a 20% different between 

samples, the appropriateness of this will be discussed later. 

The null hypothesis is accepted.  There is no difference in clopidogrel 

discontinuation rates after identification of subject CYP2C19 phenotype.  
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Figure 6.3: Clopidogrel discontinuation rates following CYP2C19 sequencing 

 

Hypothesis 1.2: Concurrent PPI use does not influence clopidogrel discontinuation rates. 

Less than half of the cohort (n=675) was identified as taking any PPI in the 90-days 

preceding PGx test administration.  A higher percentage of subjects in the PM group were 

taking a PPI compared to those in the Non-PM group, however, this finding was 

statistically insignificant (41.9% vs. 38.4%, p=0.6379).  Furthermore, of the subjects that 

discontinued clopidogrel, a higher percentage were not taking a PPI in the 90 days 

preceding PGx test administration (54.5% vs. 45.5%) (Table 7.3).  Less than half (n=18) 

of the subjects in the PM group were taking a PPI in the 90 days prior to PGx testing, and 

only one discontinued clopidogrel in the 90 days following receipt of PGx test results.  
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A comparison of PPI discontinuation and clopidogrel discontinuation indicated a 

potential interaction between the two events, however, this test did not account for 

CYP2C19 phenotype (see Table 7.2).  A Cochran-Mantel-Haentszel test was performed to 

compare CYP2C19 metabolizer status and clopidogrel discontinuation rates stratified by 

PPI discontinuation (see Table 7.3).  This test was intended to determine whether or not 

there was an influence from PPI discontinuation on the any potential interaction between 

clopidogrel discontinuation rates and CYP2C19 metabolizer status.  No significant 

association was found.  

The null hypothesis is accepted.  There is no difference in clopidogrel 

discontinuation rate based on use of any PPI prior to PGx testing. 

Table 6.2: 2x2 contingency table comparing PPI use and clopidogrel discontinuation 

 Continued 
clopidogrel 

Discontinued 
clopidogrel Total 

Use of PPI 660 15 675 
No use of PPI 1,060 18 1,078 
Total 1,720 33 1,753 

P=0.4708 

Table 6.3: Influence of PPI discontinuation on clopidogrel discontinuation 

 
PPI Use 
Post-90 

CYP2C19 
Phenotype 

Discontinued 
Clopidogrel 

Continued 
Clopidogrel 

% Discontinued 
Clopidogrel 

Discontinued Non-PM 9 214 4.2% 
PM 1 7 14.3% 

Continued Non-PM 5 429 1.2% 
PM 0 10 0% 

X2MH=0.6803; DF=1; P=0.4905 
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Objective 2: To determine if clinicians adhere to an FDA-recommendation to use 

alternative antiplatelet therapy in subjects identified as CYP2C19 poor 

metabolizers. 

Hypothesis 2.1: Clinicians do not switch patients to alternative antiplatelet therapy in 

subjects identified as CYP2C19 poor metabolizers 

A total of 43 subjects were identified as CYP2C19 poor metabolizers.  However, 

only one subject (1/43, 2.32%) discontinued clopidogrel after their clinician was notified 

of this drug-gene interaction.  The CYP2C19 PM subjects that discontinued clopidogrel 

represented a minority of the PM population.  

The null hypothesis is accepted.  Clinicians do not adhere to the FDA’s 

recommendation to use alternative antiplatelet therapy in subjects identified as CYP2C19 

poor metabolizers 



CHAPTER SEVEN 

DISCUSSION & CONCLUSIONS 

Discussion 

This retrospective, subgroup analysis of the UPGRADE Registry evaluated the 

uptake of clinical recommendations based on PGx testing results.  In particular, clopidogrel 

discontinuation rates were evaluated based on findings of CYP2C19 metabolic function.  

To our knowledge, this is the first study to examine utilization of genotype-guided 

antiplatelet therapy with clopidogrel in a primary care setting on such a large scale.  While 

previous studies have assessed the clinical value of genotype-guided therapy, none have 

examined whether strong clinical recommendations stemming from its use are followed. 

Subjects included in this study were at high risk for adverse outcomes due to an 

increased medication burden (≥4 medications) and noted history of either an adverse drug 

reaction or lack of activity.  The study population exhibited CYP2C19 phenotype 

distributions within the range of global estimates (Table 7.2).  As expected, a significantly 

higher proportion of the studied population exhibited Non-PM phenotypes compared to 

PM phenotypes (97.5% vs. 2.5%, p<0.0001).  However, clopidogrel discontinuation rates 

were not significantly different between PM and Non-PM subjects (2.3% vs. 1.9%, 

p=0.5627).  This finding was counterintuitive as the populations were inherently different 

based on their CYP2C19 phenotype, and thus were expected to exhibit different 

discontinuation rates as a result.  
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Boxed warnings are considered the most prominent way for the FDA to convey 

safety concerns to clinicians.  The FDA-mandated boxed warning for clopidogrel 

encourages clinicians to consider use of an alternative antiplatelet therapy in persons 

identified as CYP2C19 poor metabolizers.  However, the warning does not require 

clinicians to perform genetic testing.  The language of the warning tasks clinicians with 

deciding whether or not to perform genetic tests.  ACC/AHA addressed the subjective 

nature of this warning in a published clinical alert, which recommended clinicians reserve 

preemptive genetic testing for patients deemed to be moderate-to-high risk for poor 

outcomes.68 The recommendation from ACC/AHA has also been echoed by CPIC.  This 

design of this study accounted for the subjective nature of assessing patient risk and 

included PGx testing for all participants.  Of the total population, forty-three subjects were 

identified as CYP2C19 poor metabolizers while taking clopidogrel; however, only one 

subject (1/43, 2.32%) discontinued clopidogrel after recommendation.  This finding is 

uniquely important as it suggests clinicians do not act on the FDA’s recommendation even 

in the setting of a patient known to be a CYP2C19 poor metabolizer.  This discrepancy is 

contradictory to what one would reasonably expect, and raises a number of pertinent 

questions. 

As this study is unprecedented, the expected rate of adherence to the clinical 

recommendation is not clear.  Theoretically, based off the language of the product label, 

clinicians should consider switching all patients treated as poor metabolizers from 

clopidogrel to an alternative antiplatelet therapy.  However, this is not likely a realistic 

expectation as numerous barriers to clinical uptake exist.  Villarreal found roughly one out 
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of every four (25%) PGx recommendations resulted in a meaningful change to drug therapy 

in high risk populations.64 In 2003, McGlynn et al. found the average person in the US 

receives about half of recommended medical care processes.68 Of note, the findings of 

McGlynn et al were marginally influenced by the scope of care (acute, chronic, or 

preventive).68 

Studies assessing adherence to PGx recommendations are limited.  In 2014, Weitzel 

et al assessed physician adherence to pharmacist-initiated recommendations for 

management of antiplatelet therapy in post-PCI inpatients.  The authors found 80 out of 

1000 CYP2C19-genotyped patients had an actionable PGx result.  Of this population, 70% 

(n=56/80) had their antiplatelet therapy changed as a result.69 However, the results from 

the Weitzel et al study are unique as recommendations were offered to physicians treating 

inpatient via an electronic health record (EHR)-integrated recommendation linked to 

clopidogrel order-sets.  Any physician that ordered clopidogrel on a patient identified as a 

CYP2C19 PM would be notified of the drug-gene interaction.  Importantly, the 

recommendations occurred within days of revascularization procedure completion.  This 

combination of study design and finding indicate clinicians may be more likely to accept 

clopidogrel-CYP2C19 recommendations when risk of adverse effects is highest (first 30 

days post-PCI).  Additionally, the turnaround time on their PGx results was roughly 3.5 

days, which is less than half of the 7-10 days quoted in our study.69   

In 2014, Shuldiner et al assessed a similar program co-opted by the University of 

Maryland and Baltimore Veterans Administration Medical Center.  The authors found 27 

out of 166 CYP2C19-genotyped patients underwent PCI and had an actionable PGx result. 
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Similar to Weitzel et al, roughly 63% of these subjects (17/27) were prescribed an 

alternative antiplatelet therapy.70 These findings do not translate to primary care practice, 

but they offer interesting insight into forces potentially driving physician adherence.  

Additionally, these studies highlight a significant gap between inpatient and outpatient 

adherence to PGx recommendations. 

An often cited barrier to uptake of pharmacogenomics is clinician uncertainty 

interpreting PGx test results.  This uncertainty stems from a combination of complicated 

result readouts, lack of concise actionable recommendations, and lack of formal training.71 

Investigators in this study received patient-specific test printouts with color-coded 

recommendations based on severity of the noted interaction.  In theory, this should allow 

for easier interpretation.  This “traffic light” approach was evaluated by O’Donnell et al in 

2014.  The authors found the frequency by which physicians obtained clinical details about 

drug-gene interactions varied according to color severity (100% red, 72%, and 20% 

green).72 However, given the high-risk population, some patients were taking many 

medications, which may have resulted in lengthy result printouts.  This could be 

problematic as clinicians would ultimately be tasked with either making many changes, or 

choosing between the most appropriate changes.  While it is impossible to speculate on the 

degree of PGx training each investigator maintains, it is worth noting by one report less 

than 30% of physicians in the US report receiving any formal PGx training in graduate or 

post-graduate school.   Furthermore, less than 13% report having ordered or recommended 

a PGx test in the previous six months.73 
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Another reasonable barrier to uptake is the perceived validity of the interaction and 

resultant recommendation.  The FDA-issued warning of potential harm when using 

clopidogrel in known CYP2C19 poor metabolizers or in combination with omeprazole has 

not gone without challenge.  While CYP2C19 undoubtedly affects the antiplatelet potential 

of clopidogrel, there is uncertainty regarding the size of effect embodied by CYP2C19.  

Some evidence suggests CYP2C19 loss-of-function alleles account for no more than 5–

15% of platelet response variability.54, 74-76 This indicates there are other influential factors 

at play—age, body mass index, diabetes mellitus.73 

Some prominent professional organizations, including ACC, AHA, and ACG have 

opposed the warning issued by the FDA, specifically as it relates to concomitant PPI use.  

A written consensus statement from the group acknowledges a plausible association 

between CYP2C19 metabolism and clinical outcomes.  In contrast, the group portends 

the benefit of using PPIs to combat GI bleeding from DAPT outweighs the risk of CV 

events.  Their argument is that the data indicating an association stems from observational 

studies with small-to-moderate effect size.  While the authors do not outright deny an 

association, they suggest more high-quality evidence is needed before any conclusions 

can be made.77 

With this disagreement in mind, PPI use was measured to assess potential influence 

on clopidogrel discontinuation rates.  In theory, a clinician notified of a potentially 

harmful interaction between antiplatelet therapy and PPI is more likely to discontinue the 

PPI than the antiplatelet therapy.  A large retrospective analysis of a US claims database 

found combined use of clopidogrel and a PPI fell by more than 40% following the FDA’s 
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warning.78 While this does not provide concrete evidence of an interaction, it does 

highlight clinicians’ the potential interaction has influenced prescribing patterns.  

However, in this study, PPI use was not associated with increased rates of clopidogrel 

discontinuation (54.5% vs. 45.5%, p=0.4708).  This finding was consistent even when 

differentiating for use of omeprazole only.  The lack of influence from PPI use is 

additional evidence of a perceived lack of clinical validity surrounding PGx 

recommendations on clopidogrel. 

The findings from this study carry significant implications for future PGx 

recommendations.  The influence of CYP2C19 on clopidogrel activity and clinical 

outcomes is relatively robust compared to other drug-gene interactions.  The fact that 

clinicians did not adhere to recommendations issued by the FDA for patients at-risk of poor 

outcomes does not bode well for future recommendations or technologies. 

Limitations 

There are several limitations to this study.  Inconsistencies with the documentation 

of outcomes ultimately limited our ability to assess influence of PGx testing on adverse 

event rates.  These inconsistencies were extended to medication reporting as dosing, 

frequency, and indication were missing for many study subjects.  Additionally, the database 

lacks the ability to clearly attribute a change in drug to a PGx-related recommendation, a 

change in clinical parameter, or purely chance.   

While this study is large by most standards, the populations compared are 

inherently different.  Theoretically there should be a distinct difference in clopidogrel 
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continuation rates as the physicians that treated PMs were exposed to a recommendation 

that non-PMs did not receive.  The surprising lack-of-difference noted in this study is what 

adds importance.  

Additionally, due to the inclusion of only high-risk patients, there is a chance that 

discontinuation rates in real-world settings may be lower than observed.  It is not 

unreasonable to consider clinicians may be more likely to discontinue a medication with a 

noted drug or gene interaction in subjects taking more medications than average. 

Conclusion 

This study offered a unique opportunity to assess clinical uptake of PGx 

recommendations in a high-risk population.  Clopidogrel is a commonly used antiplatelet 

therapy with known PGx implications, particularly CYP2C19 function.  While the 

evidence behind the influence of CYP2C19 is debated, the FDA has maintained a boxed 

warning on the package insert of clopidogrel.  Our findings show that clopidogrel was not 

discontinued in patients identified as CYP2C19 poor metabolizers.  While the results of 

this study do not offer evidence on validity of the interaction between clopidogrel and 

CYP2C19, they show uptake of related recommendations in an outpatient setting is poor.  

As the science and technology behind PGx continue to advance, there must be a concerted 

effort to better train community physicians. 
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