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Abstract

Objective—To comprehensively assess the pharmacogenomic evidence of routinely-used drugs 

for clinical utility.

Methods—From January 2, 2011 to May 31, 2013, we assessed 71 drugs by identifying all drug/

genetic variant combinations with published clinical pharmacogenomic evidence. Literature 

supporting each drug/variant pair was assessed for study design and methodology, outcomes, 

statistical significance, and clinical relevance. Proposed clinical summaries were formally scored 

using a modified AGREE (Appraisal of Guidelines for Research and Evaluation) II instrument, 

including recommendation for or against guideline implementation.

Results—Positive pharmacogenomic findings were identified for 51 of 71 cardiovascular drugs 

(71.8%) representing 884 unique drug/variant pairs from 597 publications. After analysis for 

quality and clinical relevance, 92 drug/variant pairs were proposed for translation into clinical 
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summaries, encompassing 23 drugs (32.4% of drugs reviewed). All were found recommended for 

clinical implementation using AGREE, with average overall quality scores of 5.18 (out of 7.0; 

range 3.67 to 7.0; SD 0.91). Drug guidelines had highest scores in AGREE domain 1 (Scope) 

(average 91.9 out of 100; SD 6.1), and moderate but still robust scores in domain 3 (Rigour) 

(average 73.1; SD 11.1), domain 4 (Clarity) (average 67.8; SD 12.5), and domain 5 (Applicability) 

(average 65.8; SD 10). The drugs clopidogrel (CYP2C19), metoprolol (CYP2D6), simvastatin 

(rs4149056), dabigatran (rs2244613), hydralazine (rs1799983, rs1799998), and warfarin 

(CYP2C9/VKORC1) were distinguished by the highest scores. Eight of the 10 most commonly-

prescribed drugs warranted translation guidelines summarizing clinical pharmacogenomic 

information.

Conclusions—Considerable clinically actionable pharmacogenomic information for 

cardiovascular drugs exists, supporting the idea that consideration of such information when 

prescribing is warranted.

Introduction

Each year, over 2 million patients experience adverse drug reactions (ADRs), the fifth 

leading cause of death in the United States1. In particular, cardiovascular drugs are a 

common cause of ADRs2,3. It is estimated that 53,457 individuals of all ages are treated 

annually in emergency rooms for adverse reactions to cardiovascular agents2. In adults over 

age 65, cardiovascular drugs are implicated in a sizeable fraction of hospitalizations for 

ADRs, most notably warfarin (33.3%) and antiplatelet agents (13.3%), among others3.

In addition to the harm caused by drug-related toxicities, the healthcare system wastes 

resources when medications are ineffective. Intolerance and suboptimal response rates to 

cardiovascular drugs have been widely reported4–7. For example, the response rate to any 

given hypertension medication is approximately 50%, regardless of the class of 

medication4,8. In general, drugs are developed based on their effectiveness in large, carefully 

selected populations; a drug’s performance in that setting is less informative when treating 

individual patients5,9. Thus, there is a need to better identify therapies that are both more 

likely to be beneficial and less likely to cause harm to individual patients, who show 

remarkable variability in their response to medications10,11.

Pharmacogenomics, the study of genetic variation in drug response, has enabled the 

identification of genetic variants that impact response or toxicity to several prominent 

cardiovascular drugs5,9,12–16. While the effective clinical translation of this information has 

the potential to guide the selection and dosing of medications4,17 few cardiovascular drug 

pharmacogenomic findings have been translated into clinical practice18,19. This gap in 

translation exists for numerous reasons, including lack of knowledge and cost-effectiveness 

concerns19. Foremost among these, however, is the need to establish clinical utility16,20. 

Yet, as exemplified by the cases of clopidogrel and warfarin, even when a Food and Drug 

Administration (FDA) label is changed in recognition of the potential clinical impact of 

pharmacogenomic evidence, controversy concerning the implementation of this information 

persists16,18,21–29. In light of these challenges, there is considerable disagreement 
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concerning the overall strength of pharmacogenomic evidence, with some30,31 arguing the 

evidence is considerable and others32,33 refuting its overall usefulness.

Since cardiovascular drugs are widely prescribed34, our study aimed to rigorously assess the 

state of potential clinical utility for the pharmacogenomic evidence surrounding 

cardiovascular drugs—a necessary foundation for clinical implementation. We 

systematically assessed the quality and quantity of pharmacogenomic data to permit and 

inform clinical implementation projects that will ultimately determine utility on clinical 

outcomes. We sought to critically appraise the pharmacogenomic literature and propose 

translation-enabling clinical summaries on a drug-by-drug basis. We hypothesized that the 

composite amount of clinically relevant pharmacogenomic information for cardiovascular 

drugs would provide considerable evidence for a major contribution to drug prescribing 

decisions.

Methods

Data collection

From publicly available sources, including all FDA-approved drugs and the 

Pharmacogenomics Knowledge Database (PharmGKB)35, a list of commonly prescribed 

cardiovascular drugs was selected (Supplementary Material, Appendix A). For each drug, a 

manual literature search of PubMed was performed. The formal search began in January 

2011, but inclusion of papers was not restricted to this interval; rather, any publication from 

any month and year until May 2013 that met search criteria was included for subsequent 

review. The search criteria used was “[Drug name] polymorphism.” Only articles that 

assessed a link between a germline genetic variant and a pharmacologic or clinical outcome 

were included. Non-English language articles, articles concerning in vitro studies, pediatric 

studies, manuscripts simply describing literature searches, and reviews were excluded. All 

articles meeting these inclusion and exclusion criteria were then formally reviewed using the 

below process. The complete date range of the study was January 2, 2011 to May 31, 2013.

Data assessment

The unit of study, the drug/variant pair, refers to a specific drug and genetic variant (e.g., 

hydrochlorothiazide and rs1799752). The drug/variant pairs reported within each article 

were cataloged with supporting PMID(s) in a database built to support a larger clinical 

pharmacogenomics implementation project, The 1200 Patients Project36. This database 

catalogs a list of pharmacogenomic publications and reported drug/variant pairs for over 650 

drugs36. The publication concerning each pair in the database is classified as “Positive PGx” 

if the authors reported a positive genotype-phenotype association, or “Negative PGx” if the 

association was not reported as significant; these designations were verified during literature 

review and were corrected if necessary after reviewing the paper. Drug/variant pairs were 

then first stratified regarding their supporting evidence using four criteria: (1) a drug/variant 

pair with three or more positive supporting publications in The 1200 Patients Project 

database, (“3+ Studies”); (2) a drug/variant pair independently clinically annotated (publicly 

available pharmacogenomic “Clinical Annotation” on the PharmGKB webpage35) by 

PharmGKB, (“PharmGKB”); (3) both of (1) and (2), (“3+ Studies & PharmGKB”); or (4) 
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none of the above (1) through (3) (“Other”). The PharmGKB data used for these analyses 

was captured between January 2012 and May 2013.

Each positive publication supporting a cardiovascular drug/variant pair was then 

comprehensively assessed. Pharmacogenomic associations were assessed for study cohort 

size, whether statistical significance was reported using a correction for multiple testing, 

consideration of Hardy-Weinberg equilibrium, and, importantly, the clinical relevance of the 

phenotypes being reported. If, for each drug/variant pair, the data was determined by two 

independent members of the research team to provide clinically relevant evidence that could 

influence a physician’s drug prescribing decision, a clinical translation summary was 

proposed and written. For each proposed clinical summary, a level of evidence was 

assigned:

• Level 1: from a well-performed large study including replication, or replicated by 

two or more large, well-performed studies; published dosing guidelines or FDA 

label information likely exists; or

• Level 2: from at least one well-performed study of at least 100 patients; or from 

several small or moderately-sized studies which show consistent results; or

• Level 3: from a relatively small single study (<100 patients); or several similarly 

executed contradictory studies exist.

Finally, each proposed summary was formally assessed using a modified AGREE II scoring 

instrument to determine whether each clinical summary warranted clinical 

implementation37. After the writing of each draft summary, three independent appraisers 

applied a modified AGREE II scoring system to the summaries for each drug/variant pair. 

The modified AGREE II scoring system encompassed all domains of AGREE II with the 

exceptions of domain 2 (Stakeholder Involvement) and domain 6 (Editorial Independence), 

which were removed from our modified instrument since these domains were not applicable 

to any of the accumulated drug/variant evidence summaries in our project. The resulting 

modified AGREE II instrument included the specific AGREE II instrument items 

encompassing the domains of Scope and Purpose, Rigor of Development, Clarity of 

Presentation, and Applicability, as shown in full in Appendix B. The AGREE instrument has 

been previously validated as a tool for guideline assessment, and the items comprising the 

tool have been found to be useful, easy-to-use, and transparent38–41.

In addition to applying the modified AGREE II instrument to obtain scores across the 

AGREE domains for the proposed summaries from our evidence assessment, each summary 

was given an overall score and was rated as to whether it deserved standing as a clinical 

guideline. Domain scores were calculated as per the methods outlined in the AGREE II user 

manual37 and the overall guideline score was obtained by averaging scores from the three 

appraisers. The AGREE appraisal of whether to recommend or not was used as the final 

determination of worthiness for implementation.
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Results

Drugs with High-Level Pharmacogenomic Evidence

Among the included 71 cardiovascular drugs, 51 (71.8%) had positive pharmacogenomic 

(“Positive PGx”) findings reported in the literature (Table 1). The literature supporting these 

51 drugs encompassed 597 unique publications, 611 unique genetic variants, and 884 unique 

drug/variant pairs (some drugs were associated with the same genetic variants) 

(Supplementary Material, Appendix C).

The 884 unique drug/variant pairs were divided into four categories (Table 1). The first 

category, “3+ Studies & PharmGKB,” comprised 33 drug/variant pairs that were supported 

by 3 or more studies and had a publicly available clinical annotation in the external 

PharmGKB database. Per our inclusion criteria, 25 (75.8%) of the pairs in this group 

warranted proposed clinical summaries, of which 4 were rated as Level 1 evidence, and 6 

were Level 2 evidence (Table 1). The second category, pairs with only a pharmacogenomic 

clinical annotation (“PharmGKB only”), consisted of 43 drug/variant pairs annotated by 

PharmGKB, but which, in our comprehensive search, did not have at least 3 identified, 

published studies. Of these, 10 pairs (23.3%) warranted proposed clinical summaries, of 

which 5 had Level 2 evidence ratings and 5 had Level 3 (Table 1). The third category, “3+ 

Studies only,” comprised 37 drug/variant pairs supported by 3 or more published studies but 

for which no public annotation was found. Of these, 9 (24.3%) warranted proposed clinical 

summaries, of which 4 had Level 2 evidence ratings and 5 had Level 3 (Table 1). The final 

category, “Other,” consisted of the 771 drug/variant pairs that did not have 3 or more studies 

nor a public annotation. Of these, 48 (6.2%) warranted proposed clinical summaries, the 

majority of which 32 pairs had Level 2 evidence ratings while 16 had Level 3 (Table 1).

In total, 92 (10.4%) of the 884 drug/variant pairs warranted proposed clinical 

implementation summaries, of which 25 were supported by both 3 or more publications and 

a PharmGKB annotation and 9 were supported by 3 or more positive publications alone 

(Table 2). A few key genes, CYP2C9, CYP2C19, and VKORC1, comprise half (17 of 34) of 

the summaries supported by three or more positive publications (Table 2). In sum, 23 of the 

71 cardiovascular drugs (32.4%) warranted at least one proposed clinical summary (Table 

3).

AGREE Assessment of Clinical Translation Summaries for Clinical Implementation

The clinical summaries were assessed in the four domains (Scope & Purpose, Rigour of 

Development, Clarity of Presentation, and Applicability) and given an overall score (on a 

scale of 1 to 7) (Table 3). For the overall guideline assessment, all proposed clinical 

summaries were recommended for implementation. The average overall quality score was 

5.18, with a standard deviation (SD) of 0.91 and range of 3.67 to 7 (Table 3). For domain 1 

(Scope & Purpose) scores averaged 91.9, with a SD of 6.1 and range of 74.1 to 100. For 

domain 3 (Rigor of Development), scores averaged 73.1, with a SD of 11.1 and range of 

51.9 to 100. For domain 4 (Clarity of Presentation), scores averaged 67.8, with a SD of 12.5 

and range of 44.4 to 100. For domain 5 (Applicability), scores averaged 65.8, with a SD of 

10 and range of 50 to 97.2. Per the AGREE scores, the summaries for clopidogrel 
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(CYP2C19), metoprolol (CYP2D6), warfarin (CYP2C9/VKORC1), simvastatin (rs4149056), 

dabigatran (rs2244613), and hydralazine (rs1799983 and rs1799998) performed the highest, 

with average quality scores greater than 6 on a 7-point scale (Table 3).

The AGREE-rated summaries that were appraised as worthy of clinical implementation are 

currently being delivered to physicians through a pharmacogenomic results delivery 

interface in an institutional pharmacogenomic clinical implementation project36. These 

clinical summaries provide key information about the implications of a pharmacogenomic 

genotype result on clinical outcomes (such as adverse drug reactions, response to treatment, 

or drug vs. drug comparisons) and represent a synthesis of the key published studies 

including information on effect size and statistical significance, with an emphasis on 

replication whenever possible. The clinical summaries for two different cardiovascular drugs 

are shown in Figure 1.

External Comparison of Implementation Guidelines with FDA Labels

Using data from the FDA’s published Table of Pharmacogenomic Biomarkers in Drug 

Labeling, three drugs have key pharmacogenetic information incorporated into their FDA 

labels concerning the same genetic variants that we report on (warfarin, clopidogrel, and 

metoprolol)42. We agree with the labeling for clopidogrel and CYP2C19, metoprolol and 

CYP2D6, and warfarin and CYP2C9 and VKORC1. However, our analyses for these drugs 

also contain additional information on variants beyond those listed on FDA labels (Tables 2 

and 3).

Additional drugs, including atorvastatin, pravastatin, and carvedilol also have 

pharmacogenomic relationships incorporated into their FDA labels, but our findings cover 

different subgroups, variants, and clinical phenotypes than those on the label42. The 

remaining drugs we report on do not presently contain pharmacogenomic markers within 

their labeling.

Special Considerations

The AGREE instrument identified four very high scoring drug/variant pairs that have 

received particular attention in multiple prior publications, and therefore we consider those 

drugs specially here.

Clopidogrel—We identified 30 drug/variant pairs with positive pharmacogenomic 

associations for the antiplatelet agent clopidogrel, of which 10 pairs warranted proposed 

clinical summaries. Of the 10 clinical summaries, 3 were designated as Level 1 evidence. 

All 3 of these variants are located in the gene CYP2C19: rs12248560, rs4244285, and 

rs4986893. The clopidogrel/CYP2C19 pair was among the highest AGREE scoring 

summaries in both overall quality score and by domain scores. Scores for clopidogrel across 

almost all items in the modified instrument were considerably above published cut-point 

values for “high quality”40.

Metoprolol—Metoprolol and CYP2D6 was determined to warrant clinical implementation 

as a drug/gene pair with a very high AGREE score. The metoprolol/CYP2D6 pair received 
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an average overall quality score of 7 with domain 1, 3, 4, and 5 scores of 100, 100, 98.1, and 

97.2 respectively (Table 3). Similar to clopidogrel and CYP2C19, scores for almost all 

individual items assessing the metoprolol/CYP2D6 pair were above published cut-points 

defining “high quality.”

Simvastatin—For simvastatin, 2 of the 61 identified drug/variant pairs with positive 

pharmacogenomic information were determined to warrant clinical summaries (Table 3). Of 

these, one variant (rs4149056) in the gene SLCO1B1 concerning myopathy risk was 

assigned Level 1 evidence and was among the highest scoring pairs when the modified 

AGREE instrument was applied (Figure 1B, Table 3). This pair was identified by a GWAS 

and had an average overall quality score of 6.33, with domain 1, 3, and 4 scores of 98.1, 

92.6, and 92.6 respectively. Additionally, almost all item scores in the modified AGREE 

evaluation of this pair were well above published values for “high quality”.

Warfarin—The proposed warfarin clinical summary is unique in that it provides a 

recommended starting dose based on several factors, including genetic variants. According 

to the modified AGREE instrument, the warfarin summary was among the highest 

performing; it had an average overall quality score of 7 and domain scores over 90 in all 

four scored domains. The average scores for the items comprising domains 1, 3, and 4 are all 

above published values for “high quality.” Despite these high scores on AGREE assessment, 

the level of evidence designation for this summary in our strata is only Level 3. This is 

because, subsequent to the primary literature capture period, the level of evidence 

designation for warfarin was lowered to reflect the data from several high impact studies 

that were published during data analysis that brought into question the clinical value of 

genomically-guided warfarin dosing compared to simply dosing based on patient-specific 

clinical factors24,28,29.

Blockbuster Drugs

Finally, we examined the published pharmacogenomic evidence for the 10 most commonly 

prescribed cardiovascular drugs in the United States in 201134 (Table 4). Of these 10 

blockbuster drugs, 8 warranted at least one clinical pharmacogenomic summary per 

assessment by the modified AGREE instrument. The average overall quality score for these 

8 drugs was 5.03, with a SD of 0.94. For these 8 drugs, the domain 1 scores averaged 89.9 

(SD 6.3), the domain 3 scores averaged 72.4 (SD 11.4), the domain 4 scores averaged 65.8 

(SD 14.3), and the domain 5 scores averaged 65.0 (SD 11.7).

Among these blockbuster drugs, the potential for clinical impact is large. As one 

consideration, three of the drugs—simvastatin, atorvastatin and atenolol—have two different 

clinical outcomes that can be considered pharmacogenomically: treatment response and 

adverse effect. Additionally, for some drugs, the potential impact could touch millions of 

patients: simvastatin (and the genetic variant for myopathy risk) is illustrative here, as our 

analysis identified that the evidence base is large (encompassing data from over 17,000 

patients) but the pool of patients potentially impacted by this information is even orders of 

magnitude larger (as simvastatin is the most commonly prescribed cardiovascular drug with 

96.8 million annual prescriptions). Some drugs have clinical outcomes of very high interest: 
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for atorvastatin (with 43.3 million annual prescriptions), we identified 4 studies representing 

8,078 patients that show an approximate 10% reduction in the risk of myocardial infarction 

or major cardiovascular event for patients with a favorable genotype. In total, for these top 

10 cardiovascular blockbuster drugs alone, pharmacogenomic information having a 

published clinical impact on outcomes has been gathered from studies including over 83,575 

total patients and is available to inform potentially 390 million current prescriptions per 

year.

Discussion

In this study, we comprehensively assessed the literature concerning the pharmacogenomics 

of cardiovascular drugs for clinical relevance, leading to the creation of pharmacogenomic 

composite summaries that could impact drug prescribing as part of pharmacogenomic 

clinical implementation efforts. We identified 51 cardiovascular drugs with positive 

published pharmacogenomic evidence, including 23 higher-evidence drugs warranting 

clinical summaries worthy of consideration for clinical implementation. These data, and the 

development of these clinical translation summaries for each of the highest drug/gene pairs, 

impact 8 of the 10 most commonly prescribed cardiovascular agents in the United States.

Given these results, our key finding is that the breadth and depth of clinically relevant 

pharmacogenomic information for cardiovascular therapeutics is both considerable and 

potentially meaningful. Several projects utilizing summarized pharmacogenomic 

information for clinical implementation are already underway36,43–48, including use of the 

above developed summaries for clinical delivery at our institution. Aggregate, longer-term 

outcomes research from these and other projects will be necessary to ultimately evaluate 

clinical utility.

The determination of clinical relevance always depends on the specific patient in question 

being cared for by an individual physician, who may have his or her own interpretation of 

the data. We assigned relevance by assessing which clinical outcomes would be potentially 

important to clinical decision-making in two domains: treatment response and adverse 

events. For treatment response, we assessed studies that examined a drug’s ability to achieve 

its desired clinical outcome based on its indication for use and we focused on results that 

physicians commonly measure as evidence of treatment response. Conversely, for genetic 

variants that govern risk of adverse reactions, our requirement was that the adverse effect be 

clinically important and have a clinically important effect size. In doing so, we tried to focus 

on those adverse effects a physician would factor into a decision to stop or change a 

medication. Whenever possible, published guidelines or dosing algorithms were referenced, 

and summaries were compared with such publicly available sources.

We applied Level of Evidence designations in addition to evaluating the strength of our 

summaries based on a modified AGREE II instrument. Our criteria for Level 1 designations 

were rigorous, and accordingly, only the best-studied drug/variant pairs were classified as 

such. Our stratified designations were consistent with Level of Evidence stratification 

systems developed similarly by PharmGKB49, though small differences exist. Use of this 

system revealed that those drug/variant pairs not meeting either classifying criterion 
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(“Other”) yielded the lowest percent of pairs translated to summaries, as expected. Yet, this 

category still produced 48 summaries, highlighting the importance of a broad examination.

When applying the AGREE instrument, the average overall quality scores suggested very 

good quality to our summaries (Table 3). Our clinical summaries perform best in domain 1 

(Scope & Purpose), averaging 91.9 out of 100, suggesting that our clinical summaries are 

clear in their objective, health question, and target population. The summaries perform 

relatively less well in the other domains, with the lowest scores in domain 5 (Applicability) 

with an average of 65.8. This is likely due to the fact that our guideline summaries were not 

initially designed to describe facilitators and barriers to application (the specific focus of 

domain 5 item 18) and only a few drug guidelines have strong enough evidence for specific 

tools for implementation (domain 5 item 19). Scores in domains 3 (Rigor of Development) 

and 4 (Clarity of Presentation), while still robust, are likely lower than those of domain 1 

due to the difficulty in making unambiguous and specific recommendations when supporting 

studies are contradictory and/or small.

The field of pharmacogenomics suffers from a relative lack of large trials50 and replicated 

findings which are required for the highest quality guidelines. As highlighted in Table 3, it is 

notable that most of the high-evidence variants were identified through candidate gene 

studies. Indeed, data from prospective, randomized controlled trials is not available for most 

pharmacogenomic drug/variant pairs. It has been argued that the lack of these studies 

presents a strong barrier to wider clinical implementation of pharmacogenomics. However, 

high quality drug/variant associations from other types of trials, many of which are 

reproduced across multiple studies and/or have strong supporting pharmacokinetic or 

pharmacodynamic evidence, can provide valuable and worthy information. We would argue 

that our formal analysis here has in fact shown that. Therefore, we posit that implementation 

of pharmacogenomic evidence can occur even in the absence of a randomized trial, if high 

quality data standards are met, and especially for situations of prescribing equipoise. For 

example, the clinical summaries recommended in our manuscript highlight the range of 

information that can be provided to clinicians, from predicting the chance a patient will 

respond clinically in terms of cholesterol lowering (Supplemental Figure 1A) or heart failure 

improvement (Supplemental Figure 1B), to providing a drug vs. drug comparison 

(Supplemental Figure 1C). Likewise, the clinical summaries of atenolol and verapamil 

(Supplemental Figure 1D–E) inform the physician about mortality in coronary artery disease 

patients and specifically provide a treatment recommendation choice between these two 

drugs for an individual patient.

The real life clinical decision of which drug to prescribe is multi-faceted. Yet, if a physician 

is faced with the choice of which beta-blocker among several to prescribe, this information 

may provide additional, additive dimensions to the clinical calculus, while invoking little to 

no additional risk of harm19,30,36. It may be the case that in situations of clinical equipoise, 

guidelines with lower AGREE scores may still influence the decision, whereas in other 

scenarios, only the highest AGREE scoring pairs or only through an assessment of absolute 

risk could a clinician justify changing a prescribing decision. Additionally, a physician may 

require a different level of confidence or certainty in the findings to alter his 

recommendation based on the patient population or the drug itself. In this way, the role of 
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pharmacogenomics in informing therapeutic decisions will necessarily depend on 

consideration of a number of clinical, environmental, and potentially even economic factors 

to achieve the most beneficial choice. Genetic relationships are just one of many factors that 

influence treatment response and will likely be best incorporated in the larger context of 

individualizing care.

There are limitations to this study. This work focused on a subset of all FDAapproved drugs 

indicated for the treatment of cardiovascular diseases, so other cardiovascular 

pharmacogenomic information could exist for drugs that were not included in the analysis. 

Also, by focusing on individual drugs, our analysis does not consider potential drug class 

effects (e.g., a specific variant for all statins).

Considering the hundreds of millions of annual cardiovascular drug prescriptions34, 

frequency of adverse drug events2,3, and variable levels of drug response6,7,11, the impact of 

this knowledge for improving patient care is potentially prodigious17,51. Key to facilitating 

clinical implementation appears to be the production of guidelines46, such as the work done 

by the Clinical Pharmacogenetics Implementation Consortium (CPIC)52 and PharmGKB35, 

which synthesize basic and clinical science research into tools for clinical use. Our work has 

attempted to do this as a comprehensive effort for cardiovascular drugs, with the output 

being clinically usable translations of genomic information into their practice meaning. The 

establishment of such clinical translations for routine use is essential to—and will permit—

subsequent, necessary, larger, and potentially prospective, randomized and/or pragmatic 

clinical outcomes analyses.

Conclusion

There is substantial pharmacogenomic information on cardiovascular drugs that could 

potentially be applied to patient care. Given the burden of cardiovascular disease and the 

potential of personalized medicine, this information merits being made available for clinical 

implementation in a research context to determine if it impacts physician decision-making 

and patient outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Clinical implementation summaries / clinical decision supports for given genotypes of (A) 

clopidogrel and (B) simvastatin.

The creation of a clinical implementation summary (genotype-specific pharmacogenomic 

result with clinical decision support), which informs physicians of important 

pharmacogenomic information, was our measure of the ultimate clinical applicability of a 

specific drug/variant pair. Each summary contains an interpretation of the evidence, the 

assigned Level of Evidence rating, and hyperlinks to the primary literature evidence forming 

the basis for the summary.
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Table 2

Drug/variant pairs with 3 or more positive publications warranting a proposed clinical summary

A.

Drug Variant Gene Positive PMIDs N PharmGKB Clinical Annotation

Warfarin rs1057910 CYP2C9 75 Yes

Warfarin rs1799853 CYP2C9 57 Yes

Clopidogrel rs4244285 CYP2C19 42 Yes

Warfarin rs9923231 VKORC1 42 Yes

Warfarin rs9934438 VKORC1 27 Yes

Clopidogrel rs4986893 CYP2C19 15 Yes

Warfarin rs7294 VKORC1 12 Yes

Warfarin rs2359612 VKORC1 10 Yes

Warfarin rs28371686 CYP2C9 10 Yes

Warfarin rs8050894 VKORC1 9 Yes

Metoprolol rs1801253 ADRB1 8 Yes

Pravastatin rs4149056 SLCO1B1 8 Yes

Warfarin rs2108622 CYP4F2 6 Yes

Warfarin rs28371685 CYP2C9 6 Yes

Warfarin rs2884737 VKORC1 6 No

Carvedilol rs1042714 ADRB2 5 Yes

Clopidogrel rs12248560 CYP2C19 5 Yes

Rosuvastatin rs2231142 ABCG2 5 Yes

Clopidogrel rs1045642 ABCB1 4 Yes

Hydrochlorothiazide rs4961 ADD1 4 No

Simvastatin rs2032582 ABCB1 4 Yes

Warfarin rs56165452 CYP2C9 4 No

Warfarin rs9332131 CYP2C9 4 Yes

Aspirin rs730012 LTC4S 3 Yes

Atorvastatin rs4149056 SLCO1B1 3 Yes

Atorvastatin rs20455 KIF6 3 No

Benazepril rs1801133 MTHFR 3 No

Carvedilol rs1801253 ADRB1 3 Yes

Clopidogrel rs28399504 CYP2C19 3 No

Metoprolol rs1065852 CYP2D6 3 No

Perindopril rs1799752 ACE 3 No

Pravastatin rs17238540 HMGCR 3 Yes

Simvastatin rs4149056 SLCO1B1 3 Yes

Warfarin rs17880887 VKORC1 3 No

B.

Drug Variants Gene Positive PMIDs N Clinical summary warranted Y/N

Warfarin All CYP2C9 183 Y

Warfarin All VKORC1 130 Y
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B.

Drug Variants Gene Positive PMIDs N Clinical summary warranted Y/N

Clopidogrel All CYP2C19 73 Y

Metoprolol All CYP2D6 20 Y

Aspirin All FSIP1 20 N

Digoxin All ABCB1 16 N

Pravastatin All SLCO1B1 16 Y

Atorvastatin All APOE 13 N

Metoprolol All ADRB1 12 Y

Losartan All CYP2C9 12 N

Phenprocoumon All CYP2C9 12 N

Lovastatin All LPL 12 N

Simvastatin All ABCB1 11 Y

Aspirin All GPIIIa 10 N

Part A. The associated drug, variant, and corresponding gene are shown for the 34 drug/variant pairs with 3 or more positive pharmacogenomic 
publications that warranted a proposed clinical summary. Of these, 25 had a publicly available Clinical Annotation in PharmGKB at the close of 
data capture.

Part B. Results are displayed at the level of drug/gene pairs, encompassing all positivelyassociated variants within the corresponding gene, for each 
of the drug/gene pairs with 10 or more positive publications. For each drug, yes (“Y”) or no (“N”) indicates whether at least one variant warranted 
a proposed clinical summary.
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