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Summary
There has been significant interest in the pharmacogenetics of warfarin therapy with the recent
package insert update highlighting its potential role in improving the safety and effectiveness of
warfarin. Herein we review the evidence of the influence of the two key genes of interest, CYP2C9
and VKORC1, on warfarin response, and discuss the implications of current knowledge for clinical
practice.

The influence of CYP2C9 and VKORC1 genotype on warfarin dose requirements has been
consistently demonstrated in diverse racial/ ethnic patient groups in observational studies and
randomized clinical trails. Dosing algorithms have been developed that incorporate clinical,
demographic, and genetic information to help select a starting warfarin dose. Furthermore,
CYP2C9 variant genotypes have been associated with a significantly increased risk of serious
bleeding events.

However evidence to date from prospective, controlled studies has not demonstrated an added benefit
of incorporating genotype-guided therapy in improving anticoagulation control, preventing or
reducing the risk of hemorrhagic or thromboembolic complications. Research efforts designed to
evaluate the effectiveness of genotype-guided therapy in improving outcomes are underway.
However the routine use of CYP2C9 and VKORC1 genotyping in the general patient population
initiating warfarin therapy is not supported by evidence currently available.
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Introduction
Sixty six years since its discovery and fifty-four years since its commercial introduction in
1954, warfarin remains the mainstay of oral anticoagulant therapy.1,2 Despite proven efficacy,
refinements and standardization in the monitoring of warfarin, its underutilization is
widespread.3–6

What is clear is that the capricious nature of the response to any given dose of warfarin demands
sophisticated and resource intensive methods to determine the warfarin dose and maintain
therapeutic anticoagulation. The intricacies of warfarin metabolism, the complexities of the
coagulation system and the multitude of factors affecting level of anticoagulation do not make
this a straight forward task. Despite concerted efforts, development of dosing nomograms and

Corresponding Author: Nita A. Limdi, Pharm.D, PhD, MSPH, Department of Neurology, University of Alabama at Birmingham, 1719
6th Avenue South, CIRC-312, Birmingham AL 35294-0021, Email: nlimdi@uab.edu, Phone: (205) 934-4385.

NIH Public Access
Author Manuscript
Pharmacotherapy. Author manuscript; available in PMC 2009 October 5.

Published in final edited form as:
Pharmacotherapy. 2008 September ; 28(9): 1084–1097. doi:10.1592/phco.28.9.1084.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



institution of specialized anticoagulation clinics, anticoagulation management is far from
optimal.

The evolution of our understanding of warfarin pharmacodynamics and pharmacokinetics and
the recognition of genetic regulation of warfarin response has stimulated efforts aimed at
quantifying this influence. Although investigations have identified the influence of several
genes on warfarin response,7 the bulk of the evidence supports the influence polymorphisms
in two genes; Cytochrome P450 2C9 (CYP2C9) and Vitamin K epoxide reductase complex 1
(VKORC1). This evidence provided the basis for the recent warfarin package insert update
(http://www.fda.gov/cder/drug/infopage/warfarin/default.htm) by the United States Food and
Drug Administration (FDA).

The purpose of this manuscript is to provide an understanding of the role of CYP2C9 and
VKORC1 in warfarin pharmacokinetics and pharmacodynamics, review the evidence of the
influence of CYP2C9 and VKORC1 on warfarin response, and discuss the implications of
current knowledge for clinical practice.

The role of CYP2C9 and VKORC1 in warfarin pharmacokinetics and
pharmacodynamics
Warfarin Pharmacokinetics

Warfarin is administered as a racemic mixture of (S) and (R) warfarin. The enantiomers are
extensively metabolized via distinct cytochrome P450 enzymes (Figure 1) with CYP2C9
serving as the principal enzyme in S-warfarin metabolism and CYP2C8, CYP2C18,
CYP2C19 serving as minor pathways. R-warfarin is mainly metabolized by CYP1A2 and
CYP3A4 with CYP1A1, CYP2C8, CYP2C18, CYP2C19 and CYP3A4/5 serving as minor
pathways.8,9 The variable metabolism of the more potent (S) enantiomer is responsible for the
large variability in warfarin dose requirements.10

Warfarin Pharmacodynamics
Warfarin produces its pharmacological effect by interfering with the synthesis of vitamin K
dependent clotting factors via inhibition of vitamin K epoxide reductase complex 1
(VKORC1).11,12 This interferes with the post-translational gamma-carboxylation of glutamic
acid residues on coagulation factors II, VII, IX, and X, as well as the anticoagulant proteins C,
S, and Z by gamma-glutamyl carboxylase (GGCX). Depletion of reduced vitamin K leads to
the production of nonfunctional coagulation factors, producing anticoagulation (Figure 1).

Various research studies have implicated other genes in the variability of warfarin dosing in
some patient populations. These include GGCX,13–16 clotting factors (protein C, Factor II and
Factor VII),17 genes involved in transporting vitamin K warfarin including apolipoprotein E
18–20 and P-glycoprotein,21 and additional genes involved in vitamin K-epoxide metabolism.
14,22 16 While other genes and their encoded proteins may influence the inter-individual
variability in warfarin response, the evidence is currently limited and are not discussed in this
review.

Challenges in assessing the evidence for the influence of CYP2C9 and
VKORC1 on warfarin response

Evaluating the relationship between variation in CYP2C9/ VKORC1 and warfarin-related
outcomes can be particularly challenging due to the varying study designs, differences in
outcomes evaluated, variation in outcome definitions and pharmacokinetic differences in
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coumarin anticoagulants used by participants. Therefore the reader should evaluate potential
sources of error (chance, bias and confounding). Specifically, the reader should:

• Understand the strengths and limitations of various observational study designs
(retrospective versus prospective; case-control versus cohort, comparative
intervention trial versus association study) in addressing the hypothesis of primary
interest.

• Be vigilant of eligibility criteria. For example did recruitment target patients with
certain indications, duration of therapy or patients who met certain criteria (e.g. on
stable warfarin dose).

• Appreciate differences in duration of the study follow-up and type of data;
longitudinal (over time) or cross-sectional (a single point in time).

• Be familiar the measurement and adjustment for confounding variables such as
comorbid conditions, dietary vitamin K intake, concomitant medications, etc.

• Understand genotyping methodology and its validity

• Understand how the outcome is defined and measured. For example:

– Warfarin dose: Stable dose or average maintenance dose

– Over-anticoagulation : INR > 4 or >6 ?

– Hemorrhage: Were major and minor bleeding complications evaluated as
separate endpoints or were they combined?

• Appreciate the appropriateness of statistical analyses employed.

To help the reader navigate this information we synthesize evidence of genetic influences by
outcome studied: 1) warfarin dose, 2) anticoagulation maintenance, 3) risk of over-
anticoagulation, and 4) risk of hemorrhagic complications. We review the evidence from
observational studies and the recent evidence emerging from prospective and randomized
studies comparing pre-prescription genotyping with standard medical care.

Although past efforts focused on patients of mainly European descent in the U.S. and in Asia,
recent investigations have included African American sub-groups facilitating race-stratified
analyses. To put any racial differences in context the reader needs to be familiar with the
nomenclature and differences in the reported frequencies of CYP2C9 and VKORC1
polymorphisms. Structural polymorphism in the CYP2C9 and VKORC1 genes create variant
alleles (Single nucleotide Polymorphisms, SNPs), which encode enzymes with different
catalytic activity. The Human Cytochrome P450 (CYP) Allele Nomenclature committee
recognizes 37 alleles for CYP2C9 (http://www.cypalleles.ki.se/cyp2c9.htm) with CYP2C9*1
designated as wild-type (normal metabolizer). In general possession of two copies of the variant
allele is associated with a greater dose reduction compared to possession of one copies.
Possession of CYP2C9*2 variant is associated with a smaller dose reduction than possession
of the *3 variant (Table 1).23 Of the variant CYP2C9 alleles CYP2C9*2, and CYP2C9*3 are
the most common variant alleles associated with reduced catalytic activity in patients of
European, African, or Asian descent.24–29 Both CYP2C9*2 and *3 are more prevalent among
European Americans compared to African Americans 24,30–32 CYP2C9*5 (0.9–1.8%),
CYP2C9*6 (0.1%) and CYP2C9*11 (1.5%) are putative poor metabolizer alleles found among
African Americans.24,30,33,34 CYP2C9 variants are relatively rare in Asian populations, with
a CYP2C9*3 frequency of 2–4% and CYP2C9*2 generally not found.25–28

Although the influence of several VKORC1 polymorphisms (3730G/A (rs7294), 2255C/T
(rs2359612), 1542G/C (rs8050894), 1173C/T (rs9934438) and -1639G/A (rs9923231)) on
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warfarin response has been investigated, 1173C/T and −1639G/A have been the most widely
studied.7 The 1173C/T and −1639G/A polymorphisms (along with 2255C/T 1542G/C,
−4931T/C (rs7196161)) are in strong linkage disequilibrium (LD) in European Americans and
are associated with lower mRNA levels.35 Polymorphisms in strong LD almost always appear
together allowing the assessment of a single marker without loss of statistical power. There is
limited knowledge with regard to the degree of LD of between other VKORC1 polymorphisms
among African Americans and other racial / ethnic groups.24,32

The prevalence of variant VKORC1-1173 genotype (CT or TT) or variant VKORC1-1639
genotype (GA or AA) is significantly higher among European Americans compared to African
Americans, and higher yet in Asian populations.24,32,36 These differences appear to explain
the majority of dose requirement differences observed by clinicians across these groups. The
frequency of these polymorphisms may differ slightly across studies due to differences in
ancestry, racial admixture and cohort size.

OBSERVATIONAL STUDIES
Influence of CYP2C9 and VKORC1 on warfarin dose

Recognition of the vast inter-individual variation in warfarin dose requirements, and the
influence of factors such as age, gender, medications, vitamin K intake, liver function, has lead
to development of several dosing algorithms to predict initial warfarin dose.37 Current practice
involves the estimation of initial dose based on clinical characteristics followed by adjustment
based on INR response with the goal of maintaining INR in the target range. Therefore a more
accurate prediction of initial dose could improve anticoagulation control.

The association between CYP2C9 genotype and warfarin dosing requirements is robust, with
a number of confirmatory studies in populations of European and Asian descent 13,17,22,25,
26,28,38–50 51 The average warfarin dose for patients with wild-type CYP2C9 genotype is
approximately 6 mg/day, those with two copies of the *2 variant have an average daily dose
of 4 mg/day and those with two copies of the *3 variant have an average daily dose of about
1.5 mg/day.40 Among African Americans, CYP2C9 genotype has not demonstrated a consistent
influence on warfarin dose.24,30,31,52 However the low prevalence of the variant CYP2C9
genotype, rather than lack of effect, is the more likely explanation. The influence of CYP2C9*5,
*6 and *11 variants among African Americans is not well documented.24,30,52,53 In Asian
populations, CYP2C9*3 has been shown to be associated with lower dose requirements.27

The more recent identification of VKORC1 as the warfarin drug target12 spurred efforts to
understand its effect on warfarin dose. We therefore provide a synthesis of data from studies
that have evaluated the influence of both CYP2C9 and VKORC1 on warfarin dose. First,
however, it is important to recognize that the definition of ‘dose requirement’ can vary. In
general, the goal has been to identify the warfarin dose at which a patient is maintained within
therapeutic range. Thus, a common definition is the dose at which a patient achieves 3
consecutive INRs in range. However, the time period over which this occurs (i.e. 3 days vs. 9
months) can vary, introducing some variability. Thus time restrictions of, e.g., between 2 weeks
and 3 months, may be included in the definition, as well as allowing small (e.g., +/− 10%) dose
variations.

As noted above, a single polymorphic site in VKORC1, 1173C>T, has been consistently
associated with inter-individual variability in warfarin dose among patients of European, Asian
and African descent. 13,15,17,25–28,32,35,44–47,49–51,54–59 The average warfarin dose for
patients with the 1173 CC form is about 6 mg/day, the CT form is about 5 mg/day and the TT
form of VKORC1 is approximately 3 mg/day.35 In addition, differences in dose requirements
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among racial groups may be largely related to the prevalence of VKORC1 variants across
populations 25,35,50

Another approach to evaluating the relationship between genotype and dose is to build a
statistical model that incorporates a variety of factors (i.e., clinical, demographic and genetic)
to estimate the influence of each factor on dose requirements, and also control for potential
confounding factors. Such analyses have demonstrated that polymorphisms in VKORC1
account for 25 ± 8% of the variance in warfarin dose while CYP2C9 explains approximately
6–10%. 25,35,50,60

These statistical models, often referred to as ‘pharmacogenetic dosing algorithms’, can also be
used to predict what the maintenance dose might be for a patient before beginning warfarin or
early in therapy.27,46,61–64 These models differ slightly in the clinical and demographic factors
that have been included (e.g., weight vs. height), and the way genetic variants are categorized
(e.g. genotypes included as covariates with 2 levels; wild-type versus variant or as covariates
with 3 levels; wild-type homozygote, variant heterozygote, variant homozygote). However,
the general trends have been similar. One model, developed by Gage and colleagues, is publicly
available at www.warfarindosing.org. In a recent review, McClain and colleagues65 utilized
the algorithm described in Table 2 to predict to predict warfarin dose requirements for an
individual based on genetic characteristics.

In summary, variants of both CYP2C9 and VKORC1 have a significant influence on warfarin
dose requirements, and models have been developed to help predict maintenance doses.
Patients generally fall into three categories: 1) those with a ‘high dose’ VKORC1 genotype and
no CYP2C9 variants requiring 6–7 mg/d, 2) those with a mix of variants requiring moderate
doses of 2.5–6.0 mg/d, and 3) patients with 2 copies of a low dose genotype (of either gene)
that require doses in the 1.5–2.5 mg/d range (Table 2).

At the other end of the dose spectrum, several rare VKORC1 missense mutations have been
described in patients who are “resistant” and require higher warfarin doses (>70 mg/week).
12,59,66–70 The frequency of these mutations and their clinical impact at a population level has
not been extensively documented. However they may be clinically relevant in compliant
patients requiring higher warfarin doses.

Influence of CYP2C9 and VKORC1 on anticoagulation attainment and maintenance
During initiation of warfarin therapy, the current standard of care recommends discontinuation
of heparin in patients has two consecutive INRs in target range and monitoring patients at least
weekly for the first month of therapy. Improved prediction of time required to attain target INR
(enable discharge planning) and time required to attain stable maintenance dose (enable
scheduling of outpatient visits) would enhance the clinical utility genotype-based therapy.37

The goal of anticoagulation services is to maintain INR in target range. Therefore the ability
to identify patients (for example; with specific genotypic characteristics) who are prone to be
over-anticoagulated or under-anticoagulated could improve the quality of anticoagulation
control by allowing preemptive intervention (e.g. more frequent monitoring).

Several investigators have evaluated the influence of CYP2C9 and VKORC1 on time to target
INR (calculated as the time from the initiation of therapy until first INR in-range is measured)
and time to stable INR (or stable dose; is calculated as the time from the initiation of therapy
until attainment of stable dose; typically the first dose that maintains INR in target range over
three consecutive visits, with these INR measurements encompassing a period of at least 2
weeks) The influence of CYP2C9 and VKORC1 on time spent in target range can be assessed
using two measures; proportion of INRs in range (calculated by dividing taking the number of
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INRs within target range by the total number of INRs during follow-up) and proportion of time
spent in target range (estimated using the Rosendaal linear interpolation method).71,72

Although several studies have assessed the genetic influences on time to attain target INR40

and time to attain stable dose, 31,32,39,40,56,57,73–75 only two have evaluated time spent in
target INR range (Table 3).39,73 These observational studies demonstrate inconsistent influence
of CYP2C9 and / or VKORC1 genotype on time to attain first INR in target range.40,51 Time
to attain stable dose was reported to be longer among participants of European descent with
variant CYP2C9 genotype.40,56,57,74,75 However this finding has not been replicated in racially
diverse cohorts.24,31,32 The three published observational studies that evaluated the influence
of these genes on the time spent in target INR range found no association.24,39,73

Influence of CYP2C9 and VKORC1 on risk of over-anticoagulation and hemorrhage
The fear of major hemorrhagic complications is a major deterrent to the use of warfarin, in an
otherwise qualifying patient.3,76 Recent reports estimate hemorrhagic complication rates of 5–
7.9% for major (serious, life-threatening, or fatal) hemorrhage and 14–36% for minor (e.g.
nose bleeds, microscopic hematuria) hemorrhage.77,78 Patient characteristics such as age ≥
75years, history of gastrointestinal bleeding, history of stroke, recent myocardial infarction,
renal insufficiency, hypertension, concomitant drugs, higher intensity of treatment, and longer
duration of anticoagulation therapy have been associated with a higher risk of hemorrhagic
complications.77,79

Hemorrhagic events are more likely to occur during the first 3 months of treatment, perhaps
as a consequence of over-anticoagulation as dose is being individualized.40,77,79 An elevated
INR (over-anticoagulation) is a strong and independent risk factor for hemorrhagic
complications.80,81 This recognition has promoted its utilization as a surrogate marker for
hemorrhagic risk. However over-anticoagulation does not always precede a hemorrhagic
complication. Therefore we caution the reader to understand what is being estimated, risk of
over-anticoagulation or risk of hemorrhage; and not to equate over-anticoagulation to a
hemorrhagic event.

Although several studies have reported an increased risk of hemorrhage among patients with
a variant CYP2C9 genotype, most have defined the event as ‘over-anticoagulation’ rather than
a hemorrhagic event (Table 4).32,39,51,56,57,74,75 Although these studies indicate a higher risk
of over-anticoagulation among patients who possess the variant CYP2C9 and / or VKORC1
genotype drawing comparisons between study findings is difficult for several reasons. First,
the definition of over-anticoagulation varies from INR >332 to INR >8.39 Second, differing
pharmacokinetics of coumarins studied make comparisons of genetic contributions tenuous.
Third, study duration and follow-up differed as did time points at which gene-response
associations were evaluated. Fourth, the differences in ethnic/ racial groups and the factors
such as exclusion of patients on concomitant medications that interact with coumarins limit
the generalizability of findings.56,57 Fifth, the influence of variation in environmental factors
(e.g. changes in vitamin K intake, medications) known to influence warfarin response was not
consistently accounted for in assessing gene-over-anticoagulation association. Sixth, recent
data in racially diverse cohorts confirms the increased risk among patients of European descent
but suggests a protective effect in African Americans.24,31,32

Four studies have reported the risk of hemorrhage associated with CYP2C9,36,38,40,82 with
three assessing bleeding risk by genotype (Table 5).36,38,40 Aithal et al reported the higher
hemorrhagic risk among patients requiring low-dose warfarin (<1.5mg/day) in a case-control
study.82
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The association between CYP2C9 and hemorrhagic risk was deduced (rather than assessed
directly) from the higher prevalence of the variant CYP2C9 genotype among patients requiring
low dose. Margaglione et al reported a 2.6-fold higher risk of hemorrhage among patients with
CYP2C9 variants.38 However the rarity of serious/life-threatening bleeding (n=10)
necessitated evaluation of major and minor hemorrhage as a composite outcome. Higashi et al
demonstrated the risk of major hemorrhage associated with variant CYP2C9 genotype was
higher during initiation of therapy [RR 3.9, 95%CI: 1.3, 12.1] and during the entire follow-up
period [RR 2.4, 95%CI: 1.2, 4.9].40

A recent study assessing the effect of CYP2C9 and VKORC1 on the risk of hemorrhage provides
evidence of an association of variant CYP2C9 genotype and risk of major hemorrhage [RR
3.0, 95%CI: 1.2, 7.5] in both African and European American patients after accounting for the
effects of VKORC1 1173C/T, and clinical covariates.36 Interestingly, variant VKORC1-1173C/
T genotype did not confer a significant increase in risk for major hemorrhage [RR 1.7, 95%
CI: 0.7, 4.4]. There are several potential explanations for this, including 1) the fact that 5–10%
of patients had a VKORC1 low dose genotype, versus 30% of patients had a CYP2C9 low dose
genotype; 2) the influence of CYP2C9 on warfarin metabolism half life; and 3) an association
between CYP2C9 and bleeding risk unrelated to warfarin anticoagulation therapy/INR.84

Perhaps more importantly, this study found the risk associated with the variant CYP2C9
genotype is independent of the INR at the time of the event and persists even after stabilization
of anticoagulation therapy. This implies that patients possessing CYP2C9 variant may be
susceptible to hemorrhage at similar intensity of anticoagulation. The persistence of risk after
stabilization suggests that patients possessing CYP2C9 variants may need more conservative
dose adjustments or INR target range than those with wild-type genotype, but additional
research in this area is needed.

PROSPECTIVE AND RANDOMIZED STUDIES
Non-comparative studies

The evidence of genetic influence on warfarin response and the availability of rapid-throughput
genotyping technology fueled several prospective efforts aiming to determine utility of pre-
prescription genotyping. Pilot studies by Hillman et al and Voora et al demonstrated the
feasibility of pre-prescriptive CYP2C9 genotyping and improved predictability of warfarin
dose.64,85 Pharmacogenetics-based dosing did not alter the proportion of time spent in target
range or the risk of over-anticoagulation associated variant CYP2C9 genotype. However it
must be noted that both studies were not adequately powered to detect such differences.

Two recent studies extended this effort include pre-prescription CYP2C9 and VKORC1
genotyping. Millican et al evaluated therapeutic dose (dose that gave an INR in the target
therapeutic range after 6 or 7 consecutive days) prediction in 92 subjects (86% European
American, 52% men). They implemented a dose revision protocol utilizing prior doses
administered and INR response in addition to CYP2C9 (*2 and *3) and VKORC1-1639G/A,
clinical and socio-demographic variables. The final algorithm explained 79% of the variability
in warfarin dose. The final models’ higher prediction ability stems mainly from using prior
dose and INR response to predict therapeutic dose. However, the statistical significance of
CYP2C9 and VKORC1genotype indicate a potential for further dose refinement (e.g. after an
initial 5mg dose) by inclusion of genotype information.63 Wen et al evaluated stable dose (dose
that produced ≥ 2 consecutive INRs in target range ≥ 7 days apart) prediction and time to
stabilization in 108 Han-Chinese subjects (60% men). The inclusion CYP2C9 *3 and
VKORC1-1639G/A, BSA and age explained 48% of variability in warfarin dose. However the
lack of a control group did not allow assessment of whether pharmacogenetics-based dosing
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can shorten the time of achieving a stable, therapeutic warfarin INR and reduce the number of
adverse events compared to standard of care.86

Comparative controlled studies
The impact of genotype-guided dosing on clinical outcomes has been evaluated in two
randomized controlled trails to date (Table 6) comparing standard medical care with genotype-
based dose initiation. Caraco et al reported shorter time to first therapeutic INR and first stable
INR among patients receiving CYP2C9 genotype-guided therapy.87 However, this finding is
driven primarily by the higher daily dose assigned to wild-type patients in the pharmacogenetic-
guided group. Furthermore, different durations of follow-up were reported for the two study
groups during the maintenance phase, making comparisons challenging.

A more recent study by Anderson et al in 200 patients, genotype-guided dosing provided
superior dose prediction. The variance in warfarin dose explained by CYP2C9 and VKORC1
genotype (32%) was two-fold higher than that explained by clinical factors (15%). Most of the
benefits were derived by appropriately dosing the patients possessing no variant alleles and
those possessing multiple variant alleles. However the study failed to demonstrate an increase
in the percentage of INRs within the therapeutic range by institution of genotype-guided
therapy.88 Differences in indication for therapy between the groups (due to chance) may have
introduced some confounding to the study results. The overall effect of genotyping may have
been mitigated because the 80% of patients were initiated in the hospital and followed
intensively by anticoagulation specialists.

Despite the negative primary end point, exploratory analyses by Anderson et al identified two
genotypic subgroups that benefited from genotype-guided therapy: wild-type patients (whose
dose requirements are greater than average) and carriers of multiple variant alleles (whose dose
requirements are lower than average). In these patient subgroups, pharmacogenetic guidance
yielded a 10% increase in within-range INRs (p=0.03).88

The discrepancies in findings with regard to time spent in range and over-anticoagulation (INR
>4) between observational and interventional studies can perhaps be explained by the
frequency of INR monitoring and duration of follow-up. Observations studies evaluate gene-
effects over a more prolonged time span, under conditions that reflect routine medical care. In
both randomized studies (Table 6), the brief follow-up and the INR assessment schedule, far
more aggressive than routine clinical practice, could have contributed to better than expected
outcomes in the standard-medical-care arm. As reported by Anderson et al88 time spent in
therapeutic INR (68.6%) among participants assigned to standard-medical care arm was greater
than that for usual/ routine medical care (37%–60%) and for and for anticoagulation clinic care
(40%–60%).89–91 An INR assessment schedule more reflective of outpatient anticoagulation
management may have yielded different results.

Promise faced with challenges
Warfarin pharmacogenomics has become an important case-study for genomic technologies.
It holds promise with the potential for improving the safety and effectiveness of this life-saving,
albeit historically challenging therapy. However the excitement surrounding this potential is
faced with potential pitfalls, which perhaps will be alleviated by ongoing and future studies.

Although genotype-guided dosing offers superior dose prediction compared to current dosing
algorithms, it is by no means guaranteed to improve patient outcomes. We must appreciate that
genotype-based algorithms have been shown to explain 40–60% of variance in warfarin dose
and failure to recognize the impact of other unknown variables (that account for the remaining
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40–60%) could result in over or under-dosing. Moreover individual dose requirements may
change over time with changes in diet, concomitant medications, and concurrent illness.

The perception of perfect prediction with genotype-based algorithms may create a false sense
of security resulting less stringent INR monitoring. While one can argue that by more accurate
dose prediction one can improve anticoagulation maintenance, this hypothesis is not supported
by current evidence.

Although the variant CYP2C9 genotype is associated with an increased risk of hemorrhage as
highlighted in many news features,92,93 all the evidence is from observational studies.
Therefore we hesitate to recommend the employment of genotype information in determining
individual hemorrhagic risk. Our trepidation lies in the potential (mis)use of this information
to make treatment choices. While variant CYP2C9 genotype may increase the risk of
hemorrhage, without understanding the risk of recurrent thromboembolism (in patients with
variant CYP2C9) withholding therapy may have even more deleterious consequences. We have
inadequate evidence to make a balanced “treat or withhold treatment” decision. Risk prediction
will require both pieces of information if we are to honour the Hippocratic Oath “First, do no
harm........”

Recently, the American Enterprise Institute -Brooking Joint Center for Regulatory Studies
(with input from the FDA) released optimistic projections on the cost-effectiveness of warfarin
pharmacogenomics. However, the validity of these findings has been called to question.94 The
availability and the declining cost of genomic technologies may make genotyping feasible and
affordable, but evidence of effectiveness must precede determination of cost-effectiveness. If
found effective, genotype-guided therapy could be a success with improvement in outcomes
offsetting the increase in healthcare cost due to testing.

While many studies have sought to evaluate the association between genetic variants and over-
anticoagulation and hemorrhage, only Schelleman et al attempted to understand the influence
of genetic variants on under-anticoagulation (INR <2).32 Moreover no study has evaluated the
association between variants and thromboembolic events among patients on warfarin. As
evidenced by many reports, under-anticoagulation is a more frequent problem than over-
anticoagulation.89,91 Understanding the association (if any) with thromboembolism will be
crucial in evaluating the effectiveness of genotype-based therapy. Furthermore, these
associations can have profound influence on the assumptions and results of economic analyses.

Future directions
Future efforts must involve prospective trails in racially diverse cohorts (to improve
generalizability) with long-tem follow-up (to assess incident hemorrhagic and thromboembolic
complications) and detailed documentation of environmental influences. The resulting
longitudinal data will facilitate the evaluation of differential genetic / environmental effects
over time and assessment gene-environment interactions. Such studies will need to assess
whether genotype-guided therapy improves patient outcomes, identify which subgroups of
patients may benefit, and clarify the risks and costs associated with the use of these tests.

Recognition of the potential promise of genotype-guided therapy has spurred several national
and international efforts. The National Heart Lung and Blood Institute recently announced its
sponsorship of a randomized clinical trial to evaluate the effectiveness of genotype-guided
therapy in improving anticoagulation outcomes. The study will randomize about 2000 patients
at about 15 clinical sites to three approaches to warfarin therapy initiation: (1) an algorithm
that incorporates clinical information and the person's genotype for CYP2C9 and VKORC1,
(2) an algorithm that incorporates only clinical information, and (3) a standard, guideline-based
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strategy. All patients in this double-blind study will have a clinical need for long-term
anticoagulation, be new to warfarin therapy, and undergo monitoring for one year.

As such research efforts are initiated and pre-prescription genotyping is implemented, it will
be critical to select a common and limited set of genetic polymorphisms and clinical factors
that can improve prediction of warfarin dose requirements for a racially diverse population.
Recognition of the potential of pharmacogenetics in warfarin therapy has fostered an
international effort; the International Warfarin Pharmacogenomics Consortium (IWPC). This
collaborative effort aims to develop a universally applicable algorithm for warfarin dosing
based on CYP2C9 and VKORC1 and clinical variables that influence warfarin response across
ethnic/racial groups. The IWPC has pooled data on 5700 patients from 21 investigators from
four continents around the world. This large dataset will allow assessment of genetic influences
across racial and ethnic groups, provide a robust estimate of gene effects, enable evaluation of
interactions and allow the determination of a limited set of genetic and clinical variables that
can be easily implemented in research and practice.

Conclusion
The influence of CYP2C9 and VKORC1 genotype on warfarin dose has been consistently
demonstrated in a large number of patients with various indications, by multiple investigators
in diverse racial/ ethnic groups in observational studies. Recent randomized clinical trails
validate the ability of genotype-guided dosing to estimate warfarin maintenance dose.
However, to date we do not have supporting evidence to suggest genotype-guided therapy will
improve anticoagulation control and prevent or reduce the risk of hemorrhagic or
thromboembolic complications. However, it would be reasonable to use CYP2C9 and
VKORC1 genotype as part of diagnostic efforts to understand unusual response (e.g. extremely
elevated INR during initiation) to standard medical care.
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Figure 1.
Warfarin pharmacokinetic and pharmacodynamics pathway. Warfarin is administered as a
racemic admixture of R and S enantiomers. The more potent S enantiomer is metabolized
principally by Cytochrome P4502C9 (CYP2C9). The pharmacological effect of warfarin is
mediated by the inhibition of Vitamin K epoxide reductase complex 1 (VKORC1). This results
in the decreased concentrations of activated clotting factors (II, VII, IX and X) producing
therapeutic anticoagulation.
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Table 3
Selected studies evaluating the influence of CYP2C9 and/ or VKORC1 on attainment and maintenance of target INR
among patients on coumarin therapy.

Study Design Polymorphisms
assessed

Time to Target INR Time to Stable INR/ dose Time in target range

¤Retrospective cohort (n=561)39 CYP2C9 *2, *3 NE NE No difference

¤Retrospective Cohort (n=186)40 CYP2C9 *2, *3 No difference Longer in patients with
variant CYP2C9 genotype

NE

ψProspective cohort (n=284)74 CYP2C9 *2, *3 NE Longer in patients with
CYP2C9 *2

NE

ФProspective cohort (n=231)75 CYP2C9 *2, *3
CYP2C9 *3 allele

NE Longer in patients with NE

¤Nested Case Control (n=219)73 CYP2C9 *2, *3 NE No difference No difference

ФProspective cohort (n=231)56 CYP2C9 *2, *3
VKORC1-1173

NE Longer in patients with
CYP2C9 *3 allele

NE

ψProspective cohort (n=281)57 CYP2C9 *2, *3
VKORC1-1173

NE Longer in patients with
CYP2C9 *2

NE

¤Prospective cohort (n=317, 162 AA)32 CYP2C9 *2, *3
VKORC1-1173

NE No difference NE

¤Prospective cohort
(n=297, 29 AA)51

CYP2C9 *2, *3
VKORC1-1639,
1173, 1542,
2255

Shorter in patients with
VKORC1 variant

NE NE
VKORC1 variants spent
more time above range

during initiation

¤Prospective cohort
(302 EA, 273 AA)24

CYP2C9 *2, *3,
*5, *6, *11
VKORC1-1173

No difference in EA or
AA patients for

CYP2C9 or VKORC1

No difference in EA or AA
patients for CYP2C9 or

VKORC1

NE

All comparisons are presented for variant versus wild-type genotypes at a non-directional statistical significance of 0.05.

NE: Not evaluated or not reported, AA: African American; EA: European Americans

Study participations were on different coumarins:

¤
Warfarin24,32,39,40,51,73,

ψ
Phenprocoumon57,74,

Ф
Acenocoumarol 56,75
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Table 4
Selected studies evaluating the influence of CYP2C9 and / orVKORC1 on risk of over-anticoagulation

Study Design Polymorphisms
Assessed

Risk of over-anticoagulation

Definition Risk Ratio [95% CI]

¤Retrospective cohort (n=561)39 CYP2C9 *2, *3 INR >8 1.5 [0.6, 3.6]

¤Retrospective Cohort (n=186)40 CYP2C9 *2, *3 INR ≥4 1.4 [1.03, 1.9]

ψProspective cohort (n=284)
First 180 days of tx. 74

CYP2C9 *2, *3 INR >6 3.1 [1.6, 6.1]

ФProspective cohort (n=231)
First 180 days of tx.75

CYP2C9 *2, *3 INR >6 *3 allele only
3.8 [1.5, 9.4]

¤Nested Case Control (n=219, first 21 days)73 CYP2C9 *2, *3 INR >3 *2 allele
*3 allele

1.8 [1.2, 2.5]
2.2 [1.6, 3.0]

ФProspective cohort (n=231)
First 180 days of tx.56

CYP2C9 *2, *3
VKORC1-1173

INR >6 Combination of CYP2C9 and VKOR variant
3.8 [1.6, 9.0]

ψProspective cohort (n=281)
First 180 days of tx.57

CYP2C9 *2, *3
VKORC1-1173

INR >6 Combination of CYP2C9 and VKOR variant
7.2 [2.1, 24.7]

¤Prospective cohort (n=317, 162 AA)
Prior to stabilization32

CYP2C9 *2, *3
VKORC1-1173 INR >3

INR >4

European descent only
3.1 [1.7, 5.5]

11.4 [1.3, 102.0]

¤Prospective cohort (n=297, 29 AA)51 CYP2C9 *2, *3
VKORC1-1639,
1173, 1542,
2255

INR >4 CYP2C9 *1/*2, *1/*3:
1.6 [1.0, 2.6]

*2/*2, *2/*3,*3/*3:
2.5 [0.9, 6.5]

VKORC1 A/ non-A: 2.2 [1.4, 3.6]
A/A 2.5 [1.3, 5.0]

¤Prospective cohort (302 EA, 273 AA)24 CYP2C9 *2, *3,
*5, *6, *11
VKORC1-1173

INR>4 European descent only
First 30 days

VKORC1: 3.75 (1.52, 9.30)
CYP2C9: 2.84 (0.91, 8.85)

Prior to stabilization
VKORC1: 2.69 (1.32, 5.47)
CYP2C9: 2.69 (1.32, 5.47)

Duration of therapy
VKORC1: 1.91 (1.27, 2.89)
CYP2C9: 1.82 (0.97, 3.43)

All comparisons are presented for variant versus wild-type genotypes at a non-directional statistical significance of 0.05.

AA: African American, EA: European American

Study participations were on different coumarins

¤
Warfarin 24, 32, 39, 40, 51, 73

ψ
Phenprocoumon57, 74,

Ф
Acenocoumarol 56, 75
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Table 5
Selected studies evaluating the influence of CYP2C9 and / orVKORC1 on risk of hemorrhage

Study Design Polymorphisms
Assessed

Risk of Hemorrhage

Minor Major

Case Control
(36 cases, 52 controls)82

CYP2C9 *2, *3 2.7 [0.9, 8.1] 3.7 [1.4, 9.5]

Retrospective cohort
(n=180)38

CYP2C9 *2, *3 Minor and Major Combined
2.6 [1.2, 5.7]

Retrospective Cohort
(n=186)40

CYP2C9 *2, *3 NE 2.4 [1.2, 4.9]

Prospective cohort
(n=446, 227 AA)36

CYP2C9 *2, *3
VKORC1-1173

CYP2C9
1.3 [0.8, 1.9]

VKORC1
0.8 [0.5, 1.3]

CYP2C9
3.0 [1.2, 7.5]

VKORC1
1.7 [0.7, 4.4]

Study participants were on warfarin 36,38,40,82

All comparisons are presented for variant versus wild-type genotypes at a non-directional statistical significance of 0.05.

NE – not evaluated or not reported.

AA: African American.

Minor hemorrhage included mild nosebleeds, microscopic hematuria, mild bruising, and mild hemorrhoidal bleeding.

Major hemorrhage combined serious, life-threatening and fatal bleeding episodes as defined by Fihn et al.83

Pharmacotherapy. Author manuscript; available in PMC 2009 October 5.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Limdi and Veenstra Page 22

Table 6
Randomized studies comparing genotype based warfarin therapy (Target INR 2–3) to standard medical care in assessing
warfarin response

Caraco et al, 2007a Anderson et al, 2007 b

Population Characteristics

Number of subjects evaluated 191 (95 PG, 96 STD) Ф 200 (101 PG, 99 STD)Ф

Racial/ Ethnic Group 100% European descent 95% European descent

Study Characteristics

Follow- up (Mean ± SD) Different in two arms 46 ± 32 days

INR assessment schedule Daily until target INR is
sustained for 2 days then
at least twice weekly
until stabilized

Days 0, 3, 5, 8, 21, 60, 90,
and as clinically indicated

Polymorphisms assessed

CYP2C9 *2, *3 *2, *3

VKORC1 NE 1173C/T

Genotype guided therapy:

Improved dose prediction NE Yes, p<0.001

% Variance in dose predicted by genes
(genes + clinical covariates)

NE 32 % (47%)

↓number of dose changes NE Yes, however follow-up
duration and indication
differed across groups

↓INR monitoring frequency Yes Yes, however follow-up
duration and indication
differed across groups

Influenced time to target INR PG attained target INR
sooner⊕

No

Influenced time to stable dose PG attained stable INR
sooner⊕

No

↓ out-of-range INRs Yes (<1.8 or >3.4) No (<1.8 or >3.2) ⊕

↑ Time in target range Higher in PG group ⊕ No

↓ risk of over-anticoagulation Yes No

↓ risk of complicationsψ For Minor bleed, p<0.02 NE

Ф
PG denotes genotype-guided therapy; STD denotes standard medical therapy

Anderson et al defined Stable dose as dose (after day 8) that was associated with ≥ 2 (within 15%) INRs in target range measured ≥ 1 week apart. Caraco
et al defined stable dose as the dose associated with ≥ 2 INRs in target range, measured ≥ 1 week apart.

⊕
Primary Endpoint

NE: Not evaluated or not reported

ψ
Although all studies defined adverse event as a composite endpoint including INR ≥4, major (and minor) hemorrhage and recurrent thromboembolic

event, the cohort size and follow-up duration did not facilitate evaluation of hemorrhagic or thromboembolic complications.

a
Caraco et al 87

b
Anderson et al 88

Pharmacotherapy. Author manuscript; available in PMC 2009 October 5.


