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Abstract
Purpose To quantify the influence of common cytochrome
P450 2C9 (CYP2C9) polymorphisms on warfarin dose
requirements.
Methods A systematic review and a meta-analysis, calcu-
lating the warfarin dose reduction associated with the five
most common variant CYP2C9 genotypes.
Results Thirty-nine studies (7,907 patients) were included
in the meta-analysis. Compared to the CYP2C9*1/*1
genotype, the CYP2C9*1/*2, CYP2C9*1/*3, CYP2C9*2/
*2, CYP2C9*2/*3, and CYP2C9*3/*3 required warfarin
doses that were 19.6 (95% confidence interval 17.4, 21.9),
33.7 (29.4, 38.1), 36.0 (29.9, 42.0), 56.7 (49.1, 64.3), and
78.1% (72.0, 84.3) lower, respectively. The impact of
CYP2C9 genotype tended to be larger in patients without
interacting drugs.
Conclusions Previous studies have rarely been powered to
determine the quantitative influence of specific CYP2C9
genotypes on warfarin dose requirements. The results from
our pooled analysis are likely to be the most accurate to
date and the methodology could serve as a model for future
pharmacogenetic meta-analyses.

Keywords Warfarin .CYP2C9 . Pharmacogenetics . Genetic
polymorphism .Meta-analysis . Drug interactions

Introduction

Warfarin is an oral anticoagulant widely used for thrombo-
sis prevention in patients with predisposing conditions, e.g.
atrial fibrillation, heart valve implants, or a confirmed
episode of thrombosis or thromboembolism. Its use is
limited by a narrow therapeutic interval combined with a
large interindividual variability in the dose required for
adequate anticoagulant effect. S-warfarin, the more potent
enantiomer of racemic warfarin, is almost exclusively
metabolized by the hepatic cytochrome P450 2C9 enzyme
[1]. In 1999, Aithal et al. [2] published the first evidence
that polymorphisms in the gene coding for this enzyme,
CYP2C9, had a significant impact on the warfarin dose
requirement in affected individuals. Since then, a large
number of studies in various patient populations have
confirmed that carriers of one or two low-active CYP2C9
alleles require lower warfarin doses, with CYP2C9*2 and
CYP2C9*3 being the most well-documented of these
variant alleles [1].

However, translation of CYP2C9 genotype information
into specific warfarin dose recommendations requires
precise quantitative information about the impact of
individual CYP2C9 genotype combinations on the expected
dose requirement, as well as an understanding of how the
magnitude of this gene-dose interaction differs among
different patient populations. In vitro, CYP2C9*2 and
CYP2C9*3 metabolize S-warfarin with a capacity of
approximately 12 and <5% compared to the wild-type
CYP2C9*1 allele, respectively [3–5]. Unfortunately, these
in vitro estimates are not easily translated into clinical
recommendations, since the pharmacologic properties of
warfarin are complicated with both enantiomers contribut-
ing to the anticoagulant effect, but with different potencies
and completely disparate pharmacokinetics. Pharmacoge-
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netic recommendations should therefore preferably be
based on reliable in vivo estimates that could also prove
to be very useful in the development and evaluation of
pharmacokinetic/pharmacodynamic (PK/PD) computer
simulation models. Although a large number of studies
have investigated the association between CYP2C9 geno-
type and warfarin dose requirements in vivo, these studies
have seldom been powered to give useful quantitative
estimates of the genotype effect, and the estimated dose
adjustments required in individuals with specific CYP2C9
genotypes differ widely among studies.

The aim of our study was to quantify the effects of
individual CYP2C9 genotype on warfarin dose require-
ments, by means of a systematic literature review and
meta-analysis.

Methods

Search strategy

The literature search was conducted in PubMed and
EMBASE (finished December 19, 2007). Searches were
not restricted in time or language. Text words and keywords
included in the search strategy are presented in the
“Appendix.” In cases of missing data or unclarities, authors
were contacted for additional information or unpublished
data.

Study selection criteria

One reviewer (JL) initially evaluated articles for eligibility.
The selected articles were re-evaluated by LH and MA, and
the final inclusion decision was based on consensus among
the three reviewers. Included studies had to meet the
following inclusion criteria: (1) clinical cohort or cross-
sectional study in warfarin-treated patients, (2) CYP2C9
genotyping performed in all patients or in a random
selection of patients (selection based, e.g., on warfarin
dose, bleeding tendency etc. was not allowed), (3) warfarin
maintenance dose (mean and standard deviation) presented
separately for the CYP2C9 *1/*1 genotype group and at
least one of the following groups: CYP2C9 *1/*2, *1/*3,
*2/*2, *2/*3, *3/*3.

There were no restrictions of inclusion on the basis of
patient characteristics, publication type (journal article,
abstract, conference proceedings or unpublished data), or
publication language.

Data extraction

Data from all eligible studies were extracted and summa-
rized independently by two reviewers (LH and MA).

Recorded data included characteristics of the studies,
demographic data, and warfarin maintenance doses for
each of the six CYP2C9 genotypes mentioned above. Any
discrepancies were resolved by consensus. When applica-
ble, the authors of the studies were contacted for additional
information.

Statistical methods

In each of the included studies, the maintenance doses in
the six CYP2C9 genotype groups were normalized using
the CYP2C9 *1/*1 group as reference (by dividing the dose
and associated standard deviations in each group by the
mean maintenance dose in the CYP2C9 *1/*1 group). This
normalization procedure was performed to remove any
heterogeneity caused by differences in pharmacodynamic
warfarin sensitivity among study populations, since the
absolute reduction in warfarin dose requirement associated
with variant CYP2C9 genotypes was clearly correlated to
the mean dose in the reference groups in the populations
studied (data not shown).

The normalized dose in each of the five genotype groups
CYP2C9 *1/*2, *1/*3, *2/*2, *2/*3, and *3/*3 were
compared to that in the CYP2C9 *1/*1 group (reference
group) by means of five separate meta-analyses. Each meta-
analysis included those selected studies that presented
warfarin dose data for at least two individuals with the
CYP2C9 *1/*1 group and two individuals with the
comparator genotype. The studies were weighted using
the inverse variance method, and the effect of CYP2C9
genotype on warfarin maintenance dose was expressed as
mean difference (MD). However, due to the normalization
procedure, the calculated mean differences represent rela-
tive rather than absolute differences in maintenance dose,
e.g., a mean difference of -0.5 would indicate a 50%
reduction in warfarin dose requirement. Some studies
analyzed variant CYP2C9 alleles other than *2 and *3,
while most did not. To achieve a uniform definition of the
reference CYP2C9*1 allele across studies, any CYP2C9
allele other than *2 or *3 was considered wild-type (*1) in
the analyses, if possible.

Homogeneity among studies was tested by means of
Cochran’s Q test and calculation of the variation across
studies attributable to heterogeneity rather than chance (I2).
When substantial heterogeneity was demonstrated (defined
as a Cochran Q test P value <0.1 or a I2 value >25%) a
random-effects model was used to calculate the overall
MD, otherwise a fixed-effect model was used.

Sensitivity analyses by means of meta-regressions were
performed to assess the impact of various study character-
istics on the association between CYP2C9 genotype and
warfarin dose requirement. For each of the five meta-
analyses, the influence of potential sources of heterogeneity
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on the genotype-dose association was investigated by
means of study-level weighted univariate linear regressions.
The dependent variable in these analyses was the normal-
ized dose reduction associated with one specific variant
CYP2C9 genotype, and each study was weighted by the
inverse sum of the within-trial variance and the residual
between-trial variance. The following independent variables
were examined: age, African ethnicity, Asian ethnicity, use
of interacting drugs, and target INR. African and Asian
ethnicities were coded as binary variables, set to 0 or 1 if
≤10% or ≥90% of the included patients belonged to that
specific ethnic group, respectively. Studies in ethnically
heterogeneous patient groups were excluded from this
analysis. Use of interacting drugs was set to 1 in studies
where use of drugs potentially interacting with warfarin was
allowed and to 0 in those where patients using such drugs
had been excluded. Target INR was coded as 0, 1, and 2 in
studies with low (2.0), mid-range (2.5–2.6), and high target
INRs (2.7–3.0), respectively.

Subgroup analyses were performed to eliminate sour-
ces of heterogeneity identified in the meta-regressions.
After dividing the studies according to these study
characteristics, the main analysis was repeated separate-
ly in each subgroup. Only subgroups large enough
to provide useful estimates were included in these
analyses.

The influence of individual studies on the outcome of
meta-analyses was examined by means of exclusion
sensitivity forest plots and the possible influence of
publication bias was graphically evaluated by means of
funnel plots where normalized dose reductions were plotted
versus inverse standard error.

The weighted linear regressions were performed using
StatsDirect statistical software version 2.7.2 (StatsDirect,
Sale, Cheshire, UK). All other statistical analyses were
performed using MIX version 1.61 for Windows, October
2007 [6].

Results

Identification of studies

Figure 1 shows the flow of studies, from identification to
final inclusion. A total of 1,171 citations were identified in
the literature search. Of these, 39 met the inclusion criteria
and were included in the meta-analysis [2, 7–44]. Thirty-six
studies [2, 7–30, 32–34, 36, 38–44] were published in
English, one in French [35], one in Russian [37], and one in
Spanish [31]. Three studies [13, 20, 43] presented data
separately for different ethnic groups. Data from these
studies were subdivided according to ethnicity and treated
as separate studies in the analysis.

Study characteristics

Table 1 presents the characteristics of the 39 studies
included in the meta-analysis. All studies were published
between 1999 and 2007. Twelve studies were performed in
Asia, thirteen in the Americas, and fourteen in Europe. A
total of 8,048 patients were included, and data from 7,907
patients (5,749 CYP2C9*1/*1 carriers, 1,216 *1/*2, 759
*1/*3, 78 *2/*2, 81 *2/*3, and 24 *3/*3) could be
evaluated in the meta-analysis. The mean age (weighted
according to study size) of the patients was 64 years (range
57–66.9) and 59% were men (range 44–67%).

Meta-analysis

The outcome of the individual meta-analyses in each
CYP2C9 genotype group is presented in Figs. 2, 4, 5, and

Fig. 1 Flow diagram showing the number of citations identified,
retrieved, extracted, and included in the final analysis
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6, and in Table 2. The forest plots in Figs. 2, 3, 4, 5, and 6
show the relative dose reduction associated with specific
CYP2C9 genotypes in each included study along with the
overall result of the meta-analysis. The brackets denote
95% confidence intervals and the size of each box is
proportional to the number of included patients. When
compared to individuals with the homozygous CYP2C9*1
genotype, carriers of the CYP2C9*1/*2, CYP2C9*1/*3,
CYP2C9*2/*2, CYP2C9*2/*3, and CYP2C9*3/*3 geno-
types required warfarin doses that were 19.6 (95%
confidence interval 17.4, 21.9), 33.7 (29.4, 38.1), 36.0
(29.9, 42.0), 56.7 (49.1, 64.3), and 78.1% (72.0, 84.3)
lower, respectively.
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Fig. 2 Forest plot of the reduction in warfarin dose requirement in
carriers of the CYP2C9 *1/*2 genotype, as compared to individuals
with the wild type CYP2C9 *1/*1 genotype. Brackets denote 95%
confidence intervals
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Heterogeneity

All meta-analyses except those comparing CYP2C9*1/*2
and CYP2C9*2/*2 with CYP2C9*1/*1 showed evidence of
statistical heterogeneity across studies (Cochran’s Q test P
values <0.0001 to 0.035, I2 values 47 to 81%), and hence a
random-effects model was used in these analyses.

None of the meta-regressions demonstrated a significant
(P<0.05) association between the examined predictors and
study outcome. Studies including predominantly patients of
African descent indicated a smaller impact of the
CYP2C9*1/*3 genotype, as compared to studies including
predominantly Caucasian or Asian patients (–20.5 vs
−35.2%). However, this difference had a low level of
significance (P=0.29) and no similar effect was seen for

Fig. 3 Forest plot of the reduction in warfarin dose requirement in
carriers of the CYP2C9 *1/*3 genotype, as compared to individuals
with the wild type CYP2C9 *1/*1 genotype. Brackets denote 95%
confidence intervals

Fig. 4 Forest plot of the reduction in warfarin dose requirement in
carriers of the CYP2C9 *2/*2 genotype, as compared to individuals
with the wild type CYP2C9 *1/*1 genotype. Brackets denote 95%
confidence intervals

Fig. 5 Forest plot of the reduction in warfarin dose requirement in
carriers of the CYP2C9 *2/*3 genotype, as compared to individuals
with the wild type CYP2C9 *1/*1 genotype. Brackets denote 95%
confidence intervals
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the CYP2C9*1/*2 genotype (-21.0 vs -20.1%, P=0.92). The
effect of African ethnicity could not be evaluated in the
double-mutated genotype groups (CYP2C9*2/*2, *2/*3, and
*3/*3) due to lack of data. Asian ethnicity had no impact on
the CYP2C9*1/*3 effect (-34.9 vs -34.3%, P=0.93) and
could not be evaluated in the other genotype groups.

Three CYP2C9 genotypes (CYP2C9*1/*2, *1/*3, and
*2/*2) were associated with substantially smaller dose
reductions in studies allowing the use of potentially
interacting drugs, compared to studies where such drugs
were not allowed (-17.6 vs -23.7%, -32.9 vs -40.6%, and -
33.4 vs -48.4%, respectively). The P values of these
analyses ranged from 0.11 to 0.15. No similar effect of
interacting drugs was observed in the CYP2C9*2/*3 or *3/
*3 groups, but these results had a high level of uncertainty
(p=0.25 and p=0.87, respectively).

In the CYP2C9*2/*2 group, the genotype effect tended to
be larger in studies with older patients (slope -0.75 percent
units per year of age, P=0.07) but results from the remaining
genotype groups were conflicting and highly nonsignificant
(P values 0.27–0.95). Similarily, higher target INRs were
associated with a larger CYP2C9*1/*2 effect (-9.7, -18.8, and
-27.9% in the low-, medium-, and high-INR group, respec-
tively, P=0.13), but results in the other genotype groups were
diverging and highly nonsignificant (P values 0.43–0.57).

The results of the subgroup analyses are presented in
Table 3. Restricting the analysis to studies in Caucasian
patients or to studies in Caucasian patients where use of
potentially interacting drugs was explicitly allowed had
very little effect on the overall results. Studies in Cauca-
sians not using any interacting drugs demonstrated approx-
imately 20% larger effects of the CYP2C9*1/*2 and *1/*3
genotypes, as compared to the main analysis. In the less
powered CYP2C9*2/*2 and *2/*3 groups, these studies
showed a 35% increased and 26% decreased gene effect,
but with wide confidence intervals.

Publication bias

Funnel plots of each study’s genotype-associated dose
reductions against the inverse standard error did not
indicate any asymmetries suggestive of publication bias
(data not shown).

Discussion

In this systematic review and meta-analysis, we demon-
strate that carriers of the CYP2C9 *1/*2, *1/*3, *2/*2, *2/
*3, and *3/*3 genotypes require warfarin doses that are
19.6, 33.7, 36.0, 56.7, and 78.1% lower than in carriers of
the wild-type CYP2C9 *1/*1 genotype, respectively. These
results are based on data from almost 8,000 genotyped
individuals, and the estimates are likely to be the most
accurate published to date.

The main limitation of the study is its dependence on
aggregated data, making it less easy to evaluate the
influence of individual patient characteristics on warfarin
dose requirements. The sensitivity analyses did not unam-
biguously link any of the examined study characteristics to
the study outcome. However, use of interacting drugs was
associated with attenuated gene-dose effects in a majority
of the genotypes, with P values ≤0.15. This is by no means
evidence of interacting drugs being an important predictor
of the CYP2C9 effect in warfarin-treated patients, but since
the sensitivity analyses have comparatively low statistical
power and are hypothesis-generating rather than hypothe-
sis-testing, the finding was further explored in the subgroup
analysis. The results from this analysis indicate that the
dose reductions observed in the main analysis should be
valid in patient populations where interacting drugs may be
used, while the effect of CYP2C9 genotype may be even
larger in patients where the gene-dose association is not
partially obscured by interacting drugs.

In addition to CYP2C9, the polymorphic vitamin K
epoxide reductase subcomplex 1 (VKORC1) gene is an
important determinant of warfarin dose requirement, as it
alters the pharmacodynamic sensitivity (i.e., the concentra-

Table 2 Effect of variant CYP2C9 genotypes on warfarin dose
requirements

CYP2C9
genotype

Reduction in warfarin
dose requirementa

P value

*1/*1 Reference Reference
*1/*2 19.6% (17.4, 21.9) <10–15 (z=17.2)
*1/*3 33.7% (29.4, 38.1) <10–15 (z=15.1)
*2/*2 36.0% (29.9, 42.0) <10–15 (z=11.6)
*2/*3 56.7% (49.1, 64.3) <10–15 (z=14.7)
*3/*3 78.1% (72.0, 84.3) <10–15 (z=24.8)

aMean (95% confidence interval)

Fig. 6 Forest plot of the reduction in warfarin dose requirement in
carriers of the CYP2C9 *3/*3 genotype, as compared to individuals
with the wild type CYP2C9 *1/*1 genotype. Brackets denote 95%
confidence intervals
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tion-effect relationship) to warfarin [45–47]. Being located
on chromosome 16, VKORC1 is not linked to CYP2C9
(chromosome 10) and therefore it contributes to the
warfarin dose independently of the CYP2C9 genotype [45,
47, 48]. Warfarin-sensitive VKORC1 alleles (haplotype A)
are less common in Africans than in Caucasians or Asians,
contributing to higher warfarin dose requirements in the
former ethnic group [20]. Theoretically, the normalization
procedure used in our meta-analysis should remove any
influences of VKORC1 genotype on the CYP2C9-dose
association, since a reduced pharmacodynamic sensitivity
to warfarin would be expected to increase the dose
requirements by an equal percentage in all CYP2C9
genotype groups. However, this remains to be demonstrated
in vivo and the lack of VKORC1 data is a potential
weakness of our meta-analysis. The number of publications
presenting warfarin dose data in patient cohorts character-
ized with regard to VKORC1 genotype is still too limited to
allow for a large meta-analysis of potential interactions
between VKORC1 and CYP2C9 as predictors of warfarin
dose requirements, but this should be addressed when
sufficient data have accumulated.

The sensitivity analysis revealed a large albeit nonsig-
nificant interethnic difference in CYP2C9*1/*3-effect be-
tween Africans and other ethnic groups. Although no such
effect was seen in the CYP2C9*1/*2 analysis, the number
of studies in patients of African descent was small (n=2),
rendering the analysis a low statistical power. In addition to
the interethnic differences in VKORC1 allele frequencies
discussed above, CYP2C9 alleles other than *1, *2, and *3
could theoretically attenuate the CYP2C9 effect in Africans,
by being allocated to the CYP2C9*1/*1 group and altering
the dose requirement in this group. Several such allelic
variants confined to African populations have been de-
scribed [20] and others may remain unidentified. Due to
these uncertainties regarding interethnic differences in
CYP2C9 dose effect, the subgroup analyses were restricted
to studies in Caucasian patients. However, this restriction
had little, if any, effect on the outcome of the meta-analysis.

In this meta-analysis, only the two most well-investigat-
ed variant CYP2C9 alleles, *2 and *3, were taken into
account, and any other alleles identified in the studies were
treated as being the wild-type *1. This could theoretically
dilute the apparent effect of the *2 and *3 alleles by
introducing “hidden” slow metabolizers into the reference
group. The choice to restrict the analysis to three alleles had
two reasons: In most of the available studies (79%) only the
CYP2C9 *1, *2, and *3 alleles had been analyzed and to
pool data in the meta-analysis, it was necessary to apply a
uniform definition of the *1 allele (i.e., any CYP2C9 allele
other than *2 and *3). In addition, the protocol chosen
should give a valid estimate of the predictive properties of a
CYP2C9 analysis that includes specifically the CYP2C9 *2
and *3 alleles—the analysis proposed in most published
genotype-based dosing algorithms.

Taken together, we believe our pooled estimates of the
impact of CYP2C9 genotype on the warfarin dose require-
ments are reliable, with the potential to substantially
improve the interpretation of clinical genotyping results
and the precision of PK/PD models based on published
gene-dose-effect associations and estimates of warfarin’s
pharmacokinetic and pharmacodynamic properties. An
even more important application of the data would be to
validate the predictive properties of regression-based dose
prediction algorithms. These algorithms are usually based
on patient samples too small to address the dose require-
ments in specific genotype groups and may, for example,
treat CYP2C9*2 and *3 equally or pool heterozygous and
homozygous carriers of variant alleles. Since homozygous
and compound variant genotypes are rare, this practice has
little effect on the overall predictive value of the algorithms,
but it is likely to cause substantial overestimations of the
dose in the vulnerable individuals carrying these genotypes.
By comparing the predicted dose reductions associated with
specific CYP2C9 genotypes to those observed in our meta-
analysis and critically evaluating any substantial discrep-
ancies, dangerous prediction errors could be avoided. In
addition, combining our genotype-dose association esti-

Table 3 Effect of variant CYP2C9 genotypes on warfarin dose requirements in selected subgroups

CYP2C9 genotype Caucasiansa Caucasiansa, no interacting drugs Caucasiansa, interacting drugsb

*1/*1 Reference Reference Reference
*1/*2 19.9% (17.4, 22.4) 23.1% (11.0, 35.1) 19.0% (16.1, 21.9)
*1/*3 35.1% (29.6, 40.7) 40.9% (32.2, 49.5) 33.4% (25.1, 41.7)
*2/*2 36.8% (28.5, 45.1) 48.7% (36.3, 61.2) 33.7% (21.6, 45.8)
*2/*3 58.0% (50.0, 66.0) 42.0% (23.9, 60.0) 58.8% (47.5, 70.1)
*3/*3 78.1% (72.0, 84.3) NAc 80.6% (73.8, 87.3)

Reductions in warfarin dose requirements are presented as mean (95% confidence interval)
a Analyses includes only studies where ≥90% of the patients were Caucasian
b Studies where use of drugs potentially interacting with warfarin was not an exclusion criterion
cMeta-analysis could not be performed due to insufficient data
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mates with high-quality enantiospecific dose-concentration
data could give valuable new information on the relative in
vivo potencies of the two warfarin enantiomers.

The association of CYP2C9 genotype and adverse
outcomes of warfarin treatment has previously been
investigated in a meta-analysis [49], but to our knowledge
the current study is the first meta-analysis based on a
systematic review that addresses the association between a
drug-metabolizing cytochrome P450 enzyme and the dose
requirements of its substrates. We believe further use of this
methodology could prove to be very fruitful in the field of
pharmacogenetics, which is often characterized by a body
of small studies insufficiently powered to provide reliable
quantitative estimates of the drug-gene interaction size.
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Appendix

PubMed

Warfarin as MeSH or text word was combined with each of
the following search phrases:

& MeSH
& Cytochromes
& Cytochrome p-450 enzyme system
& Genotype
& Genes
& Genetics
& Alleles
& Polymorphism, genetic
& Pharmacogenetics
& Text words
& Cytochrome
& Cytochromes
& Cytochrome-p-450
& Cytochrome p-450
& p-450
& Cytochrome P450
& Cytochrome P 450
& cyp2c9
& 2c9
& cyp2c
& Genotype
& Genotypes
& Gene
& Genes
& Genetic
& Genetics

& Allele
& Alleles
& Polymorphism
& Polymorph
& Polymorphisms
& Polymorphic
& Pharmacogenetics
& EMBASE
& Warfarin/exp AND cytochrome p450 2c9/exp
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