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Abstract Aim of the Review To assess the state of the

literature concerning pharmacogenomic testing in patients

requiring vitamin K antagonists, specifically warfarin.

Method We conducted a literature search of MEDLINE

and International Pharmaceutical Abstracts using the fol-

lowing words: warfarin, pharmacogenetic, and pharmac-

ogenomic. The search results were reviewed by the authors

and papers concerning pharmacogenomic testing in war-

farin dosing were procured and reviewed. Additionally

bibliographies of papers procured were also examined for

other studies. The authors focused on clinical trials con-

cerning the use of pharmacogenomic testing in warfarin

dosing. Results Although numerous studies have demon-

strated that a significant portion of warfarin dosing vari-

ability can be explained by genetic polymorphisms, few

prospective studies have been conducted that examine the

integration of this information in practical dosing situa-

tions. Those that have, have shown that using pharmac-

ogenomic information improves initial dosing estimates

and decreases the need for frequent clinic visits and labo-

ratory testing. Data showing a reduction in serious bleeding

events is sparse. Cost-effectiveness analyses have generally

shown a small but positive effect with pharmacogenomic

testing in patients receiving warfarin. Conclusion Several

studies have shown that pharmacogenomic testing for

warfarin dosing is more accurate that other dosing

schemes. Pharmacogenomic testing improves time to a

therapeutic international normalized ratio while requiring

fewer dosing adjustments. Patients who require higher or

lower than usual doses seem to benefit the most. The cost-

effectiveness of pharmacogenomic testing as well as pre-

venting of outcomes such as bleeding or thrombosis are not

yet elucidated. Pharmacists, especially those in a commu-

nity setting can play a role in this new technology by

educating prescribers and patients concerning pharmacog-

enomic testing, and by developing and using dosing pro-

tocols that incorporate its use.
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Impact of findings on practice

• Pharmacogenomic differences in patients is responsible

for a significant amount of dosing variability with oral

vitamin K antagonists such as warfarin

• Testing for such differences has become commercially

available and data to date suggests that routine testing

on patients receiving warfarin may decrease clinic

visits, improve time in the therapeutic range (target

international normalized ratio), and is likely to decrease

the risk of major bleeding events.

• Pharmacists can play a major role in the implementa-

tion of this new technology by proper utilization of

such testing in anticoagulation clinics, education of

prescribers and patients of the implications of phar-

macogenomic testing, and research assessing its cost-

effectiveness.
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Introduction

For more than 40 years, vitamin K antagonists (VKAs)

including warfarin, have been the gold standard for pre-

vention and treatment of venous thromboembolism, and for

prevention of stroke in atrial fibrillation. Indeed, in many

countries VKAs are the only drugs available for these

indications. For example, in 2004, 30 million prescriptions

were written for warfarin in the United States alone [1].

Unfortunately, dosing of this drug is extremely complex. It

has a very narrow therapeutic index, numerous drug and

food interactions, and the dosing amount required to

achieve a therapeutic international normalized ratio (INR)

in individual patients can vary by a factor of 10 or more

[2]. This complexity of dosing, coupled with the potentially

catastrophic results of over-anticoagulation (e.g. intercra-

nial hemorrhage) have led to the evolution of oral antico-

agulation clinics designed to maximize the safety and

efficacy of warfarin dosing in individual patients. Such

clinics, often run by pharmacists, have been shown to be

more effective than the usual care clinics at keeping

patients in their INR range, and decreasing bleeding rates

[3, 4]. In the last 10 years significant progress has been

made toward understanding the genetic basis for warfarin

dosing variability. It is now known that by itself, genetic

polymorphisms are responsible for about 30% of dosing

variability with this agent [5]. This, coupled with the

commercial availability of genetic testing for warfarin

metabolism polymorphisms, has led researchers to inves-

tigate the clinical impact of pharmacogenomic (PGx)

testing as an aid to improve dosing accuracy. How will

PGx testing impact warfarin dosing in oral anticoagulation

clinics? What roles will the pharmacist—particularly those

in community settings—play in the implementation and

interpretation of this new technology?

Aim of the review

Our aim was to review the latest literature on the clinical use

of PGx testing for warfarin metabolism on the appropriate

dosing of this drug. Additionally, we will make recom-

mendations on the place of pharmacists in the utilization of

PGx testing. For a general overview of this topic, readers are

directed to some comprehensive reviews published recently

[5–8]. Space limitations required that primary investigations

of this subject remain the focus of our paper.

Methods

The authors undertook a search of the medical literature

using MEDLINE and International Pharmaceutical

Abstracts with the following terms: warfarin, pharmacog-

enomic, pharmacogenetic, and dosing with search dates of

January 1995 to June 2010. Pertinent articles published in

English were retrieved. Bibliographies from articles were

also searched for other articles that were also procured.

Although the focus of our article is on the clinical appli-

cation of PGx testing for warfarin, we also felt that a

review of the basic science surrounding this issue deserved

discussion as well. For simplicity we are using the term

pharmacogenomics instead of pharmacogenetics through-

out this paper.

Results

Warfarin metabolism and pharmacogenomics

Warfarin (3-a-acetonylbenzyl-4-hydroxycoumarin; also

known as Coumadin), a compound synthesized in 1948 and

first used as a rodenticide, was approved for use as an anti-

coagulant in the early 1950s [9]. It exists as a recemic

mixture, the S form being about 3–5 times more active in its

anticoagulation activity than the R form [9]. Moreover, as

summarized in Fig. 1, cellular metabolism of these two

isoforms is also markedly different [10]. While CYP2C9 is

the main mixed function oxidase responsible for hydroxyl-

ation of the more potent S-warfarin, CYP1A2, CYP3A4, and

CYP2C19 participate in metabolism of the less active

R-isoform. Additionally, a carbonyl reductase (not shown in

Fig. 1) is also involved in metabolism of the R-form [9, 10].

Anticoagulant activity of warfarin is primarily attributed

to its potent, stereospecific inhibitory effect on an enzy-

matic step essential for clot formation (Fig. 1). Activation

of clotting factors catalyzed by c-glutamyl carboxylase

requires the hydroquinone or reduced form of vitamin K as

a cofactor. During this reaction, vitamin K is converted to

the 2, 3 epoxide, which must be rapidly recycled back to

the reduced form. This step is catalyzed by the enzyme

vitamin K epoxide reductase complex 1 (VKORC1) and

warfarin specifically inhibits this enzymatic step. Depletion

of the reduced form of vitamin K and inactivation of the

clotting factors is the result, eventually leading to inhibi-

tion of clot formation.

Although warfarin was approved for use as an antico-

agulant as early as 1950s, experimental evidence of effects

of genetic polymorphism of CYP2C9 on warfarin mainte-

nance dose requirement in patients undergoing anticoagu-

lation therapy was published only in the 1990s [11–13]. A

multitude of retrospective [14–23] and prospective [11, 24–

34] studies conducted since, have now clearly established

the significant influence of polymorphism in CYP2C9

[9–11, 14, 15, 23, 24, 26, 28, 29, 32] and VKORC1

[9, 10, 23, 26, 28, 32] genes on metabolism, and hence, the

Int J Clin Pharm (2011) 33:10–19 11

123



anticoagulant activity of warfarin. Thus, individuals

homozygous for the CYP2C9*1 allele require a higher

maintenance dose compared to the CYP2C9*2 (R144C) and

CYP2C9*3 (I359L) homozygotes, respectively. As expec-

ted, individuals heterozygous for *1, *2 or *3 alleles of

CYP2C9 gene usually exhibit an intermediate phenotype

[13, 23].

Unlike CYP2C9, initial investigations of the VKORC1

gene implicated association of several different genetic

polymorphisms with variable phenotypes in warfarin

metabolism. However, additional studies with larger

cohorts [20, 33, 34] have allowed researchers to define two

haplotyes composed of at least six variations across the

entire coding as well as non-coding regions of the

VKORC1 gene. Individuals homozygous for haplotype A

are characterized by a resistant phenotype, whereas indi-

viduals homozygous for haplotype B exhibit a sensitive

phenotype, the heterozygous subjects showing an inter-

mediate response.

In recent years, advent of the genomic technologies has

allowed researchers to evaluate the combined effects of

genetic polymorphism in CYP2C9 as well as VKORC1

genes on sensitivity to warfarin [16, 17, 20, 25, 27, 31, 32,

34, 35]. Interestingly, a limited number of reports have also

investigated potential association of polymorphism in the

genes for CYP4F2 [36, 37], EPHX1 [37], Apolipoprotein E

[28], clotting protein FVII [22], c-glutamyl carboxylase

[25], and the vitamin K epoxide reductase complex 1 like

protein [19], with sensitivity to warfarin. However, addi-

tional studies would be required to conclusively establish

any correlation of polymorphism in these genes with

warfarin sensitivity.

Clinical studies using warfarin pharmacogenomics

Several researchers have reported on the differences in

genetic polymorphisms and dose response among varied

groups (Table 1). While it has been established that

CYP2C9*2 and *3 variants can be predictive of anticoag-

ulation response in the Caucasian population, the effect

may not be as great in African-American patients [38, 39].

Warfarin doses were found to be 11% lower in Caucasian

patients than African-American patients in one study that

focused on CYP2C9 variances [11]. Visser and colleagues

studied a large Caucasian population, confirming that

patients heterozygous for either CYP2C9*2 or CYP2C9*3,

as well as those with two variant alleles, require a signif-

icantly lower dose of the anticoagulant [40]. For example,

there may be yet unknown differences in white populations

as well. Croatian patients have a slightly different distri-

bution pattern of CYP2C9 genotypes than other Cauca-

sians, as demonstrated in one study [41].

In contrast to the Caucasians, CYP2C9*2 or CYP2C9*3

alleles are almost non-existent in the Asian population.

Chinese and Malaysian patients were found to more com-

monly express the CYP2C9*1/*1 genotype (93.2%) than

the CYP2C9*1/*3 genotype (6.8%) in one study. Patients

with the CYP2C9*1/*1 genotype required a higher dose of

warfarin whereas those with the CYP2C9*1/*3 experi-

enced a higher rate of serious and life-threatening bleeding

[42].

In one of the largest studies of the VKORC1 polymor-

phisms, the International Warfarin Pharmacogenetics

Consortium enrolled1103 Asians, 670 blacks, and 3113

whites to study the difference in response among these

ethnic populations. Although the contribution of VKORC1

genetic variation to warfarin dose prediction is greater in

the white population, this was stated to be most likely due

to differences in allele frequencies among the populations

and that nonwhites would still benefit from PGx dosing of

warfarin [23].

Considering VKORC1 polymorphism in addition to

CYP2C9 status has indeed improved the accuracy of PGx

algorithms. Patient age, body weight and genetic poly-

morphisms of VKORC1 and CYP2C9 were found to

account for up to 55 and 63% of the variability in daily

warfarin dose of stable Japanese and Chinese patients

[43, 44]. A previously published algorithm that solely

S- enantiomer

CYP2C9

7-Hydroxy Warfarin

γ- Glutamyl Carboxylase 
(GGCX)

Vitamin K    
(Reduced)

Vitamin K Epoxide 
Reductase Complex 1

(VKORC1)

Inactive         
Clotting factors

Active           
Clotting factors

Vitamin K    
(Oxidized)

R- enantiomer

CYP1A1 
CYP1A2  
CYP3A4

6-Hydroxy Warfarin     
8-Hydroxy Warfarin 
10-Hydroxy Warfarin

Warfarin

Fig. 1 Warfarin: mode of action and metabolism
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incorporated CYP2C9 only accounted for 39% of variance

in maintenance warfarin dose [11].

A group of researchers in the Netherlands conducted a

prospective study of 231 patients in which they assessed

the effects of both CYP2C9 and VKORC1 genotypes on

over- anticoagulation. They found that the VKORC1

1173CT genotype, in combination with CYP2C9*2 or

CYP2C9*3, increases risk of over anticoagulation. They

were the first to suggest that the probability of achieving

stability correlated more with the CYP2C9 genotype, while

the VKORC1 genotype was more predictive of mean daily

dosage [27]. These findings were further supported by the

Table 1 Recent clinical studies of warfarin pharmacogenomics: a summary

Reference Study population Trial design Major findings Comments

Gage

et al.

[11]*

N = 369

71% white, 29%

African-

American

Developed clinical and PGx

algorithm (CYP2C9) to predict

warfarin maintenance dose

Dose was 11% lower in white

patients than African-American

patients. PGx algorithm found to

overdose patients (by [2 mg/day)

6.5% compared to 16% who were

prescribed 5 mg/day (P \ 0.001)

PGx algorithm only accounted for

39% of variance in maintenance

warfarin dose, suggesting other

factors are at play

Voora

et al.

[24]

N = 48

83.3% white,

10.4% African-

American, 6.3%

other

Orthopedic

patients

Prospective use of PGx algorithm

(CYP2C9) to predict maintenance

warfarin dose

Time to stable INR was similar

between groups (14 vs. 13 days).

Patients with CYP2C9 variant had

more supratherapeutic INRs than

wild-type group (HR = 4.6,

P \ 0.01)

Despite use of a PGx algorithm,

patients with CYP2C9 variances

are still at higher risk for

excessive anticoagulation and thus

may need closer monitoring

Anderson

et al.

[61]

N = 206

94.1% white in

PGx group;

94.9% white in

standard group

Prospective use of PGx algorithm

(CYP2C9 and VKORC1) to

predict warfarin initial dose.

Evaluated efficacy of PGx

algorithm (via INR values) and its

safety.

Also evaluated # of dose

adjustments made, serious adverse

clinical events, Vit K use, major

bleeds, thromboembolic events.

Three month study (or to end of

therapy, if shorter)

PGx algorithm better predicted

dosing in wild-type pts (requiring

higher doses) and multiple variant

alleles pts (requiring lower doses).

PGx dosing did not improve

percent of INRs out-of-range

compared to standard dosing.

PGx dosing decreased # of dose

adjustments, and therefore # of

INRs drawn

INR \1.8 or [3.2 constituted an

out-of-range INR.

Standard group used 10 mg

initiation algorithm (10 mg on

days 1 and 2, followed by 5 mg

daily). Day 5 INR determined

dose adjustments on days 5–7.

INRs on day 8 and onward

determined dose adjustments

based on healthcare system

protocol

Wen et al.

[20]

N = 108

Han-Chinese

Prospective use of PGx algorithm

(CYP2C9 and VKORC1)to

predict warfarin initial dose

Therapeutic INR reached by 83% of

patients in 2 weeks. 10% of

patients had INR [4. 69% of

patients’ maintenance doses at

12 weeks matched prediction

Study did not include a control

group. Low number of adverse

events. Results may not be

applicable to other ethnic groups,

due to differences in clinical

factors such as BSA

Lenzini

et al.

[45]

N = 86 in

derivation

cohort

N = 179 in

validation

cohort

Orthopedic

patients

Developed clinical and PGx

algorithm (CYP2C9 and

VKORC1) to refine warfarin dose

after 4 days; subsequently

validated in prospective cohort

R2 of PGx algorithm was 82% in

derivation cohort; 70% in

prospective cohort. R2 of clinical

algorithm was 57% and 48%,

respectively. Adverse events were

reduced in PGx cohort (HR 0.54;

95% CI: 0.30–0.97)

First published study of refinement

algorithm. VKORC1 was not as

significant a predictor of

maintenance dose as CYP2C9

variance. Researchers hypothesize

this is because VKORC1 is more

related to warfarin sensitivity and

therefore affects initial dose to a

greater degree, whereas CYP2C9

is involved in S-warfarin

metabolism

Schwarz

et al.

[62]

N = 297, 89.2%

white, 9.8%

African-

American, 1%

Hispanic

Observational study of influence of

CYP2C9 and VKORC1 on the

time to the first INR is therapeutic,

the time to first INR [4 from the

date warfarin was started, the time

the INR was above therapeutic

range, and the INR response over

time

Pts with VKORC1 alleles had

decreased time to first therapeutic

INR (P = 0.02) and to INR [4

(P = 0.003). CYP2C9 genotype

did not affect time to first INR in

therapeutic range (P = 0.57) but

was significant predictor of time to

first INR [4 (P = 0.03)

Genetic variation in VKORC1, not

CYP2C9, affects response to

warfarin during early therapy.

VKORC1 and CYP2C9 both

affect the warfarin dose after the

first 2 weeks
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Table 1 continued

Reference Study

population

Trial design Major findings Comments

Gage et al. [30] N = 1015 in

derivation

cohort

N = 292 in

validation

cohort

Developed clinical and PGx

algorithm (CYP2C9 and

VKORC1) to predict

maintenance warfarin dose;

subsequently validated in

prospective cohort

Validation Cohort

R2 of PGx algorithm 54%

compared to 17% with clinical

algorithm (P \ 0.0001)

Median absolute prediction error,

(mg/day) 1.0 with PGx

algorithm compared to 1.5 with

clinical (P \ 0.001)

By considering VKORC1 status

as well as CYP2C9, this PGx

equation is able to explain

53–54% of the variability in the

warfarin dose, compared to

17–22% with a clinical

equation. (P \ 0.001)

Wadelius et al. [46] N = 1496

Mostly

Swedish

patients,

data not

gathered

Prospective application of a

clinical and PGx algorithm

(CYP2C9 and VKORC1) to

predict initial warfarin dose

Observational study

Homozygosity for CYP2C9 and

VKORC1 variances increased

risk of overanticoagulation,

HR = 21.84 (95% CI 9.46;

50.42) and 4.56 (95% CI 2.85;

7.30), respectively. Patients with

CYP2C9*3/*3 experienced

more bleeding during the first

month of therapy (12.5% vs.

0.027%, P = .066)

Despite prediction of dose via

algorithm, induction strategies

varied greatly by study site,

which may have affected results

Huang et al. [33] N = 156

Chinese

patients

undergoing

heart valve

replacement

Prospective use of a clinical and

PGx algorithm (CYP2C9 and

VKORC1) to predict initial

warfarin dose

Study group reached stable

warfarin dose at 24 days

compared to 35 days in control

group. R2 of PGx algorithm was

0.454, 95% CI 0.368–0.536

(P \ 0.001)

PGx algorithm accounted for

54.1% of variance in warfarin

dose

Limdi et al. [57] N = 250

African

American

N = 271

European

American

Observational study of influence

of CYP2C9 and VKORC1

during the first 30 days of

warfarin therapy

Patients with variant

VKORC1 ± CYP2C9 reached

target INR faster. (P \ 0.0001)

European Americans (not

African Americans) with

VKORC1 ± CYP2C9 had

higher risk of

overanticoagulation. Risk of

minor hemorrhage was not

influenced by PGx variance.

CYP2CP and VKORC1

explained 6.3% of variance in

dose change over first 30 days

Results suggest PGx dosing

algorithms may be beneficial

beyond predicting initial dose

International

Warfarin

Pharmacogenetics

Consortium [48]

N = 4043

55.2% white,

30.4%

Asian, 8.7%

black, 5.6%

other

N = 1009 in

validation

cohort

Developed clinical and PGx

algorithm (CYP2C9 and

VKORC1) to predict initial

warfarin dose; subsequently

validated in prospective cohort

PGx algorithm more accurate than

clinical algorithm in patients

requiring smaller or larger doses

(35% vs. 24%, P \ 0.001, in

patients requiring \21 mg/week

and 32.8 vs. 13.3%, P \ 0.001,

in patients requiring [42 mg/

wk)

Largest population studied to

date; multi-ethnic

Greatest benefits of the PGx

algorithm were seen in those

that required lower or higher

weekly doses of warfarin, which

amounted to 46.2% of the study

population

Li et al. [63] N = 214

92%

European-

American

8% Black

Prospective, observational study.

Assessed contribution of

genotypes versus early INRs

(days 4–6) to early phases of

anticoagulation.

Primary outcomes were time to

INR C lower limit of therapeutic

range, time to INR [4.0, and

first stable warfarin dose

Early INRs were associated with

all outcomes (all P \ 0.001) and

were more informative than

genotypes

Authors suggest that the most

benefit of PGx warfarin dosing

will be realized in settings with

non-expert warfarin dosing,

where the majority of patients

are followed
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research of Lenzini et al. [45], who found that VKORC1

contributed only 1% of the total R2 of their warfarin dose

refinement algorithms. In a study of orthopedic patients,

CYP2C9 variances increased risk for excessive anticoag-

ulation [24]. In addition, patients with CYP2C9*3/*3 were

found to experience severe bleeding more often than other

patients during the first month of therapy [46]. Research by

Limdi and colleagues showed a higher risk of overantico-

agulation in European Americans, but not in African

Americans with VKORC1 ± CYP2C9 variances [57].

In recent years, several prospective studies have been

published using algorithms that incorporate CYP2C9 and

VKORC1 genotype, and various clinical factors to predict

or modify warfarin dosage. Huang and colleagues con-

ducted a prospective, randomized study to compare a PGx-

based dosing model to traditional dosing in Chinese

patients undergoing heart valve replacement. The primary

endpoint was time to reach stable dose. PGx-based war-

farin dosing significantly shortened the time to reach stable

dose from 35 to 24 days (P = 0.001) [33].

Lenzini et al. [60] reported on a clinical refinement

algorithm that could be used to modify warfarin dose when

INR was available on day 4 or 5 of warfarin therapy. This

prospective, randomized study included 955 subjects in the

external validation cohort and was conducted at eleven

sites on three continents. For subjects with INR on day 4,

the R2 of the PGx algorithm was 40% compared to 28% for

the clinical refinement algorithm. For subjects with INR on

day 5, the R2 of the PGx algorithm was 42% compared to

26% for the clinical algorithm. Patients were followed for

one month and those that were dosed with the PGx algo-

rithm spent more time in therapeutic range (68 vs. 61%)

and had less bleeding (1 vs. 4%) compared to those dosed

using clinical algorithm (P \ 0.05).

The International Warfarin Pharmacogenetics Consor-

tium also reported the development and validation of a PGx

warfarin dosing algorithm. Their research involved 4,043

patients at a total of 21 sites in nine countries and is the

largest clinical study of PGx-based warfarin dosing to date.

The primary outcome measure was the stable warfarin dose

and the PGx algorithm was tested against a clinical dosing

method as well a fixed-dose approach of 5 mg daily.

Patients were stratified in three groups: B21 mg per week,

C49 mg per week and an intermediate group. As a measure

of dose prediction, the researchers reported the number of

patients for whom one algorithm estimated a dose within

20% of the actual dose. For the patients in the 21 mg or

less cohort, the PGx algorithm provided a significantly

better prediction of dose than the clinical algorithm (35 vs.

24%; P \ 0.001). In the patients requiring 49 mg or more

per week, the PGx algorithm also outperformed the clinical

approach (32.8 vs. 13.3%); P \ 0.001) [48].

Although additional data is needed to address implica-

tions of PGx testing vis a vis many important clinical

endpoints, these studies have supported the use of PGx-

based warfarin dosing in high-risk populations, to reach

INR goals more quickly and more effectively, even when

INR information is available to the clinician. There are

limitations of the application of these tools across ethnic

populations, however, much is still unknown, as most

algorithms can still only account for a little over half of the

variation in warfarin dose [12, 47]. Further research

encompassing larger, multi-ethnic populations and

exploring hitherto unidentified genetic variables will allow

user to predict warfarin therapy with more certainty, and

give us more evidence as to the potential benefit of PGx-

based warfarin dosing on meaningful clinical outcomes. An

internet based program using an algorithm to facilitate

Table 1 continued

Reference Study population Trial design Major findings Comments

Lenzini

[60]

N = 969 in

derivation

cohort

N = 309 in

internal

validation

cohort

N = 955 in

external

validation

cohort

Eleven sites on 3

continents;

patients had

varying

indications

Developed clinical and PGx algorithm

(CYP2C9 and VKORC1) to refine

warfarin dose on day 4 or 5 of therapy;

subsequently validated in prospective

cohorts

30-day follow-up period

External validation

INR on day 4: R2 of the PGx algorithm

was 40% compared to 28% for the

clinical refinement algorithm. INR on

day 5: R2 of the PGx algorithm was 42%

compared to 26% for the clinical

refinement algorithm. Mean time in

therapeutic range was 68% for PGx and

61% for clinical (P \ 0.05). Bleeding

1% with PGx and 4% with clinical

When INR is known,

PGx information can

still improve warfarin

dose refinement

* Numbers in parentheses indicate reference cited
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pharmacogenomic guided warfarin dosing is available (

www.warfarindosing.org). Prospective information con-

cerning online, widespread utilization of this algorithm is

currently not available.

Discussion

Summary of findings

Applicability to community pharmacists

Although pharmacists are involved with anticoagulation

programs both in inpatient and outpatient settings, data

looking at oral anticoagulation services in the traditional

community pharmacy is relatively sparse [49, 50]. The

most robust data to date comes from the U.S. and the Ec-

kerd PatientCARE Network using the retail pharmacists

employed by the Eckard’s chain [51]. Specifically trained

community pharmacists performed warfarin management

on 50 patients with 435 patient visits over a 6 month period

under a protocol approved by the patient’s physician. Four

hundred and thirty-five INR determinations were made

with 243 (56%) being in the therapeutic range determined

by the physician. Minor bruising was reported by ten

patients, four patients reported blood in their stool and one

hemorrhage occurred that required referral to the physician.

No reports of thromboembolism occurred during the study.

INR checks were done using the point-of-care CoaguChek

System (Roche Diagnostics, Indianapolis, IN, USA). This

small study suggests that trained community pharmacists,

given time and resources, can perform oral anticoagulation

management.

Currently there is no point-of-care testing for warfarin

metabolism polymorphisms, nor are there published data

examining community pharmacists’ acquisition and inter-

pretation of this information. Nevertheless, pharmacists

have a potentially critical role to play in PGx testing and

interpretation. For example, the ethical, legal, and social

issues surrounding routine PGx testing are evolving rapidly

[52]. Economic implications of PGx testing of warfarin

metabolism have not been studied in detail. One pharma-

coeconomic model used data from the COUMAGEN trial

to estimate cost-effectiveness of PGx testing [35]. This

model found only a small improvement in Quality Adjus-

ted Life Years (QALY) (0.003) with an absolute increase in

costs of US$162. An earlier decision analysis found that

PGx testing would be cost-effective in elderly atrial

fibrillation patients only if it significantly reduced bleeding

events [53]. A more recent paper by Patrick and colleagues

used a baseline cost of PGx test at about approximately

US$500 (2009 dollars) to perform a similar cost effec-

tiveness analysis on atrial fibrillation patients receiving

warfarin [54]. Using a Markov model to elucidate what

clinical circumstances PGx testing would be cost effective,

these investigators found that such testing would be cost

effective if it improved the amount of time patients were in

therapeutic range by up to 10%. Thus, the largest impact of

PGx testing may be on patients with a significant amount of

INR variability. These findings were more optimistic than

those of Eckman and associates who also used a Markov

model to assess cost effectiveness of PGx testing in war-

farin patients with atrial fibrillation [55]. They found that

such testing would only have a favorable cost effectiveness

profile if it prevented 32% of major bleeding events, was

available within 24 h, and cost less than US$200 (2009

dollars). Clearly the information concerning cost effec-

tiveness of warfarin PGx testing is variable and more data

on the widespread use of this modality is needed—a

potential role for pharmacists with expertise in

pharmacoeconomics.

Another function of community pharmacists relates to

education of both patients and prescribers. As PGx is a

relatively new and rapidly expanding field, many patients

and prescribers may not be armed with the latest knowl-

edge concerning its role in clinical medicine. That phar-

macists may be able to aid in educating patients about PGx

testing was noted by the UK’s Royal Pharmaceutical

Society [55]. Pharmacists themselves, especially those out

of training for a significant period of time, may need to

participate in an educational program in this area [56]. In

the U.S. the American Pharmacists Association has

developed the PharmGenEd program designed to increase

awareness and knowledge about PGx testing [57]. This

continuing education program utilizes both online (http://

pharmacogenomics.ucsd.edu) and live formats through

collaboration with health care organizations, colleges of

pharmacy, and experts in PGx testing. Such programs will

be necessary to assure an appropriate level of training for

pharmacists in this area. Finally one could speculate that

community pharmacies may eventually become a point of

sale when self-use PGx testing becomes widely available

and affordable. Interpretation of such tests by the lay public

may be difficult without the aid of health care professionals

such as pharmacists [58].

Pharmacists may incorporate PGx testing of many

drugs, including warfarin, as they design dosing regimens

for drugs. A survey of oral anticoagulation clinics pub-

lished in 2009 found that, at that time, only about 12% of

these sites had used PGx testing for warfarin dosing [59].

Should future pharmacoeconomic and clinical studies show

a consistent benefit to such testing, this number is very

likely to increase. As noted by Amruso community phar-

macy implementation of oral anticoagulation services is

feasible, but many pharmacies will require significant

changes in staff training, resources, and physician
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acceptance to implement them [51]. These should occur

prior to or concomitant with the implementation of PGx

testing for warfarin.

Conclusion

Pharmacogenomics, a science in its relative infancy, has the

potential to improve the safety and efficacy of medications

in humans. Like many new innovations in drug therapy,

initial efforts have been fraught with uncertainty in several

areas. To date, genetic polymorphisms in warfarin metabo-

lism have been conclusively shown to explain a significant

amount of dosing variability with this drug. Several groups

of investigators have incorporated PGx testing into warfarin

dosing algorithms and have generally found an improve-

ment in time within the therapeutic range with less labora-

tory testing. Larger studies are needed to examine ‘‘hard’’

outcomes of such testing including a possible reduction of

major bleeding or thromboembolism. Cost effectiveness

studies to date have not shown a robust benefit of PGx

testing, although this will only change for the better as facile

and less expensive tests/technologies are developed. Phar-

macists, both those practicing in anticoagulation clinics as

well as community based practitioners, are ideally posi-

tioned to aid patients and providers in the proper application

of PGx testing. Training in this area should be a priority for

both academic centers and employers.
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