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Abstract

Warfarin has a very narrow therapeutic window and obvious interindividual variability in its effects, with many factors
contributing to the body’s response. Algorithms incorporating multiple genetic, environment and clinical factors have been
established to select a precision dose for each patient. A number of randomized controlled trials (RCTs) were conducted to
explore whether patients could benefit from these algorithms; however, the results were inconsistent. Some questions remain
to be resolved. Recently, new genetic and non-genetic factors have been discovered to contribute to variability in optimal
warfarin doses. The results of further RCTs have been unveiled, and guidelines for pharmacogenetically guided warfarin
dosing have been updated. Based on these most recent advancements, we summarize some open questions in this field and

try to propose possible strategies to resolve them.

Introduction

Warfarin is one of the most commonly prescribed oral
anticoagulation drugs used for the treatment and prevention
of thromboembolic disorders. It has a very narrow ther-
apeutic window, and there is obvious interindividual
variability in the body’s response to the drug. Warfarin
dosing needs to be personalized for each patient in order to
improve its efficacy and safety. Currently, genetic variation
is widely recognized as a key contributor to optimal war-
farin dosing and is used to guide warfarin treatment. A
number of randomized controlled trials (RCTs) have
assessed the benefit of genotype-guided warfarin dosing;
however, they came to different conclusions. Although
the pharmacogenetics of warfarin dosing has already been
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well reviewed and discussed, some questions remain unre-
solved [1-3].

Recently, both new genetic and non-genetic factors have
been discovered to contribute to variability in optimal
warfarin doses. The results of further RCTs have been
unveiled, and guidelines for pharmacogenetically guided
warfarin dosing have been updated. Based on these most
recent advancements, we discuss the open questions
regarding warfarin precision dosing and propose possible
strategies to resolve them.

What new factors affect interindividual
differences in warfarin response?

Many factors contribute to the response to warfarin and can
be divided into two categories: genetic and non-genetic.

Genetic factors

Warfarin exerts anticoagulant effects by targeting the vita-
min K epoxide reductase complex (VKORCI1). Adminis-
tered warfarin is predominantly metabolized by CYP2C9 to
inactive products. Most of the current pharmacogenomics
studies on the topic focus on CYP2C9 and VKORCI
polymorphisms. CYP2C9 encodes one of the major hepatic
drug-metabolizing enzymes in humans. At least 60 variant
alleles have been discovered, with remarkable ethnic dif-
ferences. Two of the most commonly occurring SNPs are
*2 (rs1799853) and *3 (rs1057910). In vitro studies in
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Fig. 1 Factors contributing to interindividual differences in warfarin response

mammalian cells showed that both polymorphisms impaired
CYP2C9 expression and decreased key kinetic parameters
(K> Vinax» and CL;,) of S-warfarin metabolism [4, 5].
Compared with patients homozygous for the *I allele, *2
and *3 carriers showed an increased risk of bleeding, a
reduced maintenance dose and reduced international nor-
malized ratio (INR) time in target range (TTR) [6].
VKORCI, the protein target of warfarin, catalyzes the
conversion of epoxidized vitamin K to reduced vitamin K.
Genetic variations altering VKORCI activity may affect
warfarin response. G-1639A (rs9923231) is the most studied
polymorphism, and is located in the promoter. A luciferase
reporter assay showed that this polymorphism decreased
VKORC1 promoter activity [7]. Clinical trials also sug-
gested that this SNP was associated with reduced main-
tenance drug dose, decreased INR TTR and increased risk
of over-anticoagulation [6]. Additional SNPs of CYP2C9
and VKORCI have also been investigated; however, their
contribution to drug dose variability is limited due to either
low frequency or weak correlation. CYP4F2 catalyzes the
conversion of reduced vitamin K to hydroxyl-vitamin K,
which removes vitamin K from the cycle. *3 (rs2108622), a
non-synonymous SNP, is the most commonly investigated
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polymorphism of CYP4F2. Studies based on recombinant
proteins and human liver microsomes showed that *3
decreases CYP4F2 protein expression and the capacity for
vitamin K metabolism [8]. In patients, CYP4F2*3 showed a
significant correlation with warfarin therapeutic dose, with
carriers of the mutant allele required an increased dose [9].

CYP2C9, VKORCI and CYP4F2 are well-recognized
genes correlated with warfarin dosing; however, they
explain only ~40% of the inter-individual differences in
drug response [1, 6, 10] (Fig. 1). Thus, new genetic factors
affecting warfarin efficacy and safety remain to be dis-
covered. Some strategies can be proposed. First, new
technologies can be utilized. With increases in genotyping
throughput and decreases in sequencing cost, genome-wide
association studies (GWAS) are becoming a robust tool to
discover new genetic factors related to warfarin dosing. For
example, CYP4F2*3 and CYP2C rsi12777823 were dis-
covered by GWAS [11-15]. Recently, next-generation
sequencing (NGS) has been used in warfarin pharmacoge-
nomic studies [15]. A targeted resequencing study of can-
didate regions in patients with an extreme quantitative
phenotype found four novel mutations, namely, DNMT3A
rs2304429, CYPIAI rs3826041, STXIB rs72800847, and
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NQOI rs10517, which were significantly correlated with
warfarin maintenance dose [16]. However, a study
employing whole-exome sequencing (WES) or whole-
genome sequencing (WGS) is still lacking. Second,
although we focus on common SNPs, rare or low-frequency
variants should not be ignored. Some studies in the litera-
ture have unveiled the contribution of rare variants to
warfarin response. Several non-synonymous mutations of
VKORCI, namely, Val29Leu, Val45Ala, Arg58Gly,
Arg98Trp, Leul28Arg, and Tyr139Cys, were identified to
be associated with resistance to warfarin [17]. Their minor
allele frequencies (MAFs) were all lower than 1%. A recent
study further identified the significant association of rare
variants in the COX15 and FGF5 genes with warfarin dose
[18]. However, most of the current genetic studies are not
designed to detect the contributions of rare variants. Using
NGS, future investigations can sequence low-frequency
variants in larger samples of patients to find these potential
missing heritability. Finally, more clinical outcomes should
be explored. Most of the existing studies have focused only
on stable warfarin doses, and the factors contributing to
other phenotypes remain largely unknown [6]. A GWAS
analyzed warfarin maintenance dose and TTR in the same
population. The results identified both CYP2C9 and
VKORCI as hits in the dose analysis; however, the only
SNP that reached genome-wide significance in the TTR
analysis was aspartate beta-hydroxylase (ASPH) rs4379440
[19]. This result indicated that genetic contribution may
vary according to different clinical outcomes. To date, only
CYP2C9 and VKORC' polymorphisms were investigated in
relation to the phenotypes of percent time in target range
(PTTR), risk of bleeding events, time to achieve a stable
INR and first INR in therapeutic range [6]. It is possible that
additional genetic variations contributing to clinical out-
comes other than stable doses can be discovered. An
example is APOE e variants, which were shown to increase
the risk of intracerebral haemorrhage [20].

Non-genetic factors

Clinical and environmental factors have well-established
correlations with warfarin response, including age, height,
weight, race, gender, medicine interactions, smoking and
age (Fig. 1). Some of those factors have already been
incorporated into the dose prediction algorithms and have
been well reviewed elsewhere [1]. Here, we discuss phar-
macomicrobiomic and pharmacoepigenetic factors, which
are emerging as important influences [21]. With increasing
recognition of the importance of the microbiome to human
health and disease, a growing number of studies have
reported the contribution of the gut microbiome to drug
response [22-24]. Data released by the Human Microbiome
Project (HMP) showed remarkable inter-individual diversity

in the human microbiome, which may explain inter-
individual differences in drug response [25, 26]. Clini-
cally, the anticoagulant effect of warfarin is strongly
affected by diet. Warfarin can be metabolized in the intes-
tine by CYP2C9, which is one of the major CYPs expressed
in the gut [27]. Furthermore, a recent study showed that
warfarin significantly reduced the growth of certain strains
of gut bacteria [28]. It is reasonable to propose that gut
microbiome diversity contributes to warfarin metabolism in
the gut, which, in turn, influences drug response.

Pharmacoepigenetics investigates the epigenetic basis of
interindividual differences in drug response [29]. Current
studies are focused on DNA methylation and microRNA
(miRNA) regulation; some such biomarkers have already
been used to guide clinical drug treatment [30]. It was
reported that both CYP2C9 and VKORC]I can be regulated
by a number of miRNAs, including miR-130, miR-128,
miR-133 and miR-137 [31-34]. A few studies reported that
miR-133 polymorphisms were correlated with variability in
optimal warfarin dosing [35, 36]. These results need to be
further validated in different populations.

How can the performance of dose prediction
algorithms be improved?

The efficacy and safety of warfarin are affected by multiple
genetic, environmental and clinical factors. Thus, algo-
rithms incorporating those factors are indispensable for
predicting drug response and adverse reaction events.

Current algorithms

Two major algorithm types are initial and revision dose
prediction algorithms. Age, height, weight, race, medicine
interactions, and genetic variation in CYP2C9 and VKORCI
are the major factors included in them. Initial dose predic-
tion algorithms are the most extensively investigated type,
and at least 20 algorithms of this class have been reported
[37]. Tt was reported that CYP2C9 affected the elimination
rate of S-warfarin but not initial drug sensitivity [38, 39].
Some studies established initial dose prediction algorithms
without CYP2C9 genotypes, which is the most notable
difference among them [40, 41]. The most frequently used
mathematical model for algorithm establishment is multi-
variate linear regression (MLR), while a few studies employ
the machine learning methods of Bayesian forecasting,
random forest regression, boosted regression trees, support
vector regression and artificial neural networks [42-46]. In
2009, the International Warfarin Pharmacogenetics Con-
sortium (IWPC) established an algorithm in a total of 5700
patients and proposed a well-known evaluation criterion for
prediction accuracy [47]. The consortium suggested that an
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algorithm should be considered successful when the pre-
dicted dose was within 20% of the actual value. The IWPC
model is available as a free app called iWarfarin. Another
widely used algorithm was developed by Gage et al. [48].
The therapeutic doses calculated by the algorithm are based
on data from over 1000 patients. This algorithm can be
accessed on a free website (www.WarfarinDosing.org),
which facilitates its use by clinicians. Dose revision algo-
rithms are utilized to adjust warfarin dosing after initial
treatment. In addition to the factors in the initial dose
algorithm, this type incorporates INR values and initial
doses [40, 49, 50]. As with initial dose algorithms, dose
adjustment algorithms are established by MLR using mul-
tiple genetic, environmental and clinical factors [49, 50].

Improvement of prediction accuracy

For initial dose prediction algorithms, the included genetic
and clinical factors explain approximately 55% of the dose
variation, while the predictive accuracy is less than 70% in
most studies. In a previous RCT, patients in two arms
received an initial dose based on the IWPC algorithm, while
subsequent doses were adjusted according to either MLR
dose revision or standard INR-based algorithms [40]. The
outcomes of the percentage of out-of-range INR (POOR)
and PTTR were similar between the two arms. Thus, the
accuracy of dose revision algorithms also needs to be
improved.

Some strategies can be considered in pursuit of improved
accuracy. First, the prediction performance needs to be
stratified and analyzed. A comparison of the predicted and
clinically observed doses showed that the bias existed
mainly in patients who required higher or lower doses than
the average value [51]. Further analysis showed that bias
was more serious in patients with lower doses than in those
with higher doses, and more than 86% of the lower-dose
patients received overestimates [52]. The poor prediction
accuracy in these patients with extreme doses lowered the
overall performance of the algorithms. This is a possible
reason for the unsatisfactory results of some genotype-
guided RCTs. Second, the contribution of variants to the
initial and stable doses may be different. Considering drug
safety and tolerance, a patient’s stable dose may not be the
best initial dose. The initial dose is normally much lower
than the stable dose, and the contribution of factors to them
may not be the same. Recently, genetic variants included in
the initial dose prediction algorithm have emerged as being
associated with stable doses. Theoretically, these variants
are appropriate for predicting the stable dose rather than
initial dose and, if used for the latter purpose, may cause
side effects due to overdosing. This may account for the low
prediction performance of algorithms. Third, ethnic differ-
ences should be considered in the generation of algorithms.
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The allelic frequencies of CYP2C9, VKORCI and CYP4F2
SNPs vary greatly among populations with different
ancestry. They are the major genetic factors included in
most algorithms and should be weighted differently
according to race. In both the COAG and GIFT trials, the
PTTR achieved with genotype-guided dosing varied
obviously between Black and other races when the same
algorithms were used [53, 54]. We compared the predictive
ability of the algorithms based on different mathematical
models and found that MLR was the best model in Chinese
patients, while machine learning methods including Baye-
sian additive regression trees and multivariate adaptive
regression splines had better performance in Caucasian and
Black patients [52, 55]. These results indicated that estab-
lishing algorithms based on ethnic differences can improve
their performance. Finally, more factors affecting warfarin
efficacy and safety should be integrated into the algorithms.
The currently known genetic and clinical factors explained
only ~55% of the dose variation. As discussed above, more
factors contributing to optimal warfarin doses are awaiting
discovery, including rare genetic variants, pharmacomicro-
biomic and pharmacoepigenetic biomarkers. Incorporating
these novel factors can improve algorithm performance.

What is behind the inconsistent results of
RCTs?

The goal of genetic variant discovery and algorithm devel-
opment is to guide the clinical use of warfarin. At least 19
published RCTs explored whether patients with indications
for warfarin could benefit from pharmacogenetically guided
dosing, including three large clinical trials (EU-PACT,
COAG and GIFT) [54, 56-58]. In addition, seven meta-
analyzes were conducted based on these trials [59-65].
However, neither RCTs nor meta-analyzes obtained a con-
sistent conclusion.

Comparison of the EU-PACT, COAG and GIFT trials

Until recently, the most intensively discussed results of
warfarin dosing RCTs were those of EU-PACT and COAG,
which were two major RCTs conducted in Europe and the
USA [1, 2]. Although both were well-designed trials with
large sample sizes, their results were contradictory. EU-
PACT showed that pharmacogenetically guided dosing
improved PTTR during the first 12 weeks after warfarin
initiation, while COAG did not find any difference between
the two arms. There were many differences between the two
studies that might explain their inconsistent results,
including dosing algorithm, control arm, use of loading
doses, blinding, patient ethnicity and recruitment area [1, 2].
It is difficult to compare these two trials with each other.


http://www.WarfarinDosing.org

Precision dosing of warfarin: open questions and strategies

223

Table 1 Comparison of the EU-
PACT, COAG and GIFT

clinical trials

Characteristics EU-PACT COAG GIFT
Patients (GD/CD) 216/211 514/501 808/789
Mean age 67 58 72.1

Ethnicity of patients
GD arm
CD arm

Centres
Blinding

Dosing regimen
GD arm
CD arm

Duration of genotype-
guided dosing

Target INR
Follow-up time

Main indications

Genotype-guided
dosing algorithms

Loading dose used

Genotype availability

MAF (GD/CD)
VKORCI —1639
CYP2C9*2
CYP2C9*3
CYP4F2%3

Primary endpoint

Main results

98.2% White
98.7% White

3 in the UK and 2 in
Sweden

Single

PGx algorithm
Traditional dosing
5 days

2-3
3 months
AF: 72%; VT: 28%

Day 1-3: modified IWPC
algorithm; day 4-5:
modified Lenzini dose
revision algorithm

Yes
100% before first dose

0.40/0.36
0.13/0.13
0.05/0.06

PTTR during the
12 week trial
Genotype-guided dosing

was associated with an
increased PTTR.

27% Black, 73% non-Black
27% Black, 73% non-Black
18 in the USA

Double

PGx algorithm
Clinical algorithm

5 days

2-3
6 months

DVT or PE: 58%; AF or
flutter: 22%

Day 1-3: modified Gage
algorithm; day 4-5: modified
Lenzini dose revision
algorithm

No
45% before first dose

0.31/0.32
0.10/0.08
0.04/0.05

PTTR during the 28 day trial

Genotype-guided dosing did
not improve anticoagulation
control

91.0% White
91.1% White
6 in the USA

Double with dose open
label

PGx algorithm
Clinical algorithm
11 days

1.8 or 2.5
3 months
Arthroplasty

Gage algorithm

No
100% before first dose

0.39/0.41
0.11/0.12
0.06/0.08
0.31/0.29

Composite of adverse
events

Genotype-guided
dosing reduced the
combined risk of

References

[96]

adverse events

[53] [54]

GD genotype-guided dosing, CD clinical dosing, AF atrial fibrillation, PE pulmonary embolism, DVT deep-
vein thrombosis, MAF minor allele frequency

Recently, the results of the GIFT trial were published,
revealing that genotype-guided dosing reduced adverse
events and improved the PTTR achieved with warfarin,
which was also inconsistent with COAG [54]. GIFT was
very similar to COAG, and most of the differences between
EU-PACT and COAG did not exist between these two
trials. Thus, it is possible to explain the contradictory results
by comparing the three trials (Table 1). First, the dosing
algorithms of the three trials were different. The most
important differences came from the control patients. Both
GIFT and COAG employed clinical algorithms, while EU-
PACT used traditional dosing. It has been reported that an
algorithm incorporating clinical factors is more predictive

than a fixed dose [66]. In addition, there are differences
between genotype-guided dosing algorithms. EU-PACT
used the IWPC algorithm, while both GIFT and COAG
employed the Gage algorithm. The major difference came
from CYP4F2*3. The GIFT trial incorporated CYP4F2*3,
which was not included in COAG and EU-PACT.
CYP4F2*3 has been widely reported to be significantly
correlated with warfarin dose in non-African populations,
explaining 1.5-7% of the inter-individual dose difference
[9, 11, 67, 68]. In addition, algorithms incorporating
CYP4F2*3 increased warfarin dosing predicting accuracy
by ~1-2% [69]. Most of the patients in GIFT were non-
African, and genotyping CYP4F2*3 may have helped them
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benefit from pharmacogenetics-guided dosing. Second, the
duration of genotype-guided dosing was extended to
11 days in GIFT [70]. By contrast, in the COAG trial
design, there were 4 or 5 days of genotype-guided dosing.
Patients received their initial dose in the first 3 days based
on the initiation algorithm, followed by dose adjustment on
the 4th and/or 5th day based on the revision algorithm,
while GIFT extended this period to 11 days. Patients have
the lowest PTTR in the initial stage of treatment, which
means a high risk of bleeding and thromboembolic events
[71-73]. Genotype-guided dosing showed the greatest
effect in improving PTTR and lowering adverse events
during the early stage of therapy. Thus, extending the
duration of genotype-guided dosing after the beginning of
warfarin treatment could further reduce adverse events and
improve the PTTR. Third, the ethnic composition was dif-
ferent. Of the patients, 91% in GIFT were White, while the
population in COAG was composed of 73% White and 27%
Black individuals. Due to this difference, the frequencies of
CYP2C9 and VKORCI variants were lower in COAG than
in GIFT. It has been reported that patients with higher
frequencies of VKORCI and CYP2C9 polymorphisms
benefit more from genotype-guided dosing, which could
explain the better clinical outcome in GIFT [74]. In addi-
tion, the correlation of genetic polymorphisms with warfarin
dosing is different among ethnicities [6]. For example,
CYP4F2*3 has no effect on warfarin dose requirements in
people of African descent [75]. In contrast, CYP2C
rs12777823 is associated with warfarin dosing in African
Americans [15]. Thus, guiding warfarin dosing in patients
of different ethnicities using the same genetic factors would
affect the performance of the genotype-guided dosing
algorithm. Based on the ethnic stratification analysis in the
COAG trial, PTTR was lower for Black and higher for non-
Black patients in the genotype-guided group than in the
control group [56]. Similar results were also obtained in
the GIFT trial [54]. Based on these analyses, ethnicity-
specific genotyping strategies should be employed to
improve algorithm performance [76]. In addition to the
dosing algorithm, genetic panel and ethnic composition,
other differences in the GIFT trial included older patients,
open-label drug doses and different indications.

Unresolved questions

Despite the growing body of RCT results, some questions
remain to be answered. First, it is not yet known to what
extent patients can benefit from genotype-guided warfarin
dosing. Based on the results of EU-PACT and GIFT,
genotype-guided dosing showed the most significant effect in
reducing instances of INR >4. Thirty-five and 11 patients
needed to be genotyped to prevent one instance of INR >4
in GIFT and EU-PACT, respectively. Bleeding and
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thromboembolism are also important adverse events that can
occur during warfarin therapy, and they may result in hos-
pitalization. Although genotype-guided dosing reduced these
two events slightly, no significant difference was observed
between the two arms in either trial. Another important out-
come is PTTR, which is recognized as a surrogate of adverse
responses to warfarin. Patients with higher values showed a
lower risk of bleeding and thromboembolic events [71-73].
Genotype-guided dosing significantly improved PTTR by 7.4
and 34% in EU-PACT and GIFT, respectively. It was
reported that a 6.9% improvement in PTTR prevented one
major bleeding event per 100 patient-years, while an 11.9%
improvement in PTTR prevented one thromboembolic event
per 100 patient-years [77]. Theoretically, genotyping pre-
vented the occurrence of 1.07 events of major bleeding
and 0.62 events of thromboembolism per 100 patient-years in
EU-PACT, while the corresponding values in GIFT were 0.49
events of major bleeding and 0.29 events of thromboembo-
lism. Collectively, the improvement of PTTR and prevention
of adverse events by genotyping was limited, especially
compared with the standard dosing regimen. In addition,
some RCTs showed that genotype-guided dosing did not
improve patient outcomes. Thus, the benefit of genotype-
guided dosing still needs to be supported by further clinical
trials. Second, the benefit of genotype-guided dosing in some
races of patients is unclear. Existing RCTs have mainly been
performed in White patients. Although the results concerning
treatment benefits are conflicting, there are no data showing a
harmful effect of genotype-guided dosing. Thus, using genetic
data on CYP2C9*2 and *3, VKORCI G-1639A and
CYP4F2*3 during treatment is recommended for White
patients by some guidelines. For Black patients, the results are
controversial. Data from the COAG trial showed that using
the same algorithm applied to non-Black patients is harmful to
Black patients. Thus, genotype-guided dosing algorithms
incorporating only CYP2C9*2, *3 and VKORCI G-1639A
should not be used for them. Instead, some other poly-
morphisms could be considered, including CYP2C9*5, *6,
*8, and *11 as well as CYP2C rs12777823. These poly-
morphisms are correlated with lower required warfarin doses
in this race. However, the performance of dosing algorithms
incorporating these SNPs in the clinic still needs to be tested
by RCTs. For Asian patients, more data are needed. Except
for CYP2C9*2 and *3 and VKORCI G-1639A, no genetic
variations are well established to be correlated with warfarin
dosing in the Asian population. Although several novel
mutations were recently identified in Chinese patients, they
accounted for only 2.2% of the dose discrepancy and still
need to be validated [16, 78]. Several RCTs in patients of
Asian descent have been reported, and the results conflict with
each other [79-83]. One recently completed RCT
(NCT02211326) enrolled 660 patients in 15 centres in Hunan
Province, China. This study will provide further insight into
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Table 2 Comparison of clinical guidelines recommending dosing based on genotype

Characteristics CPIC CPNDS ACCP

Country USA Canada USA

Published year Published in 2011, updated in 2017 2015 2012

Genetic variations CYP2C9*2, *3 and VKORCI G-1639A for adults of CYP2C9*2, *3 and VKORCI G- CYP2C9 and VKORCI
non-African ancestry and European ancestry; 1639A for both adults and polymorphisms
CYP2C9*5, *6, *8, *11 for adults of African ancestry, children
CYP2C rs12777823 for African American adults

Ethnicity consideration Yes No NR

Dosing algorithms Gage and IWPC algorithms Gage and IWPC algorithms NR

Applicable to children Yes Yes NR

Requires available Yes No No

genotype

References [6, 10] [97] [86]

NR not reported

the benefit of genotype-guided warfarin dosing in Chinese
patients. Third, future clinical trials need new genotype-
guided dosing strategies. Currently, pharmacogenetically
guided dosing is designed to be applied only in the first 4 to
5 days in most studies. A number of clinical trials showed that
the INR gradually increased in the first 2 weeks and peaked
on approximately the 15th day after the initial dose. Patients
in this period have increased susceptibility to overdose.
Compared with control patients, those who received
genotype-guided dosing group had reduced INR peak values
[56-58, 79, 84]. Theoretically, extending pharmacogeneti-
cally guided dosing to span the first 2 weeks could improve
outcomes. This is supported by the results of GIFT, which
extended pharmacogenetically guided dosing across the first
11 days. Another strategy is to employ new dosing algorithms
with better performance. Dosing regimens largely determine
clinical outcomes; however, their prediction accuracy still
needs to be improved. As discussed above, algorithms that
incorporate more factors contributing to warfarin dose
requirements remain to be developed. Clinical outcomes
could be better in the future trials using newly developed
dosing prediction algorithms.

Why is genotype-guided dosing not wildly
implemented in the clinic?

Although warfarin is one of the most actionable drugs for
genotype-guided dosing, genetic testing is still not routine
for physicians and patients.

Recommendation from databases and guidelines
The Pharmacogenomics Knowledgebase (PharmGKB) is a

database on the impact of human genetic variation on drug
responses, providing clinical annotation regarding levels of

evidence for variation-drug combinations [85]. Level 1 is
the highest grade and is applied in CPIC guidelines or
known clinical implementations. The clinical annotation
evidence for CYP2C9*2, *3 and VKORCI G-1639A in
PharmGKB is recognized as level 1A, while CYP4F2*3 is
listed as 1B. CYP2C9 and VKORCI are labelled as
actionable pharmacogenomic biomarkers of warfarin
response by the U.S. Food and Drug Administration (FDA).
Some in vitro companion diagnostic genetic test Kkits
designed for their genotyping have been approved by the
FDA as an aid to warfarin dosing [https://www.fda.gov/
medicaldevices/productsandmedicalprocedures/invitrodia

gnostics/ucm330711.htm]. There are at least three clinical
guidelines regarding pharmacogenetics-guided warfarin
dosing. All of them give the recommendations based on
CYP2C9, VKORCI and CYP4F2 genotypes. However,
there are some substantial differences (Table 2). The
evidence-based clinical practice guidelines of the American
College of Chest Physicians (ACCP) recommend routine
genetic testing of CYP2C9 and VKORCI for patients initi-
ating therapy [86]. The guidelines of the Canadian Phar-
macogenomics Network for Drug Safety (CPNDS)
suggested testing CYP2C9*2 and *3 as well as VKORCI
G-1639A for all warfarin-naive patients (including paedia-
tric patients) within the first 2 weeks of therapy, while
CYP2C9%*5, *6, *8 and *I1 as well as CYP4F2*3 was not
recommended. In patients who reached a stable INR, no
genetic testing was recommended [87]. The CPIC guide-
lines were updated recently, recommending pharmacogen-
etically guided warfarin dosing only when the genotype is
available [6]. For adult patients of non-African ancestry, a
strong recommendation was given to conduct dose calcu-
lations based on pharmacogenetic algorithms using the
CYP2C9%*2, *3 and VKORCI G-1639A genotypes. For
patients of African ancestry, the same recommendation was
deemed moderate rather than strong. In addition, patients of
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Fig. 2 Open questions and strategies for future pharmacogenetic investigations of warfarin

African descent carrying CYP2C9*5, *6, *8 and *I11 and
African American carrying CYP2C rs12777823 in were
moderately recommended to decrease the calculated dose.

Considerations for clinical implementation

One of the most important considerations is cost-
effectiveness. Although a number of pharmacoeconomics
investigations have compared the cost-effectiveness of
genotype-guided and standard dosing, but no consistent
conclusion could be obtained [88, 89]. Most of the studies
showed that genotyping increased both the cost and the
quality-adjusted life-year (QALY) gain to different degrees.
However, the results of incremental cost-effectiveness ratio
(ICER) per QALY analysis were different. Some were
below the willingness-to-pay threshold, while others
exceeded the accepted cost. Factors contributing to cost-
effectiveness include the predictive accuracy of algorithms,
adverse events reduced by genotype-guided dosing, cost
and turnaround time (TAT) of genetic tests. With the
development of sequencing and genotyping technology,
genetic testing can be accomplished with increased
throughput, decreased time and decreased cost [90, 91]. In
addition, identification of additional genetic and other fac-
tors correlated with warfarin dosing and improvement of the
algorithms can increase the prediction accuracy. Thus, more
recent studies found that genotype-guided dosing was cost
effective compared with standard dosing [92-94]. However,
this conclusion is still uncertain and requires further
investigation. Currently, CPIC guidelines recommend
genotype-guided dosing only when the genotype is avail-
able. Based on this strategy, the cost-effectiveness could be
improved. However, many patients are unable to access the
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benefit because only a few patients have their pharmaco-
genomic data available at present. The second consideration
for widespread clinical implementation is the lack of data
and guidelines for some subpopulations. Although two
guidelines recommended genetic testing in paediatric
patients, the benefit of genotype-guided dosing in children
remains unknown. In addition, there are no guidelines for
patients from some ancestral backgrounds. For example,
guidelines are available for Asian patients. These questions
should be answered by future clinical trials in patients from
corresponding subpopulations.

Conclusion and future directions

Warfarin ranks as one of the most successfully opportu-
nities for pharmacogenetics-guided dosing; however, a
number of open questions remain to be answered (Fig. 2).
At present, the correlation between genetic variations and
warfarin dose requirements is well recognized. Algo-
rithms incorporating multiple genetic, environmental and
clinical factors have been established to predict both
initial and revision doses. Based on these investigations,
genotype-guided dosing of warfarin is recommended in
several guidelines. In the future, the remaining factors
affecting the efficacy and safety warfarin should be
ascertained, and new dose calculation algorithms need to
be developed. Most importantly, new dosing strategies
should be designed in further clinical trials to improve the
benefit to patients receiving genotype-guided dosing. In
addition, exploring the performance of pharmacogenetics-
guided dosing in a real-world setting is an emerging topic
of research [95].
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