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Prospective Study of Warfarin Dosage Requirements 
Based on CYP2C9 and VKORC1 Genotypes
M-S Wen1,13, MTM Lee2,3,13, J-J Chen2,4, H-P Chuang2, L-S Lu2, C-H Chen2,3, T-H Lee5,  
C-T Kuo1, F-M Sun2, Y-J Chang5, P-L Kuan6, Y-F Chen7, M-J Charng8, C-Y Ray9–11,  
J-Y Wu2,3 and Y-T Chen2,12

polymorphisms in Cyp2C9 and VKorC1 have been shown to be associated with warfarin dose requirements and could be 
used to predict warfarin dose. We conducted a prospective study in which warfarin dose was prescribed based on Cyp2C9 
and VKorC1 polymorphisms in 108 han-Chinese patients without prior warfarin treatments. using the genotype-based 
dosing, 83% of patients reached stable, therapeutic international normalized ratio (inr) within 2 weeks of treatment 
initiation and none of the patients developed clinical bleeding or thromboembolic event. Ten percent (11) of patients 
with inr >4 and no clinical bleeding were detected during this study. at 12 weeks, 69% of the patients’ maintenance doses 
matched the prediction. Dosing algorithms incorporating genetic factors, age, and body surface area were developed, 
which could explain up to 62% of the total variation (R2 of 0.62). This study demonstrated that pharmacogenetics-based 
dosing could improve time to stable, therapeutic inr, reduce adverse events, and achieve high sensitivity. 

Warfarin, a widely prescribed oral anticoagulant, is used for 
the prevention of thromboembolism in patients with deep 
vein thrombosis, atrial fibrillation, or prosthetic heart valve 
replacement.1–4 It has also been shown that dose–response 
for warfarin is highly variable, both interindividually and 
interethnically.5–7 In addition, warfarin has a narrow thera-
peutic range and thus prescribing the correct dosage is prob-
lematic. Adverse bleeding is often associated with overdose 
of warfarin.8–10 Much effort has been devoted to monitor the 
safety of this oral anticoagulant. Currently, to adjust appro-
priate warfarin dosage, serial determinations of blood pro-
thrombin time using international normalized ratio (INR) 
are needed.

Warfarin exists as a racemic mixture of (R)- and (S)-warfarin, 
of which the more potent (S)-warfarin is metabolized by 
CYP2C9.11–13 Polymorphisms in this gene, such as those in the 
CYP2C9*2 and CYP2C9*3 alleles, reduce the enzymatic activ-
ity and lead to reduced clearance of warfarin, resulting in lower 

warfarin dose requirements.14 However, frequencies of these 
polymorphisms are low: 5% for CYP2C9*3 and nonexistent for 
CYP2C9*2 in Asian populations,8,9,15,16 which are considerably 
lower than overall frequencies of CYP2C9 variants in Caucasian 
populations (20% for CYP2C9*2 and 10% for CYP2C9*3). Thus, 
variations in CYP2C9 cannot fully explain the large interindi-
vidual and interethnic differences in warfarin dose require-
ments. Vitamin K epoxide reductase subunit 1 (VKORC1) is 
the enzyme that recycles vitamin K 2,3-epoxide to reduced vita-
min K required for the γ-carboxylation of vitamin K–dependent 
clotting factors (factors II, VII, IX, and X). Warfarin inhibits 
VKORC1 activity by reducing the regeneration of vitamin K and 
thus exerting its anticoagulation effect.17,18 We reported a sin-
gle nucleotide polymorphism located in the promoter region of 
VKORC1, −1639 G>A, which was a functional promoter poly-
morphism.19 The −1639 G>A single nucleotide polymorphism 
presented in the homozygous form (genotype AA) was found in 
patients who required lower doses than patients with either AG 

1Department of Internal Medicine, Section of Cardiology, Chang Gung University College of Medicine, Chang Gung Memorial Hospital, Taoyuan, Taiwan;  
2Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan; 3Graduate Institute of Chinese Medical Science, China Medical University, Taichung, Taiwan; 
4Department of Internal Medicine, National Taiwan University Hospital, Taipei, Taiwan; 5Department of Neurology, Chang Gung University College of Medicine,  
Chang Gung Memorial Hospital, Taoyuan, Taiwan; 6Department of Medicine, Shin Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan; 7Department of Cardiovascular 
Surgery, Chung-Ho Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan; 8Department of Medicine, Division of Cardiology, Taipei Veterans General Hospital, 
Taipei, Taiwan; 9Department of Pharmacy, Chang Gung University College of Medicine, Chang Gung Memorial Hospital, Taoyuan, Taiwan; 10Department of Public 
Health, Chang Gung University College of Medicine, Taoyuan, Taiwan; 11Chang Gung Institute of Technology, Taoyuan, Taiwan; 12Department of Pediatrics,  
Duke University Medical Center, Durham, North Carolina, USA; 13These authors contributed equally to this work. Correspondence: Y-T Chen  
(chen0010@ibms.sinica.edu.tw)

Received 13 June 2007; accepted 18 October 2007; advance online publication 9 January 2008. doi:10.1038/sj.clpt.6100453

mailto:chen0010@ibms.sinica.edu.tw
http://www.nature.com/doifinder/10.1038/sj.clpt.6100453


84 VOLUME 84 NUMBER 1 | JULY 2008 | www.nature.com/cpt

articles

or GG genotypes in the Han-Chinese population. This was also 
found to be true in other Asian and Caucasian populations.20–22 
The frequencies of the genotypes also correlated well with the 
clinical observation that Caucasian populations required higher 
doses than the Chinese population.

Clinically, there is no accurate way to predict a patient’s warfarin 
dosage requirement. Prospective studies using dosing algorithms, 
which incorporated CYP2C9 genotypes and other variables, have 
been performed to test the validity of pharmacogenetics-based 
dosing; however, these algorithms could best explain ~40% of the 
variation and could not reduce adverse events.23,24 An important 
reason for this may be because VKORC1 genotypes were not 
included in these algorithms. VKORC1 genotypes alone have 
been estimated to explain at least 15% of the variation in warfarin 
dosing.20,25,26 Using retrospective data, algorithms incorporating 
VKORC1 have been developed, which could account for 50% of 
the variability in warfarin dosing.26,27 Some of these algorithms 
have been further refined to explain 79% of the variability.28 
However, none of these algorithms have yet been validated pro-
spectively in clinical trials. In this study, we tested prospectively 
to use CYP2C9 and VKORC1 genotypes alone to predict warfarin 
dose and to determine whether pharmacogenetics-based dosing 
can shorten the time of achieving a stable, therapeutic warfarin 
INR and reduce the number of adverse events. We also aimed 
to generate a new dosing algorithm that incorporated clinical 
factors to further improve the predicting power.

Results
Patient characteristics
One hundred and sixty patients signed the informed consent. Of 
these patients, 108 were used in the final analysis. The remain-
ing 52 patients were excluded from the study for the follow-
ing reasons: (i) 15 patients did not return for follow-up after 
signing the consent or had their consents withdrawn during 
the study; (ii) 3 lung cancer cases were diagnosed during the 
course of the study; (iii) 11 patients had poor compliance, which 
included failure to return for regular follow-up visits and failure 
to take the prescribed warfarin dose daily; (iv) 23 were excluded 
because the initial warfarin dose was prescribed before the geno-
typing results or the dose was not prescribed according to the 
patients’ genotypes. Demographic characteristics of the patients 
are shown in Table 1. The recruited patients consisted of an 
elderly population with a mean age of 64.4 ± 13.6 years, and 
males made up more than half of the patients recruited (n = 63, 
58%). Seventy-five (69%) patients in this study were on warfarin 
therapy due to atrial fibrillation followed by deep vein thrombo-
sis (n = 17, 16%), stroke (n = 11, 10%), and heart valve replace-
ment (n = 5, 5%). Body surface area (BSA) estimated from height 
and weight was 1.68 ± 0.18 m2. Of all the patients recruited, 20 
(19%) had diabetes, 58 (54%) had hypertension, and 19 (18%) 
had poor ventricular function. Only a small proportion reported 
consumption of alcohol on a daily basis (n = 8, 7%).

CYP2C9 and VKORC1 allele frequencies
The CYP2C9*2 polymorphism was excluded in this analysis, 
as studies have shown it was not present in the Han-Chinese 

population. The expected frequency for each genotype was com-
piled from the data gathered from our retrospective study.19 As 
expected, wild-type CYP2C9 and VKORC1 homozygous −1639 
AA made up the majority of patients recruited and, therefore, these 
patients (n = 83, 76.9%) were given a daily dose of 2.5 mg (Table 2). 
This was followed by the wild-type CYP2C9 and heterozygous 
VKORC1 −1639AG (n = 17, 15.7%), CYP2C9*3 and homozygous 
−1639 AA (n = 4, 3.7%), and wild-type CYP2C9 and VKORC1 
−1639 GG (n = 3, 2.8%). No homozygous CYP2C9*3 patients were 
recruited due to the low prevalence of this genotype.

INR and PIVKA-II
INR was monitored each time the patients returned for 
 follow-up to ensure that overdose of warfarin did not occur. 
Before the treatment began, average INR for all participants was 
1.06 ± 0.11, which ranged from 0.89 to 1.46. Of 108 patients, 88 
(83%) reached the therapeutic INRs of 1.7 and 3.0 within the 
first 2 weeks of treatment initiation and maintained in the thera-
peutic range. By week 4, more patients reached the therapeutic 
INR (90%, Figure 1a) and maintained in the range for up to 

table 1 Patient demographics

Variable n = 108

Age in years, mean ± SD (range) 64.4 ± 13.6 (19.0−88.0)

Sex, n (%)

 Male 63 (58)

 Female 45 (42)

BSA, mean ± SD (range) 1.68 ± 0.18 (1.22−2.37)

Concomitant medication, n (%)

 Yes 21 (19)

 No 87 (81)

Diabetes mellitus, n (%)

 Yes 20 (19)

 No 88 (81)

Hypertension, n (%)

 Yes 58 (54)

 No 50 (46)

Poor ventricular function, n (%)

 Yes 19 (18)

 No 89 (82)

Indication, n (%)

 Atrial fibrillation 75 (69)

 Stroke 11 (10)

 Deep vein thrombosis 17 (16)

 Cardiac valve replacement 5 (5)

Alcohol, n (%)

 Yes 8 (7)

 No 100 (93)

Concomitant medication (n): amiodarone (8), simvastatin (1), allopurinol (1), 
acetaminophen (2), rosuvastatin (1), phenyton (1), NSAID (2), gemfibrozil (1), 
fluvastatin (1), fenofibrate (1), atorvastatin (1), carbamazepine (1).

BSA, body surface area (m2).
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3 months. Eleven individuals (all CYP2C9 wild type) had an INR 
>4 for 1 week during the course of the study; however, four of 
these events were due to concomitant medication (amiodarone 
and rosuvastatin) or the use of Chinese herbal medicine. Once 
these factors were removed, the patients’ INR quickly returned 
to normal. Adverse events (bleeding episodes or venous throm-
bosis/pulmonary embolism) were absent during the study.

PIVKA-II was also measured as the direct indication of war-
farin action. PIVKA-II was virtually undetectable before treat-
ment (<2 ng/ml); however, four cases had detectable PIVKA-II 
(>0.15 μg/ml), indicating they could have vitamin K deficiency. 
Average PIVKA-II during the course of the treatment is shown 
in Figure 1b. As expecte, PIVKA-II increased after treatment, 
indicating a decrease in vitamin K caused by warfarin inhibition 
on VKORC1. Ten patients (9%), however, had PIVKA-II levels 
that remained or dropped to almost non-detectable levels dur-
ing the course of the study, suggesting patient noncompliance. 
The average PIVKA-II concentration at the end of the study 
was 2.5 μg/ml.

Maintenance dose
At 12 weeks of follow-up, the average maintenance dose of the 
recruited patients was 2.76 ± 0.88 mg/day, with the dose rang-
ing from 1 to 6 mg/day. Figure 2 shows the correlation between 
the predicted dose and the maintenance dose. The white area 
denotes where the maintenance dose matched the predicted 
dose. As doses prescribed based on the genotypes were non-
continuous (1.25, 2.5, 3.75, and 5 mg/day), and some physicians 
used alternating doses when adjusting warfarin, we considered 
final doses within 0.5 mg/day of the predicted dose to match 
the prediction. Seventy-four of 108 (69%) recruited patients’ 
maintenance dose matched the predicted dose. More impor-
tantly, the genotype dosing strategy was able to predict with high 
accuracy on the low (1.25 mg/day) and high (3.75 and 5 mg/
day) groups.

Regression analysis
Although the VKORC1 and CYP2C9 genotypes already pro-
vided high prediction accuracy, factors that have been shown 
to influence warfarin dosage requirements were not included 
in the initial dosing consideration for this study. To assess the 
influence of other factors in warfarin dosing, univariate analy-
ses were performed on all 108 patients on predicted dose first 

table 2 suggested initial dose based on CYP2C9 and VKORC1 
genotypes and their frequencies

VKorC1 
−1639 g>a Cyp2C9

starting dose 
(mg/day)

expected  
frequency (%)

actual frequency  
(n = 108)

GG *1/*1 5 1.8 3 (2.8%)

GG *1/*3 3.75 0.1 0

GG *3/*3 3.75 <0.01 0

AG *1/*1 3.75 17.3 17 (15.7%)

AG *1/*3 2.5 1 1 (0.9%)

AG *3/*3 2.5 <0.01 0

AA *1/*1 2.5 75.5 83 (76.9%)

AA *1/*3 1.25 4.3 4 (3.7%)

AA *3/*3 1.25 <0.01 0
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(determined from genotypes), age, gender, diabetes, hyperten-
sion, poor ventricular function, warfarin indication, BSA, alco-
hol consumption, and concomitant medications (Table 3). The 
results showed significant association of the maintenance dose 
with genotypes, age, and BSA. However, the presence of diabe-
tes mellitus, hypertension, poor ventricular function, gender, 
and concomitant medications did not significantly contribute 
to warfarin dose. The genotypes accounted for most of the varia-
tions, R2 = 33.4%, which consisted of the variations contributed 
by VKORC1 (28.8%) and CYP2C9 (4.5%). Since patients from a 
single hospital (Chang Gung Memorial Hospital, CGMH) made 
up the majority of the recruited population (70%), the factors 
were reanalyzed using only the patients recruited from CGMH 
(n = 75) and shown in Table 3. Again, the results demonstrated 
the significant association of genotypes (35.7% contributed by 
VKORC1 genotype and 0.6% by CYP2C9), BSA, and age; how-
ever, hypertension also seemed to affect dose to a lesser extent. 
In order to increase the prediction accuracy, we generated a dos-
ing algorithm using regression analysis. The multiple regression 
model included the predicted dose based on genotypes, age, and 
BSA: dose = −0.432 + 0.769 × predict dose –0.015 × age + 1.125 ×  
BSA. These factors in this model accounted for 48.2% of the 
variation as measured by R2. Using the samples from CGMH, 
the model generated was dose = −0.443 + 0.798 × predict dose 
–0.018 × age + 1.4 × BSA –0.269 × HT with R2 of 0.62.

DIsCussION
In this study, we tested the use of a pharmacogenetics-based 
dosing strategy to prescribe warfarin. The study was conducted 
prospectively, in which the patient’s dosage requirements were 

based on their CYP2C9 and VKORC1 genotypes. CYP2C9*2 was 
excluded because of its near absence in the Asian population.15,16 
It has been estimated retrospectively that the combination of 
VKORC1 and CYP2C9 could explain between 20% and 40% of 
the variation in warfarin dosage requirements in the Caucasian 
population.29 The frequency of CYP2C9 variants is much lower 
in Chinese than in Caucasians (5% vs. 20%), accounting for only 
a small fraction of the variations. As shown in this study, adding 
the VKORC1 genotypes to the CYP2C9 variants explained 33% 
(Table 3) of the variations and had high sensitivity (69%) in pre-
dicting the doses. However, no patients were recruited for four 
of the genotype groups (Table 2) and due to the lower frequency 
of CYP2C9*3 and homozygous VKORC1 G allele, the accuracy 
of prediction for these groups could not be determined. The 
normal starting dose in Taiwan is 2.5 mg/day, which was also the 
largest group in this study. Even though 77% of the population 
is in the *1/*1 AA (2.5 mg/day) group, the rest of the population 
can benefit significantly from pharmacogenetic dosing. Giving 
2.5 mg/day warfarin to other groups might increase the risk of 
embolism or clinical bleeding.

Four fixed warfarin doses, 1.25, 2.50, 3.75, and 5.00 mg/day, 
were given to the patients in this study. Based on our previous 
retrospective study, the maximum standard deviation for war-
farin dose was 1.2 mg/day (n = 21); this resulted in the standard 
error of 0.52 (=2* 1.2/√21). Therefore, we defined a match if the 
difference between predicted dose and maintenance dose was 
<0.50. This would also achieve 93.6% power to detect a differ-
ence of 0.5 between the predicted dose and the maintenance 
dose in a sample size of 100, using a two-sided one-sample t-test, 
and assuming standard deviation of 1.2 at a significance level of 
0.5 (data not shown).

It has been shown that 3–4 weeks are typically needed for 
80% of patients (CYP2C9 wild type) to reach stable, therapeu-
tic INR, and significantly more time for patients with CYP2C9 
variants (>40 days).24,30 By using the pharmacogenetics-based 
dosing described here, the time required to reach therapeutic 
INR was also reduced significantly. Eighty-three percent of the 
patients reached therapeutic INR within 2 weeks and maintained 
in the range during the course of follow-up for 3 months. The 
reasons for this high percentage could be due to the fact that 
only a small proportion of the Chinese population had varia-
tions in CYP2C9 and the greater dosing prediction sensitivity 
provided by VKORC1. CYP2C9 variant alleles were associated 
with reduced metabolic activity; therefore, variant alleles, such 
as CYP2C9*3, would require more time to reach the steady state 
of warfarin than those with wild-type CYP2C9. As a result, 
patients with CYP2C9 variants required more time to reach 
stable INR. Since the Chinese population comprised mostly 
wild-type CYP2C9, the time required to reach stable, thera-
peutic INR would be shorter when compared to the Caucasian 
population. Even though VKORC1 is not directly involved in the 
pharmacokinetics of warfarin, the refined dosing provided by 
VKORC1 genotypes would enable the patients to start at a dose 
closer to the maintenance dose. This would prevent the need of 
frequent dose adjustments and reduce the time required to reach 
therapeutic INR. Serious adverse events (bleeding episodes or 

table 3 Factors affecting warfarin dose requirements  
in regression models

Variable R2 × 100% P value

Univariate regression analysis of the factors influencing warfarin dose

Predicted dose (genotype) 33.4 <0.001

BSA 9.7 <0.001

Age 5.1 0.002

Indication 0.8 0.20

Alcohol 0.7 0.25

Diabetes mellitus 0.6 0.27

Concomitant medication 0.12 0.63

Hypertension 0.06 0.73

Poor ventricular function <0.001 0.94

Gender <0.001 0.98

Univariate regression analysis for patients from a single hospital  
where 70% of patients were recruited (CGMH)a

Predicted dose (genotype) 36.3 <0.001

Age 17.4 <0.001

BSA 6.5 0.001

Hypertension 2.1 0.05

CGMH, Chang Gung Memorial Hospital.
aOnly the significant variables were listed.
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venous thrombosis/pulmonary embolism) were absent during 
the study, and only 10% of patients had an INR >4. Bleeding 
incidence has at least  been estimated at 7%, with the entire 
spectrum of adverse events (INR >4, bleeding, and thromboem-
bolism) estimated as high as 39% in patients receiving warfarin 
treatments without pharmacogenetic dosing.31,32 Our own his-
torical control data gathered retrospectively from the patients 
receiving warfarin without genotype prediction estimated that 
26% of patients on warfarin treatment had adverse events (data 
not shown). The present study did not include a control group. 
It may be argued that the decrease in adverse events reflected 
that patients enrolled in the prospective study were monitored 
more closely, thus experiencing less adverse events. However, a 
prospective study with CYP2C9-based pharmacogenetic dosing 
still reported 22% adverse events in the Caucasian population.24 
This study demonstrated the benefit of incorporating VKORC1 
pharmacogenetic dosing and how it could reduce the incidence 
of adverse events.

Even though the VKORC1 −1639 G>A and CYP2C9*3 
genotypes already provided high sensitivity for warfarin pre-
diction, it was possible that the presence of rare mutations in 
these two genes could affect dose. Therefore, promoter regions, 
intron–exon junctions, and all exons of the two genes were 
sequenced for the patients who did not match the prediction. 
A rare mutation in CYP2C9, which we reported previously,19 
895 A>G (T299A), was detected in one patient; this explained 
why the patient required a lower dose than predicted. One 
novel polymorphism was identified in the promoter region of 
CYP2C9 (−1537G>A); this was associated with three patients 
whose maintenance doses were higher than predicted. We also 
detected two novel polymorphisms in VKORC1 (−1182 A>G, 
c.492+243 G>A). These two polymorphisms were in linkage 
disequilibrium and were associated with three patients whose 
doses were lower than predicted. However, the associations of 
these polymorphisms with warfarin dose need to be validated 
in a larger cohort.

Several reports also revealed that variations in genes other 
than VKORC1 and CYP2C9 were also associated with warfarin 
dosage requirements.33–37 However, the impact of these varia-
tions were minimal and could account for <3% of the variation; 
thus, they were not included in this study. We found that one of 
the major problems conducting this type of research was patient 
noncompliance. Even though patients were given a warfarin 
safety brochure and were strongly advised to follow the study 
protocol, we discovered that a significant proportion (~10%) of 
the recruited patients might not take the drug on a regular basis 
as evidenced by the undetected or lower than expected increase 
of PIVKA-II levels. It was possible that patient noncompliance 
contributed to a significant portion of patients who did not 
match the prediction. Vitamin K deficiency (four patients) did 
not seem to affect warfarin dosage, as three out of four patients 
with detectable PIVKA-II before warfarin treatment matched 
the predicted dose.

Even with the high sensitivity of the genotype prediction, a 
large variation was observed in the 2.5 mg/day group (from +180 
to −60% of the predicted dose). For example, one of the largest 

“outliers” was the group with a *1/1 AA genotype, who required 
a dose of ~3.75 mg/day (Figure 2). This was most likely caused 
by age. The average age (51) for this group was younger than the 
overall average (64.4), as the group consisted of four patients 
below age 35. Indeed, in the regression analysis, we found that 
age and BSA were the additional primary contributors to varia-
tion of the warfarin dosage, and incorporated these clinical fac-
tors into dosing algorithms, which should increase the accuracy 
of prediction. The algorithms generated could explain 48.2–62% 
of all variations in warfarin dosage. We did not find that gender, 
alcohol intake, or presence of other medical conditions, such 
as diabetes and poor ventricular function, contributed signifi-
cantly to the warfarin dosage. Concomitant medications were 
not associated significantly with dose in this study. This could be 
explained by the small number of patients taking medications 
for each drug.

The dosing table (Table 2) described here provided high sensi-
tivity for the Chinese population; however, the dosing regiment 
might not be applicable to all ethnic groups. African, European, 
and American populations tend to have larger BSA therefore, the 
starting dose would be higher than that described here. Dosing 
algorithms incorporating clinical factors such as BSA would be 
more applicable to other populations, and likely to increase the 
sensitivity of warfarin dosing in all populations.

This study has demonstrated that the use of  pharmacogenetics- 
based dosing is feasible; however, there were several limitations. 
First, the study did not include a control group of, patients who 
were not on pharmacogenetic dosing. However, as discussed above, 
the decrease in adverse events in the present study is noted even 
when compared to a previous prospective study with CYP2C9-
based pharmacogenetic dosing.24 Second, it required ~2 days to 
generate the genotyping results for this study, which prevented 
patients who required urgent warfarin treatments from using this 
genotype-based prediction. Therefore, in order for pharmacoge-
netic dosing to be widely adopted, a technology capable of gen-
erating the genotyping results within hours of sample collection 
(blood or buccal swab) is preferable. At the present time, we have 
developed a real-time, PCR-based genotyping method that can 
have a turnaround time of <3 h. To further assess accurately the 
benefit of pharmacogenetics for the clinical setting, a randomized, 
controlled trial utilizing the algorithm incorporating other clinical 
factors and rapid genotyping platform is needed.

In summary, this is the first prospective study that combined 
both CYP2C9 and VKORC1 genotypes to predict warfarin dos-
age. We have shown that it can help patients to reach mainte-
nance dose faster without serious adverse events and hope that 
employing the strategy developed by this study will reduce the 
burden of frequent INR measurements and improve the safety 
of use of this popular anticoagulant.

MethODs
subject recruitment and data collection. Eligible participants were 
recruited from the outpatient clinics of cardiology and neurology 
departments of five major medical centers in Taiwan, Chang Gung 
Memorial Hospital, National Taiwan University Hospital, Kaohsiung 
Medical University Hospital, Taipei General Veteran Hospital, and 
Shin-Kong Wu Ho-Su Memorial Hospital. Patients who fulfilled the 
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indications of warfarin were recruited by study physicians. The exclu-
sion criteria included prior warfarin treatments, hepatic dysfunction, 
cancer, and diseases with bleeding tendency. Only the Han-Chinese 
population, which accounted for 98% of the population in Taiwan, was 
recruited for this study. The study was approved by the institutional 
review board of all the participating hospitals and Academia Sinica, 
and informed consent was obtained from all participants.

Before the patients were placed on warfarin treatment, blood was 
drawn for CYP2C9 and VKORC1 genotyping (see below), INR was 
measured, and clinical variables were recorded. INR was measured using 
Thromborel S (DadeBehring, Marburg, Germany), with an international 
sensitivity index of 0.91. Genotyping results were reported within 48 h 
after blood draw. The clinical information recorded was weight, height, 
age, gender, ethnic background, dietary habit (including the use of  
nutritional supplements, Chinese herbal medicine, alcohol, and cof-
fee consumption), concomitant medication, and warfarin indication. 
Patients were also given a drug safety pamphlet and educated to follow 
safety precautions for warfarin therapy. Patients were asked to return 
for follow-up weekly for the first 2 weeks and the 4th week after treat-
ment initiation. Treating physicians would then schedule follow-up at 
least monthly for up to 12 weeks and more frequently when clinically 
indicated, recording INR, doses, and any adverse events. The patients 
were followed for up to 6 months. Information on dietary intake and 
concomitant medication was also recorded and 5 ml of blood was drawn 
for PIVKA-II measurement at each follow-up visit.

Warfarin dosing. Upon initiating warfarin treatment, patients were given 
a set of initial warfarin dose based on their genotypes; those who had 
the warfarin-sensitive VKORC1 AA genotypes and CYP2C9*3 received 
the lowest dose (1.25 mg/day), patients who had the warfarin-resistant 
VKORC1 GG genotype and normal CYP2C9 received the highest dose 
(5 mg/day). The suggested doses were compiled from the data gener-
ated by a retrospective study19 and are shown in Table 2. Coumadin 
(warfarin sodium, 5 mg tablets) manufactured by Bristol-Myers Squibb 
(New York, NY) was used for all patients to ensure product consis-
tency. A drug divider (Pill Master, J.S.N.Y., Taiwan) was used to divide 
the drug into four portions for smaller doses. INR was measured at 
each follow-up, and warfarin dose was adjusted to the next dose group 
according to INR measurements if INR did not fall within the desired 
range of 1.7–3.0. For example, if a patient was given an initial dose of 
1.25 mg/day and the INR was lower than the therapeutic range during 
follow-up, the dose for this patient would increase to the next dose 
group, the 2.5 mg/day group. Alternating dosing was also used by some 
physicians on 24 patients. An example of this would place a patient on 
2.5 mg/day for 6 days of the week and not administer any warfarin on 
the 7th day. This would result in the average daily dose of 2.14 mg/day. 
Some physicians have used this strategy when they felt only a small dose 
adjustment was required.

DNA extraction and genotyping. Ten milliliters of blood was drawn 
using sodium citrate tubes from each patient. Blood samples were 
centrifuged at 3,000g for 10 min to separate the plasma. Plasma 
and the packed cells were transferred to the National Genotyping 
Center, Institute of Biomedical Sciences, Academia Sinica, for stor-
age and genomic DNA extraction. Genomic DNA was extracted 
using PUREGENE DNA purification system (Gentra Systems, 
MN). VKORC1 and CYP2C9 genotypes were determined using 
PCR–RFLP. CYP2C9*3 RFLP primers used have been reported pre-
viously.29 RFLP primers for the VKORC1 −1639 A>G polymorphism 
were: 5′-GCCAGCAGGAGAGGGAAATA-3′, forward primer, and 
5′-AGTTTGGACTACAGGTGC CT-3′, reverse primer. A 290 base 
pair (bp) fragment was generated using these primers. The VKORC1 
−1639 G allele created an MspI restriction site and resulted in 123 bp 
and 167 bp fragments upon MspI digestion. The PCR was carried out 
in a final volume of 50 μl, containing 0.4 μM of each primer, 0.2 mM 
dNTPs, 1.5 mM mgCl2, 50 mM KCl, 10 mM Tris–HCl (pH 9.0), and 1% 
Triton X-100 buffer, 2.5 unit Taq DNA polymerase (MDBio, Taiwan). 

The results from the PCR–RFLP were reported to the physicians 
within 48 h of blood collection, and were verified by direct sequencing 
within 1 week. No discrepancies were found in the genotyping results 
between RFLP and sequencing. The entire VKORC1 and CYP2C9 
genes (promoter region, exons, and 3′ untranslated region) were also 
sequenced in patients with a maintenance dose that did not match 
the predicted dose.

PIVKA-II. The patients’ vitamin K status was determined by mea-
suring PIVKA-II before and during warfarin treatment to assess how 
the treat ment affected physiological vitamin K concentration. PIVKA-II 
is an abnormal decarboxylated prothrombin, which is present in vita-
min K deficiency or in patients using warfarin. PIVKA-II concentra-
tion was measured using a murine monoclonal antibody available in 
an enzyme immunoassay kit according to the manufacturer’s instruc-
tions (Asserachrom PIVKA-II; Diagnostica-Stago, Asnieres Sur Seine, 
France). The normal value for PIVKA-II in adults was <2 ng/ml with 
this method.

study endpoints. The study endpoints included the time to reach thera-
peutic INR, number of adverse events, and proportion of patients with 
maintenance dose that matched the genotype-based predicted dose. 
Stable therapeutic INR was defined as having at least two consecutive 
INR measurements between 1.7 and 3.0 on the same warfarin daily or 
weekly dose measured at least 1 week apart. Adverse events were defined 
by INR measurements >4, clinical bleeding as defined by major bleed-
ing that required hospitalization, or occurrence of venous thrombosis/
pulmonary embolism. When INR >4 was first detected in patients, in 
addition to lower warfarin dose, the physicians would also determine the 
factors that could cause the adverse events. Patients’ participation in the 
study would also terminate if bleeding events and venous thrombosis/
pulmonary embolism occured.

statistical analysis. Linear regression models were fitted backward 
to detect significant effects that influenced warfarin dosing. Factors 
considered in the full model were initial warfarin dose (based on 
genotypes as described above), gender, age, BSA, indications, alco-
hol consumption, and comorbidities. Factor selection was completed 
using a cutoff P value < 0.05. The study was performed with the full 
set of 108 subjects and the largest subgroup of 75 subjects from a 
single hospital. Analyses were carried out using SAS version 9.1 (SAS 
Institute, Cary, NC).
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