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Background: Pharmacogenomic warfarin dosing has been suggested to produce more accurate dosing and an
improved patient safety profile; however, very few models have been derived in patients with venous
thromboembolism. We sought to develop a new algorithm to predict maintenance dose in a cohort of
patients, using clinical variables and genetic polymorphism in CYP2C9, VKORC1, and CYP4F2.
Methods: Patients on a stable maintenance dose of warfarin, with observed dose ranging from 0.6 to 12 mg
were recruited from a specialized anticoagulation clinic (Ottawa Hospital Thrombosis Clinic) with
genotyping and standardized patient interviews being conducted to collect clinical and genomic variables
known to impact warfarin dose. Multivariate linear regression was used to develop the model using a
stepwise backwards elimination approach.
Results: From 249 enrolled patients with a mean clinical maintenance dose of 5.58 mg/day, a model with an
R2 of 58% was developed as: Dose=1.85-0.048(Age)+0.041(BMI)+0.05(Height in cm) - 0.73(Less Exercise) -

1.13(2C9*2 Hetero) - 2.09(2C9*2 Homo) - 1.51(2C9*3 Hetero) -1.43(VKORC1 GA) - 2.86(VKORC1 AA) - 1.33(4F2
CC) -1.24(4F2 CT) - 1.46(Angiotensin II Receptor Antagonist) - 0.84(β-Blockers). Analysis of residual plots
revealed that prediction errors were a function of observed maintenance dose with the model tending to
predict higher doses than observed in those with low dose requirements and lower doses than observed in
those with higher dose requirement.
Conclusion: Our study confirms the importance of the CYP4F2 polymorphism. Our model may prove useful in
clinical practice but further validation studies are required before implementation into clinical practice.

© 2009 Elsevier Ltd. All rights reserved.
Introduction

The cornerstone of therapy for venous thromboembolism (VTE),
mechanical heart valves, atrial fibrillation, and other thrombotic
conditions are Vitamin K antagonists, the most common being
warfarin. The effectiveness and safety of warfarin is critically
dependent on maintaining the prothrombin time, expressed as the
international normalized ratio (INR), within the therapeutic range.
Warfarin is a drug with a narrow therapeutic index and individual
patient response can be widely variable leading to an increased risk of
INRs being outside of the therapeutic range. Studies have shown a
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sharp increase in bleeding risk when INRs are above the upper limit of
the therapeutic range[1–4] and the risk of thromboembolic events
increases when the INR falls below it [3,5]. Given these risks, much
research has gone into refining dosing algorithms with clinical and
genomic variables known to exert a significant effect on warfarin dose
requirements. The most common genetic polymorphisms are those
found in the genes encoding CYP2C9 and VKORC1.

Polymorphisms in CYP2C9, the enzyme that catalyzes the conver-
sion of the warfarin S-enantiomer into its inactive metabolites, have
a significant impact on warfarin dose requirements [6–8]. The
presence of a CYP2C9*2 or CYP2C9*3 polymorphism results in a
decrease in S-warfarin clearance and a respective decrease of 17-19%
[9,10] and 33-37% [11] in the steady state dose requirement per allele
relative to the wildtype. The VKORC1 1173 CNT intronic polymor-
phism and -1639 GNA exonic polymorphism are commonly reported
in existing regressionmodels, are the most informative on the basis of
haplotypic analysis, both are also associated with decreased warfarin
dose requirements [12–18]. The aforementioned VKORC1 polymorph-
isms are both associated with decreased warfarin dose requirements
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Table 1
Baseline Characteristics of the study population used to derive the regression model,
N=246.

Variable Value

Age, mean (SD) years 60.6 (14.1)
Age, range 23-90
Male, n (%) 136 (55%)
Caucasian, n (%) 232 (94%)
Height, mean (SD) cm 171.5 (10.4)
Weight, mean (SD) kg 86.3 (20.1)
Duration of warfarin therapy, mean (SD) weeks 141.2 (127.6)
Maintenance dose (daily), mean (SD) mg 5.48 (2.29)
Average INR, median (IQR) 2.40 (2.30-2.56)

Indication for anticoagulation, n (%)
Previous DVT or PE 205 (83%)
Previous arterial thrombosis 1 (b1%)
Atrial Fibrillation 7 (3%)
Artificial Heart Value 1 (b1%)
Other 32 (13%)

Exercise, n (%)
Much less 35 (14%)
Less 60 (24%)
Similar 73 (29%)
More 47 (19%)
Much More 31 (13%)

Smoking Status, n (%)
Current Users 34 (14%)
Previous Users (have quit) 101 (41%)
Never Used 111 (45%)

Comorbidities, n (%)
Cancer 30 (12%)
Renal Failure 2 (b 1%)
Diabetes 25 (10%)
Hypertension 95 (39%)
Inflammatory Bowel Disease 16 (6%)

CYP2C9 polymorphism, n (%)
Wildtype (*1*1) 157 (64%)
2C9 *2 heterozygote (*1*2) 52 (21%)
2C9 *2 homozygote (*2*2) 8 (3%)
2C9 *3 heterozygote (*1*3) 29 (12%)

VKORC1 -1639 GNA polymorphism, n (%)
GG homozygote 85 (35%)
GA heterozygote 123 (49%)
AA homozygote 38 (15%)

CYP4F2 polymorphism, n (%)
CC homozygote 124 (50%)
CT heterozygote 98 (40%)
TT homozygote 24 (10%)
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[12]. A less frequently cited VKORC1 polymorphism is a GNT
transversion (Asp36Tyr) at position 106 in the genomic DNA which
is associated with warfarin resistance most frequently among those of
Ashkenazi Jewish ancestry [19,20]. Together polymorphisms in
VKORC1 and CYP2C9 account for approximately 50% of inter-
individual variability with respect to warfarin dose[18].

A 1347 CNT polymorphism in the gene encoding CYP450 4F2
(V433M; rs2108622) has also been found to be significantly, and
independently associated with warfarin dose requirements, the TT
genotype requiring, on average, 1-2.6 mg/day more warfarin than
those with the CC genotype [21]. Despite the fact that the T allele has a
frequency of over 30% in Caucasians and Asians this polymorphism
has not yet been adopted in most dosing algorithms.

With regards to the impact of clinical variables on warfarin dose
requirements: Low warfarin dose requirements have also been
observed with increasing age[22,23], low body weight, [24] Caucasian
race, [25] liver disease, [26] tobacco use, [27] lack of physical exercise,
[28] low dietary vitamin K intake [29,30] and certain concomitant
medications [31].

Given the aforementioned array of warfarin-influencing variables,
several authors have proposed dosing algorithms based on multivar-
iate regression techniques to predict maintenance doses of warfarin.
Prior models [22,23,32] have been derived primarily in patients with
atrial fibrillation; our goal was to develop a model in clinic patients
with venous thromboembolism.

Materials and methods

Recruitment

Upon approval by the Ottawa Hospital IRB, we identified patients
from the oral anticoagulation program at the Ottawa Hospital
Thrombosis Clinic – a tertiary care anticoagulation centre in Ottawa,
Ontario specializing predominately in patients with deep vein
thrombosis and pulmonary embolism. At the time of the study 1358
patients were on long term anticoagulant therapy, with management
conducted by clinic pharmacists using the DAWN anticoagulant
management system (DAWN AC®, version 7.2, 4-S Information
Systems Ltd, Milnthorpe, Cumbria, UK). The mean percent time in
therapeutic range for patients at theOttawaHospital Thrombosis clinic
is 79%. Patients were identified by screening the clinical database or
were solicited based on their participation in previous studies if they
satisfied the inclusion/exclusion criteria and consented to having their
DNA sample banked as part of a prior study. The inclusion criteriawere
that patients had to be: at least 18 years old; on oral anticoagulation for
at least 6 weeks; able to provide written consent; and on a stable
maintenance dose ofwarfarin (defined as having at least 3 consecutive
measures with INR between 1.8 and 3.2 over 6 weeks). We excluded
patients who had: known non-compliance with warfarin therapy or
prescribed INR monitoring; known Child's Pugh Class II or III liver
disease; or known heart failure (NYHA class 2 or greater).

Clinical Data Collection

For patients who provided informed consent, we collected data
from their DAWN clinical records as well as from a standardized
patient interview. Demographic data for the study population are
listed in Table 1. For the physical exercise variable, patientswere asked
on a 5 point Likert scale to compare their level of physical activity to
those in their age group.We calculatedBodyMass Index asweight (kg)
divided by height (m) squared, aswell as Body Surface Area, defined as
[{Height(cm)×Weight(kg)}/3600]1/2. The mean daily maintenance
dose was calculated by averaging, retrospective from the study
inclusion date, the mean daily dose from a consecutive period of at
least six weeks in which the INR was between 2.0 and 3.0; there could
be no warfarin dose changes in that period. The mean INR was then
calculated as the arithmeticmean of the INRmeasurements performed
during the time a patient was on a stable maintenance dose of
warfarin.

Genotyping

Each patient provided two tubes (10 mL) of venous blood drawn
into EDTA vacuum tubes. DNA was extracted from peripheral blood
leukocytes (buffy coat) using standardized kits.

Forward and reverse primers for 5 polymorphisms (CYP2C9*2,
CYP2C9*3, VKORC1 1173, VKORC1 1639, and VKORC1 106) were
designed and tested to amplify regions surrounding each SNP.
Multiplex PCRwas carried out in a reaction volume of 30 μl containing
100 ngDNA, 2X reaction buffer (2.5 mMMgCl2), 1XQiagenQ-solution,
0.4 mM each dNTP, 0.4 µM each primer, and 2.5U Qiagen taq. The
cycling conditions were as follows: an initial denaturation at 94 °C for
4 minutes then 30 cycles of 94 °C for 1 minute, 60 °C for 1 minute and



Table 3
Variables that were removed sequentially from the backward elimination procedure for
the derivation of the final regression model.

Step Variable Removed Number of Variables
in the Final Model

R2 for
model, %

1 ACE inhibitorsA 29 58.72
2 Race 28 58.72
3 HMG-CoA Reductase Inhibitors (Statins)B 27 58.71
4 Weight (kg) 26 58.71
5 Smoking Status – Current Smoker 25 58.69
6 Gender 24 58.68
7 Ranitidine 23 58.66
8 Smoking Status – Previous smoker 22 58.65
9 DiureticsC 21 58.63
10 Exercise Status – More exercise than those

similar to patient's age
20 58.60

11 Eltroxin 19 58.55
12 AnalgesicD 18 58.48
13 Any ComorbiditiesE 17 58.40
14 Body Surface Area (BSA) 16 58.29
15 Calcium Channel BlockersF 15 58.15
16 Salbutamol 14 57.98
17 Folic Acid 13 57.76

A The following ACE inhibitors were found in our patient population: Ramipril
(Altace), Perindopril (Coversyl).

B The following statins were found in our patient population: Atorvastatin(Lipitor),
Fluvastatin(Lescol), Lovastatin, Pravastatin, Simvastatin, Rosuvastatin(Crestor).

C The following diuretics were found in our patient population: Furosemide (Lasix),
Spironolactone, Amiloride.

D The following analgesics were found in our patient population: Acetominophen,
Ibuprofen (Advil), ASA, Naproxen.

E The presence of any of the following comorbidites were assessed: Cancer, Renal
Failure, Diabetes, Hypertension, or Inflammatory Bowel Disease.

F The following calcium channel blockers were found in our patient population:
Diltiazem, Nifedipine HCl (Adalat).
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72 °C for 1 minute followed by a final extension at 72 °C for 5 minutes.
PCR products were verified on a 2% agarose gel.

SNP genotyping was performed using the ABI Prism SNaPshot
Multiplex Kit (Applied Biosystems, Foster City, CA, USA.) In this
reaction an unlabelled primer, designed to be complementary to the
region immediately adjacent to each SNP, is extended by a single
fluorescently labeled ddNTP at the SNP site. Primers for each of the
five SNPs were designed to be of different lengths in order to
distinguish them when the mixture is electrophoresed. The single
base extension took place under the following cycling conditions:
96 °C for 10 seconds, 50 °C for 5 seconds and 60 °C for 30 seconds for
25 cycles. The mixture was treated with 1U SAP (USB) to remove
unused ddNTPs, and then held at 95 °C for 5 minutes to denature the
extended primer from the PCR product.

Samples (2 µl each) were loaded onto the Applied Biosystems
3130xl Genetic Analyzer with 8 µl of formamide (Applied Biosystems)
and 0.2 µl of GeneScan -120LIZ Size Standard (Applied Biosystems)
and electrophoresed. Analysis was performed using GeneMapper
Software Version 4.0 (Applied Biosystems).

SNP detection for the CYP4F2 1347 CNT SNP was done separately
after the other analyses utilizing an identical procedure. The relatively
recent discovery, at the time of this study, that the CYP4F2 1347 CNT
SNP influenced warfarin dose [21] necessitated the separate analysis.
A small subset of patients who had banked samples prior to this study
(i.e. they were genotyped for CYP2C9 and VKORC1 polymorphisms
previously) had their samples evaluated for CYP4F2 polymorphisms
only and prior results for CYP2C9 and VKORC1 were used.

Statistical Analysis

Descriptive statistics for the patient population were generated
with the use of point estimates (means±standard deviations or
frequencies) where appropriate. For all genetic polymorphisms, chi-
square tests (or Fisher's Exact Tests where appropriate) were
performed, with a significance level of α=0.05, to ensure that the
allele frequencies were within Hardy-Weinberg equilibrium and to
evaluate whether linkage disequilibrium existed between any of the
genes.

The distribution of the dependent variable (warfarin dose) was
assessed for deviations from normality. Patients with warfarin dose
requirements greater than 3 standard deviations from the mean were
removed from modeling as they were considered statistical outliers
not representative of the overall population. All candidate predictor
variables (Tables 2 and 3) were entered into a least squares regression
Table 2
Final regression model produced by stepwise backward elimination procedure
(n=246).

Variable Parameter Estimate p-value

Intercept 10.42 b0.0001
Age (years) -0.048 b0.0001
BMI (kg/m2) 0.041 0.0120
Height -171.5 (m) 0.05 b0.0001
Less Exercise -0.73 0.0007
2C9 * 2 heterozygote -1.12 b0.0001
2C9* 2 homozygote -2.09 0.0003
2C9* 3 heterozygote -1.51 b0.0001
VKORC1 (-1639) GA heterozygote -1.44 b0.0001
VKORC1 (-1639) AA homozygote -2.86 b0.0001
CYP4F2 (1347) CC homozygote -1.33 0.0002
CYP4F2 (1347) CT heterozygote -1.24 0.0007
Angiotensin II Receptor AntagonistA -1.46 0.0395
β-BlockerB -0.84 0.0097
R2 for model, % 57.76%

A In our patient population this drug class included: Cozaar (Losartan), Atacand
(Candesartan).

B In our patient population this drug class included: Metoprolol, Atenolol, and
Bisaprolol.
model which was then reduced using stepwise backward elimination
with the significance threshold for staying in the model set at
α=0.10. The height variable was standardized [height (in centi-
metres) – mean height] to avoid multiple colinearities in the analysis.
For simplicity, the 5-level Likert scale responses for exercise were
collapsed into three categories by combining “less” and “much less”
exercise, as well as “more” and “much more” exercise. The three
categories were then entered into the model as two dummy variables
with “similar” as the reference category.

We performed a descriptive analysis of the clinically observed
andmodel predicted doses from thefinal regressionmodel. The results
are presented by means of a scatterplot and Pearson correlation
coefficient. We also examined the errors in the predicted dose as a
function of the observed dose by visual inspection of the residual
scatterplot.

All statistical analyses were carried out using SAS Version 9.1 (SAS,
North Carolina, USA).

Results

A total of 309 patients consented to take part in the study;
however, 29 patients recruited from previous studies had partial or
incomplete genetics results, primarily CYP4F2, due to banked DNA
sample degradation. In addition, a further 31 patients from previous
studies had incomplete clinical data, and 3 patients with dose levels
greater than 3 standard deviations above the mean (greater than
12 mg per day in our sample) were excluded. Therefore, for the
purposes of model building, 246 patients with complete clinical and
genomic data were used in the derivation cohort. The baseline
characteristics of this cohort including demographics, indications for
anticoagulant therapy, genotypic frequencies, and warfarin dose
requirements are presented in Table 1. The mean maintenance dose
in the study patient population was 5.48 mg/day. None of the subjects
in this study were found to possess the VKORC1 106 GNT SNP
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(Asp36Tyr). This finding was confirmed upon subsequent retesting of
the samples against positive controls provided to our lab by the
Institute of Human Genetics (Tel Hashomer, Israel).

Descriptive analysis of the relationship betweenmaintenance dose
and genetic polymorphisms was consistent with previous studies. For
CYP2C9 polymorphisms, the presence of a *2 or *3 variant resulted in a
lower warfarin dose requirement relative to wildtype, with the *3
requiring the lowest dose (Fig. 1). Conversely for the VKORC1 -1639
GNA SNP, the GG allele was associated with a higher maintenance
dose relative to those with the AA allele. Likewise for the CYP4F2 1347
CNT SNP, the presence of a TT genotype resulted in a higher dose
requirement compared to the CC genotype.

The genotypic frequencies of all genes assessed in this study
conformed to Hardy-Weinberg equilibrium. However, strong linkage
Fig. 1. Boxplots describing the relationship between genetic polymorphisms and mean
daily maintenance dose of warfarin (mg/day) in the study population n=249. Median
maintenance dose for each polymorphisms are shown as is the interquartile range.
A) CYP2C9 polymorphisms B) VKORC1 -1639 GNA polymorphisms C) CYP4F2 1347
CNT polymorphisms.
disequilibriumwas observed between the VKORC1 -1639 GNA exonic
polymorphism and the VKORC1 1173 CNT intronic polymorphism
(pb0.0001).

The final regression model, selected by means of the backwards
elimination procedure, is summarized in Table 2 with the variables
that dropped out from the model during the backwards elimination
procedure summarized in Table 3. The predictors included in the final
model explained R2=57.8% of the variability in dose.

We observed 1113 concomitantmedications among the subjects in
this study, many of which were grouped into larger drug classes by
pharmacological mode of action. Infrequent drugs (n=1) were
excluded from the regression analysis to prevent spurious conclusions.
For the purposes of model building only the most frequent drugs used
by our study population or drugs previously associated with warfarin
dose prediction models [32] (namely amiodarone and simvastatin)
were included for analysis in the stepwise regression procedure. Only
one subject used amiodarone and as a result it was removed from
evaluation in the model. Additionally, simavastatin usage was present
in only six subjects and upon inclusion in the backwards elimination
procedure its parameter estimate was deemed to be not statistically
significant (p=0.9623). Pooling simvastatin with other statins (or
HMG-CoA reductase inhibitors) still resulted in the drug class being a
non-significant predictor of warfarin maintenance dose.

To derive a patient's dose using our model, a clinician would
complete the following equation using the patient's specific clinical
and genomic characteristics:

Dose=1.85 - 0.048(Age)+0.041(BMI) + 0.05(Height in cm) - 0.73
(Less Exercise) - 1.13(2C9*2 Hetero) - 2.09(2C9*2 Homo) - 1.51(2C9*3
Hetero) -1.43(VKORC1 GA) - 2.86(VKORC1 AA) - 1.33(4F2 CC) -1.24(4F2
CT) - 1.46(Angiotensin II Receptor Antagonist) - 0.84(β-Blockers). If a
patient's self-rated physical activity level is less than or much less
than those of a similar age then ‘Less Exercise’=1, otherwise it equals
0. If the patient is on ACE inhibitors or β-Blockers then these variables
each equal 1 respectively. Similarly, for gene polymorphisms– the
presence of a polymorphism is denoted by a “1” and absence is
denoted by a “0”. The age variable is coded in years.

The scatterplot of the model predicted dose and the observed dose
is presented in Fig. 2A, showing moderately strong correlation
between predicted and observed dose (Pearson r=0.70). The
scatterplot of prediction errors versus observed dose is presented in
Fig. 2B. The plot reveals that prediction errors tend to vary with dose,
with the model tending to overestimate smaller doses and under-
estimating larger doses.

Discussion

Despite its underutilization, warfarin sodium is one of the most
widely used drugs in the world with over 30 million prescriptions in
the United States in 2004, and up to amillion new patients initiated on
therapy each year [33]. However, its frequent associationwith adverse
events, particularly during initiation, has driven clinicians to seek
bettermethods of dosing patients in an attempt to improve safety. The
hope of genetics based algorithms is that it will be able to produce a
system of dosing that will be faster, safer, andmore cost-effective than
current practice. In this retrospective cohort study, we derived and
evaluated a regression based algorithm to predict warfarin mainte-
nance dose in a patient population with predominantly venous
thromboembolism. Our model explained 57.8% of the variation in
dose. Similar to previous studies, our model showed a significant
association betweenmaintenance dose and age, [22,23,32] height, [23]
and CYP2C9 and VKORC1 polymorphisms [22,23,32]. Furthermore, as
with the Caldwell et al model, [21] we demonstrated a significant
association between maintenance dose requirement and CYP4F2
polymorphisms, with a similar model R2 (Wells et al: 57.8% vs
Caldwell et al: 56%). It is also important to note that as with previous
studies, genetic predictor variables contributed the most to the model



Fig. 2. A) Scatterplot of observed versus model predicted dose. Straight line represents perfect correlation between observed and predicted doses. B) Residual scatterplot of model
prediction error versus observed dose.
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as evident by their large parameter values and contribution to model
R2 (data not shown). The strong linkage disequilibrium between the
VKORC1 -1639 GNA and VKORC1 1173 CNT polymorphisms is
consistentwith previous studies [14,18] and aswith prior publications
we only retained the genotype results for VKORC1 -1639 GNA in the
final model building exercise. It was also determined, due to the
negative results with VKORC1 GNT 106 transversion SNP, that it is not
necessary to screen for such a polymorphism outside of the Ashkenazi
Jewish population.

Previous studies have demonstrated that β–blockers such as
propranolol can potentiate warfarin response [31] and as such we are
satisfied with its biological plausibility for inclusion in our model;
however, no previous studies have been found ascertaining the effect
of angiotensin II receptor antagonists on warfarin dose. The observed
decrease in warfarin dose requirement was both statistically and
clinically significant (3.52 mg/day vs 5.80 mg/day, pb0.004) and as
such, this variable was retained in the model; however, we stress that
this finding needs to be evaluated in further studies to warrant
inclusion in future prediction models, given the relatively small
number of subjects on angiotensin II receptor antagonists (n=5).

Our analysis of prediction errors revealed that they were generally
not consistent across the range of observed maintenance doses
(Fig. 2B): the model tended to predict higher doses than observed in
those with low dose requirements and lower doses than observed in
those with higher dose requirement. This phenomenon was also seen
in a study by the International Warfarin Pharmacogenetics Consor-
tium[34]. While the authors in that study found that their regression
algorithm was only useful for those with high (N49 mg/week) or low
(b21 mg/week) dose requirements; the algorithm respectively
underestimated the required dose in 63.2% and overestimated the
required dose in 62.3% of the aforementioned subgroups in the
validation cohort. While these errors were less than those obtained
through clinical algorithm based dosing (i.e: where no genetic
variables were included in the model) or fixed dosing (5 mg/day)
such a phenomenon warrants further study. Pharmacogenetic algo-
rithms should be compared against current clinical practice in order to
accurately evaluate superiority or inferiority.

A second limitation of this study is that we could not fully evaluate
the impact of race on dose requirements given that 94% of patients
were Caucasian. However, while race was not retained in our final
model, the predictive value of race may have been captured in the
genotypic polymorphisms. Race has been observed to impact
genotypic frequencies, and by including genotypic predictors, race
may no longer be required as an independent predictor. Furthermore,
although our sample size was within the range of other dose-
predicting studies, we likely lacked the power to detect other
important clinical determinants of Warfarin dose. Previous studies
on dosing algorithms have enrolled patients predominantly with a
diagnosis of atrial fibrillation and these patients are uncommon in our
clinic. It is possible that since patients with atrial fibrillation tend to be
older, onmoremedications, andwithmore co-morbidities that dosing
algorithms may differ by indication for warfarin. To our knowledge
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this has not been evaluated. Our results should be interpreted with
this limitation in mind and we would recommend that these results
be prospectively evaluated in larger studies. Nevertheless, many of
the predictive factors identified in our model correspond with those
identified in other studies.

Finally, ourmodelwas derived in a populationwith observed doses
ranging from0.6 to 12 mgper day and thereforemaynot be reliable for
predicting doses for patients outside this range.

In conclusion we have derived a regression model to predict
maintenance doses in patients in our anticoagulation clinic, primarily
with venous thromboembolism. Initial results suggest that the model
is useful in predicting maintenance dose; however, future prospective
validation studies need to be done to confirm these findings.
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