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Abstract
Background—In this prospective cohort study, we have undertaken a comprehensive evaluation
of clinical parameters along with variation in 29 genes (including CYP2C9 and VKORC1) to
identify factors determining interindividual variability in warfarin response.

Methods—Consecutive patients (n = 311) were followed up prospectively for 26 weeks. Several
outcomes chosen to capture both warfarin efficacy and toxicity were assessed. Univariate and
multiple regression analyses were undertaken to assess the combined effect of clinical and genetic
factors.

Results—CYP2C9 was the most important gene determining initial anticoagulant control,
whereas VKORC1 was more important for stable anticoagulation. Novel associations with some
clinical outcomes were found with single nucleotide polymorphisms in the cytochrome 450 genes
CYP2C18 and CYP2C19, which were independent of the associations observed with CYP2C9 and
in genes encoding CYP3A5, protein S and clotting factor V, although the variability explained by
these genes was small. On the basis of the results of microcosting, adverse events were shown to
be a significant predictor of total cost.

Conclusion—Accurate prediction of warfarin dose requirement needs to take into account
multiple genetic and environmental factors, the contributions of which vary in the induction and
maintenance phases of treatment.
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Introduction
Warfarin is a highly effective anticoagulant [1], but its use is complicated by the
unpredictability of dose requirements, and difficulty in achieving and maintaining
anticoagulation within a defined therapeutic window [typically an international normalized
ratio (INR) of between 2 and 3]. This predisposes patients to either rethrombosis from
underanticoagulation or bleeding from overanticoagulation. Major bleeding events occur in
the first 3 months of therapy, particularly when the INR is greater than 3 [2]. This
emphasizes the need to stabilize patients as soon as possible after the initiation of warfarin
therapy.

The stability of anticoagulation with warfarin can be affected by various environmental
factors including age, body weight, diet, alcohol intake and interacting medications [3].
More recently, genetic determinants of warfarin dose requirements have been identified with
a consistent association shown with polymorphisms in CYP2C9, the main P450 isoform
responsible for the metabolism of S-warfarin, and VKORC1, the drug’s main
pharmacological target [3]. The association between warfarin dose and CYP2C9 and
VKORC1 is highly robust – it has been replicated by many different studies including those
that have been retrospective in nature, those that have recruited only patients who have
already achieved stable dosage and those that have excluded patients on interacting
medications [4–18]. This has led to a change in the drug label for warfarin by the FDA [19].
However, despite this, there is scepticism whether there is adequate evidence to introduce
preprescription genetic testing for warfarin therapy [20,21]. Indeed, the recent guidelines
from the American College of Chest Physicians recommended against pharmacogenetic-
based dosing until data from randomized trials are available [22]. An additional area of
concern is the cost-effectiveness of preprescription genotyping. Widely varying estimates of
cost-effectiveness have been published which may partly be because of the lack of
methodological rigour [23] and the absence of accurate cost data.

Although the majority of studies are retrospective in nature (see above), more prospective
studies have been published recently [24–26]. Prospective cohort studies are important as
they reduce bias and may help in the design of randomized studies, as they allow
information on variable patient response to be captured right from initiation onto warfarin.
Furthermore, they allow inclusion of an important sector of the warfarin patient population
who struggle to achieve stable dose and who are typically excluded from retrospective
studies which usually recruit only those patients already on a stable dose, and are thus at risk
of selection bias. In this study, we present the findings of the first UK prospective study. Our
aims were to determine whether the impact of the CYP2C9 and VKORC1 genes in our
prospective cohort accords with that seen in retrospective studies, and more recently in
prospective studies; and to systematically evaluate the effect of genetic and clinical factors,
not only on stable dose, but also on other outcome measures that capture treatment response.
In addition to CYP2C9 and VKORC1, the effect of a further 27 genes on response to
warfarin was also explored. We have also undertaken a comprehensive microcosting
exercise, which was possible in our study because of its prospective nature.

Methods
Patient recruitment and follow-up

Patients initiated onto warfarin irrespective of indication were recruited from the Royal
Liverpool and Broadgreen University Hospitals Trust and University Hospital Aintree
between November 2004 and March 2006. The only exclusion criterion was inability or
refusal to give informed consent. The study was approved by the Birmingham South
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Research Ethics Committee, and each patient provided informed consent to participate in the
study.

The study design was observational and pragmatic. Patients received usual clinical care
where the warfarin loading dose and subsequent maintenance dose were determined
according to in-hospital guidelines. There were four fixed study visits for each patient, the
first at the time of initiation of warfarin (index visit), then at 1 week, 8 weeks and 26 weeks
of warfarin therapy. Seventy-four percent of patients had their index visit within 2 days of
commencing warfarin, 14% on the third day of warfarin therapy and 2% between the fourth
and ninth days of therapy. The remaining 10% of patients had their index visit between 1
and 4 days before the start of warfarin therapy. At the index visit, patient demographics were
recorded and baseline INR, clotting factor activity and protein levels were measured (Table
1). At the remaining follow-up visits INR was again measured, and dose changes since the
previous visit were recorded. In addition to the four fixed study visits, patients also attended
anticoagulant clinic according to their clinical needs. This meant that, at the end of follow-
up, data on warfarin dose changes and INR levels were available longitudinally for each
patient, which together provided a complete picture of treatment progress from warfarin
initiation onwards. For patients who missed one or more fixed follow-up visits, INR
measurements and dose changes missing as a consequence were obtained from clinical
records. The number of patients attending each visit is shown in Supplementary Figure A
(see Supplemental Digital Content 1, http://links.lww.com/FPC/A54), whereas the numbers
of patients contributing to each analysis are summarized in the results section.

Outcome measures of warfarin efficacy and toxicity
To capture both efficacy and toxicity of warfarin treatment, we chose two primary and
several secondary outcome measures. The two primary outcomes were as follows:

i. INR greater than 4 during the first week; and

ii. Warfarin sensitivity (a dose of ≤ 1.5 mg/day on three successive clinic visits).

The secondary outcome measures were as follows:

(iii) Warfarin resistance (a dose of > 10 mg/day on three successive clinic visits).

(iv) Time to achievement of stable warfarin dosing from initiation. Stable warfarin
dosing was defined as the mean daily dose required to achieve three consecutive INR
measurements within the individual’s target range, at the same daily dose.

(v) Stable warfarin dose as defined above.

(vi) Time to therapeutic INR. This was defined as the time of first achieving INR
measurement within the individual’s target range, providing that INR was also within
the target range at the subsequent clinic visit.

(vii) Haemorrhagic complications. All adverse events reported by the patients were
assessed for causality by M.P. (blinded to genotype) and the events categorized as
definitely, probably, possibly or unlikely to be related to warfarin. Haemorrhagic
complications were defined as major or minor according to the classification provided
by Fihn et al. [27]. Only those events considered to be possibly, probably or definitely
associated with warfarin were included in the analyses.

The cut-off of 4 for INR during the first week was chosen on the basis that the large
majority (99%) of patients had target INR in the range 2–3. It is therefore an important
outcome in terms of investigating factors that elevate INR to a level that exposes the patient
to an increased risk of bleeding, before INR tracking can be used effectively to inform dose
adjustments. It is true that not all patients with INR above 4 will suffer bleeding events;
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however, identification of those most likely to achieve elevated INR early on will allow
suitable dose adjustments to reduce this risk. The cut-off values for defining warfarin
sensitivity and resistance of 1.5 and 10 mg/day, respectively, were chosen based on the
estimated 5th and 95th percentiles of the distribution of stable dose within our patient
population. These outcomes were considered appropriate surrogates for investigating the
factors influencing the extent of drug (in)tolerability at both ends of the spectrum.

Genotyping
DNA from blood samples was extracted at the Sanger Institute using the phenol–chloroform
method. Genotyping was performed either by matrix assisted laser desorption /ionization-
time of flight mass spectrometry or by real-time PCR as described by Wadelius et al. [28], in
which the quality control measures adopted are also summarized. Any single nucleotide
polymorphism (SNP) with an initial call rate less than 90% was regenotyped to minimize the
amount of missing genotype data. Genotype frequencies at each SNP were also compared
with previously published frequencies for the same population and any SNPs for which
frequencies differed by more than 20% in absolute terms were regenotyped to safeguard
further against genotyping errors. Twenty-nine candidate genes were genotyped (see
Supplementary Table A, Supplemental Digital Content 2, http://links.lww.com/FPC/A55),
all derived from the review undertaken by Wadelius and Pirmohamed [3]. A combination of
tagging SNPs and functional variants, 196 in total, identified in a study undertaken in a
Swedish cohort [29] and explaining at least 95% of the genetic diversity in each candidate
gene were genotyped. Details of genotype frequencies at each SNP together with the number
of genotypes missing are summarized in Supplementary Table B (see Supplemental Digital
Content 3, http://links.lww.com/FPC/A56). Genotypes were classed as missing if they failed
quality control procedures.

Analysis of clotting factors
Analysis of clotting factors (II, V, VII, IX, X, proteins C and S) was carried out at the Royal
Liverpool University Hospital using an automated analyzer [Multi-Channel Discrete
Analyzer (MDA)-180; bioMérieux, Inc., Durham, North Carolina, USA]. Factors II, VII and
X activity levels were determined by a one-stage prothrombin time-based clotting assay
using specific factor-depleted plasmas (Precision BioLogic Inc., Dartmouth, Canada) and
simplastin human thromboplastin factor as the thromboplastin reagent (bioMérieux)
[coefficient of variation (CV): 5.5%]. Activity levels of factors V and IX were quantified by
a one-stage activated partial thromboplastin time-based clotting assay using factor-deficient
plasmas (Precision BioLogic) and MDA Platelin LS test kit – APTT reagent (bioMérieux)
(CV: 4.5%). Factor II activity levels were measured with a chromogenic method using
commercial kits (bioMérieux) (CV: 7%). A functional clotting assay based on the
prolongation of APTT was used to measure protein C activity using protein C-deficient
plasma and Protac (Technoclone GmbH, Vienna, Austria) (CV: approximately 7%), whereas
free protein S activity was measured with an immuneturbidimetric assay using commercial
kits of STA, Diagnostica Stago, Asnieres-sur-Seine, France (CV: 8%). All kits were used
according to the manufacturer’s recommendations.

Statistical analysis of association with outcomes of efficacy and toxicity
Assessing conformity with Hardy–Weinberg equilibrium—Statistical analysis was
undertaken for each SNP using the Hardy–Weinberg equilibrium (HWE) test function in the
genetics package of R (http://cran.r-project.org/web/packages/genetics/index.html). A P
value of less than 0.001 was assumed to indicate deviation from HWE.
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Assessing association with individual single nucleotide polymorphisms—Two
tests of association were undertaken for each SNP–outcome combination, and the maximum
test statistic referred to in each case. The first made no assumptions regarding the underlying
mode of inheritance (binary outcomes: Pearson’s χ2 test or Fisher’s Exact test; time to event
outcomes: log-rank test; continuous outcomes: analysis of variance), whereas the second
assumed an additive mode of inheritance (binary outcomes: Cochrane–Armitage test for
trend; time to event outcomes: log-rank test for trend; continuous outcomes: univariate
linear regression).

Assessing association with clinical factors—The following baseline clinical factors
were identified in advance as being of potential interest in terms of influencing response to
warfarin: age; sex; ethnic origin; BMI; levels of clotting factors II, V, VII, IX and X;
proteins C and S; indication for warfarin treatment; warfarin loading dose; medications that
interact with warfarin and pre-existing medical conditions. Each factor was univariately
assessed for association with each outcome. All statistically significant factors (P < 0.05)
were included in the multiple regression models described below. To confirm that timing of
initiation of warfarin relative to index visit had no effect on baseline clotting factor and
proteins C and S activity, patients were stratified according to this relative timing and mean
levels of activity compared between strata. No significant differences were found (data
available on request). For investigating interacting medications, a record was made of all
medications taken by each patient during follow-up, and all those known to interact with
warfarin (according to the British National Formulary [30]) were highlighted. Analyses were
limited to the eight drugs that were being commonly taken (by at least 10% of the
participants), namely simvastatin, amiodarone, omeprazole, unfractionated heparin, aspirin,
dalteparin, enoxaparin and clopidogrel.

Multiple regression models—To mirror previous attempts at developing models to
predict warfarin maintenance dose based on a combination of genetic and environmental
factors [4,6–8,11, 16–18,28,31,32], multiple regression models were fitted for each
outcome. These included covariates to represent all clinical factors significant univariately
(P < 0.05) as well as covariates representing the SNPs significant univariately [false
discovery rate (FDR) [33] < 0.05]. To avoid colinearity, correlation between each pair of
factors, as well as linkage disequilibrium (LD) between each pair of SNPs, was assessed
with only one from each highly correlated pair represented in the model. This was
particularly important when considering the clotting factors as they are in significant
correlation with each other. For each model, Nagelkerke’s r2 value was calculated.

Correction for multiple testing—For each test, the FDR [33] was calculated in addition
to the raw P value. When calculating the FDR, all analyses undertaken across the 29
candidate genes were accounted for.

Methodology used for the identification, measurement and valuation of healthcare
resource use and costs

An analysis adopting a UK National Health Service perspective was performed to quantify
the overall healthcare resource use and direct costs attributable to warfarin therapy. The time
horizon of analysis was 6 months, and all costs are reported in UK£ for the year 2006–2007.
Patients’ use of resources was categorized according to two general headings (i)
anticoagulation services; (ii) management of thrombotic and haemorrhagic and other
adverse events. Adverse events were assessed for causality, and the procedures, products
and services associated with their management were assessed retrospectively from patients’
notes. All other data were collected prospectively in the clinical forms. Unit costs were
obtained from National Health Service (NHS) reference costs for 2006 (Department of
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Health Reference Costs. http://www.dh.gov.uk/en/Publicationsandstatistics/Publications/
PublicationsPolicyAndGuidance/DH_082571), Curtis and Netten [34], and National Blood
Transfusion Service (National Blood Transfusion Service: http://hospital.blood.co.uk/
library/pdf/ncg_letter_Dec06_NBS__component_prices_2007_08.pdf) (see Supplementary
Table C, Supplemental Digital Content 4, http://links.lww.com/FPC/A57). Double counting
was avoided by acknowledging that NHS reference costs include low-cost drugs but exclude
some blood products (NHS costing manual).

Mann–Whitney U tests and Kruskal–Wallis tests were used to assess association between
resource use and baseline clinical and genetic factors (defined by age; sex; CYP2C9
genotype; VKORC1 genotype; adverse events; comedication; comorbidities; and smoking
status). Categorical variables were tested for significance by Fisher’s Exact test for
independence. P values less than 0.05 were considered statistically significant. Mean patient
costs per 6 months were reported with 95% bias corrected and accelerated confidence
intervals estimated using nonparametric bootstrap sampling. Two thousand samples were
taken for the calculation of each confidence interval. A multiple generalized linear
regression, including baseline clinical factors and genetic factors, with an inverse Gaussian
distribution and log link was used to model direct costs. The appropriateness of the link and
error distribution was tested using the Box-Cox and Park tests, respectively [35].
Nonparametric bootstrapping and generalized linear modelling were carried out using
STATA Version 8.2 (StataCorp LP, College Station, Texas, USA); other analyses were
conducted using SPSS Version 16.0.2 (SPSS Inc., Chicago, Illinois, USA).

Results
Patient demographics

The baseline demographic factors including underlying comorbidities are summarized in
Table 1. The majority of patients (n=309), 60% of whom were inpatients, had a target INR
range of 2–3, with the remaining two patients having a target range of 3–4. The majority of
the patients were White with atrial fibrillation being the most common indication for
warfarin therapy. There was significant variation in the loading doses prescribed. Sixty-three
percent were given 10 mg on the first 2 days, 17% were given 10 mg on day 1 followed by 5
mg on day 2, 7% were given 3 mg on both days whereas 5% were given 5 mg on both days.
The median number of INRs recorded for each patient was 16 (range: 1–57).

The maximum daily dose prescribed to a patient ranged from 1 to 18 mg (mean: 5.75 mg).
Mean daily dose ranged from 0.29 to 12.19 mg (mean: 4.25 mg). Number of dose changes
during follow-up also varied between patients, ranging from 1 to 34 (median: 7) for patients
with complete 26-week follow-up, reflecting the significant variation in stability of INR
between patients. Of the patients for which sufficient dose data was available (n=273), 13%
(n=35) were sensitive to warfarin whereas 4% (n=10) were resistant. Sixty-six percent of
patients (n=204) achieved stable dose during their follow-up and median time to stable dose
was 58.6 days. Median stable dose was 4 mg/day (range: 1–12 mg). As its distribution was
skewed, all analyses of stable dose were undertaken on its square-root transformation. Two
hundred and seventy-four patients achieved therapeutic INR during follow-up, and median
time to therapeutic dose was 10.6 days. Eighteen percent of patients (n=57) experienced an
INR greater than 4 during the first week of treatment and 22% (n=68) experienced at least
one bleeding event during follow-up, with 5% (n=16) experiencing a major bleed.
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Univariate analysis of associations between single nucleotide polymorphisms and
outcomes

All SNPs investigated had less than 5% genotypes missing (See Supplementary Table B,
Supplemental Digital Content 3, http://links.lww.com/FPC/A56) and less than 10% of
genotypes were missing for the majority of individuals. As the amount of missing genotype
data was small, no attempt was made at imputation. None were found to deviate from HWE.
Results from univariate analyses for association between each SNP in CYP2C9 and
VKORC1 and outcome are summarized in Table 2. In accordance with previous studies,
SNPs in both the VKORC1 and CYP2C9 genes were significantly associated with the
square root of stable warfarin dose. However, SNPs in CYP2C9, but not VKORC1, were
statistically significant at the FDR level for the outcomes INR greater than 4 within the first
week, time to stable warfarin dose and time to therapeutic INR. For the outcome of warfarin
sensitivity, although SNPs in both genes were statistically significant, those in CYP2C9
were generally more so. This is further illustrated by plots of mean INR profile during study
follow-up, stratified by genotype (Fig. 1). Individuals with variant genotypes were more
likely to be unstable in terms of INR control than those with wild-type genotypes,
particularly during the initiation phase of therapy.

Univariate analysis for the other 27 genes showed associations of a number of the SNPs with
the different outcomes, even after correction for multiple testing (Table 3). These can be
summarized as follows:

i. SNP rs3814637 in CYP2C19 was significantly associated with elevated INR during
the first week, stable dose and warfarin sensitivity.

ii. SNP rs2901783 in gene CYP2C18 was associated with warfarin sensitivity;
patients who were homozygous wild-type for this SNP achieved therapeutic INR
the fastest, the homozygous variant genotype group took the longest, with
heterozygotes occupying an intermediate position (Fig. 2b).

iii. A further two SNPs in CYP2C19, rs4417205 and rs17879456 (Fig. 2c and d,
respectively) also had an effect on time to therapeutic INR with a recessive mode
of inheritance, although for these SNPs, homozygous mutants are relatively rare
(n=7) and the results should be treated with caution. A significant P value was also
obtained for association between SNP rs3817939 in the clotting factor IX gene and
this outcome, but again the relevance of this finding is limited by the small number
of patients with the homozygous variant genotype (≤ 2).

iv. A further SNP, rs6976017 in gene CYP3A5 was also associated with warfarin
sensitivity.

v. For SNP rs8178607, which is in the protein S gene, the time to stable dose for the
wild-type and heterozygous genotype groups were similar, but the homozygous
mutant group seemed to achieve stability faster, suggesting a possible recessive
mode of inheritance for the variant allele at this SNP (Fig. 2a).

vi. One SNP, rs6018 in the clotting factor V gene, was associated with major bleeding
events.

CYP2C18 and CYP2C19 both exist within the CYP2C cluster on chromosome 10, together
with CYP2C9, and as such many SNPs within CYP2C18 and CYP2C19 are in reasonably
high linkage disequilibrium (r2 > 0.50) with SNPs in CYP2C9. Consequently, we
hypothesized that the significant associations found with SNPs in both CYP2C18 and
CYP2C19 could be because of this LD with CYP2C9. To investigate this, for each outcome
with which SNPs in CYP2C18 or CYP2C19 were significantly associated, a regression
model including CYP2C9 SNPs only was compared, using the likelihood ratio test, with a
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model that also included the CYP2C18 and/or CYP2C19 SNPs as appropriate. For the
outcome of INR greater than four during the first week, addition of the CYP2C19 SNP had a
significant effect (P =4.5 × 10−10). For the outcome warfarin sensitivity, addition of the
CYP2C18 SNP was not significant (P = 0.48), whereas the addition of CYP2C19 SNP was
significant (P = 1.47 ×10 −8). For the outcome of time to therapeutic INR, addition of both
the CYP2C18 SNPs and the CYP2C19 SNP had a significant effect on the model (P =3 ×
10 −7 and 6.14 × 10 −24 respectively). Furthermore, for the outcome of stable dose, the
addition of the CYP2C19 SNP had a significant effect (P = 2.09 × 10 −13).

Clinical and biochemical determinants of outcomes
A number of clinical factors, and clotting factor activity levels, were shown to be
significantly associated with the outcomes univariately (Table 4) (P < 0.05). Taking all
significant clinical and clotting factors together, the total proportion of variability in
outcome explained varied between the different clinical outcomes with r2 ranging from 0 to
0.33. Incorporation of SNPs found significant univariately (FDR < 0.05) into the multiple
regression models improved the proportion of variability explained for the outcomes of INR
greater than 4, warfarin sensitivity and the square root of stable warfarin dose (Table 4).

Microcosting exercise
Complete 6-months data were available for 254 patients (inclusive of 10 patients who had
died). During the study period, a total of 930 anticoagulation visits (median 3 per patient,
IQR 1, 5) and 4059 INR measurements (median 15 per patient, IQR 10, 20) were recorded.
Univariate analyses showed no significant association between any of the baseline clinical
or genetic factors and the number of appointments with the anticoagulation clinics or the
number of INR measurements (results not shown). Of the 70 (27.6%) patients who had
experienced a thrombotic or haemorrhagic adverse event, 16 (6.3%) required hospitalization.
VKORC1 status was associated significantly with hospitalization. Logistic regression
analysis controlling for age, sex and comorbidities in patients who experienced an adverse
event showed that the odds ratio for hospitalization was 8.35 [95% confidence interval (CI):
1.44, 48.35] for patients with the VKORC1 TT genotype compared with other genotypes.
The mean duration of hospital stay for any one admission was 7.5 days (median 5.5; range
1–26 days). However, no significant association was found between length of stay and any
of the clinical or genetic factors (results not shown).

The total cost of care for the evaluable cohort over the 6-months period was £98 480. The
management of warfarin-related adverse events contributed to 53% of this cost (£46 453),
with anticoagulation services accounting for the remainder; whereas the mean costs for the
179 patients who did not experience an adverse event was £178 (95% CI: 164, 192), those
who experienced an adverse event incurred a mean cost of £884 (95% CI: 554, 1837) (Table
5). Patients experiencing thrombotic events incurred a mean cost of care of £1865 (95% CI:
1204, 2527), compared with £579 (95% CI: 396, 889) in those who had complications
secondary to overanticoagulation. The multiple generalized linear regression was used to
assess the importance of age, sex, adverse events, concomitant interacting medications,
comorbidities, smoking status, CYP2C9 genotype and VKORC1 genotype in predicting
overall costs (Table 6). The model indicated that the presence of adverse events was a
significant predictor of total cost, after adjusting for the baseline clinical and genetic factors.
Total costs were estimated to be 4.50 (95% CI: 2.61, 7.77) times higher in patients who had
experienced adverse events versus those who had not (Table 6). Other variables were not
significant independent predictors of cost.
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Discussion
The response to warfarin therapy is associated with a number of genetic and environmental
determinants [3]. An ideal dosing algorithm should allow the patient to reach therapeutic
INR as soon as possible, without overshooting (or being underanticoagulated), with quick
and effective prediction of the stable maintenance dose, such that the patient does not have
wild swings in their INR. Although some bleeding events occur when a patient is within
therapeutic range, there is a significantly higher risk when the INR is elevated [36]. Thus, an
effective dosing algorithm would reduce bleeding complications, and would in theory,
reduce the frequency of INR monitoring visits. This is going to be a complex and difficult
task, and one that should not be underestimated. Even before the advent of pharmacogenetic
dosing, a number of dosing strategies have been described [37–40], none of which seem to
have been universally accepted.

To assess the difficulty, we have undertaken the most comprehensive assessment to date of
different outcomes that can be associated with warfarin anticoagulation to dissect the
clinical and genetic factors acting as determinants of response during the initiation as well as
maintenance phases of treatment. Our data show the complexity of the clinical factors
affecting anticoagulation response, and the variable contribution of polymorphisms in
CYP2C9 and VKORC1 (Table 2), in particular, and other candidate genes. The amount of
variability explained by individual SNPs and clinical factors (including age and BMI)
combined varied between 9 and 54%, depending on outcome. It is of note that the additional
variability in stable dose explained by genetic variants was 33%, and this is in line with the
prospective study published recently by Limdi et al. [41]. It is important to stress that the
aim of our analysis was not to develop a dosing algorithm. The numerous multiple
regression models built do not have the same clinical utility as a dosing algorithm and
should not be misinterpreted as such. However, these models were essential for identifying
the genetic factors that significantly contributed to warfarin response, after adjusting for
clinical factors, as well as for assessing the total influence of all significant clinical and
genetic factors in combination. The knowledge gained from these models should be used to
guide the development of future dosing algorithms (both loading and maintenance, as
appropriate), which will subsequently need to be validated independently and tested within a
randomized controlled trial setting.

We have also measured the clotting factor activity levels in the vitamin-K-dependent
pathway to assess their contribution to anticoagulation response to warfarin. Our aim here
was not to suggest measurement of coagulation factors in practice, but more to provide
mechanistic insight. Our data show that overall contribution of clotting factor activity levels
was relatively small (2–9% depending on outcome, results not shown).

In terms of the genetic determinants of response, we have analyzed 29 genes in the warfarin
response pathway. Our data show that CYP2C9 and VKORC1 are the most important
genetic factors, consistent with previous studies. However, it seems that CYP2C9 is more
important in determining the outcomes that reflect initial anticoagulation control (as shown
by the outcome measures INR greater than 4 in the first week, time to stable warfarin dose
and time to therapeutic INR), whereas VKORC1 is more important for determining what the
eventual stable dose will be (Table 2 and Fig. 1). These findings are consistent with two
recent studies [26,42], but are at odds with the findings of Schwarz et al. [25]. This may
reflect the different loading dose regimens used between the two populations, with the
higher loading doses in our population being reflected in the effect of CYP2C9 variation
initially. Furthermore, although Schwarz et al. [25] also investigated time to therapeutic
INR, this was defined as time to achieve first INR within therapeutic range, whereas our
definition was more stringent and required two consecutive INR measurements.
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Of the other genes analyzed, significant associations were found with a further six genes:
CYP2C18, CYP2C19, CYP3A5, PROS1, factor IX and factor V. The associations with
CYP2C18 and CYP2C19 may have been because of LD with CYP2C9, but our analysis
suggests that variants within these genes seemed to have an independent effect on warfarin
response, over and above that imposed by CYP2C9. The associations with the other genes
are unlikely to have any clinical relevance in relation to stable maintenance dose, consistent
with the recent studies in a Swedish cohort [26,43]. However, it is important to note that
many of the associations were with other clinically relevant outcome measures in our study
rather than stable dose; whether these parameters and their clinical and genetic determinants
can be used in any clinically significant manner, for example in loading dose algorithms, is
unclear at present.

The most important adverse clinical outcome associated with warfarin therapy is
haemorrhage. Clearly, stability of anticoagulation is an important surrogate in preventing
haemorrhage [36], but the relationship with INR is not perfect, with some bleeds occurring
at therapeutic INRs. In our patients, the rate of major haemorrhage was approximately
15.8/100 patient years consistent with previous studies [44]. An association between major
bleeding and CYP2C9 variants was present, but did not retain significance after correction
for multiple testing. This is likely to have been because of lack of power as the total number
of major bleeding events was small (n=16). An association with major haemorrhage was
also seen with the factor V gene; although this association is biologically plausible, the
effect size was small. Bleeding with warfarin has also previously been related to factor IX
polymorphisms [45,46]; although there was no association with bleeding in our patients,
there was a significant association with time to therapeutic INR (Table 3).

The majority of studies to date have concentrated on stable dose as an outcome measure
[47]. However, in our study, a third of patients did not achieve stable dose during their 26-
week follow-up period, supporting our suggestion that retrospective studies recruiting only
patients who have already achieved stable dose exclude a substantial patient subgroup.
Furthermore, it can be argued that stable dose can be achieved through regular INR
monitoring. As our data show, the majority of patients who have the wild-type genotypes,
even with the current dosing strategies, are more readily stabilized (Fig. 1), whereas
instability is particularly seen in those with variant genotypes who tend to be the most
sensitive in terms of dose requirements. Another group to consider is the patients who are
resistant to warfarin, who represented 4% of our cohort, where we cannot currently predict
stable dose requirements [48]. There is a great deal of effort ongoing internationally to
develop dosing algorithms. This has been led by the International Warfarin
Pharmacogenetics Consortium which recently showed that the greatest benefit of a
maintenance dose algorithm is seen in those patients on less than 3 mg/day or more than 7
mg/day of warfarin [49]. However, to date, no loading dose algorithm has been developed
although we are currently exploring this possibility, making use of the variability in loading
doses observed within our cohort. The acceptability of any dosing algorithms will ultimately
be dependent on demonstration of their clinical validity and utility through randomized
studies. Indeed the lack of randomized data has led the American College of Chest
Physicians to advise against the use of pharmacogenetic-based warfarin dosing [22]. There
have been two randomized trials, one of which only took account of CYP2C9 variants [50],
while another trial [51] was relatively small. There are two larger trials of pharmacogenetic-
based warfarin dosing planned, one in the US and the other in the European Union which
will hopefully provide some answers.

Another issue that will influence the implementation of pharmacogenetic-based dosing is
treatment cost [23]. We present some of the most detailed data on costs associated with the
use of warfarin. Our analysis indicates that the bootstrapped mean 6-month cost of
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healthcare that is directly attributable to warfarin therapy is £392, with the majority (53%)
resulting from the management of adverse events. This is comparable with previous
estimates from cost and economic analyses related to warfarin [52,53]. Our analysis showed
that patients who had experienced an adverse event and who were carriers of VKORC1 TT
(rs9923231) were eight times more likely to be hospitalized, but this was not accompanied
by an independent effect on total cost. However, this analysis should be regarded as
exploratory in nature, and needs to be replicated by other studies. Published economic
analyses of pharmacogenetic testing relating to warfarin therapy have assumed, rather than
directly measured, the level of healthcare resource use related to genotype in order to
calculate costs [23]. This gross-costing (top–down) approach is inferior to the microcosting
(bottom-up) approach adopted in this study. A microcosting analysis, which requires that
each component of resource use is measured and a unit cost derived for each, results in more
precise estimates of healthcare costs [54]. By adopting a 6-month analytic horizon, our
analysis may underestimate the true cost of adverse events, as costs related to the
rehabilitation and management of disability related to thrombotic events were not valued.
The analysis also excluded direct nonmedical costs, such as those borne by patients, which
have been reported as €12.20 (2003 figures) per patient, per anticoagulation clinic visit [55].
Despite the advantages of the microcosting exercise, it is nevertheless a limitation when
compared with cost-effectiveness analysis, which we are currently developing using the
comprehensive dataset presented in this study.

In conclusion, our prospective study highlights the complexity of warfarin pharmacogenetics
by showing that different genetic and environmental factors influence different outcomes.
Genetic variation in CYP2C9 is more influential during the initial treatment period, whereas
VKORC1 is more important in determining stable dose. This complexity needs to be
factored in to the future development of pharmacogenetic-based dosing algorithms both for
maintenance and initiation, particularly for patients at the extremes of the warfarin daily
dose requirements. Although recent genome-wide association studies have shown large
effects with only CYP2C9 and VKORC1, they have concentrated on stable maintenance
dose [43,56]. We are currently undertaking a genome-wide association study in a larger
patient population that will be analysed not only in relation to stable dose, but also with
reference to the other clinical outcome measures which have been described in this study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The mean international normalized ratio (INR) profiles in the patient cohort stratified by
CYP2C9 genotypes (a) and VKORC1 (rs9923231) genotypes (b). WT, wild type; MT,
mutant type.
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Fig. 2.
Kaplan–Meier plots of clinical outcomes associated with various single nucleotide
polymorphism (SNPs): (a) For SNP rs8178607, in the protein S gene, the association with
time to stable dose is shown; (b) for SNP rs2901783 in CYP2C18, (c) SNP rs4417205 in
CYP2C19 and (d) SNP rs17879456 in CYP2C19, the association with time to therapeutic
international normalized ratio (INR) is shown. WT, wild type; MT, mutant type.
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Table 1

Patient demographics

Characteristics Mean (range)/n (%)

Sex

 Male 184 (59%)

Age (years) 66 (19–95)

Weight (kg) 81 (36–172)a

Height (cm) 169 (125–195)b

Indication for warfarin Rx

 Atrial fibrillation 165 (53)

 Pulmonary embolism 75 (24)

 Deep vein thrombosis 43 (14)

 Cerebrovascular accident and transient
  ischaemic attacks

10 (3)

 Myocardial infarction 1 (0.3)

 Mechanical heart valve 1 (0.3)

 Otherd 16 (5)

Loading dose first 2 daysc

 10; 10 194 (63)

 10; 5 52 (17)

 3; 3 23 (7)

 5; 5 15 (5)

 7; 7 11 (4)

 8; 8 3 (1)

 1; 1 2 (1)

 Othere 9 (3)

Ethnicity

 White 304 (98)

 Black African 1 (0.3)

 Black Caribbean 1 (0.3)

 Black other 3 (0.9)

 Otherf 2 (0.6)

Medical/surgical history

 Cardiovascular disease 208 (67)

 Musculoskeletal problems 142 (46)

 Respiratory disease 102 (33)

 Gastrointestinal disease 84 (27)

 Endocrinological disorder 75 (24)

 Neurological disease 73 (23)

 Urological condition 45 (14)

 History of falls 27 (9)

 Renal disease 23 (7)
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Characteristics Mean (range)/n (%)

 Hepatic disease 9 (3)

Clotting factor activity levelsg

 Factor II 71.78 (8.37–140.69)

 Factor V 143.43 (11.11–249.66)

 Factor VII 57.80 (0.52–210.62)

 Factor IX 86.91 (4.63–231.49)

 Factor X 73.50 (17.74–151.89)

Protein Cg 60.46 (0.14–199.42)

Protein Sg 123.85 (26.73–254.28)

a
Weight is missing for five patients.

b
Height is missing for three patients.

c
Loading dose regime is missing for two patients.

d
Other indications for warfarin treatment include the following: prevention of clotting in arm for dialysis; axillary vein thrombosis; short

saphenous vein thrombosis; valvular heart disease; saggital sinus thrombosis; dilated left ventrical; occluded graft in leg; aortic and mitral
regurgitation; poor liver function and pseudoaneurysm; ischaemic leg; dilated left ventrical; brachial artery thrombosis; previous pulmonary
embolism and abdo clot; mitral stenosis and postsurgery (n=2).

e
Other loading dose regimes for the first 2 days include: (10, 6); (10, 8); (8, 7); (7, 10); (6, 7); (5, 10); (5, 0); (4, 4); (2, 2).

f
Other self-reported ethnicities include Hungarian, Black British.

g
These measurements are missing for one patient.
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Table 5

Six-month total costs for patients initiated on warfarin therapy

Subgroup Bootstrap mean
cost (£)

95% confidence
intervald

All patients 391.66 290.19, 742.74

Age

 < 65 years (n =87) 466.02 222.93, 1600.03

 ≥65 years (n= 167) 352.92 270.22, 480.31

Sex

 Male (n= 151) 404.56 246.97, 938.73

 Female (n =103) 372.74 280.81, 533.75

Smoking status

 Yes (n =211) 381.29 264.66, 735.79

 No (n =43) 442.53 260.11, 864.79

CYP2C9*2 (rs1799853) genotypea

 No mutant allele (n =191) 438.51 299.56, 883.34

 One mutant allele (n= 52)e 223.60 172.40, 355.00

CYP2C9*3 (rs1057910) genotypea

 No mutant allele (n =214) 403.25 284.53, 806.33

 One mutant allele (n= 27) 296.22 171.82, 730.22

 Two mutant alleles (n =2) 545.00 545.00,827.00

VKORC1 rs9923231 Genotypeb

 VKORC1 CC (n=99) 260.14 215.59, 355.79

 VKORC1 CT (n =123) 323.57 237.90, 483.21

 VKORC1 TT (n= 28) 1185.77 370.32, 4039.96

VKORC1 rs7294 genotypec

 VKORC1 GG (n= 93) 508.60 262.03, 1311.55

 VKORC1 AG (n= 124) 337.40 256.11, 484.28

 VKORC1 AA (n= 36) 383.67 208.11, 511.33

Warfarin-related adverse events

 No (n =177) 177.63 164.33, 191.54

 Yes (n =77) 883.64 554.14, 1837.17

 Thrombotic (n= 4) 1865.5 1204.00, 2527.00

 Overanticoagulation (n= 66) 579.48 395.75, 889.46

 Others (n= 7) 178.20 107.40, 237.00

Concomitant medication

 No (n =44) 260.11 193.05, 485.89

 Yes (n =210) 419.22 297.24, 799.52

 CYP450 enzyme inhibitors (n= 38) 390.50 222.55, 936.50

 Synergistic (n= 93) 534.64 294.40, 1588.58

 Mixed (n =77) 296.34 210.90, 493.36

Preexisting medical conditions
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Subgroup Bootstrap mean
cost (£)

95% confidence
intervald

 No (n =236) 384.33 167.61, 1224.67

 Yes (n =18) 392.21 283.48, 738.23

a
n= 243.

b
n=250.

c
n=253.

d
Bias-corrected and accelerated.

e
Including one patient with two copies of the mutant allele.
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Table 6

Multivariate generalized linear model of predictors of total cost related to warfarin therapy

Variables Coefficient (SE)
Relative change in total

cost associated with
variable (baseline =1)

Age 0.0026 (0.0057) 1.0026 (0.9914, 1.0139)

Femalea 0.0952 (0.1455) 1.0999 (0.8270, 1.4627)

CYP2C9 rs1799853b − 0.2075 (0.1550) 0.8126 (0.5998, 1.1009)

CYP2C9 rs1057910c

 One mutant allele − 0.3539 (0.1965) 0.7020 (0.4776, 1.0318)

 Two mutant alleles 0.2418 (0.9024) 1.2736 (0.2172, 7.4676)

VKORC1 rs9923231

  genotyped

 VKORC1 C/T − 0.0017 (0.1599) 0.9983 (0.7297, 1.3657)

 VKORC1 T/T 0.1044 (0.3273) 1.1100 (0.5844, 2.1083)

VKORC1 rs7294 genotypee

 VKORC1 A/G 0.0625 (0.1543) 1.0645 (0.7867, 1.4405)

 VKORC1 A/A 0.0267 (0.2431) 1.0271 (0.6377, 1.6542)

Warfarin-related adverse eventsf 1.5042 (0.2789)* 4.5005 (2.6052, 7.7747)

Smokingg 0.1454 (0.1832) 1.1566 (0.8076, 1.6562)

Concomitant medicationh

 Synergistic 0.0503 (0.1870) 1.0516 (0.7289, 1.5172)

 CYP450 enzyme inhibitor 0.0806 (0.2163) 1.0839 (0.7094, 1.6561)

 Mixed − 0.1082 (0.1835) 0.8975 (0.6264, 1.2858)

Preexisting medical conditionsi − 0.1062 (0.3702) 0.8993 (0.4353, 1.8578)

Intercept 5.0916 (0.5042)*

a
Reference category male.

b
Reference category ‘no mutant allele at rs1799853’.

c
Reference category ‘no mutant allele at rs1057910’.

d
Reference category VKORC1 rs9923231 C/C (wild-type genotype).

e
Reference category VKORC1 rs7294 G/G (wild-type genotype).

f
Reference category ‘no adverse event’.

g
Reference category ‘nonsmokers’.

h
Reference category ‘no concomitant medications’.

i
Reference category ‘no comorbidity’.

*
Statistically significant at P value <0.001.
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