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Purpose: A randomized controlled trial was conducted in patients
initiating warfarin to determine whether algorithms that incorporate
genotypes affecting warfarin metabolism and function, and Vitamin K
metabolism improve prediction of therapeutic warfarin dose and anti-
coagulation management. Methods: A total of 230 patients were ran-
domized to either a clinical arm where dosing algorithms considered
only clinical information or an interventional arm where dosing algo-
rithms used clinical and genotypic variables (CYP2C9, CYP4F2, and
VKORC1). Subjects in the interventional arm were genotyped within 5
hours, and the initial dose was informed by genotype. Primary endpoints
were absolute prediction error relative to therapeutic dose, and time in
therapeutic target range during the first 14 days. Secondary endpoints
included time to stable dose in therapeutic range, time to first interna-
tional normalization ratio �4, and warfarin-related adverse events.
Results: The model including genetics more accurately identified ther-
apeutic dose twice as often as the clinical model (65.3% vs. 34.7%)
(P � 0.0001). Patients in the interventional arm did not achieve greater
time in therapeutic range. Study arms were similar regarding time to
international normalization ratio �4 and adverse events. Conclusion:
Genotype-informed dosing clearly improved prediction of therapeutic
dose beyond that available with clinical parameters. Genetic informa-
tion did not affect time in therapeutic target range during the first 14
days of therapy. Current management practices with the vagaries in
dose adjustment after warfarin initiation exert a strong influence on
traditional clinical outcomes. Genet Med 2011:13(6):509–518.
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Until very recently, warfarin has been the only US Food and
Drug Administration-approved oral anticoagulant and is

still the drug of choice for long-term anticoagulation.1 However,
warfarin ranks among the top 10 drugs causing serious adverse
events and emergency room visits.2 The safe use of warfarin is
hampered by a narrow therapeutic index and substantial inter-
individual variation in dose requirements. Until an individual’s
therapeutic dose of warfarin is known, patients on warfarin
therapy are at high risk for serious adverse health events,

especially during drug initiation and when the international
normalization ratio (INR) is above the therapeutic target range.3

Interindividual variation in warfarin dose is mediated by
multiple factors.4–6 Approximately 20% of the variability is
explained by age, presence of comorbidities (e.g., diabetes,
cancer, renal or liver disease, and concomitant use of some
medications), and other personal characteristics (e.g., gender,
smoking, and body size).7 An additional 35% of dose variability
is attributed to polymorphisms in CYP2C9, VKORC1, and
CYP4F2 genes.8–10 For each of these genes, there is a clear
biological pathway linking genetic variations to warfarin dose
response. The CYP2C9 enzyme metabolizes warfarin, and poly-
morphisms in this gene reduce enzymatic activity, leading to
markedly lower therapeutic doses of warfarin in patients with
these polymorphisms. Warfarin blocks VKORC1 enzyme ac-
tivity, which catalyzes the reduction of Vitamin K1 and its 2,3
epoxide. The reduced form of these compounds serves as a
cofactor for the gamma glutamyl carboxylase that generates the
active form of clotting factors II, V, VII, and IX. The genetic
variants in VKORC1 result in a reduction of warfarin dose
requirement by approximately 25% per variant allele.9 The
Cyp4F2 enzyme cleaves the phytal side chain of Vitamin K
leading to inactive metabolites.11 The genetic polymorphism in
CYP4F2 increases warfarin therapeutic dose by up to 12% per
allele.10 Advanced models using combinations of clinical attri-
butes and these genetic factors explain 50–55% of variability in
warfarin dose requirements.12,13

The development of warfarin dosing models, leveraged
significantly by recent genetic discoveries, spurred interest in
their potential application to improve patient safety by re-
ducing or eliminating serious adverse health events. There-
fore, we conducted a prospective, randomized, blinded, two-
arm trial to determine whether initial warfarin dosing based
on an algorithm using relevant genetic polymorphisms and
clinical parameters (genetic � clinical arm) was superior to
an algorithm using only usual clinical parameters (clinical-
only arm) in predicting stable therapeutic dose of warfarin
and in anticoagulation outcomes.

METHODS

Study objective
The objectives of the study were to determine the degree to

which algorithms using clinical and genotypic variables that
affect warfarin metabolism and function improve prediction of
therapeutic warfarin dose and management of anticoagulation
during the initiation period compared with clinical variables
alone. Primary study endpoints were (1) absolute prediction
error relative to therapeutic dose and (2) time in therapeutic
target range during the first 14 days of therapy.

Patient eligibility, consent, and enrollment
The study was approved by the Institutional Review Board of

Marshfield Clinic. Additional oversight was provided by a Data
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Safety Monitoring Board (DSMB), which met three times dur-
ing the course of the trial. The DSMB reviews focused on safety
data, but one meeting included a formal interim analysis. The
study was registered at www.clinicaltrials.gov under protocol
NCT00484640: Modeling genotype and other factors to en-
hance safety of coumadin prescribing before enrollment of
subjects. All participants provided written informed consent
before trial enrollment.

Potentially eligible subjects included those new to warfarin
therapy and those restarting therapy without a documented stable
warfarin dose available in the medical record. Most subjects were
initially identified through screening of the Marshfield Clinic elec-
tronic medical record for medical indications that require warfarin
therapy. Some patients were referred to the study by physicians at
Marshfield Clinic. Additional inclusion criteria were established to
ensure that subject characteristics aligned closely with character-
istics of the population on which algorithm parameters were esti-
mated, including male and female patients of white ancestry (in-
cluding Hispanic white), 40 years of age or older, and target INR
range between 2 and 3.5. The dosing algorithm was limited to
whites during development as the available population was �98%
white, with insufficient numbers of subjects of other races. The
study was initiated before the recent publication of other algo-
rithms and was the only algorithm at the time that included
CYP4F2. Exclusion criteria included pregnancy, known Native
American, African American or Asian descent, thrombocytopenia,
severe to moderate hepatic insufficiency, and other clinical contra-
indications for warfarin as deemed by the patient’s physician.
Women of childbearing potential were required to use an effective
method of contraception.

Blinding
Study investigators who performed genetic testing were

blinded to all aspects of patient care. Study physicians, nurses,
and research coordinators were blinded to randomization of the
subjects and to genotype. Patients were not blinded to their
initial dose or dose adjustments. Attending physicians had ac-
cess to all dose data but not to genotype or study arm assign-
ment of their patients.

Study period
The study was designed to assess the impact of genetic-

informed initial warfarin dose on commonly accepted clinical
indicators, such as time in therapeutic range within the early
initiation period when some experts, including ourselves, antic-
ipated the effects of genotype-based dosing would be most
evident.14 A 60-day period was selected as a compromise be-
tween the more common 90-day period and a shorter 30-day
period, which was thought to capture the effects of genotype-
based initial dosing.15

Study intervention

Genetic testing
Genetic testing was performed in compliance with Clinical

Laboratory Improvement Act-regulated procedures. The CYP2C9,
VKORC1, and CYP4F2 genotypes were determined using In-
vader� chemistry in a laboratory analysis developed with ana-
lyte-specific reagents manufactured by Third Wave Technolo-
gies (TWT, Madison, WI). The CYP2C9 assay detects
CYP2C9*2 and CYP2C9*3. The VKORC1 assay detects posi-
tion-1639. The CYP4F2 assay detects rs2108622. The CYP2C9
and VKORC1 assays have accuracy �99%.16,17 Before initia-
tion of the trial, the CYP4F2 assay was validated with 100%
concordance by sequencing nine samples using Big Dye Ter-

minator 3.1 cycle sequencing with results read on an Applied
Biosystems Prism™ 3100 Genetic Analyzer. Twenty-one sam-
ples were tested by both the TWT CYP4F2 research-use-only
assay and Affymetrix DMET panel with 100% concordance.
Additionally, synthetic targets for both alleles were tested and
gave the expected result. Finally, four sets of trios from the
HapMap project obtained from Coriell Institute for Medical
Research (Camden, NJ) were tested and gave the correct result.

Leukocyte DNA was extracted from blood samples using
QIAamp blood mini kit (Qiagen Inc., Valencia, CA). A positive
control (DNA sample heterozygous for each allele of each
gene tested), a negative control (water), and a heterozygous
synthetic target were analyzed with each run to ensure that
the test was functional. Test results were copied directly from
the TWT report form into a dose calculation application
within the study database. Twice per year, samples selected
to cover all combinations of alleles were retested using the
TWT assay and sequenced using Big Dye terminators to
validate accuracy of the assay.

Initial warfarin dose
Blood was collected from all subjects at the time of enrollment.

Subjects randomized to the genetic � clinical arm were genotyped
in real time, so that their initial warfarin dose could be informed by
their genotypes. Blood from subjects randomized to the clinical-
only arm was frozen at �80°C and genotyped after these
subjects completed the trial. Therapeutic warfarin dose was
estimated individually for each subject using the algorithms
presented in Table 1. Marshfield pharmacogenetic models for

Table 1 Algorithms for initial warfarin dose

Variables

Genetic � clinical arm
parameter estimates,

regression model for log (dose)
CYP2C9*1 genotypes only

Clinical-only arm
parameter estimate,
regression model
for log (dose)

Intercept 4.004 � 0.177 3.458 � 0.243

CYP2C9 �0.186 � 0.017 —

VKORC1 �0.340 � 0.019 —

VKORC1 Het 0.069 � 0.025 —

CYP4F2 0.111 � 0.018 —

Male 0.061 � 0.029 0.085 � 0.040

Valve 0.165 � 0.031 0.633 � 0.264

Age �0.009 � �0.001 �0.009 � 0.002

BSA 0.320 � 0.063 0.258 � 0.085

Age*Valve — �0.007 � 0.004

Genetic � clinical arm geometric means, non-*1 genotypes

Genotype Dose (mg/wk)

*2/*2 24.9

*2/*3 14.8

*3/*3 8.1

Definition of coding variables: gender: 1 for male and 0 for female; valve
replacement indicator: 1 for yes and 0 for no; age in years; BSA, body surface area
(m2); CYP2C9 code: 1 for *1/*1, 2 for *1/*2, and 3 for *1/*3; VKORC1 code: 1
for GG, 2 for heterozygote, and 3 for CC; VKORC1 heterozygote indicator: 1 for
het and 0 other; and 4F2 genotype: 1 for CC, 2 for CT, and 3 for TT.
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predicting therapeutic warfarin dose were first developed and
validated in 200418 and have been further refined and tested
since that time.5,10,14 These multivariable regression models use
relevant clinical parameters with or without genotype informa-
tion. Because the model development cohort included few pa-
tients with no wild-type CYP2C9 alleles (*1), multivariate mod-
els were not established for those subjects who were
CYP2C9*2/*2, CYP2C9*2/*3, or CYP2C9*3/*3. For those ge-
notypes, the genetic � clinical algorithm used the simple geo-
metric mean doses from subjects in the model development
cohort. The estimated dose was prescribed as the initial dose.
All clinical data required for the algorithms were entered into
the trial database. Once the data for a subject were entered, a
database application randomized the subject and alerted labo-
ratory staff as to whether the blood sample should be stored or
genotyped immediately (completed within approximately 5
hours). For those genotyped immediately, laboratory staff en-
tered genetic results into the trial database as soon as they were
available. After all data required for the algorithm were entered,
the database application calculated the assigned dose and noti-
fied nursing staff by e-mail. The database application also
allowed trial staff to check on the status of patients enrolled at
any time.

Nonhospitalized study subjects were supplied with starter
kits containing Coumadin� pills in 1, 2, and 5 mg concentra-
tions to take with them after the clinical visit during which they
enrolled. By providing various concentrations, subjects could
return home while genotyping was performed. Brand name
Coumadin� was used throughout the study to eliminate vari-
ability that may be due to differences in formulation among
warfarin manufacturers.

Once the assigned dose was available, a trial nurse contacted
the subject by telephone and provided instructions on the cor-
rect pill or combination to be taken. For subjects recruited
during hospital stays, trial nurses and physician investigators
coordinated Coumadin� therapy through the hospital pharmacy.
All outpatient follow-up was conducted by trial nurses during
the 60-day trial period. Coumadin� was supplied to all subjects
without cost for the duration of their 60-day enrollment in the
trial. Patients did not receive financial remuneration for partic-
ipating in this study.

Dose adjustment
Subjects received normal care for dose adjustments from

nurses in the Marshfield Clinic Anticoagulation Service (ACS)
or from one of two physician study investigators for hospital-
ized patients, using well-established ACS guidelines. Estab-
lished in 1999, the ACS is nurse managed, physician led and has
a demonstrated record for high-quality care.19 ACS dose guide-
lines are based on consensus anticoagulation management strat-
egies from the American College of Cardiology and the Amer-
ican Heart Association and are described by Ansell et al.20

Figure 1 summarizes dose-adjustment processes in the first 10
days of therapy. INR measurements made by the clinical labo-
ratory were used to inform dose adjustments.

Randomization
The trial randomization list was created using a random

number generator in SAS� statistical software (SAS� is the
registered trademark of SAS Institute Inc. in the United States
and other countries; � indicates US registration). Assignments
to the two trial arms were blocked to ensure nearly equal
numbers in each arm using randomly alternating block sizes of
two and four. The randomization list was stored in the trial
database application, but the list could only be accessed by the

trial programmer. Randomization of individual subjects oc-
curred after consent but before genotyping using the database
application.

Study outcomes
The primary study endpoints were (1) absolute prediction

error relative to therapeutic dose and (2) time in therapeutic
target range during the first 14 days of therapy. Secondary
endpoints were (1) time to therapeutic dose; (2) time to first
INR �4; and (3) warfarin-related adverse health events.

Therapeutic dose
Therapeutic dose for the trial was defined as the average

daily dose of warfarin in milligrams required to maintain a
patient within target INR range as validated by two in-range
measures taken at least 3 days apart, where the dosing
regimen was consistent in the period from 6 days before the
first INR through the last INR. This definition requires a
consistent dosing regimen for at least 10 days, where con-
sistent dosing was defined as requiring that the dose change
by no more than 0.5 mg during the period. Although clinical
management evaluates dosing on a weekly basis allowing for
some variation in dosing from day to day, for trial purposes
the total weekly dose was to be administered in seven ap-
proximately equal amounts.

For subjects who did not reach a trial-defined therapeutic
dose during their trial period (n � 77), we examined INR and
dose data for an additional 60 days after their trial period to
determine whether a clinically defined therapeutic dose could be
determined. We developed an estimate of therapeutic dose in a
manner analogous to our trial-defined stable dose: two consec-
utive in-range INRs were required that were at least 3 days
apart, and the weekly dose remained constant for the period
beginning 6 days before the index INR through the date of the
trailing INR. The principal difference between trial and clini-
cally defined dose was that the time period between INR mea-
sures tended to be longer in the maintenance phase compared
with the initiation period. Ultimately, we were able to determine
a clinical therapeutic dose for 23 of the 77 (30%) subjects who
did not achieve therapeutic dose in the trial period.

Dose prediction errors
To calculate absolute prediction errors relative to therapeutic

dose for each subject with data available, we determined the
absolute value of the difference between the observed therapeu-
tic dose and the algorithm-estimated dose. The absolute value
was used as the endpoint, as both underdosing and overdosing
increase patient risk. Because genetic data were available for
analyses for all subjects regardless of their randomized assign-
ment, and because the clinical factors were identical in both
models, analyses were conducted that compared therapeutic
dose with predicted starting doses for both clinical-only and
genetics-clinical algorithms in all subjects regardless of ran-
domized assignment. We also evaluated a “standard of care” 5
mg starting dose.

Time in therapeutic target range
Time in therapeutic target range during the first 14 days was

calculated using two methods. The first was the simple percent-
age of days where INR was within range among those days
where INR was measured. The second was as a weighted
measure that interpolated the INR between two consecutive
tests21 and then weighted proportionately by how close the INR
was to target, resulting in a risk-weighted outcome measure.
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Fig. 1. Dosing decision model during warfarin initiation days 1–10. The dosing decision tree used during the first 10 days
after warfarin initiation is shown, which was used to adjust patient warfarin dosing. RCT, refer for clinical testing.
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The weights were based on published relative risks3,22 and the
clinical judgment of the study investigators (Table 2).

Time to achieve therapeutic dose
Time to achieve therapeutic warfarin dose was defined as the

number of days from initiation to the first INR used (as above)
to determine therapeutic dose.

Time to INR �4
Time to first INR above 4 was measured as the number of

days from warfarin initiation to the first reported INR �4.0.

Warfarin-related adverse events
Warfarin-related adverse drug events reported to the DSMB

were defined as serious events that occurred during the trial
including all deaths and other unanticipated health events, par-
ticularly thromboembolic events and serious hemorrhagic
events. For completeness, all less serious thromboembolic and
hemorrhagic events were also recorded. A standard adverse
event report form was used to collect data on the patients as the
adverse events occurred. Adverse events were collected through
contact with the patients during the study and by abstraction
from the patient’s electronic medical record.

Statistical power and sample size
The trial recruitment goal was 130 subjects in each arm.

Based on our data from previous studies, this was estimated to
provide at least 80% statistical power (two-sided tests with � �
0.05) for each of our two primary outcomes assuming effect
sizes of 15% and evaluable data on at least 90% of those
enrolled.

One formal interim analysis was planned using an O’Brien
and Fleming23 bound (� � 0.005 for the interim analysis, and
� � 0.048 for the final analyses). Evaluation of the interim
analysis resulted in recommendation by the DSMB for contin-
uation of the trial.

The rate of enrollment was slower than anticipated, and even
though trial enrollment was extended from 12 to 19 months,
final enrollment achieved was 115 subjects per arm (88.5% of
goal). After conditional power calculations showed very low
power for observing a significant difference with respect to time
in therapeutic range, even if the targeted enrollment was pur-
sued, the trial investigators, the trial sponsor (Agency for

HealthCare Research and Quality), and the DSMB agreed that
the trial should close.

Statistical analysis
Baseline characteristics were summarized by randomized

arm to describe the subjects enrolled and to illustrate the bal-
ance achieved by the randomization. The simple and risk-
weighted time-in-range variables were summarized with medi-
ans, and the trial arms were compared using the Wilcoxon
rank-sum test. The primary analysis of the absolute prediction
errors was based on a general linear mixed model. Our previous
experience with this outcome showed a distribution that was
skewed but was well normalized by Box-Cox24 transformations.
The primary analyses were, therefore, performed on the opti-
mally transformed measures. The errors under each model were
calculated for each patient, one for each study arm, with the
correlation of these repeated measures within subjects incorpo-
rated in the mixed model. An additional term was added to the
model to indicate the trial arm actually assigned and to allow
the possibility that the initial dose assigned somehow affected
the determination of therapeutic dose.

Secondary analyses included time-to-event (survival) analy-
ses for the time to achieve therapeutic dose and for the time to
the first INR �4. The Kaplan-Meier method25 was used to
estimate the survival functions, and tests of differences in event-
free survival were based on the generalized Wilcoxon test.26

It was expected that serious adverse events among partici-
pants during the trial would be rare and generally unrelated to
study assignment. Given the low statistical power for event
comparisons, adverse events were described by trial arm but
were not statistically compared by arm.

RESULTS

Study enrollment occurred over a 19-month period, begin-
ning in June 2007, during which 1971 patients were screened
for eligibility, and 230 were enrolled and followed throughout
the trial as shown in Figure 2. Only 20 (1%) eligible patients
declined enrollment into the study. The primary reasons for
screen failure were (1) a previously documented warfarin dose
history, (2) physician treatment decisions, (3) logistic chal-
lenges (e.g., patient was a nursing home resident), and (4)
inadequate time to enroll and genotype prospective subjects

Table 2 Analysis of time in range for the first 14 study days

INR % time in range based on the simple fraction

N Mean SD 25% Median 75%

Clinical only 112 30.8 18.4 14.3 28.6 42.9

Genetic � clinical 113 29.1 15.5 16.7 28.6 37.5

p � 0.564

INR risk-weighted time in rangea

N Mean SD 25% Median 75%

Clinical only 112 1.20 0.15 1.14 1.18 1.24

Genetic � clinical 113 1.21 0.12 1.15 1.18 1.24

p � 0.891
aWeights: 1.25, INR below range; 1.0, INR in range; 1.25, INR near above; 2.0, INR �4; 3.0, INR �6; and 5.0, INR �8.
SD, standard deviation.
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before their first warfarin dose due to either late identification of
potential subjects or late decisions by physicians to initiate the
patient on warfarin.

Study subject demographics by study arm are summarized
in Table 3. The arms were similar at randomization with
respect to gender, age, body surface area, and indication for
anticoagulation therapy. Genotypes by study arm are sum-
marized in Table 4. Although the frequency of the VKORC1
“G/G” allele was somewhat higher in the genotype � clinical
arm (46% vs. 36%), the distributions were not significantly
different (P � 0.305).

The final study status by randomized arm for all 230 subjects
is summarized in Figure 2 and Table 5. A total of five withdrew
consent, including two who withdrew before starting warfarin.
In addition, two other subjects enrolled but did not start warfarin
therapy. Four patients died while in active follow-up (none due
to trial-related causes). Thirty-five subjects discontinued early
(including one who subsequently died), with the primary reason
for discontinuation being the termination of warfarin therapy.
One hundred eighty-four subjects (80%) completed the entire
60-day trial period, with a total of 12,104 subject-days accrued
in the trial. Even among those who did not complete the entire
trial, a large majority (42/46) provided some data for analyses
before they discontinued. Therapeutic dose was established for
176 subjects, 91 of 115 (79%) in the genetic � clinical arm and
85 of 115 (74%) in the clinical-only arm.

There were 65 dosing deviations documented during the
study (Table 6). Six subjects inadvertently received their first
dose based on physician orders rather than trial assignment.
This occurred twice when hospital staff started a subject on
warfarin before notifying study staff, twice due to errors by trial
staff, once due to a genotyping delay, and once due to a
database error. In these cases, the assigned trial dose was started

on Day 2 of therapy. The overwhelming majority of dosing
deviations were documented events of subjects forgetting to
take a dose or instances where a nontrial physician treated the
these deviations are similar to what is observed in the usual
clinical management of warfarin patients.

Dose changes within the first 3 days of therapy were
attributable to changing patient conditions, including indica-

Fig. 2. Flow diagram showing the number of trial subjects at each stage.

Table 3 Demographics of randomized arms

Clinical only Genetic � clinical

N 115 115

% Female 39 43

Indication for warfarin

Arrhythmia 49% 43%

Thromboembolic disease 38% 38%

Valve surgery 17% 21%

Hospitalized at initiation 81% 80%

Days hospitalized after initiation

Median (min, max) 3 (1, 85) 3 (1, 33)

Age (yr)

Median (min, max) 69.2 (40.0, 90.6) 67.4 (40.4, 89.6)

Body surface area

Median (min, max) 1.98 (1.23, 2.95) 1.96 (1.36, 2.65)
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tions for warfarin, surgery/procedures, and bleeding (n �
11); unanticipated steep increases in INR (n � 27) often
accompanied by other drug initiation (e.g., Amiodarone,
Levaquin, or statins) or low INR response (n � 5); dose
inconsistency in hospital records (n � 2); late study enroll-
ment (n � 1); or patient error (n � 2).

Prediction errors
Actual and predicted doses for the 176 study subjects (76%)

with therapeutic dose determined are shown in Figure 3. Sub-

jects in the figure are sorted from left to right in order of the
relative errors in the two models. The 61 subjects (34.7%) on
the left side of Figure 3 were better predicted by the clinical-
only model, while the 115 subjects (65.3%) on the right were
better predicted by the genetic � clinical model. The model
including genetics provided the best prediction of therapeutic
dose nearly twice as often as the clinical model. The median
absolute prediction error was 1.32 mg/day for the clinical-only
model, and 0.80 mg/day for the genetic � clinical model. The
median difference in absolute errors between models was 0.39
mg/day (95% confidence limits: 0.26–0.57 mg/day), favoring
the model which included genotype.

The results provide very strong evidence that the model
including genotype predicts therapeutic dose better than the
clinical-only model (P � 0.0001). Moreover, both trial models
were superior to a common clinical “standard of care” of 5
mg/day in predicting therapeutic dose. Predictions from the
genetic � clinical model were better in 69% of comparisons
with 5 mg/day dosing, whereas the clinical-only model was
better in 60% of comparisons.

Time in therapeutic target range
Summaries of the primary study endpoint of time in range are

presented in Table 6. A total of 225 (98%) subjects had some
INR results in the first 14 days after enrollment for analysis,
with between 1 and 14 INR results (median 8 in each arm)
available per subject. The medians for the simple percent time
in range were 28.6% in both arms (P � 0.564). The risk-
weighted time in range has been scaled (Table 6) relative to
target, with the ideal INR (minimum risk) scaled as 1.0, and the
value increasing proportionally from 1.0 for INRs further from
the target, to a maximum risk of 1.25 for INRs below range, and
to a maximum risk of 5.0 for INRs � 8. The medians for
risk-weighted time in range were 1.18 in both arms with no
evidence of differences in time in range between the random-
ized arms (P � 0.891).

Time to stable therapeutic dose
Observed times to stable therapeutic dose were very similar

in the two arms (P � 0.90). Estimates of the median times to
stable therapeutic dose were 31 days (95% confidence interval:
24–36 days) in the clinical-only arm and 29 days (95% confi-
dence interval: 23–36 days) in the genetic � clinical arm.
Therapeutic dose was established in 176 subjects. Subjects for
whom therapeutic dose could not be reliably determined (n �
54) included subjects who withdrew from the trial, died, or were
taken off warfarin for clinical reasons, as well as some where
the therapeutic dose was difficult to establish and was not
determined by the end of the trial.

Table 5 Final subject status

Randomized arm

Clinical
only

Genetic �
clinical

N Percentage N Percentage

Completed 60 days 87 75.7 97 84.3

Discontinued protocol early—
deceased

3 2.6 1 0.9

Discontinued protocol early—
may followa

20 17.4 15 13.0

Discontinued protocol early—
withdrew

3 2.6 0 0.0

Enrolled but never started
warfarin

1 0.9 1 0.9

Enrolled withdrew before
initiation

1 0.9 1 0.9

aSubjects who discontinued warfarin for medical reasons and who were followed
postdiscontinuation to ensure that trial outcomes were not affected by discontin-
uation decisions.

Table 4 Genotype by randomized arm

N (%)

Clinical only Genetic � clinical

CYP2C9

*1/*1 67 (59.8) 73 (64.0)

*1/*2 26 (23.2) 25 (21.9)

*1/*3 16 (14.3) 12 (10.5)

*2/*2 1 (0.9) 2 (1.8)

*2/*3 2 (1.8) 1 (0.9)

*3/*3 0 1 (0.9)

VKORC1

GG 40 (35.7) 52 (45.6)

GA 52 (46.4) 43 (37.7)

AA 20 (17.9) 19 (16.7)

CYP4F2

CC 53 (47.3) 59 (51.8)

CT 49 (43.8) 51 (44.7)

TT 10 (8.9) 4 (3.5)

Table 6 Frequency of dose deviations

Randomized arm

Clinical only Genetic � clinical Combined

Deviation from
assigned initial
dose

2 4 6

Other dosing
deviationa

35 25 60

Combineda 37 28 65
aMay include multiple actions per subject.

Genetics IN Medicine • Volume 13, Number 6, June 2011 Trial of genotype-based Coumadin initiation

Genetics IN Medicine • Volume 13, Number 6, June 2011 515



Time to INR �4
When INR exceeds 4.0, the risk for intracerebral hemorrhage

begins to exponentially increase with increase in INR.3 During
the trial, INR exceeded 4.0 in 39 subjects (35% of 112 subjects
with data) in the clinical-only arm and in 43 subjects (38% of
113 subjects with data) in the genetic � clinical arm. The study
arms were very similar with respect to the time to INR �4.0
(P � 0.94).

Adverse events
In total, 16 adverse events (eight in each arm) that met

DSMB criteria for review were observed in the trial (Table 7),
which includes five deaths (three cancer, one central nervous
system, and one cardiac), seven hemorrhagic, and four
thromboembolic events. None of the deaths were deemed
study related.

All thromboembolic and hemorrhagic health events identi-
fied during the trial, whether or not they met the DSMB criteria

for review, are summarized by their severity in Table 8. A total
of 100 events (six life threatening and one fatal) in 61 subjects
were observed in the clinical-only arm, whereas 112 events (two
life threatening) in 54 subjects were observed in the genetic �
clinical arm. Minor events (little or no clinical significance)
represented 85% of the events observed.

DISCUSSION

Despite the existence of several algorithms that predict stable
warfarin dose, these algorithms have not been incorporated into
clinical practice because a direct patient benefit associated with
genetic-based warfarin dosing has not been demonstrated. Al-
though there is no current requirement to obtain genetic infor-
mation before warfarin initiation, the Coumadin� package insert
provides a range of stable maintenance doses based on combi-
nations of CYP2C9 and VKORC1 gene variants and recom-
mends, based on Food and Drug Administration guidelines, that
these ranges are considered in choosing the initial dose.

Our randomized trial of genetic-based warfarin dosing used
an algorithm that incorporated genotype data for VKORC1,
CYP2C9, and CYP4F2, as systematic association of polymor-
phisms in these genes with warfarin dose has been validated,
and these polymorphisms are believed to be the major genetic
contributors to stable therapeutic dose of warfarin. The algo-
rithms used for warfarin dose adjustments during warfarin ini-
tiation were those used by Marshfield Clinic’s ACS. The use of
these guidelines was previously shown to result in high-quality
patient care, with estimated time in range �70% for patients in
maintenance phase.19

In general, patients who were dosed based on both genetic
and clinical data received a starting warfarin dose that was

Fig. 3. Prediction by model. Model predictions relative to therapeutic observed dose are shown for both the clinical-only
(●) and genetic � clinical (E) models. Results are scaled, such that perfect prediction of dose results in the value 1. Results
for the same subject are connected with a vertical line. Subjects are sorted by model difference, with 61 subjects where
the clinical-only model gave the best prediction to the left of the vertical reference line and 115 subjects where the genetic
� clinical model gave the best prediction to the right. Prediction errors were significantly smaller on average when the
model included genetics (P � 0.0001).

Table 7 Frequency of adverse events that met Data
Safety Monitoring Board criteria

Randomized arm

Clinical only Genetic � clinical Combined

Death during trial 3 2 5

Hemorrhagic event 4 3 7

Thromboembolic event 1 3 4

Combined 8 8 16
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closer to their subsequent therapeutic dose. Our study demon-
strated that an algorithm including genetic information was
clearly superior at estimating therapeutic warfarin dose than an
algorithm that did not consider genetic information. Compared
with the standard 5 mg/day dose, both algorithms demonstrated
improved capacity to predict therapeutic warfarin dose.

Our study further demonstrated that better prediction of
therapeutic dose does not necessarily result in improvements
in traditional anticoagulant measures of efficacy, such as
time in therapeutic range or time to stable INR. Our study
reflects real-world warfarin management practices where some
patients have difficulty complying with drug prescriptions and
where patient management is based on INR measurements.
Accordingly, our results mirror the complexities of patient
management both at drug initiation and in subsequent dose
adjustments early in therapy. The complexities introduced by
the latter are problematic in evaluating the true impact of
genetic testing because of variability in the dose-adjustment
process. The trial relied primarily on hospital patients, with 80%
of the patients hospitalized at the time of enrollment. The
availability of more INR data in hospitalized patients may have
contributed to more frequent dose adjustments than would have
occurred in outpatient settings. Thus, obtaining INR measure-
ments more than twice weekly during initiation of therapy may
have created a tendency for frequent dose adjustment and con-
sequently, “over management” of warfarin dosing. This poten-
tial effect is difficult to sort out from changes in patient condi-
tion and/or comorbidities and illness severity that may play a

more prominent role among hospitalized versus outpatients. We
note in this regard that of the 48 study subjects who experienced
a dose change on Days 1, 2, or 3 following their initiation day,
47 (98%) were in the hospital, and 32 subjects (67%) had dose
changes associated with rapidly increasing INRs (27 subjects)
or low-INR response (five subjects). There were no evident
randomized arm effects; 25 of 48 subjects were in the clinical-
only arm and 23 of 48 subjects in the genotype arm.

As patients were initiated on their estimated stable therapeu-
tic dose, a related issue may have been additional uncertainty in
the dose-adjustment process resulting from initiating patients on
less common warfarin doses. The trial introduced initial dose
recommendations that often differed from the common initia-
tion dose of 5 mg/day. Study nurses, including many with
experience in Marshfield Clinic’s ACS, may have been sensitive
to these unusual initiation doses and, therefore, more likely to
change dose early in the initiation process.

As in all trials, a potential limitation of our study was
enrollment bias. Some physicians chose to manage otherwise
eligible patients outside of the trial, and it is possible that these
patients may have been systematically different from those
enrolled. We do not believe that prospective participant deci-
sions to decline enrollment presented a concern, as only 8%
(20/250) approached for participation declined. Enrollment was
slower than anticipated and was terminated at 88.5% of our
target, reducing statistical power. However, power analysis at
the time of termination determined that even continuing to full
enrollment would likely not result in significant differences with
respect to clinical outcomes such as time in therapeutic range.

This trial had many strengths of design including random-
ization of subjects before genotyping and blinding of the pa-
tients, nurses, and physicians to genotype. Ninety-two percent
of trial-eligible subjects were enrolled into the trial, and primary
outcome data were available for 98% of subjects for time in
therapeutic range through Day 14 and 77% of subjects for
prediction error assessment. The unavailability of data was
similar in the two arms.

Other recent studies have investigated the utility of genetic-
based warfarin dosing, and some have demonstrated a benefit of
genetic-based warfarin dosing on time in therapeutic INR range
and bleeding events. Caraco et al.27 demonstrated that patients
on a genotype-guided initiation protocol attained their first
therapeutic INR faster than controls. They also showed a sig-
nificant improvement in time to stable anticoagulation, time
within therapeutic range, and fewer minor bleeding events.
However, they excluded in their analyses approximately one
third of enrolled subjects for a number of reasons, including
warfarin discontinuation, protocol violations, and study with-
drawal, making it difficult to extrapolate their results to clinical
management of a general warfarin patient population. Anderson
et al.28 showed that genotype-guided dosing predicted stable
dose more accurately than the prevailing institutional standard
warfarin dosing practices. However, as in our study, their pri-
mary endpoint (percent INRs out of range) did not differ sig-
nificantly between study arms.

Summary interpretation of the results
Although our study could not demonstrate that genotype-based

initial warfarin dosing was superior to clinical-based dosing with
respect to time in therapeutic range through the first 14 days of
therapy, there was strong evidence that genotype-based dosing
resulted in subjects starting warfarin on doses much closer to their
therapeutic dose compared with clinically dosed subjects. More-
over, in both study arms, starting warfarin doses were closer to

Table 8 All hemorrhagic and thromboembolic events
(whether or not they met Data Safety Monitoring Board
criteria for review)

Frequency by severitya

Minor Significant
Life

threatening Fatal All

Thromboembolicb

Clinical only 0 1 5 1 7

Genetic � clinical 0 3 0 0 3

Hemorrhagicc

Clinical only 83 9 1 0 93

Genetic � clinical 97 10 2 0 109

All

Clinical only 83 10 6 1 100

Genetic � clinical 97 13 2 0 112
aMay include multiple instances per subject.
bThromboembolic classifications are as follows: minor—events have no clinical
significance or health impacts; significant—events require physician evaluation;
major—event requires hospitalization; life threatening—event causes irreversible
damage, requires an emergency procedure, or requires admission to an intensive
care unit; and fatal—event contributes directly to death.
cHemorrhagic classifications are as follows: minor bleeding—bleeding with little
or no clinical significance that does not require any referrals to primary care
physician or any additional visits to primary care physician; significant bleeding—
bleeding that requires evaluation by primary care physicians or referral to primary
care physicians or associated with a decrease in hematocrit greater than 3% or a
decrease in the hemoglobin by a level of more than 1.2 mg/dL; major bleeding—
event requires hospitalization and/or transfusion of at least 2 units of blood;
life-threatening bleeding—bleeding that has led to cardiopulmonary arrest, sur-
gical or angiographic, intervention, or irreversible sequelae; and fatal bleeding—
death is a direct result of the bleeding.
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their actual therapeutic doses than they would have been if they had
been initiated on a fixed 5 mg/day regimen.
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