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Abstract
Background—The Clarification of Optimal Anticoagulation through Genetics (COAG) trial is a
large, multicenter, double-blinded, randomized trial to determine whether use of a genotype-
guided dosing algorithm (using clinical and genetic information) to initiate warfarin treatment will
improve anticoagulation status when compared to a dosing algorithm using only clinical
information.

Purpose—This article describes prospective alpha allocation and balanced alpha allocation for
the design of the COAG trial.

Methods—The trial involves two possibly heterogeneous populations, which can be
distinguished by the difference in warfarin dose as predicted by the two algorithms. A statistical
approach is detailed, which allows an overall comparison as well as a comparison of the primary
endpoint in the subgroup for which sufficiently different doses are predicted by the two
algorithms. Methods of allocating alpha for these analyses are given – a prospective alpha
allocation and allocating alpha so that the two analyses have equal power, which we call a
`balanced alpha allocation.'

Results—We show how to include an analysis of the primary endpoint in a subgroup as a co-
primary analysis. Power can be improved by incorporating the correlation between the overall and
subgroup analyses in a prospective alpha allocation approach. Balanced alpha allocation for the
full cohort and subgroup tests to achieve the same desired power for both of the primary analyses
is discussed in detail.

Limitations—In the COAG trial, it is impractical to stratify the randomization on subgroup
membership because genetic information may not be available at the time of randomization. If
imbalances in the treatment arms in the subgroup are found, they will need to be addressed.

Conclusions—The design of the COAG trial assures that the subgroup in which the largest
treatment difference is expected is elevated to a co-primary analysis. Incorporating the correlation
between the full cohort and the subgroup analyses provides an improvement in power for the
subgroup comparison, and further improvement may be achieved via a balanced alpha allocation
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approach when the parameters involved in the sample size calculation are reasonably well
estimated.

Introduction
This article describes statistical approaches used in the design of a clinical trial comparing
the dosing of warfarin via algorithms which use clinical and genetic information versus
algorithms which use clinical information alone.

Warfarin is an oral anticoagulant (or blood thinner) commonly used to treat thrombosis (or
blood clots), such as deep vein thrombosis and pulmonary embolus, and to prevent the
formation of a thrombus in high-risk individuals, such as those with atrial fibrillation and
mechanical heart valves. The drug is difficult to dose properly because life-threatening
complications may arise from over-dosing and inadequate efficacy may result from under-
dosing. The dose requirements for different patients, however, can vary over 30-fold, from
0.5 mg daily to 15 mg daily. Currently, warfarin treatment is initiated at an empiric dose,
typically 5 mg, and then monitored frequently using a normalized prothrombin time, also
known as the INR (International Normalized Ratio). The INR reflects the ratio of the time of
a patient's blood to clot compared to a normal control subject. The therapeutic range for
warfarin is narrow (typically an INR between 2 and 3), which further complicates proper
warfarin management.

Many clinical and environmental factors influence warfarin response [1]. Despite knowledge
of these factors, a large portion of the variability in warfarin dose required to maintain the
INR in the therapeutic range remains unexplained. Recent studies of the effects of genetic
polymorphisms on the pharmacokinetics and pharmacodynamics of warfarin have offered
some insight. Extensive studies have focused on two genes [2–4]. The first is Cytochrome
P450 2C9 (CYP2C9), which is related to warfarin pharmacokinetics, or how the body
metabolizes warfarin. The second is Vitamin K Epoxide Reductase Complex-1 (VKORC1),
which is related to warfarin phamacodynamics, or how warfarin works on the body. Two
small trials of genetic-based dosing were recently conducted [5,6]. The results suggested
that prospective genetic testing may enhance the safety, accuracy, and efficiency of warfarin
dosing and demonstrated the need for larger scale studies.

The Clarification of Optimal Anticoagulation through Genetics (COAG) trial
(clinicaltrials.gov identifier: NCT00839657) is a large, multicenter, double-blinded,
randomized trial to determine whether use of genotype-guided dosing algorithms (using
clinical and genetic information) to initiate warfarin treatment (the first 4–5 days of therapy)
will improve anticoagulation control compared to dosing algorithms using only clinical
information. Dosing on days 1–3 will be determined using a dose-initiation algorithm, and a
dose-revision algorithm will be applied on day 4 and/or 5 for each treatment arm [7].
Following this dose-initiation phase, patients in both arms will have subsequent dose
titrations based on the same standardized algorithm. The primary outcome of the COAG
trial is the percentage of time within the therapeutic INR range (PTTR) during the first 4
weeks of therapy, which will be calculated using linear interpolation [8]. PTTR is the most
widely accepted measure of improvement in warfarin management [9].

Certain assumptions underlie the design of the COAG trial. First, if a patient receives his or
her long-term maintenance dose at the initiation of warfarin treatment, the time to reach the
maintenance dose will be shorter, and the variability in INRs will be reduced. Second, if the
maintenance dose is achieved quickly with less variability, the risk of over- and under-
anticoagulation will be reduced. Based on these assumptions, the COAG trial hypothesizes
that the additional use of genetic information in algorithms that predict maintenance dose
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will provide initial doses closer to the maintenance dose more frequently than using clinical
information alone, thereby increasing the percentage of time within the therapeutic INR
range.

In this article, we describe statistical approaches to include a subgroup comparison as a co-
primary analysis in the COAG trial. The subgroup of interest is those participants with large
differences between the predicted initial doses calculated by two dosing algorithms. The trial
uses a marker-based strategy [10] or biomarker-guided [11] design. In a typical marker-
based strategy design, the subgroup of patients who are marker-positive will have greater
benefit from the marker-based intervention. In the next section, we first explain an important
baseline-defined enriched subgroup in the COAG study population that acts as a so-called
`marker-positive group.' A prospective alpha allocation approach that formally allows for
the evaluation of the treatment benefit in an enriched subgroup as a co-primary endpoint is
then explained [12,13]. Sample size and power considerations of the COAG trial are then
presented followed by a method that improves power by incorporating the correlation
between the two tests of the primary hypotheses. Finally, we propose allocating overall
alpha to the full cohort and subgroup comparisons to achieve the same power for both of the
primary analyses. We call this `balanced alpha allocation.'

General statistical design considerations
An enriched subgroup in the COAG study population

In the COAG trial, we defined the enriched subgroup as those participants with large
differences between the predicted initial doses calculated by two dosing algorithms. In
previous studies [5], it has been shown that patients with certain genetic profiles tend to
require extreme doses. For example, patients without any genetic variants of interest tend to
require larger doses whereas multiple variant carriers tend to require smaller doses. The
enriched subgroup was not defined directly based on the genetic profile, but rather indirectly
based on the degree of treatment difference guided by the genetic profile, although dose
differences are associated with, but not perfectly predicted by, the number of genetic
variants. Consequently, it is expected that the benefit of using the genotype-guided dosing
algorithm will be much greater for patients in the enriched subgroup because these
participants will receive a more distinct intervention based on their treatment assignment
compared to the remaining patients. The clinically important dose difference was chosen as
1 or more milligrams per day because a 1 mg per day change in warfarin dose from the
average starting dose of 5 mg per day in many US anticoagulation clinics is sufficient to
meaningfully change the INR [14–16]. Even though the genotypes and thus the difference
between predicted doses using the two algorithms may not be available at the time of
randomization for some patients, the dose difference is a factor fixed at the time of
randomization. Therefore it defines a proper subgroup that is not based on post-
randomization selection. In addition, genotype availability is independent of treatment
assignment as it depends on the time of day at which the participant arrives. Some degree of
dilution of treatment effect might occur due to the delayed genotyping, and this can be
incorporated when calculating the sample size.

Prospective alpha allocation
In most clinical trials, subgroup analyses are typically regarded as secondary in importance.
In the COAG trial, the subgroup of patients with large differences in predicted initial doses
is a sub-population that may primarily drive the overall difference between the two arms.
Therefore, to make a formal evaluation of the treatment benefit in this enriched subgroup,
we considered a prospective alpha allocation approach [12,17–19]. Prospective alpha
allocation allows a formal evaluation of the treatment effect in the subgroup as part of the
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primary analysis. By denoting the treatment effect in the full cohort and the subgroup by Δa
and Δs, the null and alternative hypotheses are H0 : Δa = 0 and Δs = 0 versus H1 : Δa ≠ 0 or
Δs = 0. The comparison of the two arms in the full cohort (Δa = 0) will be tested at αa, which
is less than the overall significance level α, and the remaining α − αa = αs is used for testing
a subgroup of the cohort (Δs = 0). In the COAG trial, αa = 0:04 and αs = 0.01 are considered
as in Freidlin and Simon [19] for the purpose of sample size calculation.

When a sub-population more likely to benefit from the intervention can be easily identified
and an accurate assay is readily available for selecting such a sub-population, a targeted
design that only recruits this sub-population may be more efficient than an untargeted design
[17,18]. In the COAG trial, even though the enriched subgroup is one that might have
greater benefit from the genotyping, we are uncertain about the degree of treatment benefit
for patients who do not belong to the subgroup. This is because an additional dose revision
algorithm, based on clinical and genetic factors for one arm and clinical factors alone for the
other arm, will be applied to each respective arm after the initiation dose. Moreover, the
initial dose is not identical for those who do not belong to the enriched subgroup, and this
allows for the possibility of some difference in baseline doses. Specially because the
genotyping cost has to be spent up front before randomization, we chose to study the whole
population of patients who need warfarin so that it is possible to examine the mechanisms of
action for any differences observed between two treatment arms, and also between two
subgroups depending on the definition of the subgroup. Our motivation is to examine both
the entire population and an enriched sample within the bounds of statistical propriety for
protection of type-I error, to increase our chance of fleshing out whether there is a signal
with this approach. The inclusion of the whole population provides an enhancement that will
allow the study to delve into any differences observed as well as allowing for post
randomization secondary analyses that may benefit from redefining subgroups.

Sample size and power
The sample size calculation of the COAG trial was based on the following assumptions.
First, approximately 60% of participants belong to the enriched subgroup and their mean
PTTR is relatively low (61%). We denote the proportion of the patients in the enriched
subgroup by p. The genotype-guided dosing algorithm will be considered efficacious if it
results in a 15% relative increase in PTTR for this subgroup of patients. For the remaining
40% of participants who already have rather high mean PTTR of 73%, the genotype-guided
dosing could be beneficial but we consider the benefit to be relatively minimal. To be
conservative in estimating the overall treatment effect, we assumed the same PTTR for these
patients regardless of their treatment assignment. The estimates of mean PTTRs and the
proportion of patients in the enriched subgroup are based on the data from the Couma-Gen
trial [5] and the International Warfarin Pharmacogenetics Consortium [16]. This yields an
absolute difference of Δa = 5:49% in PTTR between the two arms for the full cohort, and Δs
= 9:15% for the enriched subgroup. Further assumptions in the computation of sample size
include the standard deviation of the PTTR and the expected dropout rate of participants
after randomization. Based on the literature, 25% is assumed as the standard deviation
[7,20,21], and a conservative estimate of 10% is assumed for the dropout rate.

A sample size of 1140 will provide 90% power to detect a 5.49% difference in the PTTRs
between the two treatment arms (two-sided test) for the full cohort analysis using αa = 0:04
given 25% standard deviation, 10% dropout rate and p = 0.6. For the subgroup analysis to
have 90% power using αs = 0.01, a total of 916 (550 in the subgroup) patients are required.
To ensure the power of 90% for both of the primary analyses, the sample size of the study is
determined by the maximum of these two sample size calculations. Thus, the full cohort
analysis drives the study sample size in our study. Taking a conservative approach to protect
against errors in the assumed parameters, a sample size of 1238 was chosen. This sample

Joo et al. Page 4

Clin Trials. Author manuscript; available in PMC 2011 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



size ensures at least 80% power for the full cohort analysis when the proportion of the
enriched subgroup is as low as 50% or when the standard deviation is as high as 30%.

The power to detect an absolute increase of 9.15% using αs = 0.01 given a total study sample
size of 1238 is given in Table 1. Here p = 0.6 and a slightly conservative estimate of 0.55 is
considered. The power of the subgroup analysis is generally greater than 80%. Under the
currently assumed parameters, the power of the subgroup analysis is over 97%.

Improving power considering the correlation
In a prospective alpha allocation approach, allocating α so that the sum of the type-I errors is
equal to the overall type-I error is a Bonferroni-type correction, which is unnecessarily
conservative when there is a positive correlation between the two tests. The correlation
between the full cohort and subgroup tests can be obtained under the null hypothesis given
the proportion of the subgroup p [22,23]. Then, for a fixed αa, we can obtain αs while
controlling the overall type-I error at a desired level α.

Consider Za and Zs, the test statistics for the overall and the subgroup analyses, respectively.
Let Xij be the PTTR for subgroup i (i = s, sc) and individual j (j = 1, …, niX) in the genotype-
guided dosing algorithm arm, and Yij be the same for clinical-guided dosing algorithm arm.
Denote the standard deviation of Xij (and Yij) as σix (and σiy) for i = s, sc. Note that i = s
represents the enriched subgroup defined by ≥ 1 mg difference between the predicted initial
doses from the two algorithms. Denote the number of patients in subgroup i for each arm as
niX and niY. The total study sample size is nX + nY where nX = Σi niX and nY = Σi niY. Using
pX = nsX/nX and pY = nsY/nY, we can then obtain the correlation (ρ) between Za and Zs under
the null hypothesis using:

where, , , , , and σax, and σay
are the standard deviation of PTTR in the full cohort for the genotype-guided dosing
algorithm arm and the clinical-guided dosing algorithm. This correlation can be shown to be

 where γ is the ratio of the variances of the PTTR in the enriched subgroup and the full
cohort under the null hypothesis and p is the proportion of the subgroup in the population
(see Appendix).

The overall type-I error of testing both the full cohort and subgroup is given by:

which can be further simplified to:
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Because we know the correlation between two tests under the null hypothesis, we can find
αs for the subgroup given αa so that this overall type-I error can be controlled at α = 0.05.

Table 2 presents αs for the subgroup given αa = 0.04 and 0.03 and p = 0.6 and 0.55. We
considered γ = 1 to 1.5 by increments of 0.1 because previous studies [5] suggest the
variability of the primary endpoint for the enriched subgroup may be higher (γ ≥ 1). For
example, the observed γ from the Couma-Gen trial [5] was about 1.2. When the standard
deviations of the enriched subgroup of patients and the overall samples are the same (γ = 1),
using the correlation can increase αs noticeably for a fixed αa. For example when p is 0.6,
we can use αs as high as 0.02 instead of 0.01 when αa = 0.04 and 0.0315 when αa = 0.03
without inflating the overall type-I error. When γ ≠ 1, because the correlation is an
increasing function of γ, it increases as the variance of the PTTR in the subgroup increases
compared to that of the full cohort samples. Based on this observation, it should be noted
that the approach based on equal variance (γ = 1) is most conservative when the variance in
the subgroup is large (γ ≥ 1) because it uses the smallest correlation to produce αs.

From these calculations, we can see that the correlation of the two tests depends on p and γ
which are not available until the trial ends. Therefore, usually the most conservative method
(Bonferroni orŠidák's approach [24] for exact control of type-I error) would be used when
designing a study to conservatively estimate the power of the subgroup, and the correlation
can be incorporated when analyzing the data, which is the method the COAG trial will use.
If the correlation is incorporated, the power for the subgroup analysis in the COAG trial will
be higher than what is presented in Table 1.

Balanced alpha allocation
There are many aspects of study design that need to be considered in allocating alpha
between the total and subgroup comparisons. These will include: the desired treatment
difference to be detected for the total and subgroup comparisons; any differential in standard
deviations of PTTR expected between the total and subgroups; and differential in power
desired for the total and subgroup comparisons. Under the currently assumed parameters, the
power of the enriched subgroup comparison is much higher than that of the full cohort
comparison as seen in Table 1. This suggests that we may use αa larger than 0.04 (thus
smaller study sample size and smaller αs for the subgroup), and still maintain the desired
powers for both tests. This led us to examine an alpha allocation approach given the current
parameters in the COAG trial to achieve the same power for both of the primary analyses.
We call this `balanced alpha allocation.' Other considerations or points of view may dictate
the decision of how to allocate overall alpha, and the approach described below can be
generalized to account for those considerations.

Let Δa and Δs be the absolute differences in PTTRs between the two arms in the full cohort
and subgroup, respectively, and let σa and σs be the standard deviations of PTTR in the full
cohort and the subgroup. Let n and p be the sample size and the proportion of the subgroup
in the population. Moreover, denote the dropout rate as d and . Then we have the
following two equations for the sample size and power calculations of the full cohort and
subgroup tests:
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where za is the (a × 100)-th percentile of the standard normal distribution, and β is the type-
II error rate.

By dividing these two equations, we have the following equation:

Because αs is a function of other variables in the equation (αa, p, and γ), this equation can be
solved in terms of αa by setting β=0.1 (to have 90% power for both tests for example) for
fixed values of Δa, p, and γ. Then, the corresponding sample size can be obtained.

Detecting smaller than 5.49% PTTR difference was determined by the COAG investigators
to be of inconsequential clinical benefit. Therefore, we fixed the overall treatment effect Δa
as 5.49%. Also to avoid having too small αs, we considered Δs of not only 9.15% but also a
slightly smaller value of 8.15%. When αs is too small, the study sample size will also
become small because large alpha will be used for the full cohort analysis. As for p our
current best estimate is 0.6, but we also considered p = 0.55 so that the power of the
subgroup analysis is protected even if the proportion of the subgroup turns out to be smaller
than we expected. Note that no treatment effect for the patients who do not belong to the
enriched subgroup is assumed only to conservatively estimate the overall treatment effect.
However, in obtaining the balanced alpha, and thus the sample size, possible positive
treatment effect for these patients are considered, and this is the reason why for varying p
and Δs, a fixed value of Δa is used.

The results considering γ = 1 to 1.3 with increments of 0.1 are presented in Table 3. These
calculations considered the correlation between two tests when obtaining αs for each αa.
Under the currently assumed parameters (Δa = 5.49%, Δs = 9.15%, and p = 0.6) the balanced
αa is larger than 0.047 for γ = 1 to 1.3, and even with smaller p = 0.55, αa is still greater than
0.042. For situations where the treatment effect in the subgroup compared to that in the
remaining samples is smaller than what was anticipated (e.g., due to the possible positive
treatment effect in the remaining patients), we also considered Δs = 8.15%. In this case, αa
ranges from 0.035 to 0.045 for p = 0.6 and from 0.028 to 0.041 for p = 0.55.

Because the correlation is usually not known until the trial ends, we also considered the
balanced alpha allocation without considering the correlation so that the most conservative
estimate of αs would be used in designing the study. In this case, αs becomes smaller for a
fixed αa and this will produce the balanced αa smaller than that calculated considering the
correlation. The results for Δa = 5.49% and Δs = 9.15 % for p = 0.6 and 0.55 without
considering the correlation are presented in Table 4. Under the currently assumed
parameters, the balanced αa is 0.042 when γ = 1.2 (estimate from the Couma-Gen Trial [5]),
and if p becomes smaller (0.55), the balanced alpha becomes 0.038. Our choice αa = 0.04
provides some protection against lower than expected p (Table 4, p = 0.55 and γ as high as
1.1), and also against lower than expected Δs compared to Δa if we incorporate correlation
(Table 3, Δs = 8.15%, p = 0.6, and γ = 1.1).
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Discussion
In the COAG trial, a prospective alpha allocation approach [12,13,19] was considered to
formally include the comparison of the treatment benefit in an enriched subgroup, that is, the
subgroup of patients with large differences between the predicted initial doses from the two
dosing algorithms. These are the patients who are expected to have greater benefit from
genotype-guided dosing.

To ensure balanced sample size of the enriched subgroup between the two arms,
stratification based on subgroup membership might be considered [10,19]. In the COAG
trial, even with the best effort, the predicted dose difference may not be observed for some
patients until after the randomization because of the possible delay in genotyping. This
prevents us from considering stratification based on this factor. However, as previously
noted, although the subgroup information may not be available when the patient is
randomized, whether or not the patient is in the subgroup is a factor fixed at the time of
randomization, and thus the subgroup is a proper (baseline) subgroup. For the same reason,
the exact αs considering the correlation could not be specified in advance, as it depends on
the proportion of patients in the subgroup and the ratio of the standard deviations between
two groups. Therefore, the power calculation of the subgroup was based on the most
conservative approach using αs = α − αa to ensure adequate power for the subgroup analysis.
The correlation will be incorporated when analyzing data at the end of the study to improve
power.

Similarly, the balanced alpha allocation depends not only on p and γ but also on the ratio of
Δa and Δs, and again, applying the result from the section `Balanced alpha allocation' when
designing a study is difficult. In the COAG trial, 0.04 is used as αa because the investigators
felt that too much uncertainty would be involved in obtaining the balanced alpha. We have
shown, however, that the balanced αa was fluctuating around 0.04 considering slight
conservative estimates of p, γ, and the ratio of Δa and Δs.

An interim analysis might be useful when implementing this approach in practice. For
example, pooled estimates of p and γ, and also the ratio of two treatment effects αa and Δs
using, for example, the first half of the data can be used to calculate the balanced αa. Then
the study can be adaptively redesigned based on this value, allowing only an increase in
sample size. Even though only the ratio of the treatment effect is used, this method is likely
to inflate type I error, and further research on adjustment of the type-I error is needed.

When two tests are considered to have great importance as in the COAG trial, there are
alternative testing strategies including those based on a closed testing approach. For
example, if the importance of the subgroup analysis outweighs that of the full cohort
analysis, one may consider testing the subgroup at 0.05 using the full type-I error, and test
the full cohort at 0.05 if the subgroup test is positive. The advantage of this method is that
the choice of type-I errors for two tests does not depend on many design parameters and can
be determined in a straightforward manner. The shortcoming of this approach is that the
chance of detecting significant treatment benefit in the full cohort depends on the success of
the subgroup analysis. As previously discussed, even though we expect patients in the
enriched subgroup to have greater benefit from the genotype-guided dosing, the degree of
treatment benefit in the remaining patients is uncertain due to the definition of the subgroup
in the COAG trial and also the dose-revision algorithm after the initial doses. Therefore, in
the COAG trial, rather than using sequential testing approach, we considered both tests at
the same time.
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Appendix: The correlation between Za and Zs
Rewrite Za and Zs as

Then, the correlation between Za and Zs under the null hypothesis ( ,

) can be obtained as
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Table 1

Power estimates for the subgroup analysis using αs = 0.01 and 10% dropout rate given the total sample size of
1238. p is the proportion of patients in the subgroup, and σ is the common standard deviation of PTTR

p σ = 20% σ = 25% σ = 30%

0.6 99.9% 97.2% 87.8%

0.55 99.7% 95.7% 84.3%
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