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Randomized phase II trials with a prospective control
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SUMMARY

We consider phase II trials randomizing patients between a prospective control and an experimental
therapy. Proposed are two-stage designs allowing for early termination of the study when the experimental
arm does not show promising efficacy at the interim analysis. By using exact binomial distributions, the
design characteristics, such as type I error and power, are exactly calculated. Given response probabilities
for two arms, we define minimax and optimal designs that satisfy a prespecified restriction on type I and
II error probabilities. These designs are randomized phase II trial analogs of Simon’s designs that were
proposed for single-arm phase II trials. The methods for two-arm trials are easily extended to multi-arm
trials with one control and K (�2) experimental arms. Some phase II trials are taken as real examples.
Copyright q 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Phase II clinical trials are to screen out experimental therapies with low tumor efficacy (tumor
response) before a large-scale phase III trial is launched. Typically, a phase II study is conducted
as a single-arm trial by accruing patients only to the experimental therapy to be compared with a
historical control, e.g. Simon [1], Jung and Kim [2], Jung et al. [3]. The response rate of a historical
control is usually estimated from a previous phase II trial. In practice, it is not possible to randomly
select patients to join a trial from the entire patient population of interest. Therefore, the patient
populations for different phase II trials are often quite heterogeneous, so that the distributions of
patient characteristics for a new phase II trial are quite different from that of a prior phase II
trial which provides the historical control. Furthermore, the response assessment may be different
between the new study and the study of a historical control. In this case, the comparability of a
new study with a historical control is questionable.
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Like most phase II trials, a historical control study may have a small sample size, so that the
estimated response rate will have a large variation. In designing a new single-arm phase II trial,
however, we treat the response rate for the historical control like the true parameter value. Even if
all the conditions are comparable between a historical control and a new single-arm trial, regarding
the response rate for the historical control as a parameter can drastically increase the type I error in
testing. Due to these reasons, some investigators feel more comfortable with a randomized phase II
trial with a prospective control than with a single-arm trial to be compared to a historical control.

Study 50502 of Cancer and Leukemia Group B (CALGB) is a phase II trial to evaluate the
tumor response of CD30 antibody, SGN-30, combined with GVD chemotherapy in patients with
relapsed or refractory classical Hodgkin’s lymphoma (HL). In a previous study (CALGB 59804),
GVD has led to responses in 65 per cent (32/49) of patients with relapsed or refractory HL who
never had a transplant and in 77 per cent (30/39) in the transplant group. Combining the data
from the two cohorts, the new CALGB study (50502) was originally designed as a single-arm trial
for testing:

H0 : p�70 per cent against H1 : p>70 per cent

where p denotes the true response probability for the combination therapy. Here, p0 = 70 per cent
is based on the estimated response probability from the pooled data of the previous study, i.e.
(32 + 30)/(49 + 39).

Some investigators are concerned that, although the combination therapy really has a larger
response rate than the control therapy, the new single-arm trial may end up as a negative study if
the new trial accrues more non-transplant patients. On the other hand, if the new trial accrues more
transplant patients, the combination therapy may erroneously proceed to a large-scale phase III
trial with false-positive findings and waste valuable resources. Because of these concerns, CALGB
50502 was later redesigned as a randomized phase II trial with a GVD plus placebo arm as a
prospective control. The randomization is stratified by transplant (yes/no).

There are some published statistical approaches for designing and analyzing randomized phase
II trials. Simon et al. [4] propose the play-the-winner selection rule for randomized phase II trials
with experimental arms only. Liu et al. [5] review Simon et al. [4] and point out that this approach
has a high selection probability even when the treatment arms have an equal efficacy. Sargent and
Goldberg [6] consider a similar approach to Simon et al. [4] by allowing for selection based on
other factors in case the difference in observed response rates is small.

Thall et al. [7] propose a two-stage screening procedure with a control and K experimental
arms. In the first stage, they randomize n1 patients to each of the K experimental arms, and pick
the winner for the second stage if its observed efficacy is larger than that for the historical control
by 10 per cent (and stop the trial otherwise). In the second stage, they randomize n2 patients into
each of the control arm and the winner experimental arm from stage 1, and conduct a one-sided
chi-square test to see if the experimental arm is better than the control.

Palmer [8] proposes a two-stage design for a three-arm selection case. In stage 1, a cohort of
three patients is randomized to arms A, B and C, and he decides to either continue to accrue the
next cohort or stop stage 1 after choosing the best two arms. In stage 2, a cohort of two patients is
randomized to the two arms chosen at stage 1, and he decides to either continue to accrue the next
cohort or stop stage 2 by choosing the winner. Given the maximum number of patients available
for a study, the stopping time for each stage is chosen to minimize the number of future failures
using a Bayesian approach. This method requires quick responses for the sequential tests.
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Steinberg and Venzon [9] propose a two-stage design for a phase II trial with two experimental
arms. In stage 1, n1 patients are randomized to each arm. The trial is stopped after stage 1 if
the difference in number of responders between the two arms is larger than d , which is chosen
so that, when the two arms have a 15 per cent difference in response rates, the probability of
selecting the inferior arm is controlled at a specified level. Otherwise, the trial proceeds to stage 2
to randomize n2 patients to each arm. After stage 2, they pick the winner based on the cumulative
responses through the two stages. Given n = n1 + n2, they propose to choose n1 = n2 = n/2 or to
minimize the expected sample size for the specified response rates with a 15 per cent difference.
This approach does not control the overall error probabilities through two stages.

Rubinstein et al. [10] discuss the strengths and weaknesses of some existing design methods
for randomized phase II trials, and propose a method for randomized phase II screening designs
based on large-sample approximation.

Most of these publications on selection trials consider randomizing patients to experimental arms
only, and selecting efficacious experimental therapies to be investigated further. Screening trial
designs for selecting among experimental treatments should not be used for comparing experimental
treatments with a control. Furthermore, most of these methods for randomized phase II trials have
common drawbacks. They do not accurately control the type I error and power reflected by the
small sample sizes and multi-stage designs of randomized phase II trials.

In this paper, while addressing these issues, we develop efficient design and testing methods
for randomized phase II trials with a prospective control. Our methods are to test whether an
experimental arm has a higher response probability than a prospective control. The two-stage
randomized phase II trial designs allow for early stopping for futility of the experimental arm.
We propose Simon-type [1] minimax and optimal designs for randomized phase II trials. The
proposed methods can be easily extended to the cases of randomizing patients to a control and
K (�2) experimental arms. Some CALGB studies including the aforementioned 50502 are taken
as real examples.

2. TWO-STAGE DESIGNS

In this section, we consider two-stage designs for randomized phase II trials between an experi-
mental arm (Arm 1) and a control arm (Arm 2). Trials with two or more experimental arms and
a prospective control will be investigated in the following section. Let p1 and p2 denote the true
response rates for Arms 1 and 2, respectively. We want to test whether the experimental arm has
a higher response rate than the control or not, i.e. H0 : p1�p2 against H1 : p1>p2.

In the first stage, we accrue n1 patients to each arm. Let X1 and Y1 denote the number of
responders among the n1 first stage patients for Arms 1 and 2, respectively. We proceed to the
second stage if X1 − Y1�a1 for a chosen integer a1 ∈ [−n1, n1]. Otherwise, we reject Arm 1 (or
fail to reject H0) and stop the trial. In the second stage, we accrue an additional n2 patients to
each arm. Let X2 and Y2 denote the number of responders among the second stage patients of
Arms 1 and 2, respectively. Also, let X = X1 + X2 and Y = Y1 + Y2 denote the total number of
responders among the cumulative n = n1 + n2 patients for Arms 1 and 2, respectively. For an
integer a ∈ [a1 − n2, n], we accept Arm 1 (or reject H0) for further investigation if X − Y�a.
Otherwise, we reject Arm 1.

Let p0 denote the projected response rate for the historical control and � a clinically significant
increase in response rate for Arm 1. For the purpose of type I and II error calculations, we specify a
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point null hypothesis H0 : p1 = p2 = p0 and an alternative hypothesis H1 : (p1, p2) = (p0+�, p0).
For a two-stage design defined by (n1, n, a1, a), the type I error and power of the two-stage design
are calculated as

� = P(X1 − Y1�a1, X − Y�a|p1 = p2 = p0)

and

1 − � = P(X1 − Y1�a1, X − Y�a|p1 = p0 + �, p2 = p0)

respectively. Let B(n, p) denote the binomial distribution with n independent trials and a probability
of success p for each trial. These probabilities are calculated assuming that X1 ∼ B(n1, p1),
X2 ∼ B(n2, p1), Y1 ∼ B(n1, p2) and Y2 ∼ B(n2, p2) are independent random variables. That is,

� =
n1∑

k1=a1

n1−max(0,k1)∑
y1=max(0,−k1)

n2∑
k2=a−k1

n2−max(0,k2)∑
y2=max(0,−k2)

b(y1|n1, p0)b(k1 + y1|n1, p0)

× b(y2|n2, p0)b(k2 + y2|n2, p0)
and

1 − � =
n1∑

k1=a1

n1−max(0,k1)∑
y1=max(0,−k1)

n2∑
k2=a−k1

n2−max(0,k2)∑
y2=max(0,−k2)

b(y1|n1, p0)b(k1 + y1|n1, p1)

× b(y2|n2, p0)b(k2 + y2|n2, p1)
where b(x |n, p) = ( n

x

)
px (1− p)n−x for x = 0, 1, . . . , n denotes the probability mass function of

the binomial distribution with n trials and a probability of success p.
Suppose that we want to choose a two-stage design with type I error smaller than or equal to

�∗ and power larger than or equal to 1 − �∗. There exist many two-stage designs satisfying the
(�∗, �∗)-restriction. We next define two reasonable two-stage designs for a randomized phase II
trial.

2.1. Optimal design

We wish to find the two-stage design with the smallest expected sample size when the experimental
therapy has a low response rate, i.e. as specified under H0. The probability of early termination
under H0 : p1 = p2 = p0 is calculated as

PET= P(X1 − Y1 < a1|p0) =
a1−1∑

k1=−n1

n1−max(0,k1)∑
y1=max(0,−k1)

b(y1|n1, p0)b(k1 + y1|n1, p0)

Since, under H0, the sample size per arm is n1 with probability PET and n with probability
1 − PET, the expected sample size per arm under H0 is obtained as

EN= n1 ×PET + n(1 − PET)

Among the two-stage designs satisfying the (�∗, �∗)-restriction, the ‘optimal design’ is defined as
the one with the smallest EN.
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2.2. Minimax design

Among the two-stage designs satisfying the (�∗, �∗)-restriction, the ‘minimax design’ is defined
as the one with the smallest maximal sample size n. For the chosen n, there may be more than
one two-stage designs satisfying the (�∗, �∗)-restriction. In this case, we choose the design with
the smallest EN as the minimax design.

Given n, the designs satisfying the (�∗, �∗)-restriction can be determined by an exhaustive
enumeration by changing n1, a1 and a (1�n1�n − 1, −n1�a1�n1, a1 − n2�a�n). Among these
designs, the one that minimizes EN is identified. For the given n, this design dominates all other
designs in terms of EN. Let D(n) = (n1, n, a1, a) denote the design with the smallest EN, EN(n),
among the designs with maximal sample size n satisfying the (�∗, �∗)-restriction. If n is too small,
there may exist no designs satisfying the (�∗, �∗)-restriction. The design D(n) with the smallest
n is the minimax design. If n exceeds a certain limit, the two-stage design practically becomes
identical to the single-stage design with the minimal sample size in the sense that the critical value
of the first stage of the two-stage design is the same as that of the corresponding single-stage
design and no decision is made in the second stage. Hence, as n increases beyond the limit, EN(n)

increases linearly. The search for the optimal design continues by checking EN(n) until n becomes
so large that EN(n) starts to linearly increase in n.

Tables I–IV report the minimax and optimal designs under �∗ = 0.15, 0.2; 1 − �∗ = 0.8, 0.85;
p0 = 0.05 : 0.85(0.05); �= 0.15, 0.2 (0.1 also for p= 0.05 and 0.85). We also list the single-stage
design (n, a) under each setting of (p0, p1, �∗, 1−�∗), where a is the critical value to reject H0 if
the number of responders among n patients in the experimental arm minus that in the control arm
is larger than or equal to a. Note that, under each setting, the maximal sample size for the minimax
design is smaller than or equal to the sample size of the single-stage design. Under some settings,
the single-stage design requires more patients than the maximal sample size of the optimal design.

2.3. An example

An example is taken from the CALGB study that was briefly discussed in the Introduction.

Example 1
CALGB 50502 is a randomized phase II trial to evaluate the anti-tumor activity of CD30 antibody,
SGN-30, combined with GVD chemotherapy (Arm 1) compared with GVD plus placebo (Arm
2) in patients with relapsed/refractory classical HL. The randomization is stratified by prior stem
cell transplant (yes/no). The primary objective of this study is for testing H0 : p1�p2 against
H1 : p1>p2. For the purpose of type I error and power calculation, the hypotheses are specified as
H0 : p1 = p2 = 0.7 and H1 : p1 = 0.85, p2 = 0.7, i.e. p0 = 0.7 and �= 0.15. The design parameters
are chosen based on the historical data (CALGB 59804) and a clinically significant difference deter-
mined by study investigators. Under (p0, p1, �∗, 1− �∗) = (0.7, 0.85, 0.15, 0.8), the minimax de-
sign is (n1, n, a1, a) = (31, 63,−1, 6), which has (�, 1−�,EN) = (0.1392, 0.8002, 52.16), and the
optimal design is (n1, n, a1, a) = (27, 73, 1, 6) which has (�, 1−�,EN) = (0.1321, 0.8001, 47.28).
Compared to the minimax design, the optimal requires 10 more patients per arm in the maximal
sample size, but saves almost five patients per arm in expected sample size when Arm 1 is ineffi-
cacious. Considering the large difference in the maximal sample size, we may choose the minimax
design for the trial. The single-stage design under the same design parameters requires n = 63
patients to reject H0 when X − Y�6, for which (�, 1 − �) = (0.1423, 0.8046). Note that this
sample size is equal to the maximal sample size for the minimax two-stage design, but, compared
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to the single stage, the minimax design saves about 11 patients per arm in the expected sample
size under H0.

In fact, the CALGB study chose the optimal design under a slightly larger type I error �∗ = 0.16:
(n1, n, a1, a) = (27, 63, 1, 5), which has (�, 1−�,EN) = (0.1593, 0.8006, 42.87). With an increase
of 1 per cent in �∗, we drastically reduce n and EN.

3. EXTENSIONS

So far, we have considered two-arm randomized phase II trials by allocating equal number of
patients to each arm. Also, we have controlled type I and II errors under point null and alternative
hypotheses. In this section, we investigate some extensions from these standard design settings.

3.1. Unbalanced randomized trials

One may want to accrue more patients to one arm than the other for some reasons, e.g. to collect
more information on one arm than the other or to collect enough specimens for a correlative
study on one arm. Suppose that we wish to randomize a different number of patients between
two arms. Let ml and nl denote the sample sizes at stage l( = 1, 2) of Arms 1 and 2, respectively
(m =m1 + m2, n = n1 + n2). Also, let Xl and Yl denote the number of responders among stage l
patients of Arms 1 and 2, respectively (X = X1 + X2, Y = Y1 + Y2). If we want to assign r times
larger number of patients to Arm 1 than to Arm 2, then we have ml = r × nl and m = r × n. Note
that a choice of r = 1 corresponds to the balanced two-stage designs considered in the previous
section. When r �= 1, it does not make sense to directly compare the numbers of responders between
arms at each stage. Instead, we propose to compare the sample response rates between arms.

A two-stage design under an unbalanced allocation scheme proceeds as follows. At the first
stage, we accrue m1 patients to Arm 1 and n1 patients to Arm 2. We continue to the second
stage, if we have X1/m1 − Y1/n1�a1 for a constant a1 ∈ [−1, 1]. Otherwise, we reject Arm 1
(or fail to reject H0) and stop the trial. At the second stage, we accrue an additional m2 patients
to Arm 1 and n2 patients to Arm 2. If, for a constant a ∈ [−1, 1], we have X/m − Y/n�a, then
we accept Arm 1 for further investigation (or reject H0). Otherwise, we reject Arm 1. Given
H0 : p1 = p2 = p0 and H1 : (p1, p2) = (p0 + �, p0), the type I error and power of the two-stage
design are calculated as

� = P(X1/m1 − Y1/n1�a1, X/m − Y/n�a|p1 = p2 = p0)

and

1 − �= P(X1/m1 − Y1/n1�a1, X/m − Y/n�a|p1 = p0 + �, p2 = p0)

respectively.
When H0 is true, the probability of early termination and the expected sample size for Arm 1

are calculated as

PET= P(X1/m1−Y1/n1<a1|p0) =
m1∑
x1=0

n1∑
y1=0

I (x1/m1−y1/n1<a1)b(x1|m1, p0)b(y1|n1, p0)

Copyright q 2007 John Wiley & Sons, Ltd. Statist. Med. 2008; 27:568–583
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and

EN1 =m1 ×PET + m(1 − PET)

respectively. Note that the expected sample size for Arm 2 under H0 is obtained as EN2 =EN1/r ,
and the total expected sample size is EN=EN1+EN2 = (r+1)EN2. Among the two-stage designs
satisfying the (�∗, �∗)-restriction, the ‘optimal design’ is defined as the one with the smallest EN1
(or EN).

The ‘minimax design’ is defined as the one with the smallest m (or m+n) among the two-stage
designs satisfying the (�∗, �∗)-restriction.

Example 2
In CALGB 50502, suppose that we wish to assign twice as many patients to SGN-30 plus
GVD arm (Arm 1), i.e. r = 2. Under the same design setting as in Example 1, (p0, p1, �∗, 1 −
�∗) = (0.7, 0.85, 0.15, 0.8), the minimax design is (m1,m, n1, n, a1, a) = (72, 96, 36, 48, 0.0556,
0.0833), which has (�, 1−�,EN) = (0.1498, 0.8021, 118.78), and the optimal design is (m1,m, n1,
n, a1, a)= (40, 106, 20, 53, 0.0250, 0.0755), which has (�, 1 − �,EN) = (0.1478, 0.8007, 96.06).
Unbalanced designs usually require larger sample sizes than balanced designs. For example, for
the minimax designs, the total maximal sample size for this unbalanced design, m + n = 144, is
larger than that for the balanced design, 126 from Example 1.

Example 3
CALGB 50401 randomizes non-HL patients who relapsed from a rituximab-containing combi-
nation regimen to rituximab + lenalidomide (Arm 1) and rituximab alone (Arm 2) with 1-to-2
allocation (r = 1

2 ). Arm 2 regimen is a potential control arm for a future phase III trial in case Arm
1 is accepted in this trial, but there are not enough historical data on Arm 2. So, Arm 2 accrues twice
more patients for better estimation of the clinical parameters to be used in designing a future phase
III trial. The investigators would not be interested in the combination regimen (Arm 1) if its true re-
sponse rate is 15 per cent or lower. Suppose that we want to test H0 : p1 = p2 = 0.15(= p0) versus
H1 : (p1, p2) = (0.3, 0.15). Under (p0, p1, �∗, 1−�∗) = (0.15, 0.3, 0.15, 0.8), the minimax design
is (m1,m, n1, n, a1, a) = (24, 34, 48, 69,−0.0208, 0.0759), which has (�, 1 − �,EN) = (0.1463,
0.8001, 91.78), and the optimal design is (m1,m, n1, n, a1, a) = (23, 35, 47, 71, 0.0037, 0.0736),
which has (�, 1 − �,EN) = (0.1456, 0.8003, 87.37). Since our search program for minimax and
optimal designs goes through all possible combinations of n = 2m and n = 2m ± 1, we actually
have m ≈ r × n. In fact, CALGB 50401 was designed before the topic of this paper was developed,
so this study was designed for independent evaluation of each arm as in a single-arm trial with a
historical control.

3.2. Strict type I and II error control

So far, we have considered a point null hypothesis H0 : p1 = p2 = p0 based on the response rate
for a historical control, p0. However, possibly due to a slightly different patient population or the
variability of the estimated response rate for a historical control, the true response rate for the
prospective control of a randomized trial may be different from p0. In this case, the chosen critical
values (a1, a) under the point null hypothesis may not control the type I error accurately under the
composite null hypothesis H0 : p1 = p2. In order to protect the type I error probability accurately
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under the composite null hypothesis, we propose to calculate type I error as

� = max
p0∈[0,1]

P(X1 − Y1�a1, X − Y�a|p1 = p2 = p0) (1)

Because B(n, p) has the largest variance with p= 1
2 , the probability in (1) is maximized at p0 = 1

2 .
Hence, (1) is simplified to

� = P(X1 − Y1�a1, X − Y�a|p1 = p2 = 1
2 )

We have also considered a point alternative hypothesis for power calculation. So, a chosen
two-stage design based on the point alternative hypothesis may be underpowered although the
experimental arm really has a response rate higher than the control by �, i.e. H1 : p1 = p2 + �.
In order to guarantee a certain power level over the composite alternative hypothesis, we may
calculate the power by

1 − �= min
p0∈[0,1−�]

P(X1 − Y1�a1, X − Y�a|p1 = p0 + �, p2 = p0)

which can be simplified to

1 − �= P(X1 − Y1�a1, X − Y�a|p1 = 1
2 + �/2, p2 = 1

2 − �/2)

In summary, given �, if a design (n1, n, a1, a) has type I error � under H0 : p1 = p2 = 1
2 and

power 1 − � under H1 : p1 = 1
2 + �/2, p2 = 1

2 − �/2, its type I error and power are given as �
and 1 − � under the composite hypotheses H0 : p1 = p2 and H1 : p1 = p2 + �.

Given (�, �∗, �∗), the optimal and minimax designs are defined as in Section 3. We do not
specify p0 in designing a study controlling the type I error and power under composite hypotheses.
For example, for (�, �∗, 1 − �∗) = (0.15, 0.15, 0.8) as in Example 1, the minimax design is
(n1, n, a1, a) = (54, 78,−2, 7), which has (�, 1−�,EN) = (0.1487, 0.8000, 70.43), and the optimal
design is (n1, n, a1, a) = (39, 89, 1, 7), which has (�, 1 − �,EN) = (0.1428, 0.8001, 61.75). Note
that these sample sizes are larger than those in Example 1, which are calculated under point null
and alternative hypotheses.

3.3. Randomized trials with one control and K experimental arms

Suppose that there are K (�2) experimental arms and one control. We wish to identify the experi-
mental arms whose response rate is significantly higher than that of the control arm. We consider
balanced allocations here, but the following results can be easily modified for an unbalanced
allocation case as in Section 3.1.

In the first stage, we accrue n1 patients to each of K + 1 arms. For stage 1, let Xk1 denote the
number of responders from the experimental arm k(= 1, . . . , K ) and Y1 the number of responders
from the control arm. For an integer a1 ∈ [−n1, n1], experimental arm k with Xk1−Y1�a1 proceeds
to the second stage together with the control. All experimental arms with Xk1 − Y1<a1 will be
dropped because of lack of efficacy. If no experimental arm survives stage 1, then the whole trial
will be terminated after stage 1. If any experimental arms survive stage 1, then the control arm
will be included in stage 2.
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In the second stage, we accrue an additional n2 patients to each of the experimental arms that
survived the first stage and the control. Let Xk2 and Y2 denote the number of responders from the
second stage patients of experimental arm k and the control, respectively. Note that the number
of experimental arms in the second stage may be smaller than K . Also, let Xk = Xk1 + Xk2 and
Y = Y1 + Y2 denote the total number of responders from the cumulative n = n1 + n2 patients
for experimental arm k and the control, respectively. For an integer a ∈ [a1 − n2, n], we accept
experimental arm k for further investigation if Xk − Y�a.

Let pk denote the response rate for the experimental arm k( = 1, . . . , K ), and q that for the
control arm. Also, let p0 denote the response rate for a historical control. We consider point null
hypothesis H0 : p1 = · · · = pK = q = p0. We propose to control the probability of erroneously
accepting any inefficacious experimental arm, called family-wise error rate (FWER),

� = P

{
K⋃

k=1
(Xk1 − Y1�a1, Xk − Y�a)|p0

}

=
n1∑

y1=0

n1∑
x11=0

. . .
n1∑

xK1=0

n2∑
y2=0

n2∑
x12=0

. . .
n2∑

xK2=0
I

{
K⋃

k=1
(xk1 − y1�a1, xk1 + xk2 − y1 − y2�a)

}

× b(y1|n1, p0)b(y2|n2, p0)
K∏

k=1
b(xk1|n1, p0)b(xk2|n2, p0) (2)

The family-wise power under a specified alternative hypothesis H1 : q = p0, pk = p0+�(k = 1, . . . ,
K ) is calculated as

1 − � = P

{
K⋃

k=1
(Xk1 − Y1�a1, Xk − Y�a)|q = p0, p1 = · · · = pK = p0 + �

}

=
n1∑

y1=0

n1∑
x11=0

· · ·
n1∑

xK1=0

n2∑
y2=0

n2∑
x12=0

· · ·
n2∑

xK2=0
I

{
K⋃

k=1
(xk1 − y1�a1, xk1 + xk2 − y1 − y2�a)

}

× b(y1|n1, p0)b(y2|n2, p0)
K∏

k=1
b(xk1|n1, p0 + �)b(xk2|n2, p0 + �) (3)

Given (p0,�, �∗, �∗), the optimal and minimax designs are defined as in a two-arm trial case.
Let us consider the case where K = 2. There are two types of early termination: (i) when only
one experimental arm is rejected, or (ii) when both experimental arms are rejected after stage 1.
For type (i), the required sample size is 3n1 + 2n2 and the probability of early termination under
H0 is

PET1 = 2× P(X11 − Y1<a1, X21 − Y1�a1|p0)

and, for type (ii), the required sample size is 3n1 and the probability of early termination under
H0 is

PET2 = P(X11 − Y1<a1, X21 − Y1<a1|p0)
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Hence, the expected sample size under H0 is obtained as

EN= (3n1 + 2n2)PET1 + 3n1 ×PET2 + 3n(1 − PET1 − PET2)

= 3n − n2 ×PET1 − 3n2 ×PET2

1
3 of which is the expected sample size per arm.
Even with K = 2, the search for the optimal and minimax designs requires heavy computa-

tions. For an expedited search, we may choose a reasonable n, e.g. an integer slightly larger
than that for a two-arm design, and find (n1, a1, a) that satisfy (�∗, �∗) in a narrow space,
such as n1 ∈ [0.3n, 0.7n], a1 ∈ [−2, 2] and a ∈ [n�/2 − 2, n�/2 + 2]. This suggestion is based
on our experience that an n1 around n/2 provides a convenient time schedule for the interim
analysis, and, for reasonable two-stage designs, a1 is chosen around 0 and a is chosen around
n�/2.

Example 4
Let us consider (p0,�, �∗, 1 − �∗) = (0.7, 0.15, 0.15, 0.8) and K = 2. We may choose n = 70,
which is slightly larger than that for the minimax design for two-arm trials, 63 from Example 1,
n1 ∈ [21, 49], a1 ∈ [−2, 2] and a ∈ [3, 8]. Within the range, we choose the design with the smallest
EN among those satisfying the (�∗, 1− �∗)-restriction. From the expedited search, we find design
(n1, n, a1, a) = (23, 70, 2, 7), which has operating characteristics (�, 1−�) = (0.1382, 0.8003) and
EN= 40.01 per arm.

In order to adjust for the multiplicity of statistical tests, we propose to control the FWER in
testing and to choose a design satisfying the family-wise power 1 − � given in (3). However, one
may want to choose a design satisfying the marginal power to accept each efficacious experimental
therapy with a certain probability. Given (n1, n), suppose that the critical values (a1, a) are chosen
to control the FWER given in (2) below �∗ level. Then, the marginal power for experimental arm
k with pk = p0 + � will be calculated as

1 − �̃ = P(Xk1 − Y1�a1, Xk − Y�a|p0, pk)

=
n1∑

y1=0

n1∑
xk1=0

n2∑
y2=0

n2∑
xk2=0

I (xk1 − y1�a1, xk1 + xk2 − y1 − y2�a)

× b(y1|n1, p0)b(y2|n2, p0)b(xk1|n1, pk)b(xk2|n2, pk)

In Example 4 with K = 2, the design (n1, n, a1, a) = (23, 70, 2, 7) has a marginal power of 1 −
�̃= 0.6654 for (p0,�) = (0.7, 0.15). If we want (�∗, 1 − �̃∗) = (0.15, 0.8) for each experimental
arm with (p0,�) = (0.7, 0.15), then we need a larger trial, such as (n1, n, a1, a) = (44, 88, 0, 9)
which has (�, 1 − �̃) = (0.1293, 0.8007).

4. DISCUSSION

The patient characteristics of the experimental arm of a new single-arm phase II trial may be
different from those of the trial from which the historical control is selected. In this case, the
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comparison between the experimental arm and the historical control may be biased. We avoid such
issue by randomizing patients between the experimental and control therapies.

While the number of randomized phase II trials is rapidly growing [11], we largely lack efficient
design and analysis methods for them. This paper proposes optimal and minimax designs for two-
stage randomized phase II trials. Given a design setting, the maximal sample size for the minimax
two-stage design is usually smaller than or equal to the sample size for the single-stage design as
in single-arm trial designs [1]. The ratio of stage 1 sample size to the maximal size, n1/n, for the
minimax design is usually large, so that its operating characteristics and the maximal sample size
are similar to those of the single-stage design. However, the ratio for the optimal design is usually
small, so that we can terminate the trial early and minimize the expected sample size when the
experimental arm is inefficacious.

We have considered minimax and optimality criteria in this paper. But these two criteria often
conflict with each other, so that the minimax design may have an excessively large expected sample
size under H0 compared with the optimal design and the optimal design may have an excessively
large maximal sample size compared with the minimax design. In order to address this issue, we
may combine these two criteria to derive a compromise design; refer to Jung et al. [3, 12] for
the single-arm design case. We have focused on two-stage designs, but the methods can be easily
extended to designs with any number of stages.

A randomized phase II trial may look similar to a phase III trial in the sense that both include
a prospective control and carry out statistical tests to compare between the control and an experi-
mental arm. However, we do not want a phase II trial to be more than an efficacy screening study,
while a phase III trial is to finalize scientific questions on an experimental regimen. As a result,
we want phase II trials as simple as possible. In order to keep the sample size small and the study
period short for a randomized phase II trial, we use relatively large �, such as 15 or 20 per cent
(rather than the conventional 5 per cent level), and �, such as 20 per cent (rather than 10 per cent),
and a short-term outcome variable, such as tumor response (rather than survival), as the primary
endpoint.

When there are multiple strata, among which the response rates are different, a referee wishes
to consider a separate single-arm phase II trial for each stratum as an alternative to a randomized
phase II trial. Through such types of studies, we may avoid the bias issue, but may face some
different practical problems. Usually in this situation, medical investigators might want to decide
whether a new therapy has promising efficacy or not for the whole group of patients combining the
strata. Suppose that, by a study with separate single-arm phase II trials, the experimental therapy
is accepted in one stratum, but not in another by a marginal difference in efficacy. In this case, we
may want to accept the experimental therapy for the combined population. But it is not clear what
the type I error probability committed by the decision is. If the strata are so different that they
are likely to have different standard therapies, then we will have to consider a separate single-arm
phase II trial for each stratum as the referee suggests. Compared with randomized phase II trials,
studies with multiple single-arm phase II trials may not save the sample size at all, especially
when there are more than two strata. Furthermore, the whole study will not be completed until all
strata accrue the required number of patients, so that it may take a long time to complete a study
if there is a rare stratum.

Finally, with respect to computing, the computer programs used in this paper are written in
Fortran 77. It takes about a minute to search for the minimax and optimal designs under each setting
of Tables I–IV by a laptop computer with Intel Pentium M Processor 1.8GHz. The computing
time exponentially increases in K , so that an exhaustive search can take many days even for a
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three-arm phase II trial (K = 2). Using the expedited search procedure discussed in Section 3.3,
we can identify reasonable designs for a three-arm trial within 10min. The computer programs
are available from the author on request.
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