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Abstract
Background: Multi-arm multi-stage trials are an efficient, adaptive approach for testing many treatments simultaneously
within one protocol. In settings where numbers of patients available to be entered into trials and resources might be lim-
ited, such as primary postpartum haemorrhage, it may be necessary to select a pre-specified subset of arms at interim
stages even if they are all showing some promise against the control arm. This will put a limit on the maximum number
of patients required and reduce the associated costs. Motivated by the World Health Organization Refractory
HaEmorrhage Devices trial in postpartum haemorrhage, we explored the properties of such a selection design in a ran-
domised phase III setting and compared it with other alternatives. The objectives are: (1) to investigate how the timing
of treatment selection affects the operating characteristics; (2) to explore the use of an information-rich (continuous)
intermediate outcome to select the best-performing arm, out of four treatment arms, compared with using the primary
(binary) outcome for selection at the interim stage; and (3) to identify factors that can affect the efficiency of the design.
Methods: We conducted simulations based on the refractory haemorrhage devices multi-arm multi-stage selection trial
to investigate the impact of the timing of treatment selection and applying an adaptive allocation ratio on the probability
of correct selection, overall power and familywise type I error rate. Simulations were also conducted to explore how
other design parameters will affect both the maximum sample size and trial timelines.
Results: The results indicate that the overall power of the trial is bounded by the probability of ‘correct’ selection at
the selection stage. The results showed that good operating characteristics are achieved if the treatment selection is
conducted at around 17% of information time. Our results also showed that although randomising more patients to
research arms before selection will increase the probability of selecting correctly, this will not increase the overall effi-
ciency of the (selection) design compared with the fixed allocation ratio of 1:1 to all arms throughout.
Conclusions: Multi-arm multi-stage selection designs are efficient and flexible with desirable operating characteristics.
We give guidance on many aspects of these designs including selecting the intermediate outcome measure, the timing of
treatment selection, and choosing the operating characteristics.
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Introduction

Efficient phase III clinical trial designs are needed to
speed up the evaluation of new therapies. Multi-arm
multi-stage (MAMS) randomised clinical trial designs
have been developed to achieve this goal with two main
components: the multi-arm aspect allows multiple
experimental arms to be compared to a common con-
trol in a single trial; the multi-stage aspect allows
interim analyses so that recruitment to the experimental
arms which are performing no better than control can
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be stopped before the planned end of the study. This
allows multiple research questions to be answered
under the same protocol and in the confirmatory
setting.

Royston et al.1,2 developed a framework for MAMS
designs that allows the use of an intermediate (I) out-
come at the interim stages that may or may not be the
same as the definitive (D) outcome at the final analysis.
This further increases the efficiency of the MAMS
design by stopping recruitment to treatment arms for
lack-of-benefit at interim stages based on an I outcome.
Using an I outcome also allows interim analyses to be
conducted sooner, so recruitment to poorly performing
arms can be stopped earlier than if using the primary
outcome throughout. The design has been extended to
include interim stopping boundaries for overwhelming
efficacy on the primary outcome.3.Choodari-Oskooei
et al.4 give an extensive account of Royston et al.’s
MAMS designs and discuss their underlying principles.
In this article, the MAMS designs which utilise the I
outcome at the interim looks are denoted by I 6¼ D.
Designs that monitor all the arms on the same definitive
outcome throughout the trial are denoted by I =D.
For simplicity, we consider the original design with only
lack-of-benefit stopping boundaries with an I outcome
in this article.

In a general MAMS design, all arms can reach their
final stage of recruitment if they pass each interim anal-
ysis. As a result, the number of experimental arms
recruiting at each stage cannot be pre-determined.
Therefore, the actual sample size of the trial can be var-
ied considerably with its maximum being when all the
treatment arms reach the final stage. To distinguish this
setting from the pre-specified treatment selection set-
ting, we call it ‘full’ MAMS. In such trials with a large
number of experimental arms, the maximum sample
size might be too large to achieve or for any agency to
fund it. In these cases, it may be more appropriate to
pre-specify the number of experimental arms that will
be taken to each stage, alongside a criterion for select-
ing them. One example of such design is the Refractory
HaEmorrhage Devices (RED) trial in postpartum hae-
morrhage (PPH).

This is the first presentation of MAMS ‘selection’
designs within the general MAMS framework intro-
duced by Royston et al. In the MAMS selection design,
the selection of research arms after the interim analysis
can be made based on the ranking of treatment effects
or a combination of the rankings and safety results.
Traditionally, the selection of the treatments has been
made in phase II trials where strict control of operating
characteristics is not a concern. In a MAMS selection
design, the selection and confirmatory stages are imple-
mented within one trial protocol, and the selection of
the most promising treatments can be made at multiple
stages. Patients will be randomised from the start to all
the experimental and control arms, and the primary

analysis of the experimental arms that reach the final
stage includes all randomised individuals from all selec-
tion stages.

MAMS selection designs can reduce maximum sam-
ple size and simplify planning. It is, however, unclear
how the design parameters should be chosen to main-
tain these benefits when strong control of operating
characteristics is required. Given the above constraints
and the MAMS design framework, we explore (1) what
is the best timing for treatment arm selection, (2) how to
select treatments, (3) what is the impact of treatment
selection based on an intermediate outcome on the oper-
ating characteristics of the design and (4) how does a
MAMS selection design sample size compare with an
optimal full MAMS design. When comparing multiple
eligible designs, different optimality criteria can be used
to choose between these designs.5 In this study, we focus
on optimising power, by choosing designs which result
in the earliest treatment selection time and lowest maxi-
mum sample size. This can be thought of as a minimax
criterion – minimising the maximum sample size.5

Next, we introduce the RED trial and set out design
challenges in trials in PPH.

An example: RED trial

Trial setting

PPH is one of the leading causes of global maternal mor-
bidity and mortality. Despite recent advances in mater-
nal health, death from PPH remains highly prevalent,
accounting for nearly 70,000 maternal deaths worldwide
every year.6 The RED trial is a phase III randomised
clinical trial that uses the MAMS selection design inves-
tigating the efficacy of three different tamponade devices
(the Ellavi fixed-volume uterine balloon tamponade
(UBT), the Ellavi free-flow UBT, and the Suction Tube
Uterine Tamponade (STUT) device) against the control
device, the Foley catheter. The trial starts with randomi-
sation at equal allocation ratio to three research arms
and a control. One research arm is selected at stage 1 to
continue to stage 2 with the control.

Trial outcome and outcome measure

The primary outcome in this trial at both interim and
final analyses is the binary (composite) outcome of
PPH-related maternal mortality or invasive surgical
procedures (MMS) up to 3 days postpartum. The trial
is powered to detect a risk reduction in each experimen-
tal arm by 5% (absolute) and 33% (relative), that is, an
event rate of 10% in each experimental arm and 15%
in the control arm.

Design challenges

Given the relatively low event rate of atonic refractory
PPH in the target population, hundreds of thousands
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of deliveries would need to be screened to recruit a suf-
ficient sample for a phase III trial on refractory PPH.7

As an example, 426,000 vaginal births would need to be
screened to recruit 1366 participants who are required
for a conventional two-arm parallel-group randomised
controlled trial (RCT) with (one-sided) 2.5% signifi-
cance level and 80% power to detect 5% absolute risk
reduction from the control arm event rate of 15%.

A MAMS design with the similar pairwise type I
error rate and power is more efficient than concur-
rent two-arm trials. However, in some MAMS
designs such as the RED trial the familywise type I
error rate (FWER) should be controlled at the pre-
specified level (2.5%, one-sided) which then increases
the required sample size for a given power.8 Freidlin
et al.9 and Proschan and Waclawiw10 provide further
guidance on this important design consideration. In
the RED trial, the FWER was the overall type I error
rate of interest – which should be controlled at 2.5%
level (one-sided), since the interventions in two of the
research arms were similar. Despite multiplicity cor-
rection, the ‘optimal’ MAMS design reduces the max-
imum sample size considerably when compared with
three separate two-arm trials, by around 23%. (Note
that the overall significance level of three indepen-
dent two-arm trials, each with a 2.5% significance
level, is about 3 times, that is, 7.3% = 1� (1�
0:025)3, the optimal MAMS design.) By ‘optimal’
MAMS designs, we mean the most efficient feasible
designs, called admissible MAMS designs, that mini-
mise a (weighted) loss function using a Bayesian
optimality criterion – Supplemental Appendix B
includes further details. We used the nstagebinopt
and nstagebin Stata commands for this purpose.11

Both programmes allow the use of Dunnett’s correc-
tion for multiple testing.12

The maximum sample size remains too large for the
trial to complete in a timely manner. To reduce this fur-
ther, without compromising the statistical integrity of
the design, two distinct stages are considered in the
RED trial design. At the selection stage, a subset of
research arms are selected to continue to the confirma-
tory stage with the control arm.

In MAMS selection designs, the selection of research
arms can be made in multiple stages. The design can
also allow for interim lack-of-benefit stopping rules as
well as treatment selection. We will address these issues
in section ‘Discussion’.

A distinctive feature of the MAMS selection design
is that this pre-specified experimental arm selection is
based on the ranks of the interim treatment effect esti-
mates, whereas in the full MAMS design any experi-
mental arm that passes the interim stopping rules has a
chance to continue to the next stage. In the remainder
of this article, we compare the operating characteristics
of different MAMS selection designs against each other
and the full MAMS, in the RED trial setting.

Methods

In this section, we briefly describe the operating charac-
teristics of MAMS selection designs – see Supplemental
Appendix C for a formal and generic specification of
the design and how it can be realised.

Operating characteristics

Type I error rates when selecting experimental arms. Two
measures of type I error in a multi-arm trial are the
pairwise (PWER) and familywise (FWER) type I error
rates.8 In the RED trial, the familywise error rate
(FWER) was the measure of interest since the interven-
tions in two of the research arms were similar. The con-
trol of the FWER means that the probability of
recommending the selected treatment when it is ineffec-
tive should be at most 2.5% one-sided. We used simu-
lations to calculate the FWER by generating the joint
distribution of the test statistics at different stages with
the underlying correlation structure. Supplemental
Appendix C presents details on the calculation of the
FWER.

Probability of correct selection. The probability of correct
selection is the probability the most effective arm is
selected at an interim stage – see Supplemental
Appendix C and Kunz et al.13 for analytical deriva-
tions. In MAMS selection designs, it is desirable to have
high probability of correct selection at the interim deci-
sion point since the overall power is bounded by this
quantity. We used simulations to calculate it empirically
by counting the average number of simulated trials
which select the efficacious research arm at stage 1.

Overall power when selecting experimental arms. In the
RED trial design, overall power is defined as the prob-
ability that the most effective arm is selected at the
interim analysis and the primary null hypothesis is
rejected for this arm at the final analysis – see
Supplemental Appendix C and Kunz et al.13 for analy-
tical derivations. We carried out simulations to calcu-
late it empirically under different configurations of the
underlying treatment effects. To be consistent, we pres-
ent the scenario when one research arm has the target
treatment effect in Results. The results for other scenar-
ios are included in Supplemental Appendix F of the
online Supplementary Material. They are summarised
in section ‘Results’.

Simulation study design

In this section, we describe the trial design parameters
in our simulations based on the RED trial.

Choodari-Oskooei et al. 3



Trial design parameters. Table 1 presents the design para-
meters in our simulation studies – Supplemental
Appendix D includes further details. We considered dif-
ferent timings of treatment selection in our simulations
to investigate its impact on the operating characteristics
of the design. This was done based on the control arm
information times, that is, the proportion of total con-
trol arm patients in the selection stage. Given the low
event rate in this trial, it is important to have a large
enough sample size in the selection stage to decrease
the uncertainty around the estimated treatment effects.
For the sake of brevity, we will present the results for
the following selection times: 11%, 17%, 21%, and
24% which correspond to the first-stage significance
levels (a1) of 0.70, 0.60, 0.55, and 0.50, respectively.
The selection times considered provide a reasonable
trade-off between accruing a sufficient sample size for
treatment selection and control of the overall operating
characteristics.

The corresponding stage 1 (and maximum) sample
sizes are presented in columns 4 and 5 of Tables 2 and
3. The above significance levels can also act as the lack-
of-benefit stopping rule at the selection stage. We will
address the design implications of such stopping bound-
aries in section ‘Discussion’. Finally, the design pairwise
significance level for the selected research arm at stage 2
(a2S , where S stands for selected) is 0:015 (one-sided) in
all experimental conditions. A grid search procedure
was used to find a2S (and the design pairwise power at
stage 2) to ensure the control of both the FWER and
overall power.

Allocation ratio. For a fixed-sample (one-stage) multi-
arm trial, the optimal allocation ratio (C:E), that is, the
one that minimises the sample size for a fixed power, is
ffiffiffiffi

K
p

. In designs with binary outcomes, this is locally

optimal since the lower event rate in the experimental
arms points to the optimal allocation of having slightly
more in the experimental arms. However, in MAMS
selection designs, the research arms are implicitly com-
pared against each other at the selection stage. For this
reason, it might be more efficient to randomise more
individuals to the research arms during the selection
stage. This decreases the uncertainty of the estimated
risk from the research arms, which can increase the
probability of correct selection and power of a MAMS
selection design. For this reason, we considered differ-
ent allocation ratios which are presented in Table 1.
Note that the change in allocation ratio is pre-specified
in all design scenarios, and is independent of stage 1
results. This was done under the assumption that there
is no time trend in the study population, which may
increase the risk of bias and may result in the loss of
efficiency.14

Outcome measure for treatment selection. In a MAMS
design, the use of an I outcome at the interim stages
speeds up the weeding out of insufficiently promising
treatments. As a result, recruitment to the unpromising
arms will be discontinued much faster than otherwise.
Choosing an appropriate I outcome is key to the suc-
cess of the design.2

There are two main requirements for a suitable I

outcome in this setting. First, ‘information’ on I should
accrue at the same rate or faster rate than information
for the D outcome, where information is defined as the
inverse of the variance of the treatment effect estimator.
The second assumption is that the I outcome is on the
pathway between the treatments and the D outcome. If
the null hypothesis is true for I , it must also hold for D.
In this setting, the I outcome does not have to be a per-
fect or true surrogate outcome for the definitive out-
come as defined by Prentice.15

However, in MAMS selection designs, the focus is
on the selection of the best-performing arms rather than
dropping them for the lack-of-benefit. For this reason,
there needs to be a reasonable trial-level correlation
between the treatment effect on the I outcome and the
treatment effect on the D outcome in all pairwise com-
parisons.16 Otherwise, the best-performing treatment
on the I outcome may not always be the most promis-
ing on the primary clinical outcome of the trial. We car-
ried out simulation studies to investigate the impact of
treatment selection based on an I outcome on the oper-
ating characteristics and maximum sample size of a
MAMS selection design. The design specification for
the I 6¼ D setting is presented in Table 4.

Results

In this section, we present the results of our empirical
investigation to explore the operating characteristics of

Table 1. Design parameters for MAMS selection designs used
in simulations.

Design parameter
(I=D design)

MAMS selection design

Stage 1 (selection) Stage 2

Primary outcome MMS MMS
No of research arms 3 1
Selection inf. time 11% or 17% or

21% or 24%
–

Sig. levels (one-sided), a 0.70 or 0.60 or
0.55 or 0.50

0.015

Design pairwise power 0.95 0.88
Ctrl. arm event rate 0.15 0.15
Treat. effect under H0 0 0
Target treat. effect,H1 u : �0:05 u : �0:05
Allocation ratio (C:E) 1:1 or 2:1 or 2:3 or 1:2 1:1 or 2:1

MAMS: multi-arm multi-stage; MMS: maternal mortality or invasive

surgical procedures, (binary) primary outcome.

The same definitive (binary) outcome (MMS) is used at stage 1 for

treatment selection.
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the MAMS selection design. We present the trial design
settings, as well as the stage 1 (and maximum) sample
sizes that are derived from these designs. The perfor-
mance measures that quantify the operating character-
istics of each design are presented in the last three
columns in all tables.

Simulation results

Selection of experimental arms based on the definitive (D)
outcome. The simulation results are summarised in the
last three columns of Tables 2 and 3. First, the results
suggest that the probability of correct selection, power,
and the FWER increase with the timing of treatment
selection. For example, for the fixed 1:1 allocation
ratio, the corresponding quantities are 0.82, 0.73, and
0.023, respectively, when the decision to select the best

treatment is made at 11% information time. They
increase to 0.88, 0.78, and 0.025, respectively, when the
selection is carried out at 17% information time.

Second, our results indicate that randomising more
patients to the research arms in the first stage increases
the probability of correct selection and power.
However, it also increases the overall type I error rate –
that is, the last column of Table 1 in Supplemental
Appendix E. The results suggest that a fixed allocation
ratio of 1:1 is the best option when only one research
arm is selected to continue to the next stage. Overall,
treatment selection at 17% information time gives the
smallest maximum sample size and highest power
where the FWER controlled at 2.5% (one-sided), that
is, design (ii-1) in Table 2.

Table 3 compares the maximum sample size and the
operating characteristics of the MAMS selection
designs with fixed 1:1 allocation ratio with those of the

Table 2. The operating characteristics of different four-arm two-stage (MAMS) selection designs, I=D. scenario.

Design AR (C:E) Stage 1 SS (C:E) Max. SS Probability of
correct Selection

Overall power FWER

Stage 1 Stage 2

(i) Selection at 11% of information time
1 1:1 1:1 109:109 2164 0.82 0.73 0.023
2 2:1 2:1 154:77 2218 0.77 0.67 0.023
(ii) Selection at 17% of information time
1 1:1 1:1 168:168 2282 0.88 0.78 0.025
2 2:1 2:1 238:119 2302 0.83 0.72 0.026
(iii) Selection at 21% of information time
1 1:1 1:1 201:201 2348 0.90 0.80 0.026
2 2:1 2:1 284:142 2348 0.85 0.75 0.027
vi) Selection at 24% of information time
1 1:1 1:1 235:235 2416 0.92 0.82 0.027
2 2:1 2:1 333:167 2399 0.88 0.76 0.028

AR: allocation ratio; FWER: familywise type I error rate; SS: sample size.

The design (pairwise) power in all scenarios is 0.95 and 0.88 in stages 1 and 2, respectively. The design pairwise significance level for the selected arm

at stage 2 analysis is a2S = 0:015 (one-sided) in all scenarios. The number of simulations is 250,000 in each experimental condition.

Table 3. Comparison of the operating characteristics of the MAMS selection design with full MAMS and two-arm designs in terms
of overall power and maximum sample size.

Design AR (C:E) Max. SS Pr. corr. sel.a Overall power FWER

(i) MAMS selection designs
(1) Selection at 11% inf. time 1:1 2164 0.82 0.73 0.023
(2) Selection at 17% inf. time 1:1 2282 0.88 0.78 0.025
(3) Selection at 21% inf. Time 1:1 2348 0.90 0.80 0.026
(4) Selection at 24% inf. time 1:1 2416 0.92 0.82 0.027

(ii) Other designs
(1) Optimal (full) MAMS 2:1 3164 2 0.80b 0.025
(2) Two-arm trial 1:1 1366 2 0.80 0.025

AR. allocation ratio; FWER: familywise type I error rate; MAMS: multi-arm multi-stage; SS: sample size.

The design (pairwise) power in MAMS selection designs is 0.95 and 0.88 in stages 1 and 2, respectively. The design pairwise significance level at stage

2 is a2S = 0:015 (one-sided) in all selection designs. The design pairwise power (vj) and significance levels (aj) for the optimal MAMS design are

(0.98, 0.80) and (0.26, 0.009), respectively. Supplemental Appendix B includes the Stata code for sample-size calculations.
a
Probability of correct selection.

b
The overall pairwise power in the optimal full MAMS design.
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optimal full MAMS design. The chosen design with
treatment selection at 17% information time (i-2)
decreased the maximum sample size by 28% compared
with that of the optimal full MAMS design with com-
parable operating characteristics. Its maximum sample
size (2282) is even smaller than the expected sample
sizes of the optimal MAMS design – that is, 2574 and
3151 under the null and alternative hypothesis, respec-
tively. Note that in two-stage selection designs where
only one arm is selected at stage 1, the maximum and
expected sample size are the same under the non-
binding lack-of-benefit stopping rules.

Finally, further simulations to explore the perfor-
mance of the optimal full MAMS and the chosen
MAMS selection design, that is, design (i-2) in Table 3,
under different configurations of the underlying treat-
ment effects indicate that the lowest power for the
MAMS selection design is achieved when one arm has
the target effect size and the underlying effect sizes in
the other research arms is 50% of the target effect size
– see Supplemental Appendix F. Note that any design
will lose power under smaller effect sizes. For example,
the power of a two-arm design reduces to 0.20 with an
effect size of 20.025 from 0.80 when the effect size is
20.05 (see Table 2 in Supplemental Appendix F).
Nonetheless, the overall power of the chosen MAMS
selection design is only 4% lower at 0.74 in this case.

Selection of experimental arms based on an I
outcome. Volume blood loss (VBL) is used as the

outcome of interest in the early phase postpartum hae-
morrhage trials since the loss of large amounts of blood
postpartum can lead to severe maternal morbidity and
mortality. The VBL is an information-rich continuous
outcome that follows lognormal distribution.17 We
used past early phase trials in PPH to specify the selec-
tion stage design parameters in this new setting.
Table 4 presents the design parameters, maximum sam-
ple size, and overall operating characteristics of the
MAMS selection design when the log(VBL) is used for
treatment selection at stage 1 – further details are
included in Supplemental Appendix D.

While for the I =D design we compared the overall
operating characteristics across various designs to find
the best selection design, in the I 6¼ D design our aim is
to show how the correlation structure between the two
treatment effects, that is, rm̂û = corr(m̂, û), as well as
the underlying treatment effect on the I outcome can
affect the overall operating characteristics of a selection
design in this setting. rm̂û is the trial-level correlation
between the treatment effect on I and the treatment
effect on D, which is different from the patient-level
correlation between the I and D outcomes.16 An esti-
mate of rm̂û is required to calculate the overall operat-
ing characteristics of the MAMS (I 6¼ D) selection
design.18

At the time of the design, no information was avail-
able about rm̂û. In the FWER and power calculations
in Table 4, we used a correlation of rm̂û = 0:50. In our
simulations, we assumed three values for rm̂û,

Table 4. Design parameters for an MAMS (I 6¼ D) selection design.

Design parameter
(I 6¼ D design)

MAMS selection design, I 6¼ D

Stage 1 (selection) Stage 2

Outcome type continuous binary
Outcomea log(VBL) MMS
Correlation (rm̂û)

b 0.50 0.50

Significance level (1-sided) 0.025 0.021
Design pairwise power 0.90 0.88
Ctrl. arm outcome mean (SD) 2.32 (0.4) 0.15 (0.36)
Treatment effect under H0 0 0
Target treatment effect (H1) m: 20.2 u: 20.05
Allocation ratio (C:E) 1:1 1:1
Sample size in each arm 85 890

Overall operating characteristics and maximum sample size
Maximum sample size 1950
Probability of correct selection 0.98
Overall power 0.87
FWERc 0.025

FWER: familywise type I error rate; MAMS: multi-arm multi-stage; MMS: maternal mortality or invasive surgical procedures; SD: standard deviation;

VBL: volume blood loss.

The continuous outcome is used at stage 1 for treatment selection, whereas the primary binary outcome is used in stage 2 analysis.
a
MMS is the primary (D) outcome which is tested at the final stage. The log (VBL) is the intermediate (I) outcome used for treatment selection at

stage1.
b
Correlation between the I and D outcome measures, that is, rm̂û = corr(m̂jk, ûjk), where j = 1; 2 and k = 1; 2; 3, at a fixed time point, assumed to be

constant and the same for all pairwise comparisons –j and k are the stage and comparison indicators.
c
FWER is calculated under the global null hypothesis for both the I and D outcome measures.
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f0:20, 0:50, 0:65g, to explore its impact on the operat-
ing characteristics of the design. We used a grid search
procedure to choose the final stage significance level
(a2S) such that the overall FWER is at the pre-specified
level of 2.5% (one-sided), that is, a2S = 0:021, and cal-
culated the reported FWER in Table 4 under the global
null hypothesis for both the I and D outcome measures.
The maximum sample size of this MAMS (I 6¼ D) selec-
tion design is about 15% lower with much higher overall
power. However, this design is only robust under the
assumption that there is a reasonable trial-level correla-
tion between treatment effect on the VBL and the treat-
ment effect on the MMS in all pairwise comparisons.16

This assumption does not hold in the RED trial setting.
Unlike the other two devices, the STUT device has a dif-
ferent mechanism of action. It has been shown to be
effective in previous pilot studies. However, it has a suc-
tion mechanism that may increase the average blood loss
for some individuals if it is measured for short periods.

We conducted further simulations to explore the
impact of the correlation structure between the I and D

outcome measures (rm̂û), the variance of the I outcome,
and the I outcome true treatment effect (m) on the oper-
ating characteristics of this design. In simulations, we
generated patient-level correlated outcome data and
calculated the corresponding outcome measures and
test statistics. To decrease the Monte Carlo error of the
FWER, the simulations were run with 100,000 replica-
tions under the global null hypothesis, and 10,000 repli-
cations for power calculation.

The results are presented in Table 5 for two different
values for rm̂û =(0:50, 0:65) and two underlying effects
for the I outcome measure in the selection stage. In one

scenario, we simulated the I outcome under the target
effect size of m= � 0:2, that is, (i-1) in Table 5. We
also simulated the I outcome under smaller effect size
(m= � 0:1) and a larger variance for the I outcome
since the suction device might increase the variability in
the VBL, (i-3) in Table 5. In all simulation scenarios,
the true effect size for the definitive clinical outcome
measure was the same, that is, u= � 0:05.

The simulation results in Table 5 indicate that the
correlation between the I and D outcome measures has
a negligible impact on the probability of correct selec-
tion and overall power. However, the FWER increases
as the correlation between the outcome measures
increases. We also carried out simulations under
rm̂û = 0:20; the FWER and overall power were 0.023
and 0.86, respectively. Finally, the simulation results
indicate that an increase in the variance of the log
(VBL) will decrease the overall power on the D out-
come measure, whereas it increases the overall FWER
– that is, scenarios (i-2) and (ii-2) in Table 5.

Discussion

In this article, we investigated pre-specified treatment
selection under the Royston et al.’s MAMS framework.
Motivated by the RED trial in refractory postpartum
haemorrhage, we compared the operating characteris-
tics and maximum sample size of MAMS selection
designs with that of the optimal full MAMS design and
two-arm trials. As demonstrated in the RED trial
design and in our extensive simulation studies, MAMS
selection designs can produce maximum sample size
savings of up to 28% compared to the optimal (full)

Table 5. Comparison of the operating characteristics of the four-arm two-stage (MAMS) selection design presented in Table 4
under two different correlation structures between I and D outcome measures, rm̂û = corr(m̂jk, ûjk), and true treatment effect on the
I outcome.

Scenario (I 6¼ D) Stage 1 selection Max. SS Probability of
correct selection

Overall
power

FWERa

I outcome I-outcome
true effect (SD)

Ctrl. arm SS
(inf. time)

(i)rm̂û = 0:50

1 log(VBL) 20.2 (0.40) 85 (10%) 1950 0.98 0.87 0.025
2 log(VBL) 20.2 (0.80) 85 (10%) 1950 0.94 0.83 0.029
3 log(VBL) 20.1 (0.40) 85 (10%) 1950 0.80 0.71 0.025
4 log(VBL) 20.1 (0.80) 85 (10%) 1950 0.74 0.65 0.029

(ii)rm̂û = 0:65

1 log(VBL) 20.2 (0.40) 85 (10%) 1950 0.98 0.87 0.027
2 log(VBL) 20.2 (0.80) 85 (10%) 1950 0.95 0.84 0.032
3 log(VBL) 20.1 (0.40) 85 (10%) 1950 0.80 0.71 0.027
4 log(VBL) 20.1 (0.80) 85 (10%) 1950 0.74 0.66 0.032

FWER: familywise type I error rate; SD: standard deviation; SS: sample size; VBL: volume blood loss.

The target effect size of 20.2 is assumed for the stage 1 sample size calculation with a standard deviation of 0.4 for the log volume blood loss. The

true and target effect for the definitive (D) clinical outcome is the same in all scenarios, that is, u= � 0:05. The design (pairwise) significance levels

(a1k,a2S) and powers (v1k,v2S) are (0.025, 0.021) and (0.90, 0.88), respectively, in all experimental conditions. The number of replications is 100,000

(and 10,000) for the FWER (and power) calculations in all scenarios.
a
FWER is calculated under the global null hypothesis for both the I and D outcome measures.
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MAMS design and by about 44% compared with 3
two-arm trials.

In MAMS selection designs, the primary aim is to
select the most promising treatments with high prob-
ability of correct selection where strong control of the
error rates is required in the phase III setting. The prob-
ability of correct selection and overall power are driven
by the underlying treatment effects, timing of selection,
and the number of comparisons. Our findings suggest
that treatment selection at about one-fifth of the control
arm information time gives the smallest maximum sam-
ple size when only one research arm is selected to con-
tinue to the next stage. The optimal allocation ratio is
also 1:1 in this case, both at the selection and confirma-
tory stages. This also reduces the risk of bias and loss of
efficiency when time trends are present.14

In this study, we selected the best research arm that
had the largest treatment effect. However, the selec-
tion of research arms can be made based on a combi-
nation of efficacy and safety data. The incorporation
of other (safety) outcomes to determine selection will
not increase the type I error rate of a MAMS selection
design since the FWER is maximised by selecting the
best-performing arm.19 However, the overall power
may be adversely affected since not selecting the best-
performing arm can lead to a conservative proce-
dure.20 Furthermore, in MAMS selection designs with
several research arms, more than one research arm can
be selected at the selection stage to increase power.
This needs to be pre-specified; otherwise, the overall
type I error rate will increase beyond the nominal
value. Or the selection of promising research arms can

be done in several stages – this is an area for further
research.

In some studies, independent monitoring committees
and funding agencies might require interim stopping
boundaries and clear guidelines as to when the trial
should be terminated. This can be achieved by including
lack-of-benefit stopping rules as part of the selection
criteria, or by introducing a further interim lack-of-
benefit analysis for the selected treatment arm(s). Our
simulation results, presented in Supplemental Appendix
G of the online Supplementary Material, indicate that
in the RED trial design the impact of such a stopping
rule on the overall power is minimal, that is, less than
2% reduction. In principle, the MAMS selection design
can also allow for interim stopping boundaries for over-
whelming efficacy.3 This can potentially increase the
overall type I error rate, which can be corrected using
simulations.

Moreover, we explored treatment selection based on
the I outcome of the VBL in the RED trial. This out-
come was not used for treatment selection since one
device has a different mechanism of action from that of
the other devices. We showed that sample size can be
reduced further by using an I outcome for treatment
selection. In this setting, the research arms can only be
robustly selected if there is a reasonable trial-level cor-
relation between the treatment effect on the I outcome
and the treatment effect on the D outcome in all pair-
wise comparisons.16 Nonetheless, even in this case the
reduction in the maximum sample size would have been
moderate (around 15%) in the RED trial. When select-
ing based on the treatment effect of the I outcome, it is

Table 6. The MAMS selection and full MAMS design: summary of their pros and cons and situations when they might be used.

MAMS selection designs Full MAMS designsa

Suitable when there is likely to be clear and strict limit on the
number of individuals that can be recruited, and/or the funds
available to support the trial, and/or when the timeline for the
trial is specifically restricted. These constraints can often mean
that not all research treatments can be continued to accrue
sufficient individuals for the primary analysis of the primary
outcome measure.

Suitable when there is sufficient individuals and funding such that
accrual to all research arms is possible to undertake the primary
analysis of the primary outcome measure.

More suited when the research treatments are related in some
way, for example, different doses or durations.

Preferable when the research arms testing interventions which
are biologically distinct from each other.

Have smaller maximum sample size and associated costs. Can have smaller expected sample size in designs with an
intermediate outcome.

The efficiency gains depend on the number of research
treatments: maximum sample size and overall type I and II error
rates may increase with increasing number of research arms.

Can be more efficient, particularly when a suitable intermediate
outcome is used for the interim lack-of-benefit analysis.

Interim changes to the pre-specified design parameters can
adversely affect its operating characteristics and efficiency.

If more than one research arm is found to be effective then in
this design it may be possible to consider adding the
interventions in the research arms, as they will typically have
different modes of action if the MAMS design is being used.

Non-exhaustive list; the advantages of each approach may also depend on the clinical setting and trial outcomes. MAMS: multi-arm multi-stage.
a
See Royston et al.1 for MAMS design; see also Bratton et al.22 for the extension to binary outcomes.
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recommended to have a number of selection stages to
reduce the number of experimental arms gradually, for
example, reducing one arm only at each stage, if the I

outcome data suggest that several treatments perform
similarly and better than the control.18

There are further design considerations when select-
ing based on the treatment effect of the I outcome.
First, an estimate of the correlation between the I and
D outcome measures (r) is required to calculate the
operating characteristics of the selection design. When
the I and D outcomes are of different distributions, the
correlation between the corresponding test statistics is
unlikely to be high. In several cases, reported values
were between 0.10 and 0.40.21 In studies that no such
information is available, such as the RED trial, the
operating characteristics of the design can be calculated
based on an initial estimate for the correlation. The ini-
tial value should be updated as trial data is accumu-
lated. Then, the operating characteristics of the design
should be re-calculated using the upper bound for the
estimated correlation. To control the FWER, the final
stage critical value might have to be adjusted which can
increase the maximum sample size.

Finally, in designs with long-term outcome mea-
sures, similar simulation studies to those presented in
this article should be performed to assess the operating
characteristics of the selection design as well as the effi-
ciency gains in terms of the maximum sample size and
trial timelines.

Conclusion

MAMS selection designs can be more suitable than the
full MAMS design in certain circumstances, particu-
larly in resource-limited settings where a number of
candidate research treatments are available. Table 6
summarises the pros and cons of each approach and
situations when they might be used. The pros and cons
of each approach would depend on the clinical setting
as well as the types of primary and intermediate out-
comes used for the trial design.
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