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Abstract

Tuberculosis (TB) is one of the biggest killers among infectious diseases world-
wide. Together with the identification of drugs that can provide benefits to
patients, the challenge in TB is also the optimisation of the duration of these
treatments. While conventional duration of treatment in TB is 6 months, there
is evidence that shorter durations might be as effective but could be associated
with fewer side effects and may be associated with better adherence. Based on
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a recent proposal of an adaptive order-restricted superiority design that
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ac.uk of the hypothesis testing and expression for type I and type II errors, we focus

employs the ordering assumptions within various duration of the same drug,
we propose a non-inferiority (typically used in TB trials) adaptive design that
effectively uses the order assumption. Together with the general construction

. . on how the novel design was proposed for a TB trial concept. We consider a
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number of practical aspects such as choice of the design parameters, randomi-
sation ratios, and timings of the interim analyses, and how these were dis-
cussed with the clinical team.
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1 | INTRODUCTION

Tuberculosis remains one the biggest infectious killers worldwide and the global control of the disease is slow." Detec-
tion and treatment of infectious pulmonary tuberculosis is a key component of public health strategies in high-burden
countries but the current standard of care for first-line therapies requires strong adherence to combination therapy for
6 months to ensure a stable cure. The current first-line regimen evolved over three decades of clinical trial activity and
has remained unchanged since the early 1980s.> While novel anti-tuberculosis drugs are finally becoming available,
new clinical trial evidence and re-examination of historical trials suggest that novel combinations of existing drugs
could improve efficacy of the current first-line standard tuberculosis treatment.’

TB clinical trials in the past typically evaluated homogenous populations of patients, often those with more severe
diseases able to provide repeated bacteriological specimens and modern guidance does not recommend modification of
the composition or duration of treatment regimens according to clinical characteristics. Recent data have, however, lent
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support to the concept of stratification of treatment on the basis of readily available prognostic factors including rapid
microbiological tests and radiology.* Strong correlations have been observed in trials and observational studies of mea-
sures of baseline bacillary load and long-term outcomes. In a recent pooled re-analysis of three trials of first-line regi-
mens containing fluoroquinolones, the TB-ReFLECT consortium showed that, despite the failure of these trials to show
significant non-inferiority, patients on 4-month regimen with low-risk prognostic factors (sputum smear grade <3+
and absence of radiologically apparent cavitation) in fact achieved non-inferior results to the 6-month regimen.* These
results were also validated externally using a previous clinical trial of prospective simple prognostic stratification,’
suggesting that the concept of a unitary regimen for all TB patients may result in overlong treatment for some. Further-
more, since two-thirds of patients in these trials fulfilled low-risk prognostic criteria, such a stratified approach clearly
has the potential to shorten treatment for a substantial number of patients.

Due to the excellent efficacy of the 6-month first-line regimen, the conventional designs in TB are non-inferiority
trials that evaluate whether a novel treatment regimen may shorten treatment of a single reduced duration, estimated
on the basis of preclinical and early phase clinical trial data. For instance, Study 31° has recently shown that a 4-month
rifapentine-based regimen containing moxifloxacin was non-inferior to the standard 6-month regimen in the treatment
of tuberculosis. However, the conventional designs are not able to determine the minimum possible duration for any
given regimen and their success rests heavily on correctly predicting the target duration from limited data. Such trials
thus pose a risk to drug developers and do not provide the information of most interest to policymakers.

Adaptive designs have been proposed as a solution to the question of how to identify the most promising treatment
in confirmatory trials rapidly. Multi-arm multi-stage designs (MAMS) have been argued to be a highly efficient
approach to clinical trials’® and they have been suggested'® for improving the treatment of tuberculosis. In this disease
area, MAMS have been proposed by Bratton et al.,'" Cellamare et al."> and a completed trial has been adopted by the
Pan-African Consortium for the Evaluation of Antituberculosis Antibiotics (PanACEA)."® In addition, the TRUNCATE-
TB trial'* is a MAMS recently implemented for drug-sensitive tuberculosis. These trials, however, evaluate different
treatment regimens, but only a single study duration.

New approaches to estimate the duration of therapy have become available which are capable of evaluating multiple
nested durations in an efficient manner.'>'® The design proposed by Quartagno et al."” relies on a parametric model for
the duration-response relationship and it does inflate the type I error under certain scenarios where the steepness of the
duration-response curve is increasing at the optimal duration. The work proposed by Serra et al.,'® instead, incorporates
the order of treatment effects in the decision-making when no parametric duration-response model is assumed and it
guarantees strong control of multiple testing.

Depending on the clinical setting and the disease area, several primary endpoints can be measured and used to
address the objectives of the trial. The adaptive design by Serra et al.'® was proposed considering only normally distrib-
uted endpoints in a superiority trial setting. In this work, we extend the design for a non-inferiority trial with a binary
endpoint. We describe its application to a clinical trial in TB which aims to compare the efficacy of multiple treatment
durations against a standard treatment regimen. We consider several practical aspects such as the choice of design's
parameters, randomisation ratios and timing of the interim analyses and how all these aspects were discussed with the
clinical team.

The rest of the manuscript continues as follows. The motivating clinical trial is introduced in Section 2 before a
detailed description of the novel design is proposed in Section 3. Section 4 describes the choice of the design's parame-
ters for the actual clinical trial before a suggestion for the clinical trial design is provided at the end of the section. A
simulation study is described in Section 5 in order to compare the proposed design with a standard MAMS design.
Section 6 analyses two different strategies that consider different timings of the interim analyses. We conclude with a
discussion.

2 | MOTIVATING TRIAL: RESTRUCTURE TRIAL

The REStrUCTuRe trial is a Randomised Evaluation of Stratified Ultra-Short Combination Tuberculosis Regimens. This
is a Phase III trial that aims to determine the shortest possible yet effective duration of treatment for people suffering
from pulmonary tuberculosis with low-risk or high-risk prognostic factors using a dose-optimised fluoroquinolone-
containing first-line regimen containing Rifampicin (RIF) 40 mg/kg, Pyrazinamide (PZA) 35 mg/kg and Levofloxacin
(LFX) 15 mg/kg: R40Z35L 5. The primary aim is to compare the efficacy of RyZ35L15 at durations of treatments from 2
to 4 months, while secondary aims are to compare the safety and tolerability of the investigational drug at different
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durations and to estimate the value of measures of culture conversion as predictors of long-term outcome. The sche-
matic of the experimental arms planned to be considered, depending on the patients' prognostic factors, are given in
Figure 1. Durations of 2, 3, and 4 months will be tested in the low-risk prognostic sub-population (no cavitation on
CXR and/or Smear Grade < +++) and durations of 3 and 4 months in the high-risk prognostic sub-population (cavita-
tion on CXR and/or Smear Grade > +++). Standard of care 2HR;0Z,sE/4HR) is administered daily for 6 months
irrespective of participant prognostic score.

The primary outcome of “no durable cure” (NDC) is defined as a confirmed positive mycobacterial culture at the
end of treatment with genetically identical isolates (on whole-genome sequencing) to their baseline isolate.

In the next sections, we illustrate and describe the extension of the ordered restricted MAMS'® to a non-inferiority

setting with a binary endpoint and we consider a number of practical aspects.

3 | ORDERRESTRICTED DESIGN

In this section, we first summarise the testing procedure of the original multi-arm multi-stage superiority order
restricted design (ORD'®), and then propose the extension for the non-inferiority setting with a binary endpoint. Non-
inferiority trials are designed to test whether new regimens are non-inferior in efficacy compared to the standard regi-
men currently used. These designs are more appropriate when new regimens may have practical advantages compared
to the standard intervention and thus may be preferred in real-life settings even if the new regimen is modestly less effi-
cacious.’ The level of acceptance is defined by the non-inferiority margin. Given the high efficacy of currently rec-
ommended regimens, non-inferiority designs are necessary to be adopted in TB setting."”

We start with describing a general design proposal for arbitrary number of arms and stages. Then, given the differ-
ent treatment durations studied in each sub-population of the motivating trial, we provide the design for each sub-
population.
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FIGURE 1 Trial design schematic. Coloured blocks represent treatment periods while black arrows represent post-treatment follow-up.
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3.1 | Multi-arm multi-stage superiority order-restricted design for normally distributed
endpoint

Consider a clinical trial with K —1 active treatment arms, T4,...,Tx_1, against a control treatment Ty and J stages at
which treatment arms can be dropped or the trial could be stopped for benefit or lack of efficacy. Assume that a

patient's response follows a normal distribution with known common variance, o%. Let ng) ~

N(u®,6?),ke{0,...K—1},i=1: n;k) be the observation of the i-th patient on treatment k (the control arm is denoted
by 0) and n;k) be the number of patients on arm k up to stage j. Let %) = %) — () be the true treatment effect of active

arm k€ {1,..,K —1} compared to the control. Denote the vector of treatment effects by 6 = (9(1),9(”,...,9(1{*1)) and
assume that the following order relationship holds: 6 > 6? > ... > 9K~

Define the ratio of the sample size on treatment k € {0,...,K — 1} at time point j € {1,...,J} over the sample size on
~k) ~0) 0, (0

the control in the first stage as r]@ with r§°> =1. Let Zj@ :’% r({()—j’r(o) be the test statistic'® at stage j for comparing
J J
-1 (k)

arm k to control, where ﬁ]@ = (n](k)) Z?’:IXEM and n}k) = r}k)n, with k € {0,...,K —1} and n is the sample size in the
control group at the first stage.

The null hypotheses of interest are Hy; : {6'(1) <0},...Hog-1: {0<K’1) <0}. Let uj(k),l;k),ke {1,...,K—1},je{1,...J}
be the critical values at stage j used to test the hypotheses with u}k) = l}k),k e{1,..K—1}.

The decisions are made in order to be able to select all promising treatment arms at the end of the trial and H, can
only be rejected if all H /, k <k have been rejected. Once Hox has been rejected, the recruitment to arms Tg,..., Tk is

stopped, where Z; is the lowest index on the treatment arms remaining in the trial at stage j. If there is contradicting

k

evidence with respect to the order at stage j, that is when Z;k) Zu; ) and there is at least one k <k such that

K K ) . . . .
Zj( ) < uj( >, then recruitment continues for all arms between k and k'. If there is sufficient evidence to drop arm k,
that is when Z;k> < l;k), and if there is not any contradicting evidence for k >k then the recruitment to arms Tk, ... T,
is stopped, where #; is the highest index on the treatment arms remaining in the trial at stage j.

The description of the decision rules for the special case of a 3-arm 2-stage design is provided in the Appendix in
Table A1, while we refer to Serra et al.'® for a general algorithm for the decision-making in this setting.

3.2 | Multi-arm multi-stage non-inferiority order-restricted design for binary endpoint

Assume that patients' responses follow a Bernoulli distribution. Let ng) ~ Bern (p(k>),k: {0,1,...,K—1},i=1: nJ@ be
the observation of the i-th patient on treatment k (the control arm is denoted by 0) and n](k) be the number of patients

on arm k up to stage j. Let 0% =p® — p(©) be the true treatment effect of arm k compared to the control. Denote the

number of subjects on the control in the first stage by n and the total sample size on treatment k up to and including
) ~O)
stage j is defined as n;k) = r;k)n. Let 6> 0 be the non-inferiority margin and ZJ@ = B h

o (1p0) 0 (150)
B R

J J

be the test statis-

-1 ?k)
tic'® at stage j for comparing arm k to control and ij@ = (n}’d) Z:LXE]{) , with k={0,1,...,K—1}. The vector Z =

(Z(ll),Z (12),...,Z(1K_1),Z§1),...,ZgK_l),...,Zﬁl),...,ZﬁK_l)) of test statistics is approximately multivariate normally distributed

with Z ~ N _y);(u,Z). Note that if the estimated response rates are used in the denominator of the test statistic—
instead of the true values this would result in a multivariate ¢ distribution. In this case, one could transform the single
test statistics to the normal scale using a quantile transformation to obtain approximately normal test statistics.

k () . ..
[Z ( )} = 0 +6 and the covariances between Z-statistics are:
J o (150) 50 (1))
—m
J J

The mean value of the test statistic is [E
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Cov (Z}k),Z;k)) =1,

) ] ) ) _©0)(1_ 0
COV(ng) Z(k))_ rpry °p (1 b )
J

\/r;())p(k) (1 —p(k)) + r}k>p(0) (1 —p((’))\/rj@)p(k/) (1 —p(kl)) + rj(k )p(o) (1 —p(o))

0 09 0
cov(z,7%)) = L [p(k)(l_p(k))er 00-p?)
J T+ k 0

VrOp0 (1= pk)) 49 po) (1= p) e pt (1 — p®) + 1 pO 1 —poy L 7 i

K () (0
r} )",-(H) rj( )p(o) (1 _p(o))

> B k ' ! K '
Vrio/rOp® (1 - p®) - po —p<°>)\/ rpl) (1-p*)) + )P0 -p)

Cov (Z}’c> ,Zj(fl)

with k,k €{1,..,K—1},j€{1,..,]}. We test the null hypotheses: Hy, : {9(1) < —68},mHog 1: {Q(Kfl) < — &} with the
global null hypothesis denoted by Hy: {8V =... =%V = —5}.

3.2.1 | Number of arms and stages for the REStrUCTuRe trial

Given the different treatment durations studied in each sub-population, for the high-risk sub-population we denote the

vector of treatment effects by 6, = (9;?,6’;!2) ) and the vector of response rates by p;, = (pgl0> , pﬁll), pf)). Consider the fol-

lowing order relationship: 6?;[1) > 99. Thus, T; and T, are the treatments at the longest and shortest durations, respec-
tively, in this subgroup. We denote the global null hypothesis as Ho;; : {921) :9;2) = —5}. We define the set of the
indices for the active treatment arms in this subgroup as K, = {1,2}.

For the low-risk sub-population, the vector of treatment effects is denoted by 6,23 = (01(1),9,(2),953> and the vector of

response rates by p;,; = (p;o),plm,p,(z),p,m). We consider the following order relationship: Gl(n 20,(2) 26’53) . Thus, we

denote the longest treatment duration by T3, the medium duration by T, and the shortest duration by T';5. We denote
the global null hypothesis as Hoiz3 {GI(U = 9;2) = 653) = —5}. We define the set of the indices for the active treatment
arms in this subgroup as K; = {1,2,3}.

For both sub-populations, a single interim analysis is planned after half of the total planned maximum number of
participants have completed their treatment. From the theory of group sequential design,”® the design performs well in
terms of operating characteristics when the interim analysis is planned after having observed between 30% and 70% of
the total information. Thus, it was decided to consider a middle value among those and plan the interim analysis after
having observed 50% of the total information. Thus in the next sections, we consider a 3-arm (for the high-risk sub-pop-
ulation) and a 4-arm (for the low-risk sub-population) 2-stage design.

3.3 | Family-wise error rate
For confirmatory clinical trials, control of the family-wise error rate (FWER) in the strong sense at level a (one-sided),

that is the probability to reject at least one true null hypothesis, is typically required.*' Using the rules described in
Table A2, the FWER for the 3-arm 2-stage ORD can be written as
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P(rejecting atleast one true Hoy, k € Ky |Ho12,P13) = P(Zgl) > u?) |H012,p12) +

(1)
P(Z0 2l 1) <2V <ul o, py ) +P(20) 20", 200 <19, 20 2 4 |Horz. o )-
while the FWER for the 4-arm 2-stage design is
P(rejecting at least one true Hox, k € Kj|Ho123,P123) =
P(rejecting atleast one true Hox, k € {1,2} | Ho12,P12)+ (2)

P20 2020 <8020 <ul® 20 2 Hos i)

l.,16

) 1% —

As proved in Serra et a the design maintains strong control of the FWER if the same bounds, u}k =u;,l;

lj,j € {1,2} are used for each arm with k € K, for the high-risk sub-population and k € K; for the low-risk sub-popula-
tion, and let us assume that there are equal numbers of patients on each active treatment within each stage: r;k) =
¥, Vk € Ky, for the high-risk sub-population and k € K; for the low-risk sub-population. We use the same allocation
ratios within each sub-population and we provide the design for each sub-population separately. In this study, we do
not combine the test statistics. In addition, the futility boundaries considered in this study are binding and this implies

that valid inference is possible only if the decision rules at the interim analyses are strictly followed.

34 | Power requirement

As outlined in Fleming,** non-inferiority clinical settings present several challenges that should be evaluated during
the design, the conduct and the analysis of the trial. One of those concerns the determination of the sample size, which
can be very large for example when the non-inferiority margins are too rigorous. The sample size for a non-inferiority
clinical trial should be planned so that the trial will have adequate statistical power to conclude that the non-inferiority
margin is ruled out if the active treatment is truly non-inferior compared to the control.* If the active arm is discovered
to be more effective than the control, then it will be easier to rule out any non-inferiority margin than if the active arm
is equivalent or slightly inferior to the control, and a smaller sample size could be used. A less effective active arm will
require a larger sample size.

For this study, we decided to power the study under the configuration where there is no difference between the con-
trol and intervention arms, that is 61, = (0;11),9;2)) for the 3-arm trial with 9;11) = 99 =0 and 613 = (6’1(1),952),91(3)) for
the 4-arm trial with 6" = 6> =6\ = 0.

The primary objective of the trial is to identify the shortest possible treatment duration in each sub-population.
Thus, the trial is to be powered to reject all correct hypotheses. However, alternative power strategies can be also con-
sidered, for example to reject at least one hypothesis or to reject the first and the second hypotheses only in the 4-arm
trial. The equations that need to be satisfied to power the design are provided in Appendix A.

3.5 | No early stopping for declaring non-inferiority

As explained in Section 2, we look for the culture status at the end of the treatment. However, early success claims
might be misleading, if patients transition to a failed state after longer follow-up, given the slow-growing nature of
Tuberculosis. To accommodate this, an alternative approach could be to consider an interim analysis with only futility
bounds and then evaluate efficacy outcomes at the final analysis—the decision rules used in this case are summarised
in Tables A5 and A6 for 3-arm and 4-arm designs, respectively. In this way, the interim analysis considers the primary
endpoint evaluated at the end of the treatment, while the final analysis would be at some months—for example 6 or
12—post-randomization. All other design features considered above remain the same.

In the following section, we will explore the operating characteristics of the proposed design when applied to the TB
trial.
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4 | DESIGN'S PARAMETERS FOR THE RESTRUCTURE TRIAL
41 | Setting

In the setting of the motivating trial we consider a study where patients are randomised with equal probability to
receive either the current first-line regimen 2HR,0Z,sE/4HR) at a fixed duration of 6 months or the experimental regi-
men Ry0Z3sLys at duration determined in two sub-populations defined by their baseline factors. Within each sub-
population, the allocation between the arms will be balanced (low-risk 1:1:1:1, high-risk 1:1:1). Patients are enrolled
and divided into sub-groups depending on their prognostic factors. The distribution in the screened population is
expected to be approximately 2:1 in favour of the low-risk group and we consider around 10% losses to follow-up. This
is to ensure that the total sample size is feasible for the trial. Note that losses to follow-up in the intervention arms in
the low-risk stratum could be lower due to shorter treatment duration, but also could be higher due to safety or lack of
efficacy in some of the lower duration groups.

The assumed true response rates in the control arm for the low-risk and high-risk sub-populations are 92% and 86%,
respectively. One interim analysis is planned after half of the total population has their primary endpoints evaluated.
The design is constructed to control the FWER at level a =5% and to reach 80% of power under various power strate-
gies (see details in Section 4.3).

Below, we specify the required parameters to design the study, such as the non-inferiority margin, the shape of the
critical bounds, and the appropriate power configurations together with the rationale that was used in the discussion
with the clinical team to justify them.

4.2 | Non-inferiority margin

In a non-inferiority setting, the determination of the non-inferiority margin is a critical step and it is often challeng-
ing.>* In recent Phase III trials in TB, non-inferiority margins of between 6% and 12% have been accepted by regulators
in different contexts—see Table 1. With the exception of STAND, trials evaluating relative reductions in the duration of
treatment of a third have all used non-inferiority margins of 6%-8% whereas trials with more ambitious goals have used
10% for a halving of duration (STREAM) and 12% for a reduction of two-thirds (TRUNCATE-TB). According to FDA
guidance on setting non-inferiority margins,* and assuming cure rates of 30% and 90% in those receiving no treatment
and standard of care, respectively, a margin of 6% (M, = the largest clinically acceptable difference (degree of inferior-
ity) of the test drug compared to the active control) preserves 90% of the treatment effect of Standard of Care (SOC)
while 12% (M, = the entire effect of the active control assumed to be present in the NI study) preserves 80%. The rela-
tive reduction in duration to be evaluated in REStrUCTuRE is between one third (in either prognostic sub-population)
and two-thirds (in the low-risk prognostic sub-population). Selecting a non-inferiority margin of 10% for the trial was
thought therefore to be consistent with the range used in previous recent clinical trials and preserves 83% of the esti-
mated treatment effect of SOC. Thus, the choice of 10% was made to be within M, and M; and risk is well balanced
against the expected benefit in adherence and reduction in resistance. For this study, the NI margin is chosen to be
equal in the two sub-populations to have consistent design parameters for the two separate trials. However, different
non-inferiority margins could be also assumed for each trial.

4.3 | Type of power configuration and proposal for the design

The next step consists of evaluating various power strategies for the objective of the trial taking into account the recruit-
ment feasibility and the distribution of patients across sub-population. We analyse the differences among the strategies
for both sub-populations and we describe how the final decision on the design was reached with the clinical team. We
consider the setting as described at the beginning of this section and a non-inferiority margin of 10% for both sub-
populations. In order to ensure strong control of the FWER,'® we consider the case where the same bounds,
u;k) = uj,l}k) =lj,u; =1,j€ {1,2}, are used for each arm with k € K;, for the high-risk sub-population and k € K; for the
low-risk sub-population.

We derive the critical bounds separately for each sub-population as these are considered as separate trials and no

combined hypotheses testing is planned. First, we determine analytically—relying on the asymptotical normal
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approximation of the vector of test statistics—the sample sizes and the critical values for each sub-population and
power configuration. The normal approximation of the test statistics and the design's performance are evaluated using
simulations. The critical bounds and the sample size are then tuned in order to get closer to 5% in the probability to
reject at least one hypothesis under the global null and to reach 80% under the alternative hypothesis. Specifically, if
after the first round of simulations, the pre-specified a-level is found to be inflated under the global null and/or the
desired power level is not reached under the power configuration, then further simulations are run considering a grid
of values for the critical bounds and the sample sizes—the grid of values is constructed around the analytical values
previously found. The pair of values—critical bounds and sample size—that satisfy the FWER and power requirements
is finally selected.

The first six rows in Table 2 provide the results for each sub-population and power configuration under the global
and alternative hypotheses for the ORD with triangular critical bounds (given in Table 1 in the Supplementary Mate-
rials). The remaining rows of this Table report the results for the competing approach that is described in Section 6.

One possibility for the TB trial is to use a configuration of “reject at least one” for the high-risk sub-population and
“reject all hypotheses” in the low-risk sub-population. This strategy would require 624 in the low-risk sub-population
and 522 in the high-risk sub-population for a maximum sample size of 1146 and an expected sample of 826 under the
alternative hypothesis. Inflating the sample size for 10%—that is simply a standard inflation of the required sample
size—Iloss to follow-up gives a maximum sample size of 1261 and expected sample sizes of 909. Under the null hypothe-
sis, the sample sizes are expected to be 375 and 316 for the low-risk and high-risk sub-populations, leading to a total of
691 patients.

Alternatively, ensuring the rejection of at least one hypothesis in each sub-population with the same design parame-
ters, the maximum sample sizes for the low-risk and high-risk sub-populations were 432 and 522, respectively, leading
to a total maximum sample size of 954. However, under the alternative hypothesis, the expected sample sizes were
321 and 377, a total expected sample size of 698. Adjusting these for 10% loss to follow-up gives maximum and expected
sample sizes of 1050 and 768, respectively. Under the null hypothesis, the sample sizes are expected to be 260 and
316 for the low-risk and high-risk sub-populations, leading to a total expected sample size of 576 patients.

Despite the maximum and expected sample size under the alternative hypothesis being 20% and 18% larger in the
suggested strategy compared to the global “reject at least one” strategy, the first approach is more ‘efficient’ in the sense
that if we power the design to reject at least one hypothesis for the high-risk sub-population and to reject all for the
low-risk sub-population we can get closer (the ratio of low-risk to high-risk participants is 1.2 instead of 0.83) to the 2:1
ratio—in favour of the low-risk sub-population—of the expected screened population. Instead, if the designs are both
powered to reject at least one hypothesis then we are slightly far from the expected ratio in the screened population.
Thus, our suggestion for the design is to use a configuration of “reject at least one” for the high-risk sub-population and
“reject all hypotheses” in the low-risk sub-population at a f level of 0.20 and a one-sided a = 0.05.

4.4 | Critical boundaries' shape
One of the features of the proposed design is the shape of the critical boundaries used to test the hypotheses. In order to

decide which shape of the bounds suits best the objective of the trial, we explore the operating characteristics of the

TABLE 1 Design parameters of recent non-inferiority trials in TB.

Trial Arms 1) Test a—level Treatment arms

RIFAQUIN*! 3 6% One-sided 5% First-line, 6 versus 4 months
ReMOX*? 3 6% One-sided 1.25% First-line, 6 versus 4 months
OFLOTUB* 2 6% One-sided 2.5% First-line, 6 versus 4 months
TBTC Study 31** 3 6.6% Two-sided 5% First-line, 6 versus 4 months
RIFASHORT?® 3 8% One-sided 5% First-line, 6 versus 4 months
STREAM?® 2 10% Two-sided 5% MDR-TB, 9 versus 18-21 months
STAND?®’ 4 12% One-sided 2.5% First-line, 6 versus 4 months
TRUNCATE™ 5 12% One-sided 1.25% First-line, 6 versus 2 months

85UB01 7 SUOWIWOD BA1E81D 8 0ot [dde au Aq peusenob a1e sejolie YO ‘8sn JO S9N 1oy Afeiq8UIIUO /8|1 LD (SUOTIPUOD-PUR-SLLIBYWOY A8 | 1M Ale.d1jBul{UO//SdnL) SUOIPUOD pue SWB | 8L 88S *[520z/60/Sz] Uo Arlqiauluo Ao |im ‘Bingsusbey 1ee1sieAiun Aq 0zez 154/200T 0T/I0p/w0o" A3 1M Aelq puljuo//sdny woly pepeojumod ‘G ‘€20z ‘ZTITEEST



946 | Wl L EY SERRA ET AL.

TABLE 2 Maximum sample size (MaxSS), expected sample size (ESS) under global null and alternative hypotheses, FWER and
probability to reject at least one hypothesis, all hypotheses and the longest and medium durations (LM) for each sub-population under the
alternative for the ORD and MAMS(m) designs when triangular boundaries are used.

ORD
sub-populations MaxSS ESSH, ESSH, FWER Reject at least one Hy Reject all Reject LM
high-risk 672 405 475 0.051 0.88 0.80 -

522 316 377 0.047 0.80 0.67 -
low-risk 624 375 449 0.049 0.93 0.82 0.88

432 260 321 0.050 0.82 0.61 0.70

536 322 408 0.049 0.88 0.72 0.80
MAMS(m)
sub-populations MaxSS ESSy, ESSy, FWER Reject at least one H Reject all Reject LM
high-risk 444 273 349 0.049 0.82 0.50 -
low-risk 832 521 578 0.049 0.99 0.83 0.88

Note: The global null hypothesis for the high-risk sub-population is: Hoi2 = {p® =0.86,p) = p® =0.76 }, while for the low-risk

Hozs = {p® =0.92,p» =p@ = p(® =0.82}. The alternative hypothesis for the high-risk sub-population is: H; = {p'® =p!) =p( =0.86}, while for the low-
risk Hy = {p® =pV) = p® = p(®) =0.92}. Cells coloured in blue correspond to the chosen power configurations for the TB trial. Results are provided using 10°
replications. Values in bold refer to the target probability (around 80%) for each power configuration.

design under the global and alternative hypotheses considering Pocock,** O'Brien and Fleming®® and Triangular®®
boundaries. We consider the case where the same bounds, uj@ = uj,l;k) =luy=h,jec {1,2}, are used for each arm with
k € K, for the high-risk sub-population and k € K for the low-risk sub-population.

In this section, results are provided without tuning of the parameters. The expected sample sizes (ESS), that are the
mean number of patients recruited to the trial before it is terminated, are also measured under the global and alterna-
tive hypotheses. The numerical results are found using R*” and 10° replicate simulations.

Table 3 provides the maximum sample sizes, the expected sample sizes and the probabilities to reject at least one
hypothesis, all hypotheses or at least the first two for each sub-population and using Pocock, O'Brien and Fleming and
Triangular boundaries. For each power configuration and for each sub-population, the design with O'Brien and Flem-
ing critical bounds requires the least total maximum sample size. The efficiency of the proposed design, however, is
measured by the ESS. Indeed, the two-stage design allows to reduce the maximum total sample size by a fraction that
depends on the different critical bounds used at the interim and final analyses. For the O'Brien and Fleming bounds,
the reduction in sample size (RSS), which is RSS =1 —MEaizs, under the global and alternative hypotheses is quite
small—a reduction up to 1% under the global null for each design and up to 14% under the alternative hypothesis.
Despite triangular bounds require for each design and sub-population almost the highest total maximum sample size—
which is still feasible to recruit given previous TB studies—compared to the other critical bounds, this shape of bounds
provides the largest reduction in sample size under the global null and alternative hypotheses—a reduction of around
40% under the global null for each design and up to 29% under the alternative hypothesis. Thus, in order to minimize
the expected sample size under the global null and alternative hypotheses, we decided to consider triangular boundaries

for the REStrUCTuRe trial.

4.5 | Proposal for the design with only futility bounds at the interim analysis

In this section, results for the alternative approach described in Section 3.5 are provided. Table 4 provides the maximum
sample sizes, the actual maximum sample size—that is the mean number of the patients recruited to the trial when all
treatment arms proceed to the final analysis—, the expected sample sizes and the probabilities to reject all, at least one
or the first two hypotheses for each sub-population and using triangular boundaries when for both sub-populations we
are expected to recruit around 30 patients per month.

In this setting, we would require 450 and 544—in the worst case scenarios 470 and 560, respectively—patients in
order to ensure 80% power to reject at least one and all hypotheses for the high-risk and the low-risk groups,
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TABLE 3 Maximum sample size (MaxSS), expected sample size (ESS) under global null and alternative hypotheses, FWER, probability

to reject at least one hypothesis, all hypotheses and the longest and medium durations (LM) for each sub-population under the alternative

___ESS
MaxSS

and reduction in sample size (RSS) (: 1 ) for each sub-population under global null and alternative hypotheses for the ORD.

Pocock bounds—u; = u, =1.876,1; = —1.876

Sub-populations MaxSS ESSy, ESSy, FWER Reject at least one Hy, Rejectall RejectLM RSSy, RSSy,

High-risk 642 625 479 0.056 0.87 0.79 - 0.03 0.25
504 490 417 0.047 0.78 0.66 - 0.03 0.17
Low-risk 592 570 439 0.049 0.93 0.83 0.87 0.02 0.25
416 403 332 0.044 0.84 0.66 0.74 0.03 0.20
528 510 424 0.053 0.86 0.70 0.77 0.03 0.20

O'Brien and Fleming bounds—u; =2.373,u, =1.68,1; = —2.373

sub-populations MaxSS ESSy, ESSy, FWER Reject at least one Hyr  Rejectall Reject LM RSSy, RSSpy,

High-risk 582 578 502 0.049 0.87 0.78 - 0.01 0.14
456 452 413 0.046 0.82 0.71 - 0.01 0.09
Low-risk 536 530 462 0.052 0.89 0.76 0.82 0.01 0.14
376 373 346 0.045 0.83 0.65 0.72 0.01 0.08
480 475 438 0.051 0.86 0.69 0.77 0.01 0.09

Triangular bounds—u; =1.899,u; =1.79,1; = 0.633

Sub-populations MaxSS ESSy, ESSy, FWER Reject atleast one Hyr  Rejectall Reject LM RSSy, RSSy,

High-risk 672 405 475 0.051 0.88 0.80 - 0.40 0.29
516 314 394 0.048 0.79 0.66 - 0.39 0.24
Low-risk 608 369 438 0.044 0.92 0.79 0.85 0.39 0.28
416 253 334 0.042 0.80 0.59 0.68 0.39 0.20
536 322 408 0.049 0.88 0.72 0.79 0.40 0.24

Note: The global null hypothesis for the high-risk sub-population is: Hoi, = {p® = 0.86,p) = p® =0.76 }, while for the low-risk

Hoizs = {p©® =0.92,pV) =p@ =p(®) = 0.82}. The alternative hypothesis for the high-risk sub-population is: F; = {p® =p() = p =0.86}, while for the low-
risk Hy = {p® =p® =p® = p® =0.92}. Results are provided using 10° replications. Values in bold refer to the target probability (around 80%) for each
power configuration.

respectively. The trial is expected to end after 15.0 and 17.6 months for the high-risk group and after 18.4 and
21.9 months for the low-risk group under the null and alternative hypotheses, respectively.

5 | NUMERICAL EVALUATION
51 | Competing approaches

In this section, we evaluate the operating characteristics of the proposed design under various treatment configurations.
The proposed non-inferiority design is compared to the MAMS(m) design proposed by Magirr et al.'® but that allows all
treatment arms that have not crossed any critical bounds to continue to the next stage. This design has been adapted
for the non-inferiority setting. The FWER expression for MAMS(m) is the same as derived by Magirr et al'® but the
power expression changes. Tables A2-A4 in the Appendix, highlight the differences in the decision rules between the
ORD and MAMS(m) designs for 3-arm 2-stage and 4-arm 2-stage settings.

52 | Setting

We consider the setting as described in Section 4 and we evaluate the performance of the design under intermediate
treatment effects configurations when the treatment effect on the first arm is fixed to be zero, o) =0, and the treatment
effects on the other arms are varied. For the 3-arm 2-stage design we consider
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TABLE 4 Maximum sample size (MaxSS), actual maximum sample size (AMS) under global null and alternative hypotheses, expected
sample size (ESS) under global null and alternative hypotheses, FWER and probability to reject at least one hypothesis, all hypotheses and
the longest and medium durations (LM) for each sub-population under the alternative for the ORD designs when triangular boundaries are
used and only futility bounds are used at the interim analysis. Dy, and Dy, are the expected durations (in months) of the trial under the null
and the alternative hypotheses, respectively.

Reject at
Sub- least Reject  Reject
populations MaxSS AMSy, AMSy, ESSy, ESSy, FWER one Hy all LM L,u; Dy, Du,
High-risk 450 470 469 452 468 0.049 0.82 0.69 - 0.565,1.600 15.0  17.6
Low-risk 544 560 560 526 559 0.049 0.92 0.81 0.87 0.570,1.612 184 219

Note: The global null hypothesis for the high-risk sub-population is: Hoi, = {p'® = 0.86,p!) = p? =0.76}, while for the low-risk

Hozs = {p® =0.92,pY) =p@ =p® = 0.82}. The alternative hypothesis for the high-risk sub-population is: H; = {p® =p® =p® =0.86 }, while
for the low-risk H; = {p(® =pV) =p® = p(3) =0.92}. A recruitment rate of around 30 patients per month is assumed for both risk groups. Results
are provided using 10° replications. Values in bold refer to the target probability (around 80%) for each power configuration.

6® e {-0.10, —0.07, —0.04, —0.01,0.02,0.05,0.08,0},

while for the 4-arm 2-stage design we consider

(9<2>,9<3>) € {(~0.1,—0.11),(—0.07,—0.08), (—0.04,—0.06), (—0.01,—0.03), (0.02,0), (0.05,0.02), (0.08,0.05), (0,0) }.

Note that the considered values were just chosen to cover values in the interval [—4,5], where § is the selected non-
inferiority margin. As one does not know what the treatment effect will actually be in the trial, there is the need to
explore different scenarios. In particular, for the 3-arm 2-stage ORD a sequence of values between —4§ and § — 0.02 was
chosen with a gap of 0.03 units. For the 4-arm 2-stage design instead the same values for 0 as for the 3-arm 2-stage
design were used, while for 0 other values in the interval [-0.11, 0.05] where considered.

For the high-risk sub-population, both designs are powered at 80% to reject at least one hypothesis, while for the
low-risk sub-population designs are powered at 80% to reject all hypotheses when all durations have the same
response rates as the standard of care. Additionally to the achieved power, the efficiency of the designs is measured
by their expected sample size (ESS). However, the ESS depends on the recruitment rate and the time of the interim
analysis and this might be close or equal to the maximum sample size of the selected design. Another metric to look
at is the time to first positive claim. This is a metric, where a difference could be observed, but it would require
assumptions on recruitment speed in order to gauge if a sequential design has the potential to decrease the study cost
(or not). However, it is worth noting that the time to first positive claim is a metric that might not necessarily take
into account the correct decision at the end of the trial (e.g., to reject two or more hypotheses when all arms are non-
inferior to the control).

5.3 | Numerical results

In this section, we provide the results of the simulation studies for the two separate sub-populations.

Table 2 provides the results for each sub-population and power configuration under the global and alternative
hypotheses for the chosen power configurations of the ORD—blue rows in Table 2—and the MAMS(m). The design'’s
performances under the considered non-null treatment configurations are provided in Figures 2 and 3, describing for
each scenario the probability to reject the alternative hypotheses, the expected sample size, the duration of the trial and
the time to first positive claim for the 3-arm and 4-arm design, respectively. We consider a recruitment rate of around
30 patients per month for each sub-group and for the case where we do not have any rejection, the time to first positive
claim is set to the end of the trial.
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FIGURE 2 Probability to reject at least one hypothesis, to reject all hypotheses, to reject the second hypothesis—top left panel—,
expected sample sizes (ESS)—top right panel—, duration of the trial—bottom left panel—and time to first positive claim—bottom right
panel—for the 3-arm 2-stage MAMS(m) and ORD under 8V =0, € {—0.10, —0.07, —0.04, — 0.01,0,0.02,0.05,0.08} when both designs are
powered to reject at least one hypothesis at 80% under 6 = (0,0). 3-arm 2-stage MAMS(m) and ORD designs use triangular critical bounds.
Note that the ORD_reject all and the ORD_reject HO2 points overlap in the Figure. A recruitment rate of around 30 patients per month is
assumed for the high-risk group. Results are provided using 5 x 10* replications.

5.3.1 | High-risk sub-population

Total maximum sample sizes of 522 and 444 patients are required to reach a power of 80% to reject at least one null
hypothesis under 6 = (0,0) for the ORD and the MAMS(m), respectively. The sample size is lower for the MAMS design
because we are powering to reject at least one hypothesis (rather than all hypotheses). The MAMS design does not take
into account the order in rejecting the hypotheses. Thus, we need a smaller sample size in order to reject at least one
hypothesis compared to the ORD. Both designs control the FWER under the global null at level a. Despite the differ-
ences in total maximum sample size, it can be observed that while the ORD has a power of around 70% to reject all true
hypotheses under 0 = (0,0), the MAMS(m) design reaches only 52%.

Figure 2 shows that the ORD has higher power to reject all hypotheses—that coincides with the probability to reject
Hy,—for all considered scenarios compared to the MAMS(m)—a difference up to 18%. For all scenarios, the ORD has
around 80% of power to reject at least one hypothesis, while the MAMS(m) design has lower power when
6 < —0.01—a difference up to 13%. When 6>0, the MAMS(m) has higher power to reject at least one hypothesis
compare to the ORD—a difference at most of 16%. The ORD has also higher power to reject the second hypothesis
when 6 < 0.02—up to 10%—compared to the MAMS(m) but it has lower power when 6 > 0.02—a decrease up to 16%.

In terms of ESS, the average number of patients is expected to be at most 10% higher for the ORD compared to the
MAMS(m) depending on the considered scenario. In terms of duration of the trial, the ORD is expected to be slightly
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FIGURE 3 Probability to reject at least one hypothesis, to reject all hypotheses, to reject the first and the second hypotheses—top left
panel—, expected sample sizes (ESS)—top right panel—, duration of the trial—bottom left panel—and time to first positive claim—bottom
right panel—for the 4-arm 2-stage MAMS(m) and ORD under 6V =0, (6’(2),6)(3>) €{(-0.1,-0.11),(-0.07,—0.08), (—0.04,—0.06), (—0.01,
,—0.03),(0,0),(0.02,0), (0.05,0.02), (0.08,0.05) } when both designs are powered to reject all hypotheses at 80% under 6 = (0,0,0). 4-arm 2-
stage MAMS(m) and ORD designs use triangular critical bounds. A recruitment rate of around 30 patients per month is assumed for the low-
risk group. Results are provided using 5 x 10* replications.

longer compared to the MAMS for each scenario and the time to first positive claim is smaller—up to 4 months—for
the MAMS design compared to the ORD in each scenario.

5.3.2 | Low-risk sub-population

Total maximum sample sizes of 624 and 832 patients are required to reach a power of around 80% to reject all hypothe-
ses under 6 = (0,0,0) for the ORD and the MAMS(m), respectively. Here, we power to reject all hypotheses and thus we
require more patients in MAMS compared to the ORD. Both designs control the FWER under the global null at level a.

Figure 3 shows that the ORD has higher power to reject all hypotheses for almost all considered scenarios compared
to the MAMS(m)—a difference up to 5%. For all scenarios, the ORD has around 92% of power to reject at least one
hypothesis, while the MAMS(m) design has higher power for all scenarios—a difference at most of 6.7%. The ORD has
also higher power to reject the first two hypotheses for almost all considered scenarios compared to the MAMS(m)—up
to 7.7% of difference.

In terms of ESS, the ORD can provide a reduction up to 23%, depending on the scenario, compared to the
MAMS(m). In terms of duration of the trial, the ORD is expected to be shorter—up to 6 months—compared to
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the MAMS design for each scenario with larger differences for scenarios with two negative treatment effects and the
time to first positive claim is smaller—up to 5 months—for the MAMS design compared to the ORD for scenarios
where all treatment effects are above zero.

Overall, the non-inferiority ORD can provide higher power to reject all hypotheses and smaller expected sample size
compared to the non-inferiority MAMS(m) design when it is powered to reject all hypotheses and the order assumption
among the treatment effects is satisfied. The MAMS design outperforms the ORD when the order assumption is not sat-
isfied, that is when 0 > 0@ >90) is not satisfied. This is expected because the MAMS design does not take into
account the order in rejecting the hypotheses.

6 | TIMING OF THE INTERIM ANALYSES

In the original ORD'® and in the results obtained above, the information time was assumed to be the same for all treat-
ments. When considering different durations of treatment, however, the information for each arm accumulates at dif-
ferent times. For example, consider the high-risk sub-population where the standard regimen is at fixed duration of
6 months, while the experimental regimens are at 4 and 3 months, respectively. As represented in Figure 4, assume that
we start to recruit patients on each arm at the same time. At time ¢; the first block of patients is recruited and allocated
to the three treatment arms. Similarly, at time ¢, and ¢; the second and third blocks of patients are recruited and allo-
cated to the treatment arms, respectively. The recruitment process continues in this way, but, while the first block of
patients that were recruited at time ¢; have their efficacy outcomes evaluated in the next 6 months if they were allocated
to the control arm, the other patients will have their efficacy outcomes evaluated after 4 and 3 months if they were allo-
cated to the longest or shortest duration arms, respectively. Thus, information accumulates at different times and at the
time of the interim analysis a different number of patients in each arm has completed their treatment. Hence, for this
clinical trial setting, different strategies about the timing of the interim analysis can be evaluated. Below, we propose
and examine two possible strategies.

The first one consists on having the same amount of information—that is, the same number of patients with their
primary endpoints evaluated—on each treatment duration at the time of the planned interim analysis. We refer to this
strategy as to SI (Same information at the Interim analysis). Thus, the interim analysis is performed when the same
number of patients n; = ngk) have completed their treatment k. The recruitment of patients ends when the total number
of patients in the control arm is equal to 2n;. This means that at the end of the trial, more patients will be recruited in
the longer duration arms that are still in the trial compared to the shorter durations. Indeed, in order to have the same

6 months
6 ¢ >
L 4 months
. . Time (months
ty t, 3 Interim analysis ( )

FIGURE 4 Schematic of the accumulation of information for the high-risk sub-population. C is the control arm, L is the longest active
duration and S is the shortest active duration. Vectors indicate the length of the treatment. Patients are recruited and allocated to the
treatment arms at times t;,i € {1,2,..., T}, with T being the end of the trial.
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number of patients in each arm at the interim analysis, each month we need to recruit more patients on the longer
durations and fewer in the shorter ones. Thus, for this strategy, we want to modify the allocation ratio in order to
recruit more patients under longer treatment durations—as they require more time in order to have their primary out-
comes evaluated—and fewer patients on the shorter arms. Figure 5 shows a schematic of the SI strategy.

In the second strategy, instead, the same amount of information is observed in the final analysis—the number of
patients in each arm is equal to n, = n(zk). We refer to this strategy as to SF (Same information at the Final analysis). In
this case, more information on the shortest durations will be accumulated—as represented in Figure 4—at the interim
analysis, which is done when half of the population in the control group has been observed. Note that at the end of the
trial all accumulated data is used and included into the analysis. Thus, no data is thrown away and patients will still be
followed up if shorter treatment arms have been dropped for futility at the interim analysis.

6.1 | Strategy SI

Let us denote with x; the number of patients recruited in each arm and for each month with k€ {{0} UK} for the
high-risk and k € {{0} UK;} for the low-risk sub-population. Let dj be the expected number of months that are needed
to recruit x; patients on treatment arm k and D= (Dy,D;,D;,D3),D=(Dy,D;,D;) be the vectors of durations
(in months) of treatments that are tested for the low-risk and high-risk sub-populations, respectively. Let R be the num-
ber of patients that are recruited per month in each sub-population and n; = n(lk) be the number of patients in each arm
up to stage 1. Thus, for the low-risk sub-population we satisfy the following

min xz3d; —x,d; +x1d; — Xodo

S.t. x3dz —Xxpdy +x1d; —Xxodo >0
Xodo =x1d1 =Xod; = x3d3 =1y
Xo+X1 +x2+x3=R
di+D,=dy+Dy=d;+D3;=dy+ Dy

and for the high-risk sub-population

min x,d, —x1d; +Xxodo
S.t. Xpdy —x1d; +x0do >0
Xodo =x1d1 =Xdr =1
Xo+Xx1+x2=R
di+Dy=d,+D;=dy+ Dy

n¢
6 months
C
nt
4 months
: i
>
‘ ns
3 months
. Time (months)
Start recruitment Interim analysis

FIGURE 5 Schematic of the SI strategy for the high-risk sub-population. C is the control arm, L is the longest active duration and S is
the shortest active duration.
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Note that given the equality constraints, the solutions of the systems are the roots of polynomial equations of degree
3 for the high-risk and 4 for the low-risk sub-populations. To solve these systems we use the package nloptr®® in R.*’
For the low-risk sub-population we initialize the variables as

xk%,ke{{o}um}

n
d3:x—1,do:d3+(D3 —Dy),dy =do — (D1 —Dy),d, =do — (D2 — D)
3

and for the high-risk as

xk:?ke{{o}UKh}

n
dzzx—:,dozdz-i-(Dz—Do),Ch =dy— (D1 —Dy)

where the initial n; is found analytically in order to satisfy the power requirements and considering the ratios of sample
sizes r;k) =jforje{1,2} and ke {50} UK} for the high-risk and k € {{0} UK;} for the low-risk sub-populations .

We solve the system and find r2k> = 2’;—§ with k € K; for the low-risk and k € K}, for the high-risk sub-populations. We
then find analytically the sample size per arm per stage and the critical bounds that are necessary to reach the desired
power and to control the FWER at level a with r;k) and r(lk) =1 and k € K; for the low-risk and k € K}, for the high-risk
sub-populations. We repeat this procedure until we get a stable solution. We finally run simulations in order to explore
the operating characteristics of the design. The interim analysis will be done at month d + Dx.

6.2 | Strategy SF

For this strategy, patients are recruited until the same number of patients have been observed at the second stage in
each arm. That is n,= n§k> =2n, and thus r§k> =2, with ke {{0}UK;} for the low-risk sub-population and
ke {{0} UK} for the high-risk. At the interim we have rgk) >1 for k € K and k € K; in the high-risk and low-risk sub-
populations, respectively.

As described in the previous section, let us denote by x; the number of patients per arm per each month and R the
total number of patients recruited per month in low-risk and high-risk sub-populations, respectively. It follows that
xi =%,k € {{0} UK}} in the low-risk, whereas x; =%,k € {{0} UK} in the high-risk sub-population. The interim analy-
sis is done when half of the population in the control group has been observed. So at the first stage we have

l’l<10) =n, I’lgl) =n-+x; (D() — Dl)’ I’l§2) =n-+Xx; (DO — Dz), n§3> =n-+Xx3 (D() — D3> It follows that rgl) =t Do=h) (gO_Dl) , rgz) =
"+x2<30_D 2) p3) = i (gO_D 2) % = 1. We then find analytically the sample size per arm per stage and the critical bounds

that are necessary to reach the desired power and to control the FWER at level a with rgk) and r(zk) =2. We run simula-
tions in order to explore the operating characteristics of the design. The final analysis will be done at i—g‘JrDo months.

6.3 | Numerical evaluation of the two strategies

We consider the same design settings as described in Section 4 and the suggested design proposed in Section 4.3. Based
on the clinical team experience, we provide the results considering a recruitment rate of around 30 patients per month,
R =130. Thus, we expect to recruit around one patient per day and this is randomly allocated to a treatment arm k with
probability p, =xi/R. We consider the following treatment durations (in months) D = (Dy,D;,D,,D;) = (6,4,3,2) and
D= (Dy,D;,D,) = (6,4,3) for the low-risk and high-risk sub-population, respectively. The numerical results are found
using 10° replicate simulations.

Table 5 provides the operating characteristics of the two strategies under the global and alternative hypotheses for
each sub-population together with the theoretical maximum sample size, the actual total sample size, that is the mean
number of the patients recruited to the trial when all treatment arms proceed to the final analysis and the expected
sample size.
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For the high-risk sub-population, a total of 476 and 504 patients—502 and 519 actual maximum sample sizes,
respectively—are required for the SI and SF strategies, respectively, if the design's parameters provided in Table 6 are
used in the trial. It can be observed that the SF requires a larger total sample size compared to the SI strategy in order
to reach 80% power to reject at least one hypothesis. However, it can be observed that the ESS at the interim analysis
for both strategies is still below the actual maximum sample size. Thus, on average, not all patients are recruited at the
time of the interim analysis. The expected duration of the trial under the alternative hypothesis is estimated to be
around 15.6 and 19.2 months for the SI and the SF strategies, respectively. This small difference in durations is due to
the difference in the number of patients that are required to be observed in each arm for the first interim analysis—the
interim analysis in SI is done when the same amount of patients has completed their treatment, while the interim anal-
ysis in SF is done as soon as the last patient in the control arm has ended the treatment.

For the low-risk sub-population, a total of 566 and 584 patients—586 and 600 actual maximum sample sizes,
respectively—are required for the SI and SF strategies, respectively, in order to reach 80% of power to reject all hypothe-
ses, if the design's parameters provided in Table 6 are used in the trial. As for the high-risk sub-population, the ESS at
the interim analysis for both strategies is still below the actual maximum sample size. Under the alternative hypothesis,
the total duration of the trial is expected to be around 18.5 and 20.8 months for the SI and SF strategies, respectively. As
for the high-risk sub-population, the difference in durations is reflected by the differences in the number of patients
that are required to be observed in each arm for the first interim analysis.

Overall, the results suggest that the strategy that matches the sample size at the interim analysis is one that mini-
mizes the total maximum sample sizes under the considered simulation scenarios, while the SF strategy minimizes the
expected sample size under the global null and alternative hypotheses. The two strategies have almost the same dura-
tion under the two hypotheses—small differences are due to the different sample sizes and different probabilities to stop
at the interim and final analyses. Thus, in order to minimize the expected sample size, the SF strategy is preferred.

7 | DISCUSSION

The aim of this work was to describe the application of the order restricted design proposed by Serra et al.'® in the con-
text of a tuberculosis trial. In this clinical trial setting, non-inferiority trials are the norm and hence an extension of the
original design has been proposed. Practical considerations were provided regarding how to choose some design's
parameters such as the non-inferiority margin and the shape of the critical bounds for the considered TB trial. Theoreti-
cal and practical considerations regarding several types of power configurations were provided and two different strate-
gies were proposed in order to take into account the fact that the information is accumulating at different times when
multiple treatment durations are simultaneously tested in the same trial.

The primary objective of the trial was to identify the shortest possible treatment duration in each sub-population.
Thus, the trial is to be powered to reject all correct hypotheses. However, alternative power strategies can be more feasi-
ble. For example, when even some reduction in the duration of the treatment is of interest or the resources are limited.
In these cases, one could consider to power the design in order to reject the correct hypotheses relating to the particular
number of experimental arms (rather than all of them).

The ORD has been shown to be an efficient design that can be applied when multiple treatment durations are
simultaneously tested in the same trial. Nevertheless, all the considerations provided in this work were specific to the
REStrUCTuRe trial. The choice of the primary endpoint was driven by the clinical investigator in the team, and the
design in the manuscript is proposed under the assumption that this endpoint is valid. This manuscript is focused on
the questions on how one could design such a study upon the agreement on the particular choice of the endpoint. The
methodology proposed in this work can be applied to different definitions of primary endpoint, for example endpoints
that consider a minimum follow-up for patients after they have ended their treatment. Indeed, even though culture
might be negative, bacteria may be left and it takes long for TB to grow, such that recurrence could only be observed
months after treatment completion (while most appear to happen relatively shortly after completion). Culture conver-
sion at treatment completion is not a perfect surrogate for long-term success—that's why the STEP design®’ has been
proposed to de-risk subsequent Phase III studies. The efficiency in using the proposed adaptive design with another def-
inition of primary endpoint would be determined by the specific setting, specifically, by the expected recruitment rate
as well as the time of follow-up for every patient. This, however, holds for any adaptive design.*

In this trial, we have assumed to consider an interim analysis when half of the total maximum sample size has com-
pleted their treatment. However, depending on the recruitment speed, it might happen that all patients are already
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TABLE 6 Triangular critical bounds and ratios of sample sizes for each strategy and sub-population.

High-risk

Strategy MaxSS u; u, L rﬁl) s rgl) r(l2> . ry)
SI 476 1.895 1.787 0.632 1, 1.595 1, 1.448
SF 504 1.896 1.788 0.632 1.238,2 1.357,2
Low-risk

Strategy MaxSS u; u, L r(ll) y rgl) rf) . r<22) 1"(13> . r?)
SI 566 1.896 1.788 0.632 1, 1.649 1, 1.516 1, 1.403
SF 584 1.896 1.788 0.632 1.205, 2 1.308, 2 1.410, 2

enrolled at the time of the interim analysis. Thus, other practical considerations and modifications of the design should
be considered depending on the specific trial setting.

In addition, one of the limitations of this work is that it relies on the asymptotic normal distribution of the test sta-
tistics. Especially when the sample size is small, the normal distribution could be a poor approximation for the test
statistic. Moreover, alternative strategies for the different timings of the analyses can be explored, that is, staggering the
opening of the treatment durations in order to get the same amount of information at the interim or final analyses.
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APPENDIX A: Equations to power the design

To power the 3-arm trial design at level 1 —f to reject at least one hypothesis, the following Equation (A1) should be
satisfied:

P(z51>2u9>|eu,pu)+P(z<;>2u<;>,zgl><z51><u9>wu,pu)+

(A1)
P<Zgl> 2 u(z >’ <l ) 2 u1 |012’P12> 21-p.
while for the 4-arm trial we have
P(rejecting atleast one true Hoy, k € Kj|0123, P123) =
P(rejecting atleast one true Hoy, k € {1,2} | 012,P15)+ (A2)

P(Zgl) >ul),Z0 <1V, 722 <y 73 5 O |9123,P123> >1-f.

To power the design in order to reject the first and second treatments in a 4-arm 2-stage design at level 1 — f, the fol-
lowing Equation (A3) needs to be satisfied:

P(Zg1> > u§1),Z(12) > u(lz) \0123,1’123) +

(202002032 1) <20 <ul? 2 5 1 0y ) +
(22", 25 2?20 <P, 2 2 7 0rza, P ) +
P(20) 2.2 3 ul? 20 < 0.2 < 2 2 Ou2spra) -
P(20>u 2> 1Y <2 <t Ormn s ) +

P(Z§2> >u, z\V >ul", 2P <1?, 2 > uf? |0123,P123) 21-p.
In order to power the designs to reject all hypotheses, Equations (A4) needs to be satisfied for the 3-arm 2-stage trial

P(2) 2027 2 000 ) ¢
2020 2 20 <20 <) 2 2 0 ) ¢
202 2 ) <102 ) .

(11) >u §1) l< ) <Z( )< u§2)|912’P12>+

!
TN TN TN TN
N
e
[\
<
e
N

ZW >ulM, 7P > uP 1V < 2V <ul 1P < 727 <ul 0y, pu) >1-p.

while Equation (A5) needs to be satisfied for the 4-arm trial.
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P2 2,2 2 u? 20 2 0l 125, piza ) +
P(2 2,20 20", 2 > ul? 1Y <20 <ulY B1zs.ps ) +
ZP>u? 23 >ul 2V > ulV 1P <« 20 <u® 10 < 20 < 1) |02, pm) +
@ 23) > u<23>,Z§1) Zu?),ZgZ) < u(lz),Zf) Zu(13> |0123,p123>—|— (AS)

05 4@ 20 5 110 <20 <ul1® <20 <ul 1P <z

ZW0>ul 20 > u? 2% >0 20 <uM 72 > 1|0y, p123) +

< ”(13) \0123,1’123) +

Zgl) > ugl)’Zgz) > u<22>,Z§3) > uf),Zgl) < ugl)’Zgz) > u(z)’lgs) < ng) < u§3> |9123’P123) >1-p.

TABLE A1 Combination of the decision rules at the interim (top panel) and at the final (bottom panel) analyses for the 3-arm 2-stage

trial with 60 >0,

Zgl) > u(ll)

Z§2) > u(12) Stop: select Ty, T,

Proceed with T,

ZSZ) < 1(12) Stop: select T
1 1
Z; ) Zu; )
ZgZ) > u(22) Select T1, T,
Z(22) < u(22) Select T,

Note: Cells coloured in red correspond to contradicting evidence.

1 <2 <ul!

Proceed with T,T,

Proceed with Ty, T,

Proceed with T;

Z0 <1

Proceed with T,,T,

Drop both arms

Drop both arms
Z0 <uf!
Select none

Select none

TABLE A2 Combination of the decision rules at the interim (top panel) and at the final (bottom panel) analyses for the 3-arm 2-stage

ORD—black colour—and MAMS(m)—blue colour—trial.

Z;l) > u;l)

252) > u(12) Stop: select T1, T,
Stop: select T4,T,

l§2) < 252) < u(IZ) Proceed with T,
Proceed with T,

Zgl) < 1(12) Stop: select T
Stop: select T

Zgl) > ugl)

Zgz) > u(22) Select T, T,
Select T,,T,

Z(22) < uf) Select T,
Select T,

<z <ud
Proceed with T;,T,

Proceed with T,
Proceed with T;,T,

Proceed with T4,T,
Proceed with T,

Proceed with T,

Zgl) < l;l)
Proceed with Ty, T,

Stop: select T,
Drop both arms

Proceed with T,

Drop both arms

Drop both arms
Z0 <ud
Select none

Select T,

Select none

Select none
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TABLE A4 Combination of the decision rules at the final analysis for the 4-arm 2-stage ORD—black colour—and MAMS(m)—blue
colour—trial.

2 sul 2 <af

Z§2> > u(zz) Z;S) > u<23) Select all—select all Select none—select 15,75
Z(23) < u(23) Select Ty, T,—select T},T, Select none—select T,

Z(22) < u(22) Z(23) > u(23) Select T;—select 7,75 Select none—select T
ng) < uf’) Select T;—select T, Select none—select none

TABLE A5 Combination of the decision rules at the interim (top panel) and at the final (bottom panel) analyses for the 3-arm 2-stage
ORD only considering futility bounds.

ZV > 1Y zV <1
252) > 152) Proceed with T1,T, Proceed with T1,T,
Z(IZ) < 1(12) Proceed with T, Stop trial
2V > ) zy <uf)
Z?) > u(ZZ) Select T1,T, Select none
Z§2) < u(22) Select T; Select none

TABLE A6 Combination of the decision rules at the interim (top panel) and at the final (bottom panel) analyses for the 4-arm 2-stage
ORD with only futility bounds.

Z0 51 Z0 <1
ZSZ> > 152) 253) > 153) Proceed with all Proceed with all
Z§3) < 1(13) Proceed with T4, T, Proceed with T¢, T,
Z(IZ) < 1(12) Zf) > l<13) Proceed with all Proceed with all
Z§3) < 1(13) Proceed with T, Stop trial
205 ufd Z9 <uf!
Zgz> > u(22) Z(ZS) > u§3) Select all Select none
Z(ZS) < u(23) Select T1,T, Select none
Z(22) < u(22) Z(23) > uf) Select T, Select none
Z(23) < u(23) Select T4 Select none
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