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1 | INTRODUCTION

The SARS-CoV-2 pandemic has demonstrated the ability of the worldwide scientific community to propose and evaluate
potential new therapies for an emerging infectious disease rapidly under challenging conditions. A record of COVID-19
clinical trials was available on the website https://www.covid-trials.org,! and whilst no longer active, recorded over 2,500
clinical trials starting in 2020, with over 650 trials starting in April 2020 alone. This enormous and impressive level of
activity has also demonstrated, however, the challenge of conducting clinical trials under pressures that exist in the setting
of a newly emerging disease pandemic. The rapidly evolving and dynamic nature of such a setting imposes particular
challenges that arise due to the considerable uncertainty regarding the natural history of the disease, potential treatment
effects and number of affected patients. All of these uncertainties mean that conducting sample size calculations prior to
starting a clinical trial is not straightforward. This was illustrated by the RECOVERY trial as described in the next section.

The difficulties in specifying a sample size at the start of the trial make sequential or adaptive designs attractive.? These
approaches allow a number of interim analyses of accumulating data to be conducted as the trial proceeds, with the oppor-
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tunity to stop as soon as sufficient evidence is obtained to demonstrate a significant treatment effect or if the trial appears
to be futile. In particular, it may be desirable to plan a sequential trial in which there is no maximum sample size specified.
This paper describes how one such approach can be implemented based on the sequential probability ratio test.>*

The considerable uncertainty in the course of an emerging disease epidemic, and in particular in the number of
patients infected over time, also means that in some cases a reduction in patient numbers may lead to the necessity to
stop the trial before the planned sample size is attained, or before either specified sample size is attained or a pre-defined
stopping boundary is reached in a sequential testing procedure. This is illustrated by the RECOVERY-RS trial that is also
described in the next section. In order to distinguish between this and termination of the trial when a stopping bound-
ary is reached, we will refer to this as halting the trial. In this paper we will consider methods for the analysis of trials
that have been halted in this way, with a particular focus on approaches that control but utilise the full type I error rate
specified. Typically, although determined by external factors, the decision to halt a trial will be taken by members of the
team conducting the study, for example by the trial steering committee. In some cases in which interim analyses have
already been conducted this group may have seen interim analysis data, so that it is impossible to rule out the influence
of these data on their decision. We will therefore consider methods in which the decision to halt the study is independent
of interim analysis data and in which the interim analysis data may have been used.

The paper is structured as follows: Section 2 describes two trials of interventions for COVID-19 to provide motivation
for the methods that we will propose and Section 3 briefly describes the statistical tools that will be used. Section 4 then
proposes methods for the analysis of halted trials, with Section 4.1 focussing on the setting in which the decision to halt
the trial is independent of any data from the trial, and Section 4.2 on the setting in which this decision may depend
of data observed at interim analyses that have already been conducted. Section 5 describes the approach in which the
group-sequential design has no maximum sample size. The methods proposed are applied to one of the examples of
Section 2 in Section 6 and evaluated in a simulation study in Section 7. The paper concludes with discussion in Section 8.

2 | MOTIVATING EXAMPLES: THE RECOVERY AND RECOVERY-RS TRIALS

The ongoing RECOVERY trial® is an international randomised controlled platform trial of treatments for COVID-19.
One of the most successful trials in COVID-19, to date the study has identified four life-saving treatments as well as
demonstrating that a number of other commonly used treatments are ineffective.®® The trial started early in the pandemic
in spring 2020, when limited information on COVID-19 was available at the initial planning stage. This led the trial team
to make the unusual decision not to specify a sample size for the trial, the protocol reporting that ‘appropriate sample
sizes could not be estimated at the start of the trial’.’

The RECOVERY-RS trial'®!! was a randomised group sequential clinical trial of hospitalised adults with
COVID-19-related acute hypoxic respiratory failure. This trial studied the comparison of clinical outcome improvements
in non-invasive respiratory strategies: Continuous positive airway pressure (CPAP) and high-flow nasal oxygen (HFNO)
with conventional oxygen therapy. The planned sample size was 4,002 with recruitment over a twelve month period. The
trial started in April 2020, and in May 2021, after three interim analyses, was stopped early by the trial steering committee
(TSC) due to a substantial reduction in hospitalised patients with COVID-19, and also the end of the funded recruitment
period. The final analysis showed that the CPAP strategy led to a statistically significant reduction in tracheal intubation
or mortality within 30 days over the standard oxygen therapy, whereas there was no statistically significant difference
between the HFNO strategy and conventional oxygen therapy.

3 | BACKGROUND
3.1 | Group sequential design notation and specification

Group sequential methods can be used in clinical trials where data are evaluated as they accrue through a series of
interim analyses performed at several points within the trial. In such a trial the sample size is not fixed in advanced as the
trial is stopped when sufficient evidence become available to enable a decision to be made regarding treatment efficacy.
Jennison and Turnbull!? show how the interim analyses can be based on efficient score statistics for a parameter of inter-
est, 8, measuring the treatment effect where this might, for example, be a log-odds ratio or log-risk ratio in a binary data,
log-hazard ratio in survival data, or standardised difference in means for normal data.'
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Let Sy denote the score statistic based on all data observed up to interim analysis k and let S = (S, ... , ST denote

the vector of statistics observed up to interim analysis k. Furthermore, let V} indicate the observed Fisher’s information
for all data observed the parameter of interest based on data up to interim analysis k.

Jennison and Turnbull'* show that for a wide range of problems, it can be assumed that asymptotically the random
vector S follows a multivariate normal distribution with

ovi\(vi vi vi -+ W
0V2 Vl V2 V2 VZ
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ovillvi vo vi .- W

We wish to test the null hypothesis, Hy : 6 < 0against the one-sided alternative. We stop and reject the null hypothesis
atlook kif Sy > ux, k=1, ....Let

k=1

k-1
Py = Py, (ﬂ {S,;<u,;},Sk2uk> 2)

denote the probability under H, that the null hypothesis is rejected at look k the trial having not stopped at any early
interim analysis. If up to a total of K interim analyses are conducted, the overall type I error rate is therefore equal to
P; + - - - + P and we wish to control this at some specified level a, that is to have

K
P1+-"+PK=PH0<U{SkZuk})=“~ 3)

k=1

We would also like to ensure that the test has specified power 1 — g under a given alternative hypothesis, H; : 6 = 4,
that is that

K
PH1<U{skzuk}>=1—ﬂ )
k=1

where the probabilities in Equations (3) and (4) can be calculated using the distribution given by (1).

Note that we will consider tests in which only an upper boundary is specified since we focus on a test of a one-sided
hypothesis. In practice, a trial may also be stopped for futility at look k if Sy is sufficiently small, but in order to avoid
specifying a binding futility boundary the lower boundary values are not used when calculating u, ... , ug to satisfy (3).
Since stopping for futility cannot lead to rejection of the null hypothesis, doing so when no lower boundary has been
specified will lead to a test that is conservative in that the overall type I error rate will be less than a, but will also have
power below 1 — g. Futility boundaries are considered in more detail in the Discussion section below.

3.2 | The a-spending function approach

The idea of the a-spending function approach, which was initially introduced by Lan and DeMets, > is used to set critical
boundaries for group sequential designs. In this approach the amount of « spent up to each interim analysis is specified
as a function of the information at that analysis since the condition (3) alone is insufficient to specify the boundary values
ui, ... ,ug for K > 1. Hence, we let V. denote the maximum information, that is Vi .y = Vk, and define &, = Vi /Viax
to be the information time, that is fraction of the maximum information observed, at look k. Suppose that we have some
specified spending function, a*(t), an increasing function on [0, 1] with «*(0) = 0 and a*(1) = a, the overall desired type
I error rate. The group sequential test can then be constructed such that the type I error rate spent by look k is equal to
a*(ty), thatis, fork =1, ... ,K,
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k
Py, (U {St > ug ) = a*(fy), (%)

or equivalently
Py =a"(t) —a*(tx-1) 1<k<K,

where Py is as defined in (2) above and we define ty = 0. For given V¢ and V1, ... , Vg, successive boundary values
ui, ... ,ug can constructed to satisfy (5) and hence (3), using the distribution (1). If K and t,, ... ,tx are specified in
advance, the value of V},,x can be obtained so that the power requirement (4) is satisfied.

For given Vmax, using (1) to calculate u;, ... , uk to satisfy (5) will control the overall type I error rate at level « for any
Kand Vy, ..., Vg = Vi provided Vi does not depend on (Si, ... , Sk-1), though in general if V} depends on (S, ... , Sk-1)
the overall type I error can be inflated above the nominal level as discussed by Proschan et al.!®

A number of forms for the a-spending function, a* have been proposed for example by Kim and Demets,!” and
Hwang et al.'8

3.3 | The conditional error approach

The idea of conditional error function was introduced by Proschan and Hunsberger'® in order to specify the critical bound-
aries in an adaptive two-stage design in which the sample size of the second stage can depend on the observed data
from the first stage. Miiller and Schifer?® proposed a general principle to allow for adaptations, such as sample size
recalculation, modifying the number of interim analyses, and changing the spending function during the trial, whilst
maintaining the overall type I error rate. As noted above and demonstrated by Proschan et al,'¢ data-dependent changes
to a group-sequential design, including modifying the timing of subsequent interim analyses on the basis of observed
data, can lead to type I error rate inflation. Miiller and Schiifer?® define the conditional error rate (CE), the probability
under the null hypothesis of rejecting the null hypothesis at any future interim looks given the observed value of the test
statistic at an interim analysis. The remainder of the group sequential design can then be modified with full flexibility,
including with data-dependent adaptations, provided this conditional error rate remains unchanged.

In detail, suppose that a group-sequential test is planned with up to K looks with Sy, ... , Sk distributed as given by
(1) for specified V1, ... , Vx with uy, ... , ux constructed so as to give overall type I error rate a. At some look r, suppose
that we have observed data (S; = s1, ... ,Sy—1 = S,—1) With sy < uy, k=1, ... ,r — 1 so that the test has not stopped. Given
these data, the probability of a conditional error is equal to

K r-1
Py, (USk > uk|USk = Sk> . (6)
k=r k=1

The test can be redesigned, possibly based on the values of sy, ... ,s,_1, to have a maximum number of looks K’ with
information levels V7, ... ,VI’<, and score statistics S}, ... ,S}(, compared with critical values u., ... ,u}c without inflating
the type I error rate above a for any set of critical values u;, ... ,uy, satisfying

K’ r—1 K r—1
Py, <US” > M;{ USk = Sk) = Py, <USk > Uy ’USk = Sk> . @)
k=r k=1 k=r k=1

The probabilities in (6) and (7) can be obtained from the conditional distribution of S,.1, ... ,Sk given S; =
S1, ... »Sy_1 = Sy_1.Since Sy, ... , Sk have multivariate normal distribution (1), this conditional distribution is multivariate
normal with mean

ov, 51— 6V
+ I
QVK Sp-1 — HVr—l
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and variance-covariance matrix

X — 22121_11212

with
Zl “f e “f v, V.o Zr VVr e VVr
Xy = .1 _2 ) _2 . =X =] : : : and Xp=|" r_+1 r_+1
o Vieh Ve oo Vi
Vi Vy - Vo, et -t Vi Vi - Vk

where X,; has K — (r — 1) columns.
In Section 4.2.2 we show how this approach can be used to construct a critical value for the final analysis when the
trial is halted early.

4 | EARLY HALTING OF A GROUP SEQUENTIAL DESIGN
4.1 | Halting time independent of observed interim data

We now consider a group sequential trial that is halted prior to a boundary being crossed. For example the trial might be
halted due to a low or declining patient recruitment rate or financial limitations. We initially assume that the decision to
halt the study is independent of any data already observed. This will be the case if the halt is due to some external factor
and/or if the decision to halt the trial is made without knowledge of any interim data. The case when the decision to halt
the trial could be related to the observed data is considered in Section 4.2 below.

Suppose that the halt occurs after some number, r — 1 with r > 1, interim analyses have been conducted using critical
values obtained based on (5) for a pre-specified spending function and value of V.« and that at the point of halting the
trial a final, rth, analysis is conducted with score statistic S, and information V. Since V, < V., as otherwise the trial
would have been completed, the test will be conservative and lack power since the critical value for the final analysis is
based on the spending function value a*(V;/Vnax) Which is typically less than « (see Appendix A for details).

An alternative approach is to spend all remaining « at this final look, replacing the value a*(V, /Vmax) used to calculate
u, with the full level a and to use critical value i, given by

r—1
PHo <U {Sk < ux},Sr Zﬁr> =a—a*(t-1). ©))
k=1
The overall type I error rate is then
r—1
2 @)~ () +a—a' () =a ©)
k=1

so that the desired overall type I error rate is maintained at the level of « (see Appendix A for details when the halting
time is considered random).

Although the halted test using the critical value i, for the final analysis will have full level a, the power of this test
will, however, be reduced since the amount of data collected, that is, available information, is smaller than the planned
sample size for which the trial has power 1 — . Typically the later the halting time, the lower the power loss will be. Some
numerical results of the trade-off between the amount of power reduction, the level of type I error rate, and the timing of
halting of the trial are presented in the Section 7 below.

It is worth noting that this method is analogous to underrunning in a group sequential trial as considered by White-
head,?! who proposes a method for construction of p-values implicitly equivalent to specification of critical values as
described above.
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4.2 | Halting time possibly depending on observed interim data

Although driven by external factors, the decision to halt a trial will often be taken by those involved in the running of the
study. In fact, when a decision is made with knowledge of interim data, one must assume the interim results influenced
decision-making. In Section 4.1 and Appendix A, we showed that if the decision to halt a trial is independent of the
observed data, the overall type I error rate is controlled at level of « if the critical boundary for the final test is adjusted
to satisfy (8), spending all remaining « at this analysis. If the decision to halt the study is based on the observed data,
however, the type I error can be inflated if this critical value is used for the final analysis. In this section we explore the
impact of halting at a time that may depend on the interim data in two cases; (i) when the decision can be based on all
data available up to and including the halting time, and (ii) when the decision can be based on all data observed up to
the interim analysis preceding the halt time but excluding the halting time itself. We show that in the first case the type
I error rate can be inflated by using any critical values smaller than u, obtained for the original design, that is using (5)
with the originally specified spending function, and propose an approach to obtaining an alternative critical value that
controls the overall type I error rate in the second case.

4.2.1 | Making decision to halt at interim analysis r based on data including S,

Suppose that at some look 7, a decision is to be made to either halt the trial, conducting a final analysis, or to continue
with the study. Further assume that this decision is based on observed data up to and including look r, summarised by
the test statistic S,.

This is illustrated by Figure 1 part (A). Let uy, ... , u, denote critical values calculated for the r interim analyses using
(5). Suppose that, at look r, a decision is made to halt the trial using some alternative critical value i, < u,. If the trial
is not halted, then future interim analyses (ie, at times r + 1, ... , K) can continue with Vx = V.« and hence tx = 1 and
a*(tg) = a. Since if S, > i, the trial will be halted, and, since the final test will use the critical value &,, the null hypothesis
will be rejected, the probability of stopping and rejecting the null hypothesis at this analysis will be

r—1
f)r =PH0 <U {Sk < uk} ,Sr 2> ar)

k=1

and the overall type I error rate will be

K
Py, ({S1 2w} v U S 2 ura } ULS 2 0} U{Sr1 2 Upn} U+ - U {Sk 2 uk}) > Py, (U {Sk = uk}) =a.
k=1

The type I error rate can thus be inflated above the nominal level if any critical value i, < u, is used for the final analysis
when the trial is halted with this decision based on the observed data including s,. This is unsurprising as the critical
values for the final analysis essential provide a group sequential boundary, so that any values more liberal than those
originally planned can lead to type I error rate inflation.

4.2.2 | Making decision to halt at interim analysis r based on data Sy, ... ,S,_;

Consider next the setting in which the decision of whether to halt the trial is made without the current data being observed,
but when results from previous interim analyses are known. That is, at some look r the decision can be based on data
observed up to the preceding look, thatison sy, ... , Sy_1, (see part (B) in Figure 1). Note that whilst the decision to halt the
trial at the some stage r will be made based on s, ... , s,_1, the ultimate observed data, s,, is compared with an updated
critical boundary obtained from s, ... ,s,—;. In turn, if the critical value i, given by (8) is used for the final analysis and
the decision is made to stop the trial then it is possible to base the decision on sy, ... ,s,_; in such a way as to inflate
the type I error. In detail, let A, denote the conditional error rate given S; = sy, ... ,S,—1 = 5,1 for continuing with the
original design, that is
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FIGURE 1 The schematic diagrams of halting a trial based on the decision made by: (A) interim data up to and including S,, and (B)
interim data up to including the penultimate look S,_;.

K r—1
A, =Py, <USk > uk'US;z = Sz}) = A(r)
k=r k=1

and let A, denote the conditional error rate given S; = sy, ... ,S,_; = s,_; for the halted design with final critical
value ii,, that is

r—-1
A, =Py, <S, > ii,| )i = s,;) .

k=1

The type I error can be inflated if the trial is halted if s,, ... ,s,_; is such that A, > A, and continues otherwise. The
degree of this type I error rate inflation is demonstrated in Section 7 below. By the conditional error principle of Miiller
and Schifer,?° the type I error rate will be controlled at level a even if the decision to halt at look r is based on the data

S1, ... »Sy— if the critical value for the final analysis is u$ where
r—1
Py, <s, >uf| Jsi = s,;) =A,. (10)
k=1
The adjusted critical boundary, u¢, depends on the observed data sy, ... ,s,_1, but since using u$ controls the overall

type I error rate at level a, will be less conservative than using the boundary value obtained using the original spending
function, u,. It is worth mentioning that once u¢ is obtained, we compare s, with it to see whether the null hypothesis is
rejected or not at the halting stage, r.

5 | EARLY HALTING OF GROUP SEQUENTIAL DESIGNS WITH NO
MAXIMUM SAMPLE SIZE

In the setting of an emerging disease there can be a great deal of uncertainty about specifying the treatment effect at
which power should be set, about nuisance parameters that affect sample size calculations, or about the likely achievable
sample size for a clinical trial. Whilst having a smaller-than-expected patient cohort, especially amongst the most severely
impacted individuals, is desirable, this uncertainty imposes challenges in the planning and execution of clinical trials that
rely on a predetermined number of patients to achieve conclusive outcomes within a timeline determined by assumptions
about recruitment rates. The RECOVERY trial described in Section 2 illustrates the difficulty in specifying the sample
size in such a setting. A group sequential approach, in which the trial stops as soon as sufficient evidence is obtained to

85U801 7 SUOWILLIOD BAIER. 3|deot|dde au3 Aq peusenob ke sapiie VO ‘88N JO 3N oy Akeiq 18Ul UO 8|1 UO (SUORIPUOD-PUe-SWLBHLI00" A3 | 1M Afelq 1 [ouJUO//SdNY) SUORIPUOD pue SWiS | 8U3 88S *[GZ0Z/70/TT] Uo Ariqi auluo A8|IM ‘1881 A €020T WIS/Z00T OT/I0p/wod A8 | AReiq 1 uljuo//Sdny woi} pepeoiumoq ‘vz ‘¥20g ‘8520L60T



ﬂl_wl LEY_StatiStiCS YARAHMADI ET AL.

reach a conclusion, is an attractive option in this case, though without specification of a maximum sample size it is not
clear how the spending function approach could be implemented.

The sequential probability ratio test (SPRT) developed by Wald® and Barnard* is a sequential testing procedure of the
null hypothesis Hy : 6 = 0, against a simple alternative H; : § = 6;(0; > 6,) based on the likelihood ratio, Ly obtained
at a series of interim analyses, k = 1,2, .... The test continues until Ly < A or Ly > B for some A and B with the null
hypothesisrejected if L, > Bor accepted if Ly < A. A test with no binding lower futility boundary can be obtained by taking
A = —o0. Note that unlike the group sequential tests introduced above, this test has no maximum sample size. In many
settings this is considered a disadvantage. Under the uncertainty of an emerging disease, however, this allows the test to
continue until either sufficient evidence is obtained to reject the null hypothesis or a decision is made to halt the study.

The test statistics Si, S, ... with distribution given by (1) have the same distribution as points on a Brownian motion
with drift 8 at times V3, V>, .... We will write this Brownian motion as S(¢),t > 0. In this case the test with no lower
bound, that is with A = —oo has type I error rate « when B = a~!. This SPRT of the null hypothesis H, : # = 0 against the
alternative H; : 6 = 0; with 6; > 0 stops at look k with the null hypothesis rejected if

—1lo
g + Vi ‘
0, 2

amn

Sk >

For continuous monitoring, that is for the Brownian motion, S(t), when the increments in information, Vy,; — Vi tend
to zero, the SPRT given by (11) has type I error rate a. For discrete monitoring the test is conservative. With equally spaced
information values, with Vi, — Vi = I, Siegmund?? proposes a modification of the best boundary to use

—lo
Zogx | Vil _ ) sg3pire 12)
0, 2

Sk >
to give a less conservative test with type I error rate approximately equal to a.

For discrete monitoring when information values at interim values are not equally spaced, it is possible to construct
critical values corresponding to the SPRT based on a modification of the a-spending function approach described in
Section 3.2. Siegmund?? shows that for the test defined by 11, the probability of stopping the test and rejecting the null
hypothesis with information less than V is

1- @bV -6 V'/?) + P (-bV /2 - 6*V'/?)

where 0* = 0 — 6,/2,b = log(B)/0, = —log a/6; and ® denotes the standard normal distribution function. Under the null
hypothesis with 6 = 0 this becomes

1—@(0,V2/2+bV712) + a®(0,V/2 /2 - bV1/2). (13)

Denoting this function by @*(V), given interim analyses at information levels V1, V5, ..., we can obtain critical values
Ui, Uy, ... to satisfy

k=1

k
Py, <U {St > u,;}) = a*(Vi), (14)

or equivalently
Py =a" (Vi) — & (Vi) (15)

This will allow an unlimited series of interim analyses with the type I error rate spent at each equal to that of the SPRT.
We note that as @*(V) — @ as V — oo, the overall type I error rate is controlled at level « as desired.

If a trial that is planned as a SPRT is halted at look r, with information V;, the design can be modified in one of the
ways proposed in Sections 4.1 or 4.2. If the decision to halt the trial is independent of the observed data, all remaining
type I error rate can be spent, with the final analysis using the critical value i1, with
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r-1
PHo <U {Sk <u},Sr > ar> =a—a" (Vi) (16)
k=1
If the decision to halt the trial can depend on observed value of sy, ... ,s,_1, a critical value for the final analysis, u¢,

can be obtained to preserve the conditional error rate, that is with

r—1
Py, <S,» > us US,} = Sf{) 17)

k=1
equal to the conditional error rate for the SPRT given S; = s1, ... , Sy—1 = Sr_1.
For continuous monitoring, the conditional error rate for the test given by 11 given S,_; = s,_; is equal to

a €Xp [—91(91 Vr_1/2 - Sr—l)] (18)

see Appendix B), enabling the critical value u¢ to be obtained from (17).
(see A dix B) bling the critical value u¢ to be obtained from (17)

6 | EXAMPLE

In this section, we apply the discussed and proposed methods of adjusting critical boundaries for a halted trial to the
RECOVERY-RS trial that was introduced in Section 2. The RECOVERY-RS was a randomised group sequential clinical
trial of hospitalised adults with COVID-19 related acute hypoxic respiratory failure. The trial compared two experimen-
tal interventions, continuous positive airway pressure (CPAP) and high-flow nasal oxygen (HFNO), with conventional
oxygen therapy. Depending on therapies available, patients were either randomised equally between all three arms or
between one active arm and the control. For the latter randomisation case, each of the CPAP and HFNO group was com-
pared with those control patients who could have received this treatment. As this leads to some control patients being
excluded from each comparison, the total planned sample size was inflated to allow for this. Here we will focus on the
comparison of CPAP with conventional therapy. The primary endpoint was the composite outcome of either mortality or
the need for tracheal intubation within 30 days.

Whitehead!? gives expressions for test statistics for a group sequential trial comparing two treatments in terms of a
binary outcome. Let p4 and p¢ denote, respectively, success probabilities for patients randomly allocated to either inter-
vention arm, A, or standard therapy, C. Defining 0 to be the log-odds ratio as a measure of treatment difference, under the
null hypothesis, Hy : pa = pc, the Sy score statistic and estimated information level Vi, k =1, ... ,K, at the kK interim
analysis are

NegXak — NakXck
(nak + nci)
naknck(Xak +Xck) [(Rak + ner) — Gax +Xcx))|

Vk = s
(nak + ncp)?

S =
(19)

where n4x and ncy are the cumulative number of patients allocated to arms A and C respectively and x4 x and x¢x are
the cumulative number of the success responses from arms A and C at the stage k'™, respectively, with Xax ~ Bin(nak,pa)
and xcx ~ Bin(ncy, pc)- Based on the general theory proposed by Jennison and Turnbull!? the vector of test statistics
(S1, ... ,Sk)T asymptotically follows multivariate normal distribution with E(S) = 6V, Var(Sy) = Vi and Cov(Sk, Sp) =
Vi1 <k <k’ <K as in (1). Note that basing stopping boundaries on the observed values V7, ... , Vg, automatically
adjusts the sample size to maintain power for different values of the true success probability.

The study was designed as a group-sequential trial on the assumption of 12 equally space interim analyses. In consul-
tation with the clinical trial team, an a-spending function of the form a*(t) = at with @ = 0.025. a*(¢) = 0.025¢ was used,
though other forms could be appropriate in other settings.'® To give the desired power of at least 0.9 to detect an improve-
ment in the rate of the composite outcome of either mortality or intubation from 0.15 on the control arm to 0.1 on each
experimental arm using a one-sided level 0.025 test, the maximum required information was calculated at the level of
57.26, corresponding to approximately 1000 patients per arm. This was inflated to a recruitment target of 1,334 patients
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per arm, that is 4,002 patients overall, to allow for drop-outs and for control patients who were included in only one of
the comparisons.

Although interim analyses were planned to be taken with equal increments in information, in practice, three
unequally spaced interim analyses were conducted prior to the study being halted and a final analysis being performed.
The information observed at the first two interim analyses was less than that for the first originally planned interim look,
whilst the information observed at the third interim analysis was between that of the ninth and tenth originally planned
interim analyses. The trial was halted after one year with a recruitment rate lower than anticipated. At this point, patients
had been included in the trial to enable 377 patients in the CPAP group to be compared with 356 in the conventional oxy-
gen therapy group. The decision to halt the trial was taken by the Trial Steering Committee (TSC) who had not seen any
interim analysis data.

Table 1 summarises the data obtained from the RECOVERY-RS trial at each interim analysis. The information and
test statistics were calculated based using Equation (19). The table expresses the test statistic in both score statistics, Sk,
and the standardised value Z; = j"‘/_ Stopping boundaries obtained using the a-spending approach via the Equation (5)
allowing for the information availa]iole at each interim analysis are shown by the plus signs in Figure 2, part (A). The
observed test statistics are shown by the stars and indicate that the critical boundary was not exceeded at any of the first
three interim analyses. At the final analysis, after the trial had been halted, the observed test statistic, as given in Table 1
is 14.726. The critical value for this analysis obtained using the original spending function is us = 14.053. As indicated
above, the use of this critical value would be conservative since the decision to halt the trial was taken independent of the
observed data. The alternative critical value obtained from spending all remaining a, i1, = 13.208, was therefore used in
the trial analysis. This is shown by the circle in Figure 2, part (A). In this case as the observed test statistic is above i,
the conclusion is that the null hypothesis can be rejected with the trial indicating a statistically significant effect of CPAP
compared to standard care.

Although in this case the decision to halt the trial was made without any information on the data observed at the
interim analyses already conducted, had the decision been influenced by these data, as discussed above, the type I error

TABLE 1 Summary of the observed data on CPAP and standard care (SC) for the RECOVERY-RS trial.

CPAP SC
Interim look (S, Mg) (Sk> ) Vi Sk Zyc
First (12,22) (11,23) 2.8 0.756 0.45
Second (19, 38) (15, 28) 4.027 —0.576 —0.287
Third (83,126) (81,122) 13.883 -0.323 —0.087
Fourth (240,377) (198,356) 44.032 14.726 279

15
15

- *
(A) -k (B) 3
o _—""—‘— o | LT -
e 4 I SHRs IO o
;I‘"
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FIGURE 2 Observed test statistic values (*) for the RECOVERY-RS trial together with critical values (+) constructed using the
spending function a*(f) = at for (A) and sequential probability ratio test (SPRT) for (B), and alternative critical values for the final analysis
when the trial was halted obtained by either spending all remaining «, ii4, using Equation (8) for (A) and (16) for (B) denoting by (O), or

based on the conditional error approach, u¢, using Equation (10) for (A) and (17) for (B) showing by (/\).

4
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rate could be inflated if the critical value &1, was used. If this was the case the critical boundary value, uj, obtained using the
conditional error approach could alternatively be used. In this case uj = 13.936. This is shown by the triangle in Figure 2,
part (A). The value of uj depends on the observed data in the penultimate interim look, that is, the third interim analysis,
but in this case falls between the critical value for the original test, 14, and that obtained by spending all remaining a, fi4,
though here the observed test statistic would have led to rejection of the null hypothesis irrespective of whether @iy, uj or
u, was used as the critical value at the final analysis.

In order to illustrate the approach proposed in Section 5, we also present a group-sequential design that could have
been used for the RECOVERY-RS trial without specification of a maximum sample size using the sequential probability
ratio test with one-sided type I error rate 0.025 and power 0.9 at ; = 6 corresponding to an improvement in the composite
outcome from 0.15 to 0.1 as in the original trial. Critical values obtained using Equation (14) are shown by the plus signs
in Figure 2, part (B). As above, when the trial is halted alternative critical values for the final analysis can be obtained by
spending all remaining «, (#i4), and the conditional error approach, (1), using the Equations (16) and (17) respectively.
Critical boundary values at final interim analysis are uy = 13.897, i1, = 13.066 and uj = 13.869. These are shown by the
plus sign, circle, and triangle respectively in the figure. The observed score statistics are shown by the stars in the figure.
The test statistic at the final analysis would indicate a statistically significant difference between CPAP and the standard
therapy if this design had been used for any proposed critical boundaries.

Comparison of parts (A) and (B) in Figure 2 show how the critical values for the test with spending function a*(¢t) = at
differ from those for the sequential probability ratio test. It can be seen that critical values for the SPRT are much greater
that those for the spending function test at early interim analyses. The triangles in the left-hand side column of plots in
Figure C1 show the spending function for the SPRT given by Equation (13), illustrating how the type I error rate is spent
in the SPRT (dashed lines) in comparison with a linear spending function (solid lines). It can be seen that the type I error
spent at early in the SPRT is much smaller than that for the linear spending function, leading to the higher critical values
observed. Later in the trial the critical values are much more similar.

7 | SIMULATION STUDY

In this section, the properties of the methods proposed above are explored through a simulation study. We consider a
two-arm group-sequential trial to compare an experimental treatment with a standard therapy with ten equally spaced
interim analyses simulating S, ... , Sip from the multivariate normal distribution given by (1). As in the example above,
we use a group sequential test with linear spending function with one-sided type I error rate of 0.025 and 90% power at
6 = 0.5and a SPRT with type I error rate 0.025 and #; = 6 as explained in Section 5. In the simulation study we assume that
interim analyses occur as planned for the group-sequential trial with linear spending function, and the time on which the
trial is halted coincides with one of the planned interim analysis. In turn, we evaluate the type I error rate and power by
utilising three different strategies in choosing stopping boundary at the halt time: originally planned boundaries, spending
all remaining a, @i, and the conditional error approach, u¢, at the halting time r.

We initially consider trials halted independent of the data observed, with three distributions for the halting times. In
the first case we take the halting time to be at each of the K interim analyses including the final one with equal probability,
1/10. In order to simulate earlier and later halt times we take the probability of stopping at each of the ten analyses to be
given by (0.35,0.25,0.2,0.1,0.05,0.03,0.02, 0,0, 0) and (0, 0, 0,0.02,0.03,0.05,0.1, 0.2, 0.25, 0.35) respectively.

In contrast to the cases in which halting times are randomly generated independent of the data, we also considered
a data-dependent halting rule deliberately constructed to demonstrate that the type I error rate can be inflated using the
critical boundaries obtained with all remaining « spent. With this rule, the decision to halt the trial at interim analysis
r (r > 1) is based on the comparison of the two conditional error rates mentioned in Section 4.2.2; A, > A,, calculated
using the observed data at interim analysis,  — 1, so that the trial is halted or not so as to maximise the conditional error
rate. Table 2 gives simulated type I error rate and power values with the trial halted using each of the rules described
above with the final critical value given by u,, @i, or u$ if the trial is halted. Each estimated probability is based on 100,000
simulated datasets giving a simulation standard error of 0.0005 so that estimated type I error rates are accurate to three
decimal places.

When the halting time is independent of the interim data regardless of whether linear spending function or SPRT
approach is used, as we show in Section 4.1, the overall type I error rate is maintained at or below the nominal level for
all approaches. As would be expected, the test is most conservative, and the power lowest, when the original boundary
value is used and least conservative, and most powerful, when all remaining « is spent in the final analysis if the trial is
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TABLE 2 Simulated type I error rate and power obtained from utilising a linear spending function and SPRT approaches in designing
the trial where the proposed methods in adjusting the critical boundary at the halt time is used.

Halting time
Linear spending function Early Equal probability Late Data-dependent
Originally planned boundaries Type I error 0.0063 0.0138 0.0212 0.0084
Power 0.198 0.525 0.816 0.2560
Spending all remaining « Type I error 0.0258 0.0255 0.0252 0.0353
Power 0.38 0.6457 0.8538 0.5678
Conditional error approach Type I error 0.0257 0.0256 0.0252 0.0245
Power 0.365 0.6342 0.8511 0.4787
SPRT
Originally planned boundaries Type I error 0.0045 0.0129 0.0196 0.0057
Power 0.183 0.521 0.8 0.2160
Spending all remaining « Type I error 0.0257 0.0255 0.0254 0.0356
Power 0.384 0.6503 0.857 0.5564
Conditional error approach Type I error 0.0253 0.0253 0.0249 0.0242
Power 0.369 0.635 0.847 0.4656

Note: We assume a one-sided test with ten equally spaced interim analyses with a power of 90% and a = 0.025.

halted. In all cases the power is below the planned level due to the early halting of the study, with the power lowest when
the trial is halted earlier and the sample size is smallest.

When the halting time can depend on the interim data using the rule described above the type I error rate is substan-
tially inflated above the nominal level if the critical value, ii,, obtained spending all remaining « is used. As expected, the
type I error rate is controlled in this case when the critical value u¢, based on the conditional error approach, is used.

Details of the simulated probabilities under the null and alternative hypotheses of rejecting the null hypothesis at each
interim analysis are given in Appendix C.

8 | DISCUSSION

In an emerging disease there may be considerable uncertainties regarding the number of infected patients, potential
treatment effect, and natural history of the disease. These uncertainties give rise to difficulty in specifying an appropriate
sample size in the planning stage of a clinical trial. In this case, adaptive sequential designs can be attractive, as they allow
the accumulating data to be analysed at several interim analyses so that the trial can stop for either futility or efficacy as
soon as the data can support such a decision. A reduction in the number of infected patients due to a waning epidemic,
however, lead to a necessity to halt the trial before a specified sample size is attained or a pre-defined stopping boundary
is crossed in the sequential testing procedure. In this paper we have investigated methods for the analysis of such halted
trials, with a particular focus on controlling the type I error rate.

The methods we propose distinguish between settings in which the decision to halt a trial are made with no knowledge
of the trial data and when the decision-maker has observed some data giving an indication of the treatment effect so
that the influence of these data on the decision cannot be ruled out. In the former case the type I error is controlled by a
spending function approach in which all remaining « is spent in the final analysis if the trial is halted without a stopping
boundary being crossed. If such an approach is taken in the latter case the type I error rate can be inflated. In this case we
propose using a critical value for the final analysis obtained so as to maintain the conditional error rate given the observed
data at the same level as if the original group-sequential design, that is without halting, was used.

A slightly different setting to that considered arises if the decision-maker(s) responsible for deciding whether or not
the trial should be halted have not seen efficacy data but have seen safety data from earlier interim analyses. In this case,
as the efficacy and safety data may be correlated, an approach that ignores the influence of these data may not control the
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type I error rate. A conditional error approach conditioning on the efficacy data from those patients for whom safety data
are observed should control the type I error rate and be conservative in this case. Typically this will be the efficacy data
from the interim analysis preceding the decision to stop the study, though this may not be the case if there is a delay in
observing efficacy data with no delay, or a shorter delay, in the observation of safety data,?® or if a time-to-event efficacy
endpoint is used that may be correlated with earlier observed safety data.?*

The problem of the analysis of a halted group-sequential trial that we have considered is essentially that termed under-
running by Whitehead.?! The analysis approach proposed by Whitehead in this setting is based on construction of a
corrected p-value, but is equivalent to the approach we propose of spending all remaining «. The problem of underrun-
ning due to the trial being halted based on a decision influenced by the data is not, however, considered by Whitehead
other than to state that the methods that he proposes would then be inappropriate.

If the trial is halted on the basis of data available at the time at which the decision is taken, that is in the setting of
Section 4.2.1 above, further follow-up data may be observed after the trial is halted. Inclusion of these data in the final
analysis is discussed by Whitehead?! and Hampson and Jennison.?> In the setting of Section 4.2.2, where only data from
earlier interim analyses can be used in the decision to halt the trial, the final analysis can be made when full follow-up
data are available.

In the work above only the upper boundaries for the group-sequential tests have been considered. In practice a lower
boundary can be used to allow stopping for futility. A number of approaches have been proposed for the construction
of this futility boundary,?® for example based on the estimated treatment effect, the value of a test statistic for testing
the null hypothesis,>!3 the conditional power?”2° or Bayesian alternatives,>® or the value of a test statistic for testing the
alternative hypothesis.3! While it is possible to adjust the upper boundary to control the type I error rate allowing for the
lower boundary'? this means that the lower boundary is binding in that the type I error rate can be inflated if the trial
is not stopped when the lower boundary is crossed. If greater flexibility over stopping for futility is desired, the upper
boundary can be obtained assuming no lower boundary will be used. This ensures type I error control since stopping for
futility does not lead to rejection of the null hypothesis and so cannot give a type I error. The approach can, however,
lead to conservatism and a resulting loss of power if a futility stopping rule is then used. The inclusion of a simple futility
stopping rule in the approaches described above would be straightforward.

We have proposed the use of the sequential probability ratio test (SPRT)? in order to allow a group-sequential trial to
be conducted without any maximum sample size being specified, implementing this via a modified spending function
approach. A similar approach could be used replacing the spending function for the SPRT with any increasing function
that approaches a as V — 0. Different forms of such spending functions will have different properties in terms of the
power and the distribution of the sample size under different true treatment effect values. The optimality properties of the
SPRT?? may make this an attractive choice if halting is unlikely, though depending on the anticipate distribution of the
halting time other spending functions might lead to smaller expected sample sizes for the same power. Further research
or more extensive simulation studies could be conducted to explore such designs.
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APPENDIX A. CALCULATION OF TYPE I ERROR RATE SPENT AT A GIVEN HALT TIME
WHEN USING ORIGINALLY PLANNED BOUNDARIES OR SPENDING ALL REMAINING o
WHEN THE HALT TIME IS INDEPENDENT OF INTERIM DATA

Consider a group sequential trial with up to K looks, halted at interim analysis r, with the halt time is independent of the

data collection procedure. Let the probability that r = i be denoted by p;,i =1, ... ,K, with P = (py, ... , px)-
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Assuming the interim data are compared with the originally planned boundary value, u,, at the halt time, it is easy to
show by mathematical induction that the probability under the null hypothesis of rejecting the null hypothesis by look k is

k=1 k=1
Za*(ti)pi + Ot*(tk)<1 - ZPi)- (A1)
i=1 i=1

Setting k = K and noting that p; + - - - + px = 1, gives the overall type I error rate to be Zfila*(ti)pi which, since a*(t;) is
increasing in t; and hence in i is equal to a*(K) = « when p; = - - - = px_; = 0 and pgx = 1, that is when there is no early
halting, and is less than a*(K) = «, showing that the test is conservative, for any other p, ... , pg.

In the case of comparing interim data with spending all remaining @ boundaries, ii,, at the halt time, it can be similarly
shown that the probability under the null hypothesis of rejecting the null hypothesis by look k is

k k
a*(rk><1 - Zpi> +a ) pi (A2)
i=1 i=1

Setting k = K in this case gives overall type I error rate a irrespective of the choice of P.

APPENDIX B. DERIVATION OF CONDITIONAL ERROR RATE FOR CONTINUOUSLY
MONITORED SEQUENTIAL PROBABILITY RATIO TEST

Consider the SPRT with upper bound only given by (11) in the main text, and suppose that this is continuously moni-
tored. That is, we have a Brownian motion with drift §, which will be denoted S(t), t > 0, and we stop and reject the null
hypothesis, Hy : 0 = 0if

—loga to,
Sit) > — + —. B1
0> ===+ 3 (B1)
We wish to evaluate the conditional type I error rate given S(V1) = s1, ... S(Vi—1) = 5,1 for given V1, ... ,V,_4, thatis
Py, (S(t) > —loga /6y + 161 /2, some t > V,_1|S(Vy) =51, ... S(Vi1) = 8,1). (B2)

Since S(¢) is a Markov process, the conditional distribution of S(¢), t > V,_; given S(V7) = s1, ... S(V;_1) = sy—; only depend
Sr_lWrite t' =t—V,_; and let §'(t) denote S(t) — s5,_1,t > V,,, then S'(¢’) is also a Brownian motion with drift 6 and the
probability given by (B2) is equal to
Py, (S'(t") > —=s,-1 —loga /0y + (' + V,_1)61/2, some ' > 0). (B3)
This is the type I error rate for a test in which Hj is rejected if
St > —sy_1 —loga/6, + (' +V,_1)01/2
that is

S/(t/) > —loga//el + t’91/2 (B4)

where

—loga’ —loga N V,_10;
0, 0, 2

= Sr—1

or equivalently
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FIGURE Bl Boundary for original SPRT and for test conditional on S,_; = s,_; with —loga’ /6, = —loga/0; + V,_10,/2 — s,_;.

loga' =loga + ((Vr1/2 = $--1)61)
so that
o = aexp(—01(Vr-161/2 — sr-1)).

Figure B1 illustrates a possible realisation of S(¢) and S'(¢') relative to the stopping boundary given by (B1). Since under
the null §'(¢') is a Brownian motion with zero drift and (B4) defines a SPRT, this probability given by (B3), and hence by
(B2)is equal to &’ = a exp(—601(V,-101/2 — s,_1) as given by (18) in the main text.

APPENDIX C. ADDITIONAL SIMULATION RESULTS

Figure C1 shows simulated probabilities under the null and alternative hypotheses for the probability of rejecting the
null hypothesis by look k for k =1, ... ,K for the designs simulated in Section 7 are shown in Figure C1. The left-hand
side column of plots in the figure give probabilities under the null hypothesis, showing the type I error rate spent at each
look, in trials with early halting time (A), halting with equal probability at each look (B), and late halting time (C) and
the right-hand side column gives similar results under the alternative hypothesis, showing the power. The results for
trials designed using a linear spending function and SPRT approach are denoted by solid and dashed lines respectively in
all plots. The triangles in the left-hand side column of plots show the linear spending function a*(t) = at and spending
function for the SPRT given by Equation (13). The type I error rates (left-hand side column) and the power (right-hand side
column) of using different critical values for the halting analysis time are shown by O for originally planned boundaries,
u,, + for spending all remaining a, i,, and V for the conditional error approach, ug.

The simulated results shown in the left hand panels of Figure C1 are in agreement with the probabilities
given by expressions (Al) and (A2) with P = (0.35,0.25,0.2,0.1,0.05,0.03,0.02,0,0,0), P =(1/10, ... ,1/10) or P =
(0,0,0,0.02,0.03,0.05,0.1,0.2,0.25,0.35).
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