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Abstract. We apply innovations in frequentist and Bayesian sequential
experimental design to clinical and cost-effectiveness data from the DISC
trial, a UK National Institute for Health and Care Research-funded clin-
ical trial that was disrupted during the COVID-19 pandemic. Analysis of
the cost-effectiveness data suggests that stopping recruitment at the pan-
demic’s outbreak was indicated by some models, but not others. Analysis
of the clinical effectiveness data suggests that stopping recruitment was
never indicated. Reflecting recent contributions [5, 6], we illustrate how
trial management decisions during a pandemic might benefit from in-
sights provided by a range of statistical and economic analyses of the
same experimental data.

Keywords: Group sequential experiments; Bayesian decision theory;
Health economics; Pandemic preparedness

1 Introduction

There is growing interest in how adaptive experimental designs might be used to
handle so-called ‘disrupted’ clinical trials, in which extenuating circumstances
such as a pandemic force modifications to the trial’s original protocol [7]. [5]
consider how such designs might be used to handle disruption to non-COVID-19
trials during the COVID-19 pandemic. [6] study how to carry out an unplanned
interim analysis with an early-stopping or sample size alteration option, as well
as how to handle potential changes to the study population. This evolving and
innovative literature is accompanied by ongoing developments in the design of
sequential clinical trials, from both frequentist [3] and Bayesian [1] perspectives.

In this paper, we apply a number of these innovations to analyse clinical and
cost-effectiveness data from the DISC trial, a UK National Institute for Health
and Care Research (NIHR)-funded clinical trial that faced substantial disruption
during the COVID-19 pandemic. We study a hypothetical scenario in which an
unplanned interim analysis was carried out when the NIHR paused recruitment
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2 Marco Novelli et al.

to the trial in March 2020, comparing frequentist group sequential (GS) designs
and a Bayesian decision-theoretic design. We ask whether, given the accumulated
clinical and cost-effectiveness evidence at the time the trial paused, recruitment
to the trial should have stopped. Analysis of the cost-effectiveness data shows
that stopping recruitment was indicated by some models, but not others. In
contrast, analysis of the clinical effectiveness data suggests that stopping re-
cruitment was never indicated. Our aim is not to draw an overall conclusion
about whether stopping recruitment was the best decision (this is a matter that
is perspective-dependent). Rather, in line with recent research [5, 6], we illus-
trate how trial management during a pandemic might benefit from a range of
statistical and economic analyses of the same experimental data.

The DISC trial was a two-armed, fixed sample size randomised clinical trial.
It investigated whether collagenase injection and manipulation of a hand joint af-
fected by Dupuytren’s contracture was not inferior to limited fasciectomy surgery
in adults. The primary clinical effectiveness endpoint was the Patient Evaluation
Measure (PEM) Hand Health Questionnaire score at 12 months post-treatment.
The trial also considered the cost-effectiveness of the treatments. Recruitment
started in July 2017 and paused on 20th March 2020 as a result of the COVID-
19 pandemic, by which time 482 patients had been treated, 162 of whom had
one-year outcomes observed. Recruitment and treatment delivery restarted in
June 2020. Full details are provided in [2].

2 Methods

We consider a two-armed randomised clinical trial comparing a new health
technology, N (collagenase), with an existing/standard technology, S (surgery).
There is balanced randomisation to the arms and delay in observing the clin-
ical and cost-effectiveness outcomes. We consider the hypothetical scenario in
which a single interim analysis is carried out at the point at which recruitment
to the trial paused as a result of the COVID-19 pandemic. The frequentist mod-
els [3, 4, 8] are applied to both clinical and cost-effectiveness outcomes. The
Bayesian decision-theoretic model [1] is applied to the cost-effectiveness out-
come. The models are designed to handle the presence of ‘pipeline patients’,
patients who have been treated, but whose outcomes have yet to be observed.

2.1 Frequentist Group Sequential Designs

Patient outcomes Yj, j € {N, S}, are assumed to have normal distributions with
a common, known variance, 0%, and unknown expected values, p;. Define 6 =
uN — ps as the treatment effect of interest. The designs test Hy : 8 < 0 against
H, : 0 > 0, with significance level a and a power 1 — 8 to detect a predefined
clinically relevant difference, &, where (3 is the type II error probability. For the
analysis of cost-effectiveness, interest is in testing the equivalence of the expected
values of the net monetary benefits of the two treatments, NB; = AE; —C}, where
random variables E and C' are, respectively, effectiveness (the Quality Adjusted
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Frequentist and Bayesian Experimental Designs for Sequential Clinical Trials 3

Life Year (QALY) in the DISC trial) and treatment cost. A is the maximum
willingness to pay for a unit of E.

[3] extend the classical GS model of a clinical trial to account for delay in
observing the primary outcome. With a single interim analysis, the trial is di-
vided into two stages: during stage 1, patients are recruited, randomised, treated
and their outcomes are followed up, with an interim analysis taking place after
71 patients per arm have been treated (n; of whom will have had their out-
comes observed, the balance being ‘in the pipeline’); during stage 2, recruitment
continues to the trial’s planned sample size, ny. At the interim analysis, two
actions are available: 1. recruitment to the trial terminates, the pipeline patients
are followed up and Hj is tested using the outcomes for only 7n; patients; 2.
recruitment continues to ns, all patients are followed up and Hj is tested.

The decision at the interim analysis is informed by comparing the standard
normal test statistic, Z; = \/7T1é1/\/20)2, (we use *’ to denote a MLE of #) with
the lower and upper thresholds of a ‘continuation region’, (i1, u1). If Z1 € (I, u1),
the trial moves to stage 2 and Hj is tested by comparing Z5 = \/7T2é2/\ /202 with
a critical value, cz. Otherwise, recruitment stops, all 711 patients recruited during

stage 1 are followed-up and Hy is tested by comparing Z; = /72161 /1/20% with
the stage 1 critical value, ¢;. Values for l;,u; and co are obtained by defining
how errors o and (8 should be ‘spent’ across stages 1 and 2. We adopt the Lan
and DeMets spending function approach, using the p-family spending function
(we assume p = 2), together with one that mimics the original O’Brien-Fleming
approach (‘OBF-like’) [8, 3, section 4.1].

The presence of the critical value ¢; represents a novelty for GS designs
with delayed responses, because it is used only in the event that recruitment
terminates at the end of stage 1; with no delayed responses, ¢; does not exist.
[3] solve their model with a ‘binding’ futility boundary, in which recruitment to
the trial stops at the interim analysis in the event that Z; < l;. They obtain ¢;
by balancing ‘reversal probabilities’ under the null hypothesis, choosing its value
to equate the probability of rejecting H after stopping recruitment for futility
(Zy < l1) with the probability of failing to reject it having stopped recruitment
following promising interim results (Z; > w;). In contrast, [4] employ a non-
binding futility boundary, setting ¢, = #~1(1 —«). Finally, [8] allow recruitment
to restart having observed outcomes for all 7; patients treated during stage
1. Choice of ¢; exploits the notion of ‘conditional power’, pre-specifying the
probabilities of achieving efficacy after pausing the trial for promising results
and of concluding futility after observing non-promising results at the interim
analysis. The option to restart recruitment using the n; patients results in a
second continuation region, ([1751), such that ¢, tests for the superiority of N
and [; is used to decide whether to terminate the trial for futility. If Z; lies
between [y and uq, recruitment should restart.

2.2 Bayesian Decision-Theoretic Sequential Design

In the Bayesian decision-theoretic sequential design of [1], the measurement of
cost-effectiveness is Incremental Net Monetary Benefit, INMB = NBy — NBg.



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

4 Marco Novelli et al.

At the start of the trial, a normal prior probability distribution for E[INMB]
is specified and the INMB data are assumed to arrive as pairwise, i.i.d. draws
from a normal distribution with unknown mean, fyys, and known variance,
o2.s- Bayes’ rule is used to update the prior distribution sequentially, yielding
a sequence of normal posterior distributions for E[INMB].

Given the sequential arrival of data and a defined marginal cost of making a
single pairwise allocation, ¢, the objective in the model is to choose a sample size
at which to stop recruitment so as to maximise the expected net benefit of the
trial and its technology adoption decision, assuming that a treatment popula-
tion of P patients will benefit from the trial’s results. Accounting for the defined
delay in observing outcomes, an optimal policy comprises a continuous ‘stopping
boundary’, defined as a function of the number of patients treated. Once obser-
vations on patients start arriving, for any given sample size, the posterior mean
for Oeme is compared with the lower and upper limits of the stopping boundary
to inform a decision about whether recruitment should stop or whether another
pairwise allocation should be made. We consider this comparison for the sample
size recruited to the trial on 20th March 2020, when recruitment paused. [1]
provides a full statement of the model and its solution.

3 Results and Discussion

The DISC trial planned to obtain an effective sample size of no = 284 patients to
each arm. When recruitment paused on 20th March 2020, outcomes for approx-
imately 28% of the target sample size had been observed and about 42% of the
target sample size was in the pipeline, n; = 201. The rate of treatment delivery,
and subsequent follow-up was not balanced (91 (collagenase) vs 71 (surgery)),
so we use the average, n; = 81, for the number of observations at the interim
analysis. For all three frequentist models, we set « = 0.025 and 8 = 0.1. For
[8], the probabilities of achieving efficacy after pausing the trial for promising
results and the probability of concluding futility after observing non-promising
results are 0.9, with the futility threshold for the interim decision set to 0. For
the Bayesian model, we used appropriate sources to set ¢ = £2000, P = 65000,
omvms = £6395, the prior mean equal to 0 and the prior standard deviation equal
to £4522 (which fixes the effective sample size of the prior to approximately 2).
Frequentist GS results: Table 1 presents the outputs of the frequentist GS mod-
els. The model outputs comprise the continuation region thresholds (I1,u1) (all
models) and (I3, ;) (SKK24 only), together with the critical values for the hy-
pothesis tests. The futility thresholds for [4] (HJ22) are highlighted, to indicate
that they are non-binding. Table 2 presents the values of the test statistics
Z1, Zy and Z, together with the decisions that apply at each point in Table 1,
for the clinical (upper panel) and cost effectiveness (lower panel) analysis. For
clinical effectiveness, results are consistent across designs: the recommendation
at the hypothetical interim analysis of 20th March 2020 would have been to
continue recruitment, because Z; lies within the continuation regions. So, had
any of these models been deployed in such an interim analysis, the DISC trial
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Table 1: Outputs of the frequentist GS models: upper and lower boundaries at the
interim analysis of 20th March 2020, together with the critical values for the hypothesis
tests: cost-effectiveness analysis. (Notes: HJ13 is [3], JH22 is [4] and SKK24 is [8]).

Interim If recruitment at the interim analysis:
Spending analysis stops continues restarts
function Design (20/3/20) (20/03/21) (Final date T') (T+1 year)
(I1,u1) ¢1 (I, @) ca2 co
HJ13 | (-1.181, 4.07) 2.1 - 1.964 -
OBF-like JH22 | (-1.24, 4.023) | 1.96 - 1.96 -
SKK24 | (-1.574, 1.873) - (0, 1.972) 2.028 2.028
HJ13 | (-0.68, 2.882) |1.526 - 1.956 -
p=2 JH22 | (-0.807, 2.616) | 1.96 - 1.97 -
SKK24 | (-1.574, 1.742) - (0, 1.765) 2.116 2.116

Table 2: Test statistics and decisions. (Note: the decisions are obtained by compar-
ing the relevant test statistics, Z, in the first row of each panel, with the appropriate
boundary /critical value in Table 1. For the clinical effectiveness comparison, the rel-
evant boundary/critical value is multiplied by -1 to reflect the fact that a lower PEM
score indicates a better outcome.)

Recruitment Test of Hy if recruitment
decision at the at the interim analysis:
Spending interim analysis stops continues restarts
function  Design (20/3/20) (20/03/21) (Final date T') (T+1 year)

Clinical effectiveness Z1 = 0.488 Z1 = —0.697 Zy = —1.015

HJ13

OBF-like JH22
SKK24

HJ13

p=2 JH22
SKK24

Cost effectiveness

HJ13

OBF-like JH22
SKK24

HJ13

p=2 JH22

SKK24

Zy = 5.824

should have moved to stage 2 as soon as possible. The hypothesis tests at the
target sample size all reach the same conclusion, which is not to reject the null
hypothesis that collagenase is inferior to surgery, a result which is consistent
with the actual result of the DISC trial.

For the cost-effectiveness outcome, the OBF-like spending function designs
[3] (HJ13) and [4] (JH22) are consistent with the clinical effectiveness results at
the interim analysis, in that they recommend moving to stage 2. However, the
null hypothesis of no difference between the expected net benefit of the two treat-
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6 Marco Novelli et al.

ments is rejected in favour of collagenase, as a result of trial data suggesting that
collagenase is cheaper than surgery, albeit less effective. In contrast, SKK24 [8]
recommends stopping recruitment, as do all of the p = 2 designs. All six designs
ultimately reject the null of no difference between the expected net benefits, in
favour of collagenase. The difference lies in the timing of the decisions: for HJ13
and JH22 (OBF-like), the decision occurs at the planned sample size of ng, in
July 2022; for HJ13 and JH22 (p = 2) and SKK24 (both versions), the decision
is made earlier, in March 2021, albeit with a lower sample size, (71).

Bayesian Decision-Theoretic Results: Comparison of the posterior mean for
E[INMB] with the limits of the stopping boundary shows that the Bayesian
model recommends not stopping recruitment. The final posterior mean (ns pa-
tients) indicates that collagenase is cost-effective. This result is consistent with
the hypothesis tests for cost-effectiveness for the HJ13 and JH22 (OBF-like)
models in the lower panel of Table 2, but not the other four.

Conclusion. Our results show how different perspectives to the analysis of a
single experimental data set can better inform clinical trial management.
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