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Abstract

Background: Adaptive seamless designs (ASDs) have been proposed to test multiple candidate compounds using an

interim decision point which allows potentially effective therapies to be taken into the next design stage and to be

assessed using a phase III outcome.

Objective: To determine whether ASDs are feasible in secondary progressive multiple sclerosis (SPMS) and to compare

them with conventional trial designs.

Methods: We develop an innovative adaptive trial design for SPMS, which builds on recent developments in statistical

methodology. A literature search and individual clinical datasets were used to inform a framework to run simulations to

evaluate the proposed design.

Results: ASDs are feasible in SPMS with MRI informing an interim decision point and Expanded Disability Status Scale

(EDSS) as the final disability endpoint. Furthermore ASDs are more efficient than conventional designs with sample size

savings of up to 40%. Sample sizes of 1000–1250 patients are sufficient to test up to four experimental treatments.

Controlled recruitment is important to realize the full benefits of ASDs.

Conclusions: Although more complex in design, ASDs have the potential to be more efficient and more powerful than

conventional designs.
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Introduction

Despite the success of increasingly sophisticated com-
pounds in modulating the early phases of multiple scle-
rosis (MS), both delaying the conversion of clinically
isolated syndromes to the full disease state1 and reduc-
ing relapse frequency,2 the pivotal problem of altering
an established gradient of progression (primary or sec-
ondary), as the disease evolves from an inflammatory to
an axonal destructive state,3 remains. There is no short-
age of candidate therapies and the clear challenge is
the implementation of an efficient trial design which
can relatively quickly determine whether progression
can be modulated or not. Classical development pro-
grammes take in excess of 10 years from phase I incep-
tion to completion of phase III,4 and ultimately will
only determine whether the single drug being studied
is of value.

Typically disease-modifying trials in MS are con-
ducted by comparing a single novel treatment with a
control treatment, e.g. placebo. As is well established in
relapsing–remitting MS, in phase II this comparison
is done using MRI outcomes with relatively short
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follow-up, whereas in phase III long-term disability out-
comes are used. The efficiency of such programmes can
potentially be increased by allowing a number of treat-
ments to be tried concurrently, with poorly performing
treatments dropped quickly as the study proceeds. In
order to maintain the scientific integrity of such an
approach, modern statistical techniques are required.
These so-called flexible or adaptive two-stage trial
designs with treatment selection5–7 commence with a
multi-arm stage, dropping treatments for futility at an
interim analysis, whilst taking promising compound(s)
through to the final stage (Figure 1). A confirmatory
phase III analysis can then be conducted at the end of
the study using combined information from the first
and second stages. Such an approach is more efficient
than the traditional phase II followed by phase III
approach.6 Previously, such designs have largely been
described in settings where the interim treatment selec-
tion is based on the final outcome, which is of course
unrealistic in progressive MS.

The key requirement for adaptive designs to work in
this setting is the existence of a short-term outcome
measure for interim decision making and a long-term
outcome sensitive to treatment changes. The short-term
outcome must be biologically plausible in that it gives
some indication as to whether the mechanism of action
of a test treatment is working as anticipated at the
interim analysis, and thereby allows futility stopping.
However, it would not necessarily predict either the size
of the treatment effects on the disability outcome or the
disease progression of an individual patient as a surro-
gate marker would.8

Here we present and then demonstrate the feasibility
of an adaptive seamless design (ASD) in secondary pro-
gressive MS (SPMS) that uses currently available phase
II MRI outcomes for futility stopping. Furthermore,
we show that the use of such a trial based on currently
available disability measures and the known relation-
ship between late disability and early MRI assessment
can lead to substantially increased efficiency in terms of
number of subjects, time and resources required.

Methods

Literature review and individual patient datasets

To inform the study parameters, both a comprehensive
literature review (up to 28 April 2008) and individual
clinical dataset appeals through the UK MS Society
Clinical Trials Network were undertaken. As some
studies contain a mix of populations the literature
search included all publications with reference to
progressive disease. The following databases were
searched: Medline, Pubmed/Premedline, Embase,
Cumulative Index to Nursing and Allied Health
Literature, Cochrane Central Register of Controlled
Trials and Database of Systematic Reviews, Database
of Abstracts of Reviews of Effectiveness, Health
Technology Assessment and Google Scholar. We used
the following inclusion criteria.

1. Design: randomized controlled trials (RCTs),
systematic reviews, natural history cohorts, epidemi-
ological or observational studies.
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Figure 1. An adaptive seamless design (ASD) for four test treatments arms (and a single control) in stage 1 with stopping for futility

at an interim analysis, based on an early outcome, and a final analysis including combined information from stage 1 and 2 based on a

final outcome measure.

82 Multiple Sclerosis Journal 17(1)



2. Clinical outcome: Expanded Disability Status Scale
(EDSS),9 Multiple Sclerosis Impact Scale 29 (MSIS-
29)10 or Multiple Sclerosis Functional Composite
(MSFC).11,12

3. Any MRI outcome (e.g. T2 burden, number of
enhanced lesions, T1 black holes, atrophy rate).

4. Size: �150 subjects.

Studies were then excluded based on: duration <1
year, non-progressive disease phase, inappropriate out-
come (e.g. health economics), cross-sectional studies,
review/abstract only. Abstracts were reviewed by two
neurologists (JC, RN) independently. In any studies
where there was disagreement, the full paper was
obtained and discussed until consensus was achieved.
Individual patient datasets were obtained through
appeals for clinical datasets.

Statistical methods

To apply ASDs in MS, two components are required:
first, methodology is needed to develop a design for the
trial; and, second, a framework is necessary to facilitate
the conduct of simulation studies that evaluate how the
trial might run in practice. The design was based on the
‘combination test approach’ toASDs.6,7 The combination
function was used to combine stagewise p-values from the
two stages of the trial and application of the closed test
principle was used to control the overall type I error rate.
The method was extended, as part of this work in MS, to
incorporate early outcomes for interim treatment selec-
tion.13 The framework for the simulation studies was
based on clinical scenario evaluation14 adapted for MS.15

Key to the evaluation process is the specification
of a range of disease-specific features (Figure 2).

Disease specific features Design options

Historical data Unknown

Correlation between
early interim and

late disability
outcomes

Treatment effect on early
interim outcome

Treatment effect on late
disability outcome

Clinical scenarios

Design performance

Clinical scenario evaluation

Simulation studies

For example statistical power

Design performance
measures evaluated across a wide range of clinical scenarios 

Constrained by
environment

Combination of options

Number of test
treatments

Total subjects in trial

Recruitment rate

Adaptive seamless
design

Time point of interim
analysis

Treatment selection rules
Conventional phase II/III

Split of resources
between phases

End of phase II futility
criteria

Figure 2. A clinical scenario evaluation paradigm identified the disease-specific features that relate to progressive multiple

sclerosis (MS), with historical data informing the model where available, and unknown features being assumed with the support

of expert opinion. Design options either constrained by the healthcare environment or statistical decisions arising from optimization.

Combining these elements allowed the development of clinical scenarios which were then simulated. The performance of each

clinical scenario is judged allowing coherent comparison with traditional designs, leading to the development of pragmatic

recommendations.
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These include likely treatment effects and correlations
between early and late outcomes in the trial. Design
options such as the number of treatments, total subjects
and recruitment rate are, in reality, constrained by the
healthcare environment. However, the optimal combi-
nation of ‘statistical’ options arises from the application
of specialist methodology and evaluation under differ-
ent scenarios. These include the timing of the interim
analysis, rules for treatment selection and the alloca-
tion of resources between the trial stages. Combining
disease-specific features and the design options gener-
ates clinical scenarios. Running simulations allows a
comparative evaluation of the design performance of
each scenario by determining the statistical power.
Simulations were undertaken using functions developed
by the project team and now freely available as package
asd at the comprehensive R archive network (CRAN:
http://www.cran.r-project.org/). Briefly, early and final
outcome data are randomly generated for known stage
1 group sizes, correlations and effects for assumed nor-
mally distributed test statistics, and treatment selection
at interim analysis made using one of the available deci-
sion rules (eg. select best treatment only). Stage 2 final
outcome data are also randomly generated for known
stage 2 group sizes for the selected treatment(s) and
stagewise p-values combined and the closed test princi-
ple applied to control the overall type I error rate.6,7

The simulation process is repeated many times using
different randomizations and counts made of the
number of times individual elementary hypotheses are
rejected; overall trial power follows from counting how
often false null hypotheses are correctly rejected.
Full details of the statistical methods used are given
elsewhere13 or are available from the corresponding
author upon request.

Results

Can adaptive designs be applied to secondary
progressive MS?

The primary outcome of any phase III trial in SPMS
will have to reflect changes in disability, likely measured
by EDSS.16 Our review of the literature identified
46 papers covering 29 studies which satisfied the speci-
fied inclusion criteria, including (sometimes multiple)
publications from RCTs (n¼ 14), uncontrolled trials
(n¼ 1), observational studies (n¼ 2), observational lon-
gitudinal studies (n¼ 9), placebo database (n¼ 1)
and meta-analyses (n¼ 2) with a total of 16,107
patients, 11,146 of which had progressive disease
(both primary and secondary) (see Supplementary
Table 1). All studies identified reported (E)DSS.
Studies which used either entirely or partly SPMS
patients were then considered, of which 10 RCTs

were identified, with patient follow-up of up to 1 year
(n¼ 2), of 2 years (n¼ 4) and of 3 years (n¼ 4) with a
total of 4427 patients. Individual patient data were
also obtained from seven neuroscience centres: longitu-
dinal natural history studies (n¼ 6) and RCT control
groups (n¼ 1) (see Supplementary Table 2), all of
which reported EDSS, confirming again that this is
clearly the most common endpoint used and would be
appropriate for an ASD. Measuring EDSS at 3 years
therefore appears to be a reasonable and feasible
choice.

Recruitment rates into a trial are central to imple-
menting an ASD. For example, recruiting at a constant
rate over a period of 2 years and using a 12-month early
endpoint, an interim analysis conducted at 18 months
would yield data on 25% of the total number of
patients (solid line in Figure 3). At the 18-month time
point, however, another 50% of the total number of
patients will have been recruited into the trial. The
optimal recruitment strategy is not to recruit at a con-
stant rate, but have fast recruitment initially, followed
by slower recruitment up to the interim analysis, after
which time recruitment is accelerated towards the end
of the recruitment period (dashed line in Figure 3).

Imaging endpoints exist that make small-scale phase
II clinical trials in progressive MS possible.17,18 These
include non-enhancing T1 hypointense lesions, changes
in whole-brain volume (atrophy) and grey matter frac-
tion, as well as more established measures such as
T2 lesion volume (T2LV). Recent sample size calcula-
tions for whole brain atrophy suggest minimum 2-year
sample sizes/arm of 32 (50% treatment effect at 80%
power); although realistically total group sizes will
be closer to 100.18 However, despite these promising
new measures, our search demonstrated that, currently,
robust longitudinal (3-year) data is only available for
T2LV making this the prime candidate for use in ASDs.
Ultimately, it would be anticipated that this would be
combined with other measures such as atrophy.

Disease-specific features

The literature search confirmed that there was no effec-
tive treatment for progressive MS.

Based on data from 41 patients, the recent sample
size calculations for whole brain atrophy referred to
above, considered a total of 24 scenarios leading to
sample sizes which correspond to standardized effect
sizes ranging from 0.10 to 0.76 with the centre 50%
lying between 0.27 and 0.53.18 Furthermore, effect
sizes from 0.1 to 0.4 are generally considered as small
to medium effect sizes19 and thus this range was chosen
to assess power for alternative ASDs.

From the literature search, just three studies in
SPMS were found which presented both detailed
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Figure 4. Power to reject to the null hypothesis for three test treatments and a single control treatment, for a range of effect sizes

(n¼ 1200 patients; 600 in stage 1 and 600 in stage 2 of the adaptive seamless design [ASD]), for (a) a single effective treatment with the

given effect size for both the early and the final outcome measures and (b) two effective treatments for the early outcome and one

effective treatment and one partially effective treatment for the final outcome. Plots show power for a fixed (—) and a flexible

selection rule (���).
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Figure 3. Recruitment in adaptive seamless design (ASD) takes place over 2 years, with an interim analysis at 18 months based on

MRI data, where one or more experimental treatments are selected. The final analysis is based on a 3-year disability outcome

(Expanded Disability Status Scale).
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MRI data and 3 year EDSS scores: (1) European Study
Group on interferon beta-1b in secondary progressive
MS;20 (2) SPECTRIMS study group;21 (3) North
American Study group on Interferon beta-1b in
Secondary Progressive MS.22 However the only interim
(in fact, 1 year) MRI 3-year EDSS correlation that was
reported from these studies was from the European
Study Group, which gave a Spearman correlation
between change in EDSS at 3 years and percentage
change in T2LV at 1 year of 0.13 with 95% CI (0.05,
0.21).20 Correlations between 1-year MRI measure-
ments and 3-year change in EDSS were not reported
for any other MRI parameters. A number of other cor-
relations were described, but they were, for example,
between baseline MRI and 3-year EDSS scores which
are not appropriate for our purposes.

Choosing design options

From the perspective of the UK health system and
infrastructure, it seems feasible to recruit a total of
1200 patients to an ASD within 2 years, although of
course this technique can model any sample size. Given
these constraints and the framework of an ASD, the
questions are (i) when to conduct the interim analysis
and (ii) how to select treatments at interim. Simulations
established the power to reject the null hypothesis
for three test treatments and a single control treatment,
for a range of effect sizes from small (0.2) to moderate
(0.4) and for two selection rules: a fixed rule that simply
selects the best performing treatment at interim and a
flexible rule that allows more treatments to be selected
depending on the spread of observed treatment means.
Two scenarios were modelled: a single effective treat-
ment with the given effect size for both the early and the
final outcome measures (Figure 4(a)) and two effective
treatments for the early outcome and one effective
treatment and one partially effective treatment for the
final outcome (Figure 4(b)).

For a moderate effect size (0.25) for a single effective
treatment for the early and late outcomes (Figure 4(a)),
both rules provided at least 80% power with a marginal
preference for the fixed selection rule. However, the
situation differs when two treatments are equally effec-
tive in terms of the early outcome, but one of these
treatments is less effective for the final outcome mea-
sure (Figure 4(b)). Here the fixed, select-one-treatment-
only, rule performs much more poorly than the flexible
selection rule; the flexible selection rule attains approx-
imately 80% power for an effect size of 0.25. The flex-
ible rule, although not optimal for the scenario of
a single fixed effect treatment through the trial
(Figure 4(a)), is thus more robust than the fixed selec-
tion rule and is the preferred choice for the clinical
scenarios described here.

Adaptive designs are more powerful than
conventional designs in SPMS

ASDs were compared with conventional designs.
A conventional design might consist of a multi-arm
phase II trial comparing a number of test compounds
with a common control, using n1 patients per treatment
arm. The best-performing treatment from this trial is
then selected, based on an early outcome measure.
A phase III trial then tests this compound against a
control treatment, using n2 patients per treatment
arm. In three scenarios patients were considered allo-
cated to treatment groups in stages 1 and 2 (phase II
and III) in a ratio of 1:1 (���), 1:2 (—) and 1:3 (���)
for n1 and n2 (Figure 5). The ASD is always more pow-
erful than the conventional design and the time point of
the interim analysis does not affect the power of the
ASD as much as it does the power of the conventional
design. This means that for the ASD we can afford a
later interim analysis, and this gives a higher chance of
picking the best treatment. As the number of treat-
ments increases, then the advantage of the ASD
becomes smaller.6 For a small number of treatments
the sample size saving can be large for the ASD
approach. For instance, for two test compounds, for
equal patient numbers in stage 1 and stage 2 treatment
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groups (1:1), for the ASD 80% power is obtained for a
trial size of 750 patients and for the conventional design
80% power is obtained for a total phase II and phase
III trial size of 1250 patients, a saving in sample size of
40% for the ASD design in total and in patients on
placebo specifically.

Discussion

This work has developed the framework to take for-
ward realistic adaptive seamless trial designs in SPMS
constructed from analyses of data from previous trials,
relevant research literature and individual clinical
datasets.

In progressive MS the interim measure would be
informed predominantly although not necessarily
exclusively by MRI, of which currently the measure
with the most longitudinal evidence is T2LV. The
final outcome based on current recommendations is dis-
ability based and is the EDSS.16 For the ASD, a key
decision is which disability and MRI endpoints to use,
and at which time points to record them. There is a
current lack of robust longitudinal data linking the
interim to the final measures, and whilst the ASD
requires a positive effect on T2LV at interim analysis
for a potential therapy to move forward, outcome mea-
sures such as atrophy17,18 or clinical function scales,
may provide additional information regarding efficacy
and/or safety to further inform that decision.

Much of the challenge of implementation of a treat-
ment selection design of the type described here
arises exactly because of its flexibility and therefore it
is important to consider carefully the range of options
and assumptions prior to commencing a real trial. This
is done by evaluating a large number of plausible
clinical scenarios using simulation. A framework
comprehensible to clinicians is essential to allow full
engagement and rational decision making in trial
design. In SPMS disease-specific issues including
the lack of an available therapy mean that treatment
effects need to be assumed. ASDs are generally based
on ‘futility’ where test treatments are tested against a
‘gold’ standard, this absence means that we have tested
the robustness of ASDs to variable treatment effects.

It can be seen that sample sizes of 1000–1250 can
reasonably be expected to be sufficient to test up to
four active compounds, with conservative imputation
of values such as interim–final outcome correlations,
effect sizes and selection rules. Moreover, this can be
achieved despite relatively crude interim (T2LV) and
final (EDSS) measurements. Clearly, as these choices
become more sophisticated, the sample size will
reduce.18 As demonstrated in the simulation study,
ASDs can produce sample size savings of up to 40%.
Additional benefits of the ASD include reducing the

number of subjects on placebo, reducing development
time and ultimately reducing costs.

One finding is the importance of recruitment pat-
terns. Whereas in conventional designs it is always
optimal to recruit as rapidly as possible, ASDs benefit
from a staggered recruitment. Ideally recruitment
should start rapidly to recruit sufficient numbers for
interim decision making and would only be restarted
once the treatments have been selected. From a practi-
cal point of view a temporary recruitment stop might
not be desirable. Therefore, one would continue to
recruit, but at a lower rate.

Adaptive trial designs have been suggested for
neurological diseases such as stroke23 and neuropathic
pain.24 In terms of its efficiency and flexibility we
believe it is now right to apply this technique to
SPMS therapeutics, underscored by the recent failure
of the large phase III trial of dirucotide (myelin basic
protein),25 to move the area on from single-agent, one-
by-one, parallel design models.
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