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Introduction
Phase 3 clinical trials for disease-modifying therapies 
(DMTs) in relapsing-remitting multiple sclerosis 
(RRMS) have evolved from a limited number of 
Phase 2/3 designs and have led to successful develop-
ment of multiple drugs used as monotherapies. 
However, clinical trials for progressive multiple scle-
rosis (MS) have been less successful, as have trials of 
rehabilitation therapies.1,2 Traditional Phase 3 designs 
are not well-suited to test complex treatment strate-
gies. Moreover, they have constraints related to the 
types of questions that can be addressed, who partici-
pates, and the time and cost required. Therefore, alter-
natives such as platform and adaptive designs with 
appropriate intermediate and primary outcomes may 

be more efficient and appropriate depending on the 
question being asked and the population being con-
sidered. The increasing adoption of electronic health 
records that may support registry-based trials, accept-
ance of more pragmatically designed trials, and 
acceptance of Bayesian designs also offers the oppor-
tunity to accelerate testing of therapies for progres-
sive MS and to address novel questions. In December 
2022, an international group of investigators in MS, 
epidemiology, biostatistics, rehabilitation, and clini-
cal trial design met under the auspices of the 
International Advisory Committee on Clinical Trials 
in MS, sponsored by the European Committee on 
Treatment and Research in MS and the US National 
MS Society (see Supplemental Appendix 1). Based 
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on that meeting, we review novel designs and the role 
of intermediate and composite outcomes as mecha-
nisms to improve clinical trial design efficiency and 
to answer new questions. The use of real-world data 
in observational study designs to evaluate treatment 
effectiveness is reviewed elsewhere.3,4

Novel designs
Clinical trials exist on a continuum between explana-
tory (i.e. efficacy—does the intervention work under 
ideal conditions) and pragmatic (i.e. effectiveness—
does the intervention work under usual conditions). 
The Pragmatic–Explanatory Continuum Indicator 
Summary 2 (PRECIS-2) wheel allows investigators to 
consider and describe how pragmatic or explanatory 
their trial will be, considering multiple elements.5 
These include participant eligibility and recruitment, 
setting, organization (for delivery of the intervention), 
degree of flexibility with respect to delivery and adher-
ence by participants, follow-up, the primary outcome, 
and the primary analysis. For example, a pragmatic 
trial may be embedded within a registry which is used 
as the mechanism for recruitment, data collection, and 
follow-up (COMBAT-MS Trial (NCT03193866), 
HOPE-Covid19 Supplemental Appendix Box e1).6 
Most trials testing interventions in MS to date fall on 
the more explanatory end of the spectrum. These trials 
employ strict inclusion and exclusion criteria to mini-
mize heterogeneity in the population,7 randomize par-
ticipants, and rigorously control delivery of the 
intervention and its assessment. Regulators consider 
these criteria when labeling drugs for use,8 yet these 
trials may not adequately inform practice because the 
populations enrolled may not reflect those seen in clin-
ical practice, the investigators may be more experi-
enced and conduct more frequent assessments thereby 
enabling earlier detection and mitigation of harms, and 
adherence to the intervention may be higher. These 
issues are not unique to studies of pharmacologic 
interventions. Consequently, benefits of the interven-
tion may be overestimated and harm underestimated. 
These designs are also poorly suited to testing com-
plex treatment strategies, such as whether initiation of 
higher efficacy versus lower efficacy DMT after diag-
nosis of MS produces better long-term clinical out-
comes without increased harm, treatment de-escalation, 
or (complex) rehabilitation interventions.9,10 Also, 
many clinical trials in MS have used conventional trial 
designs with pre-specified treatment arms, fixed sam-
ple size (or number of events), and one primary final 
analysis. This has contributed to high costs and the 
slow pace of drug development, which is a particular 
concern for progressive MS, where a few approved 
therapies exist.

Pragmatic and novel trial designs seek to address 
some of the limitations of conventional clinical trials 
(see Table 1 for key features, strengths, limitations, 
and potential applications). Pragmatic trials may cost 
less for the investigator to conduct while retaining the 
benefits of randomization, but larger sample sizes 
may be required due to smaller effect sizes. This may 
be due in part to greater heterogeneity of the sample 
recruited, and less consistent or controlled data col-
lection methods; data quality also can be a concern.6,11 
Pragmatic cluster randomized designs are useful for 
testing health system–level interventions such as 
changes in care pathways.12 Clusters, such as specific 
clinics or hospitals, are randomized to an interven-
tion, but outcomes are measured at the patient level. 
Because patient-level data within a cluster are corre-
lated (intra-class correlation), analyses must account 
for the correlations; sample sizes using clusters as the 
unit of randomization are often larger than conven-
tional trials, and power is achieved by increasing the 
number of clusters, not participants. The stepped 
wedge design is a variant of the cluster randomized 
design,13 in which the cluster is randomized to the 
timing of the intervention, which is implemented in a 
staggered fashion. Typically, all clusters ultimately 
receive the intervention; thus, there are also features 
of a crossover design and avoidance of ethical con-
cern when testing a hypothesis related to an interven-
tion that is very likely to be beneficial. Herein, we 
highlight complex innovative designs, designs for 
combination therapies, and benefits of data linkage.

Complex innovative designs
Clinical trials with adaptive trial designs refer to a 
group of clinical trial designs that offer pre-planned 
opportunities to use accruing data to modify aspects 
of an ongoing trial.14 They use a pre-specified statisti-
cal analysis plan to preserve the validity and integrity 
of the trial, such as control of type I error rates. 
Modifiable components include the eligibility criteria 
(adaptive enrichment design), sample size, allocation 
ratio (response-adaptive randomization), study inter-
vention, or dose.14,15 Sequential designs, the most 
common type of adaptive trial design utilized, can 
reduce the required sample size and shorten trial dura-
tion by allowing the trial to be stopped early for supe-
riority or futility in the case of overwhelming 
evidence. However, the potential efficiency gained 
from using adaptive trial designs comes with statisti-
cal and operational complexities.16

The slow process of trial development and start-up of 
trials contributes to slow progress in identifying effi-
cacious new therapies. Platform (or multi-arm 

Michael D Hill  
Departments of Clinical 
Neurosciences, Community 
Health Sciences, Medicine, 
and Radiology, Hotchkiss 
Brain Institute, Cumming 
School of Medicine, 
University of Calgary, 
Calgary, AB, Canada

Marcus Werner Koch 
Departments of Clinical 
Neurosciences, Community 
Health Sciences, Hotchkiss 
Brain Institute, Cumming 
School of Medicine, 
University of Calgary, 
Calgary, AB, Canada

Morgan McCreary  
Amber Salter  
Department of Neurology, 
Section on Statistical 
Planning and Analysis, 
UT Southwestern Medical 
Center, Dallas, TX, USA

Ellen M Mowry  
Department of Neurology, 
Johns Hopkins University 
School of Medicine, 
Baltimore, MD, USA

Jay JH Park  
Department of Health 
Research Methods, Evidence 
and Impact, McMaster 
University, Hamilton, ON, 
Canada

Fredrik Piehl  
Department of Clinical 
Neuroscience, Karolinska 
Institutet, Stockholm, 
Sweden

Jeremy Chataway  
Queen Square Multiple 
Sclerosis Centre, Department 
of Neuroinflammation, 
UCL Queen Square Institute 
of Neurology, Faculty of 
Brain Sciences, University 
College London, London, 
UK/National Institute for 
Health Research, University 
College London Hospitals, 
Biomedical Research 
Centre, London, UK/
Medical Research Council 
Clinical Trials Unit at UCL, 
Institute of Clinical Trials 
and Methodology, University 
College London, London, 
UK

https://journals.sagepub.com/home/msj


Multiple Sclerosis Journal 29(9)

1138 journals.sagepub.com/home/msj

T
ab

le
 1

. 
K

ey
 f

ea
tu

re
s,

 s
tr

en
gt

hs
, l

im
it

at
io

ns
, a

nd
 a

pp
li

ca
ti

on
s 

of
 n

ov
el

 tr
ia

l d
es

ig
ns

 in
 m

ul
ti

pl
e 

sc
le

ro
si

s.

D
es

ig
n

K
ey

 f
ea

tu
re

s
S

tr
en

gt
hs

L
im

it
at

io
ns

A
pp

ro
pr

ia
te

 a
pp

li
ca

ti
on

s

A
da

pt
iv

e 
tr

ia
ls

• 
 V

ar
io

us
 p

os
si

bl
e 

ty
pe

s 
an

d 
de

si
gn

s;
 u

lt
im

at
e 

ad
va

nt
ag

e/
fo

cu
s 

be
in

g 
th

e 
in

cl
us

io
n 

of
 

de
fi

ne
d 

po
in

ts
/c

ri
te

ri
a 

fo
r 

m
od

if
ic

at
io

n 
of

 th
e 

tr
ia

l d
es

ig
n 

to
 a

ch
ie

ve
 g

re
at

er
 e

ff
ic

ie
nc

y

• 
 S

av
in

gs
 f

or
 ti

m
e,

 c
os

t, 
sa

m
pl

e 
si

ze
, 

pa
ti

en
t e

xp
os

ur
e.

• 
 G

re
at

er
 s

ta
ti

st
ic

al
 a

nd
 lo

gi
st

ic
al

 
re

qu
ir

em
en

ts
.

• 
 B

ro
ad

; d
ep

en
ds

 o
n 

go
al

 a
nd

 ty
pe

 
of

 tr
ia

l u
ti

li
ze

d
T

he
 fu

ll
 ta

bl
e 

in
 S

up
pl

em
en

ta
l 

M
at

er
ia

ls
 o

ut
li

ne
s 

th
es

e 
in

 d
ep

th

P
la

tf
or

m
 

m
ul

ti
-a

rm
 

m
ul

ti
-s

ta
ge

• 
 M

ul
ti

pl
e 

th
er

ap
ie

s 
ev

al
ua

te
d 

on
 

a 
si

ng
le

-d
is

ea
se

 g
ro

up
, d

iv
id

ed
 

in
to

 a
rm

s,
 a

ga
in

st
 a

 s
in

gl
e 

co
nt

ro
l g

ro
up

.
• 

 P
re

de
fi

ne
d 

in
te

ri
m

 a
na

ly
se

s 
de

te
rm

in
e 

w
he

th
er

 a
 tr

ea
tm

en
t 

w
il

l p
ro

ce
ed

 to
 n

ex
t s

ta
ge

 
an

al
ys

is
 o

r 
di

sc
on

ti
nu

ed
.

• 
 A

dd
it

io
na

l t
he

ra
pi

es
 c

an
 b

e 
ad

de
d 

at
 p

re
de

fi
ne

d 
ti

m
e 

po
in

ts
.

• 
 B

ui
lt

-i
n 

pr
og

re
ss

io
n 

fr
om

 P
ha

se
s 

2 
to

 3
 if

 in
te

ri
m

 o
ut

co
m

es
 a

re
 m

et
.

• 
 O

pp
or

tu
ni

ty
 to

 in
cr

ea
se

 th
e 

co
nt

ro
l 

gr
ou

p 
ra

th
er

 th
an

 e
xp

er
im

en
ta

l 
ar

m
s 

(p
ot

en
ti

al
 to

 li
m

it
 c

os
t)

.
• 

 O
pp

or
tu

ni
ty

 to
 te

st
 n

ew
 h

yp
ot

he
se

s/
ar

m
s 

du
ri

ng
 r

ec
ru

it
m

en
t, 

w
hi

le
 s

ti
ll

 
co

nt
ro

ll
in

g 
fa

m
il

y-
w

is
e 

er
ro

rs
.

• 
 S

ho
rt

er
 ti

m
e 

an
d 

co
st

 r
eq

ui
re

m
en

ts
 

co
m

pa
re

d 
to

 in
di

vi
du

al
 P

ha
se

 2
/3

 
tr

ia
ls

 f
or

 d
if

fe
re

nt
 a

ge
nt

s.

• 
 In

he
re

nt
 o

pe
ra

ti
on

al
 a

nd
 d

es
ig

n 
ch

al
le

ng
es

.
• 

 C
om

pl
ic

at
ed

 d
es

ig
n/

st
at

is
ti

ca
l i

ss
ue

s 
de

pe
nd

in
g 

on
 a

rm
 r

et
en

ti
on

/a
dd

it
io

ns
, w

it
h 

im
pl

ic
at

io
ns

 f
or

 f
un

di
ng

 a
nd

 lo
gi

st
ic

s.
• 

 U
nd

er
ly

in
g 

as
su

m
pt

io
n 

is
 th

at
 a

ll
 

tr
ea

tm
en

ts
 w

or
k 

eq
ua

ll
y 

w
el

l u
nd

er
 th

e 
nu

ll
 

hy
po

th
es

is
 (

i.e
. n

o 
on

e 
is

 b
et

te
r 

th
an

 a
ny

 
ot

he
r)

.
• 

G
re

at
er

 u
pf

ro
nt

 c
os

t.
• 

 R
el

y 
on

 v
al

id
, r

el
ia

bl
e 

in
te

rm
ed

ia
te

 
ou

tc
om

es
 th

at
 a

cc
ur

at
el

y 
pr

ed
ic

t t
he

 
pr

im
ar

y 
ou

tc
om

e.

• 
 F

or
 u

se
 w

he
n 

m
ul

ti
pl

e 
pr

om
is

in
g 

tr
ea

tm
en

ts
 f

or
 P

ha
se

 2
/3

 s
tu

di
es

 
ar

e 
av

ai
la

bl
e,

 w
it

h 
no

 s
tr

on
g 

be
li

ef
 th

at
 o

ne
 tr

ea
tm

en
t w

il
l b

e 
m

or
e 

ef
fe

ct
iv

e 
th

an
 a

no
th

er
.

• 
 R

eq
ui

re
s 

av
ai

la
bi

li
ty

 o
f 

ad
eq

ua
te

 
fu

nd
in

g,
 a

nd
 n

um
be

r 
of

 p
at

ie
nt

s 
fo

r 
en

ro
ll

m
en

t.
• 

 R
eq

ui
re

s 
su

it
ab

le
 in

te
rm

ed
ia

te
 

ou
tc

om
e 

m
ea

su
re

/s
 w

hi
ch

 
co

rr
el

at
es

 w
it

h 
th

e 
pr

im
ar

y 
ou

tc
om

e 
m

ea
su

re
 (

w
he

n 
th

e 
pl

at
fo

rm
 is

 d
es

ig
ne

d 
fo

r 
ea

rl
y 

ph
as

e 
ad

ap
ti

ve
 tr

ia
ls

).
F

ut
il

it
y 

de
si

gn
s

• 
 P

ha
se

 1
/2

 s
cr

ee
ni

ng
 tr

ia
l d

es
ig

n 
fo

r 
tr

ea
tm

en
ts

 o
f 

in
te

re
st

.
• 

 T
he

 n
ul

l h
yp

ot
he

si
s 

is
 th

at
 

th
e 

tr
ea

tm
en

t o
f 

in
te

re
st

 w
il

l 
in

cr
ea

se
 th

e 
nu

m
be

r 
of

 tr
ea

tm
en

t 
su

cc
es

se
s 

by
 a

 m
in

im
al

 
cl

in
ic

al
ly

 s
ig

ni
fi

ca
nt

 a
m

ou
nt

.

• 
 O

pt
im

iz
es

 e
ar

ly
 p

ha
se

 tr
ia

l t
im

es
.

• 
 R

eq
ui

re
s 

m
in

im
al

 s
am

pl
e 

si
ze

s,
 

ut
il

iz
in

g 
hi

st
or

ic
 c

on
tr

ol
s 

as
 th

e 
tr

ia
l’

s 
co

nt
ro

l a
rm

 a
nd

 to
 g

en
er

at
e 

th
e 

li
ke

ly
 o

ut
co

m
e 

w
it

ho
ut

 
tr

ea
tm

en
t e

ff
ec

t, 
an

d 
th

e 
cl

in
ic

al
ly

 
si

gn
if

ic
an

t e
ff

ec
t.

• 
 R

eq
ui

re
s 

ac
cu

ra
te

 p
re

di
ct

io
ns

 o
f 

li
ke

ly
 

na
tu

ra
l d

is
ea

se
 p

ro
gr

es
s 

w
it

ho
ut

 e
ff

ec
ti

ve
 

tr
ea

tm
en

t, 
an

d 
ag

re
em

en
t t

ha
t t

he
 p

ro
po

se
d 

tr
ea

tm
en

t s
uc

ce
ss

 r
at

e 
is

 in
de

ed
 c

li
ni

ca
ll

y 
si

gn
if

ic
an

t.
• 

 R
is

k 
of

 b
ia

s 
fr

om
 u

nb
li

nd
ed

 tr
ea

tm
en

t a
nd

 
re

li
an

ce
 o

n 
hi

st
or

ic
 c

on
tr

ol
s.

• 
 P

os
it

iv
e 

tr
ia

l r
es

ul
t d

oe
s 

no
t s

up
po

rt
 

tr
ea

tm
en

t e
ff

ic
ac

y 
bu

t o
nl

y 
in

di
ca

te
s 

no
n-

fu
ti

li
ty

.

• 
 F

or
 u

se
 in

 P
ha

se
 1

 a
nd

 2
 s

tu
di

es
 

sc
re

en
in

g 
tr

an
sl

at
io

na
l t

re
at

m
en

ts
 

of
 in

te
re

st
 r

ap
id

ly
.

• 
 P

ar
ti

cu
la

rl
y 

su
it

ab
le

 f
or

 
re

pu
rp

os
ed

 d
ru

gs
.

P
ra

gm
at

ic
 

cl
us

te
r 

ra
nd

om
iz

ed

• 
 R

an
do

m
iz

at
io

n,
 o

r 
co

nt
ro

l o
f 

ex
po

su
re

, t
o 

ne
w

 tr
ea

tm
en

t/
s 

to
 

cl
us

te
rs

 o
f 

pa
ti

en
ts

 r
at

he
r 

th
an

 
in

di
vi

du
al

s.
• 

 U
ti

li
za

ti
on

 o
f 

es
ta

bl
is

he
d 

re
gi

st
ri

es
 to

 m
on

it
or

 o
ut

co
m

es
.

• 
 B

en
ef

it
 o

f 
li

m
it

in
g 

th
re

e 
m

aj
or

 
un

qu
an

ti
fi

ab
le

 e
rr

or
s 

in
 la

rg
e-

sc
al

e 
in

te
rv

en
ti

on
s,

 ti
m

e-
de

pe
nd

en
t 

co
nf

ou
nd

in
g,

 th
e 

H
aw

th
or

ne
 e

ff
ec

t, 
an

d 
re

gr
es

si
on

-t
o-

th
e-

m
ea

n.
• 

 S
ig

ni
fi

ca
nt

 c
os

t-
sa

vi
ng

 b
y 

ut
il

iz
in

g 
re

gi
st

ri
es

 f
or

 m
on

it
or

in
g 

ou
tc

om
es

.

• 
 S

am
pl

e 
si

ze
 e

st
im

at
io

ns
 a

nd
 s

ta
ti

st
ic

s 
ar

e 
co

m
pl

ic
at

ed
 a

nd
 n

ee
d 

to
 c

on
si

de
r 

th
e 

nu
m

be
r 

of
 c

lu
st

er
s,

 c
al

en
da

r-
ti

m
e,

 
in

te
r-

cl
us

te
r 

co
rr

el
at

io
ns

, o
bs

er
va

ti
on

s 
pe

r 
cl

us
te

r,
 a

nd
 u

lt
im

at
e 

de
ta

il
 o

f 
th

e 
de

si
gn

.
• 

 G
re

at
er

 p
ot

en
ti

al
 f

or
 u

nd
er

ly
in

g 
va

ri
ab

il
it

y 
of

 q
ua

li
ty

 o
f 

da
ta

 c
ol

le
ct

io
n,

 a
nd

 m
is

si
ng

 
da

ta
 f

ie
ld

s.

• 
 S

ui
ta

bl
e 

fo
r 

la
rg

e-
sc

al
e 

pr
oj

ec
ts

, 
su

ch
 a

s 
na

ti
on

al
 o

r 
he

al
th

ca
re

-
w

id
e 

in
te

rv
en

ti
on

s,
 a

ss
es

sm
en

t 
of

 c
li

ni
ca

l p
at

hw
ay

s,
 o

r 
in

it
ia

ti
on

 
of

 e
le

ct
ro

ni
c 

re
co

rd
s.

N
ot

e:
 R

ef
er

 to
 f

ul
l t

ab
le

 in
 S

up
pl

em
en

ta
l M

at
er

ia
l f

or
 d

et
ai

ls
 o

f 
th

e 
di

ff
er

en
t t

ri
al

 d
es

ig
ns

 w
it

hi
n 

ea
ch

 h
ea

di
ng

.

https://journals.sagepub.com/home/msj


RA Marrie, MP Sormani et al.

journals.sagepub.com/home/msj 1139

multi-stage, MAMS) protocols are characterized by 
planned flexibility with respect to interventions 
(Supplemental Appendix Figure e1), but remain infre-
quent designs in neurology.17,18 They enable several 
interventions to be evaluated using a common control 
that can change over time by establishing an over-
arching protocol document referred to as a master or 
core protocol.17 Platform trials aim to act as a long-
term or perpetual clinical trial infrastructure in which 
different interventions can enter and leave at different 
times.18 Platform trials are often conducted with adap-
tive trial designs to screen multiple interventions rap-
idly.19 For instance, the STAMPEDE (Systematic 
Therapy in Advancing or Metastatic Prostate Cancer: 
Evaluation of Drug Efficacy) trial is the longest ongo-
ing adaptive platform trial and changed the standard 
of prostate cancer care.20,21 For progressive MS, the 
OCTOPUS trial (ISRCTN 14048364) is currently 
testing metformin and alpha-lipoic acid with plans to 
add additional therapies.

Platform trials require more time and financial invest-
ment to set-up initially than conventional trials, but 
the use of a common infrastructure ultimately reduces 
the costs and time required relative to number of 
interventions assessed.22 These trials require careful 
planning, collaboration, and input with respect to 
clinical, operational factors, and statistical considera-
tions.23 Appropriate outcome measures are critical. 
Interim outcomes, such as imaging outcomes com-
monly used as intermediates in Phase 2 designs in 
RRMS, can be used to rapidly identify unsuccessful 
arms. However, the intermediate outcomes would 
need to be adapted to the study population, question 
of interest, and therapy’s mechanism of action; for 
example, ocular coherence tomography in a neuro-
protection trial. These intermediate outcomes must be 
able to accurately predict the effect of the intervention 
on the primary outcome of interest.

Other designs that are conducted under the master 
protocol framework include basket (single treatment 
applied to multiple conditions) and umbrella trials 
(single condition treated with multiple approaches),17 
which originated from precision oncology, driven by 
the increased power of genomic differentiation of 
cancer subtypes.24 These designs are not yet applica-
ble to MS.

The futility, or non-superiority, design can be 
employed to rapidly screen potential therapies, par-
ticularly when considering repurposed drugs.25 First 
used in oncology, they are starting to be applied in 
MS.26 Futility studies do not use contemporary con-
trols but rely on a clear understanding of the natural 

history of the disease, that is, how the disease would 
evolve in untreated individuals, and whether this his-
torical rate is still applicable. The simplest design 
employs an open-label design with one arm. The fail-
ure threshold is based on the natural history of dis-
ease progression, and the success threshold is based 
on existing treatments or other clinically meaningful 
effect. The Gehan27 model uses two stages. In the 
first stage, participants are enrolled, and if there are 
no treatment successes, the intervention is deemed 
futile. If there are ⩾1 treatment successes, the trial 
moves on to the next stage, adding more participants 
based on the number of successes in the first stage. 
This design is challenging due to the variability in 
sample size and permits ineffective drugs to move 
forward by allowing a drug with only one treatment 
success in stage one to do so. Fleming extended this 
design to include two or three stages, to include a 
fixed rather than variable sample size, and to allow 
termination after the first stage if the treatment is 
very effective or very ineffective.28 The popular 
Simon two-stage model is a further development of 
these earlier futility designs. It comes in two design 
variations that affect sample size and futility thresh-
olds.29 The optimal design minimizes the expected 
sample size for the first stage, while the minimax 
minimizes the overall sample size. Futility trials 
allow for much smaller sample sizes than traditional 
randomized controlled designs, but they have a 
higher risk of bias due to reliance on historical con-
trols and the lack of blinding. Futility designs should 
not be used in populations where spontaneous 
improvement occurs, and the rate of disease worsen-
ing must be predictable; notably, progressive MS 
may not always meet these conditions. Futility trials 
can only identify interventions which merit further 
testing, but are not definitive as they do not provide 
support of efficacy, only lack of futility. To date the 
futility design has been used to test domperidone in 
secondary progressive MS and hydroxychloroquine 
in primary progressive MS (Box 1).26,30

Bayesian designs
Bayesian trial designs have become increasingly used, 
particularly in oncology and early phases of drug and 
biologics development,31 and medical device trials.32 
The US Food and Drug Administration has also sup-
ported development of Bayesian adaptive trials.31 In 
the classic frequentist framework, the p-value esti-
mated in clinical trials represents the probability of 
obtaining the observed or a more extreme treatment 
effect, given that the null hypothesis is true. The 
Bayesian methodology allows us to estimate the prob-
ability of each size of a treatment effect, after observing 
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the results of the trial (the so-called posterior probabil-
ity distribution). Two components are needed to esti-
mate a Bayesian posterior distribution: the probability 
of the observed data given the value of a parameter (i.e. 
the frequentist probability coming from the experi-
ment) and the prior knowledge about the parameter 
(the prior distribution).

The Bayesian approaches are usually adopted for two 
reasons. The first is to overcome mathematical limita-
tions in the frequentist framework or to have an inde-
pendent confirmation of treatment results. In this case, 
the prior distribution is often defined to be “non-
informative.” That is, a distribution that assigns all the 
values the same probability and suggests no prior 
knowledge about the treatment effect. The second is to 
“update” prior evidence such as the size of a treatment 
effect with the results of our experiment. In this case, 
we use an “informative” prior, that is a probability dis-
tribution telling us the prior evidence about the effect 
size of a drug. The main obstacle to the application of 
Bayesian methods is the subjectivity of the prior distri-
bution, but this can be built using evidence-based 
methods, such as meta-analytic predictive priors that 
are based on a meta-analysis of previous studies.33,34

The Bayesian clinical trials often have better operating 
characteristics, such as lower sample size requirements, 
when significant prior information is available,35 than 
clinical trials conducted under frequentist statistical 
framework, while being able to meet the frequentist 

type I error rate control.36 A possible application in MS 
research of Bayesian approaches is in trials for children 
with MS testing therapies that have been evaluated in 
adults (see Box 2 for an example).37,38 Conventional fre-
quentist clinical trials for pediatrics may require similar 
sample size requirements as adult trials. Since MS is 
rare in children, it is often not feasible to conduct clini-
cal trials with large sample sizes unless the trial is be 
powered based on large, potentially unrealistic, treat-
ment effects. The pediatric MS trials are likely too small 
to detect clinically meaningful effects as a result. Under 
the Bayesian framework, we may explicitly apply adult 
clinical trial data as the prior evidence to be incorpo-
rated with the pediatric data (the likelihood) to over-
come this challenge of conducting pediatric MS trials. If 
a drug candidate is shown to be efficacious in adults, it 
might be plausible that the same drug may also be effi-
cacious in children with MS.

Designs for combination therapies
Most clinical trials of DMTs in MS have tested single 
(mono) therapies.39,40 Improvements in the manage-
ment of the disease may require developing combina-
tion therapies that address multiple pathophysiologic 
mechanisms underlying disease activity and progres-
sion in MS.41 Broadly, combination therapies use two 
or more therapies together, either simultaneously, as 
add-on therapy, or as sequenced approaches.40 They 
may share a common target or pathway or may target 

Box 1. Planning a Simon two-stage (minimax) design study for primary progressive MS.22

Natural history:  40% of people with primary progressive MS fulfilling the inclusion criteria are 
expected to worsen per year*

Clinically meaningful benefit: 20% of trial participants worsen per year

Set threshold based on: type 1 error: 5%, type 2 error: 20%

Hydroxychloroquine (HCQ) successful if < 10 of 35 participants worsen ⩾20% on timed 25-foot walk

Stage 1 (interim) analysis
n = 13 participants, max 4 can worsen for the trial to continue

(In the HCQ in PPMS trial, 2 of 13 participants worsened, so the trial continued into the second stage)

If successful, proceed to next stage. Enroll 22 more participants (total n = 35)

Stage 2 (final) analysis
n = 35, max 9 can worsen for the drug to be deemed non-futile

(In the HCQ in PPMS trial, 8 of 35 participants worsened, so HCQ was deemed non-futile)
*Based on the INFORMS and PROMISE trials
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different disease mechanisms. Such combination ther-
apies may have additive or synergistic effects, thereby 
improving treatment response or mitigate harm by 
allowing the use of lower doses of the individual thera-
pies. Challenges in identifying successful combina-
tions of therapies in MS include the poor ability of 
preclinical models to predict additivity or synergism, 
potential interference of one therapy with the other’s 
efficacy, and unintended off-target effects due to the 
combination. Choice of outcome measure is more 
complicated if multiple mechanisms are targeted, and 
implementation of the trial is more complex.

Modern model-based early phase trial designs could be 
utilized to improve the efficiency and potential success 
of identifying successful combinations of therapies in 
the future.42 Later phase trials using factorial designs or 
adaptive trial designs (e.g. multi-stage multi-arm) can 
be considered in evaluating efficacy of therapeutic 
combinations.43 Regulators usually require that a com-
bination therapy is compared to each component sepa-
rately to demonstrate the combination is better than 
either alone to accept the risk of multiple drugs when 
one might suffice. Factorial designs test the effect of 
two or more therapies with multiple levels that are 
crossed. These designs require that each intervention 
can be administered without changing the dose when 
administered in combination with the other. Factorial 
designs allow more efficient testing of two interven-
tions, as fewer patients are needed than if the therapies 
are tested separately, although interactions between 
therapies can increase sample size. The COGEx trial, 

for example, is a randomized, blinded, sham-controlled 
trial that is testing whether the combination of cogni-
tive rehabilitation and exercise interventions is more 
effective than the individual therapies and control con-
ditions for improving processing speed deficits in peo-
ple with progressive MS.44

Data linkage
In observational studies, linkages are often used to 
obtain data that are not available in a single source to 
support data quality assessments and to expand the 
scope of research inquiries. In contrast, a scoping 
review of publications between 1945 and 2016 identi-
fied only 113 clinical trials that used linkage,45 includ-
ing one in MS.46,47 Yet, extending clinical trials across 
the explanatory-pragmatic continuum by linkage to 
external data sources, such as health claims data (Box 
e1), cancer or vital statistics registries offers the oppor-
tunity to examine a broader range of outcomes during 
the trial or to evaluate long-term effectiveness and 
safety of pharmacologic and/or non-pharmacologic 
interventions (e.g. extension phase) while minimizing 
the burden on participants and clinicians.48 Notably, 
18.6% of the linkage-based studies in the scoping 
review identified long-term benefits, and 9% identi-
fied harms that were shown only in the extension 
phase.45 The use of real-world data sources can sup-
port examination of outcomes relevant to the health 
system and society such as hospitalizations, admission 
to long-term care, healthcare costs, or use of social ser-
vices.49 This is important when clinical trials have 

Box 2. Bayesian trials for pediatric multiple sclerosis.37,38

Frequentist approach Bayesian approach

Inferences based on all possible data generated by the 
experiment, but all possible data not actually observed

Dependent upon data observed in the current experiment

Parameters fixed, but true parameter unknown Parameters represented by probability distribution

Point estimates include maximum likelihood or least 
squares estimates

Point estimates include summary statistics of the 
posterior distribution (e.g. mean, median, and mode)

p-value represents probability of observing the same 
results, or more extreme results in the sample, if the 
null hypothesis is true in the population from which the 
sample is drawn

Posterior probability represents the probability of the null 
hypothesis

X% confidence interval represents an interval that would 
contain the true parameter value in X% of repeated 
samples

X% credible interval represents an interval that contains 
the true parameter value with X% probability

Safety and Efficacy of Teriflunomide vs Placebo in Paediatric Multiple Sclerosis (TERIKIDS) Study

Outcome: time to first relapse
Frequentist approach (as published):

Bayesian approach: incorporate information from pooled 
effects of the TEMSO and TOWER trials in adults 
(HR = 0.68; 95%CI = 0.58–0.79)

HR = 0.66; 95% CI = 0.39–1.11 HR = 0.67; 95% CI = 0.51–0.87
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short follow-up of 2–3 years, but where long-term out-
comes are relevant for clinical decisions and policies. 
Extension trials in MS typically use a traditional site-
based approach but can be designed to rely exclusively 
on data linkages across multiple jurisdictions.49 
Alternatively, hybrid models that capture typical clini-
cal trial outcomes can be enriched by data linkages to 
capture additional outcomes. The decision to use data 
linkages should consider the reason for the linkage, 
desired endpoints, timing of the data linkage relative 
to the parent trial, participant burden, costs, data qual-
ity, and response of regulators (Table 2).49 A feasibility 
study in a lymphoma population suggests that such 
extension studies are highly acceptable to most clini-
cal trial participants and research ethics boards.50

Outcome measures
A critical component of any clinical trial is the out-
come measures; the primary outcome determines trial 
duration and sample size. Clinical trials in MS may 
include one or more types of outcome measures, 
including clinician-assessed, performance-based, 
patient-reported outcomes, and biomarkers. The pri-
mary outcome measure used has varied across trial 
phases and populations in MS. Phase 2 trials in RRMS 
generally rely on intermediate outcomes such as mag-
netic resonance imaging (MRI) endpoints, whereas 
Phase 3 trials have relied on clinical endpoints such as 
relapse rates or disability progression (the Expanded 
Disability Status Scale [EDSS] score). Similarly, most 
Phase 3 clinical trials in progressive MS have relied on 
clinician-assessed progression as the primary out-
come,54 despite poor responsiveness of the EDSS to 

evolution of progressive disease, particularly among 
individuals with higher baseline EDSS scores. 
Although preservation of cognition is rated as impor-
tant by people with MS, it is insufficiently assessed in 
most DMT trials,54 often relying on a single perfor-
mance–based measure. Responsiveness of some, 
although not all, commonly used patient-reported out-
comes is also inadequate or poorly understood,55,56 and 
clinical trials frequently do not include outcomes that 
reflect the impact of interventions on activities and 
participation for people with MS. Outcome measures 
need to be meaningful, reflect the underlying construct 
of interest, be valid, reliable, and responsive.

Composite outcomes
Composite endpoints combine multiple clinical out-
comes (components) that reflect a common underlying 
disease process. The endpoint is defined as the occur-
rence of any of the specified outcomes in a patient. For 
example, evidence of disease activity is a composite 
endpoint created using additive meaningful compo-
nents that includes relapses and changes in disability 
and MRI activity.57 Another example would be disa-
bility progression identified based on meaningful 
worsening of the EDSS (0.5–1.0 point depending on 
baseline value), the timed 25-foot walk (20% worsen-
ing),58 the nine-hole peg test (20% worsening),59 or the 
Symbol Digit Modalities Test (4 point decrease in raw 
score).60 Composite endpoints are distinct from com-
posite indicators which are separate items that are 
combined to create a new summary variable.61 
Variables that are continuous can be combined through 
the use of a simple or weighted average. The Multiple 

Table 2. Considerations related to use of data linkage in clinical trials.

Advantages Disadvantages Other considerations

• Low burden on participants and 
trial sites

• Endpoints limited to those captured 
in the data source. Complex 
clinical, performance-based, 
and imaging measures often not 
captured

• Participant consent

• Comparatively low cost to 
primary data collection

• Endpoints need to be validated 
and may not be available across all 
jurisdictions of interest

• Nature of linkage (probabilistic or 
deterministic)

• May minimize selection bias and 
loss to follow-up if all participants 
in prior trial agree to participate51

• Healthcare use may differ due to 
participant characteristics unrelated 
to the intervention

• Completeness and accuracy
• Timing of extensive phase relative 

to parent trial

• Can establish external comparator 
group52

• Availability of standardized 
definitions for variables to be used53

• Ability to capture outcomes 
non-traditional outcomes such as 
admission to long-term care and 
use of social services

• Time and administrative burden of 
data access and regional variation 
in access processes
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Sclerosis Functional Composite is a composite out-
come that includes a measure of lower limb function, 
upper limb function, and cognition,62 by averaging 
z-scores of the original variables. A simple average 
works well when the strength of the relationship 
between the components and the independent varia-
bles is similar. Weighted averages assign weights 
derived from principal components analysis or from 
prior studies to the component variables that comprise 
the composite. Composite endpoints offer the opportu-
nity to more fully capture the multi-dimensional expe-
rience of MS. The use of composite outcomes can 
increase event rates, thereby increasing statistical 
power, enabling shorter clinical trials with smaller 
sample sizes. However, the observed treatment effect 
may not apply to all components of the composite, 
thereby complicating interpretation and reporting with 
respect to individual components.63 Moreover, if one 
component is not affected by the treatment, statistical 
power to detect an effect on the composite may be 
reduced;64 power decreases as the number of non-
responsive components increases. This issue becomes 
more complicated if responsiveness of the compo-
nents varies with the baseline status (e.g. overall disa-
bility level) of the participant. Furthermore, if 
treatment effects on components are in opposite direc-
tions, interpreting study findings is complex.

Intermediate outcomes
Clinical trials that employ intermediate outcomes 
require smaller sample sizes, are shorter in duration, 
and have higher statistical power. A clinical outcome is 
a direct measure of how the patient feels, performs, or 
survives. An intermediate outcome is a measure of a 
function or symptom (such as pain) which is not the 
ultimate endpoint of disease. Intermediate outcomes 
include biomarkers and replacement endpoints that are 
considered to assess the causal pathway through which 
the intervention affects the true outcome of interest;65 
the latter should be meaningful to the patient. In reha-
bilitation clinical trials, there are similar considerations 
with respect to outcome measures. In rehabilitation, a 
commonly used conceptual framework is that of the 
International Classification of Functioning, Disability 
and Health Framework. This framework includes the 
core domains of body function and structures, activi-
ties, participation, personal, and contextual factors. In 
this framework, we could consider the intermediate 
outcomes as those related to the “body function” under 
study such as lower limb strength or muscle tone. The 
key clinical outcomes would be those related to activi-
ties as could be measured using a six-minute walk,66 
and participation, as could be measured through social 
participation or community life, health-related quality 

of life, or functional independence in daily activities 
(see companion paper for further discussion of these 
issues in rehabilitation67). Surrogate outcomes are 
intermediate outcomes that meet specific criteria. 
Specifically, the intermediate outcome must be strongly 
associated with the outcome of interest, and the effects 
of the intervention on the outcome of interest are fully 
captured via the intermediate.

Intermediate outcomes can be used for several rea-
sons.68 They can be used as endpoints in Phase 2 clini-
cal trials or at the interim stage of a platform trial to 
determine whether the intervention merits further 
evaluation in a longer, more costly Phase 3 trial. In 
Phase 3 trials, they can be used as surrogates to allow 
decisions about the efficacy of treatment to be made 
earlier. They can also be used to test subsequent entry 
complex drugs or agents with the same mechanism of 
action as an approved agent and support approval 
without a Phase 3 trial. They can also be used to dem-
onstrate the efficacy of therapy in a pediatric popula-
tion where this has already been demonstrated using 
intermediate and clinical outcomes in an adult MS 
population, thereby accelerating trials in the smaller, 
more vulnerable pediatric population.69

The use of intermediate MRI endpoints, such as brain 
atrophy or new/enlarging T2 lesions, has been effective 
in assessing DMTs that target inflammation, predomi-
nantly in individuals with RRMS. These endpoints 
have been useful because the effect of DMT on MRI 
lesions predicts the effect on relapses;70 the association 
between MRI endpoints and worsening disability 
(EDSS) is weaker.71 As therapies targeting pathobiol-
ogies other than inflammation emerge,41 alternative 
intermediates will be needed.41,72–74 To be useful, a 
clear understanding of the biological mechanism that 
the intermediate outcome assesses is needed, including 
how specific the outcome is to that mechanism. For 
example, can the effects of acute inflammation and 
neurodegeneration be differentiated? Therefore, an 
understanding of how the intermediate outcome relates 
to the clinical outcomes of interest for a Phase 3 trial is 
vital. Many potential biomarkers are being proposed as 
intermediates; these need to be prioritized and gaps and 
challenges related to test–retest reliability, inter- and 
intra-rater reliability, sample size calculations, and gen-
eral availability addressed.52,75

Recommendations for future MS clinical trial 
research
Based on meeting discussions, attendees made sev-
eral recommendations to enhance efficiency of clini-
cal trials.
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1. Access to clinical trial data sets is important to 
support trial design, and further development 
of data repositories accessible to qualified 
investigators is important.

2. Sustained funding, collaboration, and broad 
stakeholder engagement are needed to support 
platform trials. Opportunities for multi-national 
platform trials should be explored.

3. Consider evaluating and establishing a pipeline 
for testing candidate therapies using futility 
designs, then moving candidates that did not 
meet the futility threshold directly into a plat-
form trial (Supplemental Appendix Figure e1). 
This may be particularly valuable for progres-
sive MS and therapies targeting neuroprotec-
tion and repair strategies.

4. For DMTs being tested in pediatric MS that are 
already known to be effective in adults with 
MS, use Bayesian designs to reduce required 
sample sizes and likelihood of non-informative 
results.Intermediate outcomes may also substi-
tute for clinical outcomes in this population. 
Alternatively, adaptive designs can be used to 
broaden trial inclusion criteria to progressively 
include children and youth, and older adults, 
over the course of the trial after careful consid-
eration of potential differences in pharmacody-
namics and pharmacokinetics between children 
and adults with MS.

5. Develop adaptive designs to test dose and dura-
tion of therapy required for remyelination and 
neuroprotective therapies, as well as rehabilita-
tion interventions, and to identify the optimal 
population for treatment response.

6. Investigate acceptability to people with MS of 
linkages of clinical trial data with external 
sources to study long-term outcomes and 
develop standard consent language to support 
such data linkages.

7. Further develop, improve, and sustain existing 
disease registries to support pragmatic trials 
that can address questions such as comparative 
effectiveness of specific therapies or strategies 
or effects of specific health policies.

8. Develop biomarkers to enrich progressive MS 
trial populations with individuals who are 
likely to progress during the study period.

9. Prioritize intermediate outcomes for further 
development that target novel therapeutic 
mechanisms of action. Consideration should be 
given to cost, accessibility, reproducibility, and 
acceptability to patients:

 (a)  Standardize terminology for intermedi-
ate and clinical outcomes and standardize 
methods of data collection.

 (b)  Establish validity, reliability, responsive-
ness, and specificity of the intermedi-
ate outcome for the pathophysiological 
mechanism of interest.

 (c) Estimate required sample sizes.
 (d)  Establish associations between the inter-

mediate outcomes and meaningful clini-
cal outcomes, including progression of 
physical and cognitive impairment and 
participation outcomes. This will require 
longitudinal studies—either new studies 
or augmenting data collection for new 
candidate intermediate outcomes in exist-
ing cohorts, and for a broader range of 
clinical outcomes that are meaningful to 
people with MS.
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