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Patients withmultiple sclerosis acquire disability either through relapse-associated worsening (RAW) or progression
independent of relapse activity (PIRA). This study addresses the relative contribution of relapses to disability worsen-
ing over the course of the disease, how early progression begins and the extent to whichmultiple sclerosis therapies
delay disability accumulation.
Using the Novartis-Oxford multiple sclerosis (NO.MS) data pool spanning all multiple sclerosis phenotypes and
paediatric multiple sclerosis, we evaluated �200 000 Expanded Disability Status Scale (EDSS) transitions from
>27000 patients with ≤15 years follow-up.We analysed three datasets: (i) A full analysis dataset containing all obser-
vational and randomized controlled clinical trials in which disability and relapses were assessed (n=27328); (ii) all
phase 3 clinical trials (n=8346); and (iii) all placebo-controlled phase 3 clinical trials (n=4970). We determined the
relative importance of RAW and PIRA, investigated the role of relapses on all-cause disability worsening using
Andersen-Gill models and observed the impact of the mechanism of worsening and disease-modifying therapies
on the time to reach milestone disability levels using time continuous Markov models.
PIRA started early in the disease process, occurred in all phenotypes and became the principal driver of disability
accumulation in the progressive phase of the disease. Relapses significantly increased the hazard of all-cause dis-
ability worsening events; following a year in which relapses occurred (versus a year without relapses), the hazard
increased by 31–48% (all P<0.001). Pre-existing disability and older age were the principal risk factors for incom-
plete relapse recovery. For placebo-treated patients with minimal disability (EDSS 1), it took 8.95 years until in-
creased limitation in walking ability (EDSS 4) and 18.48 years to require walking assistance (EDSS 6). Treating
patients with disease-modifying therapies delayed these times significantly by 3.51 years (95% confidence limit:
3.19, 3.96) and 3.09 years (2.60, 3.72), respectively. In patients with relapsing-remitting multiple sclerosis, those
who worsened exclusively due to RAW events took a similar length of time to reach milestone EDSS values com-
pared with those with PIRA events; the fastest transitions were observed in patients with PIRA and superimposed
relapses.
Our data confirm that relapses contribute to the accumulation of disability, primarily early in multiple sclerosis.
PIRA begins in relapsing-remitting multiple sclerosis and becomes the dominant driver of disability accumulation
as the disease evolves. Pre-existing disability and older age are the principal risk factors for further disability ac-
cumulation. The use of disease-modifying therapies delays disability accrual by years, with the potential to gain
time being highest in the earliest stages of multiple sclerosis.
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Introduction
There are two main mechanisms by which patients with multiple
sclerosis acquire disability: (i) step-wise accrual of impairment due
to incomplete recovery froma relapse [i.e. relapse-associatedworsen-
ing (RAW)]; and (ii) progression independent of relapse activity (PIRA).
While the former is considered to be the main source of permanent
disability in relapsing multiple sclerosis, the latter is thought to drive
the insidious progression typical in primary and secondary progres-
sivemultiple sclerosis (PPMS and SPMS). The clinical distinction of re-
lapsing and progressive forms of multiple sclerosis has recently been
challenged: Ina studybyKappos et al.1 includingpooleddata fromtwo
large phase 3 clinical trials in relapsing multiple sclerosis, most dis-
ability accumulation was not associated with overt relapses. The
study used a composite end point of walking ability, hand coordin-
ation, and physical disability for the detection of PIRA events. The ex-
tent to which this finding reflects the pathophysiology of multiple
sclerosis, rather than theparticular definitions of relapse andprogres-
sion used in the Kappos et al.1 study, warrants further exploration in a
large independent dataset with more stringent definitions of PIRA.

While the role of clinical relapses in diagnosis is undisputed, and
their impact on the patient’s quality of life is undeniable, the involve-
ment of clinical relapse in long-term prognosis has been ques-
tioned.2,3 In natural history studies, patients with and without
relapses progressed similarly and so a common mechanism of pro-
gression independent of relapses was suggested.4 However, more re-
cent population-based studies have confirmed relapses play a role in
the transition time from relapsing-remitting multiple sclerosis
(RRMS) to SPMS (with poor recovery fromrelapses andhigh frequency
of early relapses reducing the time to onset of progressive disease),5,6

in the accumulation of disability both in early and later RRMS,7–10 and
even in progressive disease.11 The quantitative relevance of relapses
andprogression in driving the accumulationof disability in the differ-
ent stages of multiple sclerosis therefore requires further study.

Relapses and focal inflammation are predominantly a feature of
youngpatientswithmultiple sclerosis. Paediatricmultiple sclerosis
is almost exclusively of the relapsing subtype,12,13 with relapse
rates being two to three times higher in paediatric-onset than
adult-onset multiple sclerosis.14 In adult patients with RRMS,

relapse frequency is highest in the youngest patients15 and de-
creases with age, even in placebo-treated patients.16 Current ther-
apies for multiple sclerosis primarily target focal inflammation,
and consequently their relative effect is strongest in patientswhere
inflammation is most prominent, i.e. in young patients with mul-
tiple sclerosis.15,16 However, the extent to which disease-modifying
therapies (DMTs) impact long-term outcomes and prolong the time
to milestone disability levels is a question not fully answered.

The Novartis-Oxford multiple sclerosis (NO.MS) dataset is an
ideal dataset inwhich to investigate themechanisms of disability ac-
quisition. It is currently the largest,most comprehensive clinical trial
dataset in multiple sclerosis, spanning all phenotypes and contain-
ing data from �35000 patients with up to 15 years of follow-up,
with regular monitoring of patients’ neurological status by trained
and certified raters and the inclusion of randomized placebo-
controlled trials across all stages of multiple sclerosis.16 Here, using
a large subset ofNO.MSdatawith longitudinal evaluations of disabil-
ity and relapses, we quantify all confirmed disability worsening
(CDW) events, and we investigate the mechanisms of disability ac-
crual, i.e. RAW versus PIRA, across all multiple sclerosis phenotypes.
This study examines the role of clinical relapses in driving disease
worsening and estimates the extent towhich DMTs can alter the dis-
ease course and prolong the time to milestone disability levels.

Materials and methods
Data sources

All analyses were based on data from 23 Novartismultiple sclerosis
clinical trials, plus their extensions, that collected longitudinal dis-
ability [measured by Kurtzke’s17 Expanded Disability Status
Scale; EDSS) and relapse assessments, and formed part of the
NO.MS dataset.16 An overview of the contributing studies can be
found in Supplementary Table 1. Three sets of data were analysed,
representing a gradient in size and data heterogeneity.
(i) Full dataset (n=27 328 patients). This was themain dataset and included

all randomized controlled and observational trials plus all extension

studies that evaluated disability and relapse outcomes. Patients could

switch treatments and some patients were followed up to 15 years.
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(ii) Phase 3 trials, plus all extensions (n=8346 patients). This dataset in-

cluded all NO.MS randomized placebo- or active-controlled phase 3 stud-

ies, with their extensions and follow-up times of up to 15 years. Data

capture was highly standardized, and treatment switches were typically

limited to switching from control treatment to open-label medication in

the extensions.

(iii) Phase 3 double-blind, placebo-controlled trials (n=4970 patients) were of

shorter duration (typically 1–2 years) but highly standardized. The focus

of analysis in this dataset was placebo-treated patients and the effects of

DMTs.

In the double-blind phase 3 studies, disability was regularly as-
sessed at 3-monthly visits by trained and certified independent
EDSS raters who were not otherwise involved in the treatment of
the patients and had no access to treatment or clinical information
(EDSS-based disability criteria may be found in Supplementary
Table 2A). In the extension studies, EDSS was assessed at 3- or
6-monthly intervals by trained and certified EDSS raters who could
be the treating physician. In the full dataset, EDSS collection could
be more heterogeneous and depended on the study protocols.

All trial protocols were approved by the appropriate institution-
al review boards or ethical committees and trials followed the prin-
ciples of the Declaration of Helsinki and Good Clinical Practice. All
patients provided written informed consent. All clinical and MRI
scan data have been anonymized.18 The individual study results
have been previously published elsewhere.

End point definitions

Multiple sclerosis relapses

Multiple sclerosis relapseswere defined as the appearance of a new
neurological abnormality or worsening of previously stable or im-
proving pre-existing neurological abnormality (present for at least
24 h in the absence of fever or known infection), separated by at
least 30 days fromonset of a preceding clinical demyelinating event
present for at least 24 h. Confirmedmultiple sclerosis relapseswere
defined as those accompanied by a clinically relevant change in
EDSS (e.g. an increase in EDSS score of at least 0.5 points) or func-
tional scores (excluding bowel/bladder or cerebral scores) and con-
firmed programmatically and centrally in the NO.MS database. All
studies collected investigator-reported relapses. Unless specifically
noted, all investigator-reported relapses are included in the
statistical analyses (irrespective of whether the relapse was
EDSS-confirmed or not).

Confirmed and sustained disability worsening

CDW events were based on EDSS and defined by an increase in
EDSS (either ≥1.5 points for patients with a baseline EDSS of zero,
≥1.0 point for patients with a baseline EDSS of 1–5 and by 0.5 points
for patients with a baseline EDSS of ≥5.5; Supplementary Table 2A)
confirmed by an EDSS assessment at least 3 or 6 months (3-month
or 6-month CDW) apart from the onset of the worsening (and sus-
tained in all intermediate EDSS assessments, if any).

Where applicable, we categorized CDW events as either RAW or
PIRA. It is possible for patients to experience sequential RAW and
PIRA events. Moreover, some CDW events did not fulfill either the
criteria of RAWor PIRA andwere left unclassified. The following de-
finitions were used:
(i) RAWwas a 3- or 6-month CDW event with an onset within 90 days from

the onset of an investigator-reported relapse (irrespective of the EDSS

confirmation).

(ii) PIRA was defined as a 3- or 6-month CDW event with either no prior re-

lapse or an onset more than 90 days after the start date of the last

investigator-reported relapse (irrespective of the EDSS confirmation). In

addition, to qualify as a PIRA event, no relapse must occur within 30

days before or after the EDSS confirmation. If a relapsewith incomplete re-

covery occurred, the baseline (i.e. the reference EDSS value) was reset >90

days after the relapse onset to identify the next PIRA event. In an individ-

ual patient, the baseline could be reset multiple times (i.e. after each re-

lapse) until either a PIRA event was discovered, or until the individual

EDSS profile ended.

(iii) Sustained PIRA was a 3- or 6-month PIRA event in which the

EDSS-worsening was sustained in all following assessments, i.e. the pa-

tient never recovered in the available longitudinal data.

More detailed end point definitions may be found in
Supplementary Table 2B, with Fig. 1 providing a schematic of the
RAW and PIRA definitions.

Statistical analyses

Euler diagrams (adapted from Kappos et al.1) by multiple sclerosis
phenotype (RRMS, SPMS or PPMS) for all three datasets and
for paediatric patients (as a model of ‘pure’ RRMS, with a prepon-
derance of focal inflammatory events) were used (i) to quantify
themechanisms of clinical diseaseworsening; and (ii) to determine
the effect of DMTs on the mechanisms of clinical disease
worsening.

We compared on-studyMRI activity betweenpatientswith RAW
and patients with PIRA events, based on the number (negative
binomial model) and the percentage of patients free of gadolinium
(Gd)-enhancing T1 lesions in each multiple sclerosis phenotype.

The prognostic value of recent relapses (within 1 year or the last
2 years) for subsequent all-cause 6-monthCDWwas analysedusing
Andersen-Gillmodels. The null hypothesiswas tested that relapses
have no prognostic value for future disability worsening. Results
are reported as hazard ratios (HR) with 95% confidence intervals
(CI) and the corresponding P-values. Details of the Andersen-Gill
model are provided in the Supplementary material.

The effect of treatment on long-term disability outcomes
(milestone EDSS scores) was assessed by estimating the transition
times between predefined milestone EDSS scores in DMT-treated
versus placebo-treated patients using Continuous Time
Multistate Markov models (as described by Jackson et al.19; imple-
mented in the ‘MSM’ package in R.)20 Analogous to Confavreux
et al.,4 milestone EDSS values were defined as follows: (i) EDSS= 1
(no disability, minimal impairment in one functional system);
(ii) EDSS= 4 (significant disability, but self-sufficient and up and
about some 12 h a day; able to walk without aid or rest for 500 m);
and (iii) EDSS=6 [requires a single walking aid (e.g. cane, crutch) to
walk about 100m]. EDSSmeasures taken during a relapse (as judged
by the treating physician) were omitted.21 The Markov Models in-
cluded ‘age’ and ‘treatment’ as covariates because the distribution
of EDSS scores and transition probabilities have a strong depend-
ence on age and potentially on treatment. ‘Treatment’ was coded
as (yes=any DMTs; no=no DMT). Treatments in the database in-
cluded placebo, glatiramer acetate, interferon beta-1a, fingolimod,
natalizumab, ofatumumab, siponimod, dimethyl fumarate and ter-
iflunomide. Less frequently used DMTs in the NO.MS database were
summarized under ‘other multiple sclerosis therapies’. Long-term
data are primarily from fingolimod-treated patients (≈61500
treatment-years). Patients with progressive multiple sclerosis
(SPMS or PPMS) in the NO.MS database were predominantly treated
with either placebo, fingolimod (PPMS) or siponimod (SPMS). DMTs
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and treatment-years of exposure to the specified medications have
previously been reported.16 Of note, patients could switch from no
treatment to treatment and vice versa, and the statistical model
considered the treatment status of the patient at the time of the

EDSS transition, i.e. it could handle treatment switches. Details
about the calculation of transition times between milestone EDSS
states from the Markov model are provided in the Supplementary
material.

Relapse

30d 30d 30d

≥90d

≥90d

PIRA

Relapse Relapse-free Worsening criterionEDSS score
profile

Baseline Re-baseline Onset

Time

PIRA

RAW

Confirmation day

Confirmation day

Baseline Onset
Time

D
is

ab
ili

ty
 re

la
tiv

e 
to

 b
as

el
in

e
ED

SS
 s

co
re

D
is

ab
ili

ty
 re

la
tiv

e 
to

 b
as

el
in

e
ED

SS
 s

co
re

30d

≤90d

≤90d

Relapse

RAW

PIRA

Figure 1 Schematic representations of RAW and PIRA event definitions. The EDSS-worsening threshold relative to baseline (or the ‘re-baseline’) is
shown as a horizontal red dotted line; a disability event is defined by a clinically meaningful increase of the EDSS above the threshold, sustained until
and confirmed by an EDSS assessment at least 3 or 6 months apart from the onset of the worsening. The bold black line represents the patient’s lon-
gitudinal disability trajectory (EDSS scores collected at visits). The onset and the confirmation are shownwith vertical dotted brown lines. The vertical
shaded area to the left in both schematics (peach) represents a relapse. The other vertical shaded areas (green) must be relapse free to fulfill the def-
inition of RAW or PIRA, consistent with the definition in Kappos et al.1 In case a RAW or PIRA event could not be confirmed due to the occurrence of a
relapse in the green interval, the confirmationwas delayed to the next EDSS assessment. The onset of a RAWevent has to occur≤90 days since the start
date of the most recent relapse. For PIRA events, the onset has to occur at >90 days from the onset of the most recent relapse. For PIRA events, if a re-
lapse with incomplete recovery occurs, the baseline (i.e. the EDSS reference value) is reset >90 days after the relapse onset (‘re-baseline’; shown with
vertical dotted line). The PIRA event is then relative to this new baseline. d = day.

3150 | BRAIN 2022: 145; 3147–3161 F. D. Lublin et al.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac016#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac016#supplementary-data


T
ab

le
1
B
as

el
in
e
ch

ar
ac

te
ri
st
ic
s
of

th
e
d
at
as

et
s
an

al
ys

ed
,b

y
m
u
lt
ip
le

sc
le
ro

si
s
p
h
en

ot
yp

es
(m

ea
n
s
an

d
st
an

d
ar

d
d
ev

ia
ti
on

s;
co

u
n
ts

an
d
p
ro

p
or

ti
on

s)

Fu
ll
d
at
as

et
(N

=
27

32
8)

Ph
as

e
3
tr
ia
ls

+
ex

te
n
si
on

s
(n

=
83

46
)

Ph
as

e
3
p
la
ce

b
o-

co
n
tr
ol
le
d
tr
ia
ls

(n
=
49

70
)

R
R
M
S

n
=
24

46
9

S
PM

S
n
=
18

73
PP

M
S

n
=
98

6
R
R
M
S

n
=
56

23
S
PM

S
n
=
17

53
PP

M
S

n
=
97

0
R
R
M
S

n
=
23

55
S
PM

S
n
=
16

45
PP

M
S

n
=
97

0

A
ge

a
(y
ea

rs
)[
m

in
,m

ax
]

n′
=
24

44
0
(9
9.
9%

)
39

.4
±
10

.5
[1
0,

86
]

n′
=
18

73
(1
00

%
)

47
.6

±
8.
2
[2
1,

78
]

n′
=
98

6
(1
00

%
)

48
.5

±
8.
5
[2
4,

67
]

n′
=
56

23
(1
00

%
)

36
.9

±
9.
8
[1
0,

59
]

n′
=
17

53
(1
00

%
)

47
.8

±
8.
0
[2
1,

63
]

n′
=
97

0
(1
00

%
)

48
.4

±
8.
5
[2
4,

66
]

n′
=
23

55
(1
00

%
)

38
.7

±
8.
9
[1
6,

59
]

n′
=
16

45
(1
00

%
)

48
.0

±
8.
0
[2
1,

63
]

n′
=
97

0
(1
00

%
)

48
.4

±
8.
5
[2
4,

66
]

Fe
m

al
es

(%
)

n′
=
24

46
7
(9
9.
99

%
)

17
49

0
(7
1.
5%

)
n′

=
18

73
(1
00

%
)

11
23

(6
0.
0%

)
n′

=
98

6
(1
00

%
)

47
7
(4
8.
4%

)
n′

=
56

23
(1
00

%
)

39
38

(7
0.
0%

)
n′

=
17

53
(1
00

%
)

10
50

(5
9.
9%

)
n′

=
97

0
(1
00

%
)

46
9
(4
8.
4%

)
n′

=
23

55
(1
00

%
)

17
33

(7
3.
6%

)
n′

=
16

45
(1
00

%
)

98
7
(6
0.
0%

)
n′

=
97

0
(1
00

%
)

46
9
(4
8.
4%

)
C
au

ca
si
an

(%
)

n′
=
19

21
8
(7
8.
5%

)
16

40
0
(8
5.
3%

)
n′

=
18

60
(9
9.
3%

)
17

28
(9
2.
9%

)
n′

=
98

6
(1
00

%
)

94
5
(9
5.
8%

)
n′

=
56

07
(9
9.
7%

)
51

32
(9
1.
5%

)
n′

=
17

42
(9
9.
4%

)
16

61
(9
5.
4%

)
n′

=
97

0
(1
00

%
)

93
3
(9
6.
2%

)
n′

=
23

55
(1
00

%
)

21
75

(9
2.
4%

)
n′

=
16

35
(9
9.
4%

)
15

59
(9
5.
4%

)
n′

=
97

0
(1
00

%
)

93
3
(9
6.
2%

)
D
u
ra

ti
on

of
m

u
lt
ip
le

sc
le
ro

si
s

si
n
ce

fi
rs
t
sy

m
p
to
m

s,
ye

ar
s
(%

)
n′

=
21

94
3
(8
9.
7%

)
n′

=
18

26
(9
7.
5%

)
n′

=
98

4
(9
9.
8%

)
n′

=
56

22
(9
9.
9%

)
n′

=
17

50
(9
9.
8%

)
n′

=
96

9
(9
9.
9%

)
n′

=
23

55
(1
00

%
)

n′
=
16

42
(9
9.
8%

)
n′

=
96

9
(9
9.
9%

)

M
ed

ia
n
ca

te
go

ry
b

5
to

<
10

10
to

<
30

5
to

<
10

5
to

<
10

10
to

<
30

5
to

<
10

5
to

<
10

10
to

<
30

5
to

<
10

0
to

<
2
ye

ar
s

32
13

(1
4.
6%

)
5
(0
.3
%
)

7
(0
.7
%
)

11
25

(2
0.
0%

)
5
(0
.3
%
)

5
(0
.5
%
)

33
3
(1
4.
1%

)
4
(0
.2
%
)

5
(0
.5
%
)

2
to

<
5
ye

ar
s

43
97

(2
0.
0%

)
99

(5
.4
%
)

38
7
(3
9.
3%

)
12

35
(2
2.
0%

)
94

(5
.4
%
)

38
6
(3
9.
8%

)
45

7
(1
9.
4%

)
90

(5
.5
%
)

38
6
(3
9.
8%

)
5
to

<
10

ye
ar

s
58

67
(2
6.
7%

)
33

4
(1
8.
3%

)
55

4
(5
6.
3%

)
14

84
(2
6.
4%

)
31

5
(1
8.
0%

)
55

0
(5
6.
8%

)
68

2
(2
9.
0%

)
29

5
(1
8.
0%

)
55

0
(5
6.
8%

)
10

to
<
30

ye
ar

s
80

33
(3
6.
6%

)
12

65
(6
9.
3%

)
36

(3
.7
%
)

17
14

(3
0.
5%

)
12

14
(6
9.
4%

)
28

(2
.9
%
)

84
3
(3
5.
8%

)
11

34
(6
9.
1%

)
28

(2
.9
%
)

≥
30

ye
ar

s
43

3
(2
.0
%
)

12
3
(6
.7
%
)

0
(0
.0
%
)

64
(1
.1
%
)

12
2
(7
.0
%
)

0
(0
.0
%
)

40
(1
.7
%
)

11
9
(7
.2
%
)

0
(0
.0
%
)

Pr
ev

io
u
sl
y
tr
ea

te
d
(%

)
n′

=
15

93
5
(6
5.
1%

)
12

34
3
(7
7.
5%

)
n′

=
18

32
(9
7.
8%

)
14

35
(7
8.
3%

)
n′

=
97

7
(9
9.
1%

)
21

1
(2
1.
6%

)
n′

=
56

22
(9
9.
9%

)
32

01
(5
6.
9%

)
n′

=
17

53
(1
00

%
)

13
74

(7
8.
4%

)
n′

=
96

9
(9
9.
9%

)
20

5
(2
1.
2%

)
n′

=
23

54
(9
9.
9%

)
13

30
(5
6.
5%

)
n′

=
16

45
(1
00

%
)

12
89

(7
8.
4%

)
n′

=
96

9
(9
9.
9%

)
20

5
(2
1.
2%

)
N
u
m

be
r
of

re
la
p
se

s
in

p
re
vi
ou

s
ye

ar
n′

=
22

04
0
(9
0.
1%

)
1.
2
±
1.
0

n′
=
18

27
(9
7.
5%

)
0.
3
±
0.
6

n′
=
98

3
(9
9.
7%

)
0.
0
±
0.
1

n′
=
56

23
(1
00

%
)

1.
4
±
0.
8

n′
=
17

51
(9
9.
9%

)
0.
3
±
0.
6

n′
=
97

0
(1
00

%
)

0.
0
±
0.
0

n′
=
23

55
(1
00

%
)

1.
5
±
0.
8

n′
=
16

43
(9
9.
9%

)
0.
3
±
0.
5

n′
=
97

0
(1
00

%
)

0.
0
±
0.
0

ED
SS

at
ba

se
li
n
e

n′
=
20

53
5
(8
3.
9%

)
2.
7
±
1.
6

n′
=
18

52
(9
8.
9%

)
5.
4
±
1.
1

n′
=
97

6
(9
9.
0%

)
4.
7
±
1.
0

n′
=
56

21
(9
9.
9%

)
2.
5
±
1.
3

n′
=
17

53
(1
00

%
)

5.
4
±
1.
1

n′
=
97

0
(1
00

%
)

4.
7
±
1.
0

n
=
23

55
(1
00

%
)

2.
4
±
1.
3

n′
=
16

45
(1
00

%
)

5.
4
±
1.
1

n′
=
97

0
(1
00

%
)

4.
7
±
1.
0

Pa
ti
en

ts
w
it
h
G
d
-e
n
h
an

ci
n
g

le
si
on

s
(%

)
n′

=
10

22
7
(4
1.
8%

)
38

84
(3
8.
0%

)
n′

=
17

32
(9
2.
5%

)
39

1
(2
2.
6%

)
n′

=
96

7
(9
8.
1%

)
12

4
(1
2.
8%

)
n′

=
55

78
(9
9.
2%

)
21

22
(3
8.
0%

)
n′

=
17

01
(9
7.
0%

)
37

8
(2
2.
2%

)
n′

=
96

7
(9
9.
7%

)
12

4
(1
2.
8%

)
n′

=
23

42
(9
9.
4%

)
86

3
(3
6.
8%

)
n′

=
15

93
(9
6.
8%

)
35

0
(2
2.
0%

)
n′

=
96

7
(9
9.
7%

)
12

4
(1
2.
8%

)
T
2
le
si
on

vo
lu
m

e
(m

m
3
)a

t
ba

se
li
n
ec

n′
=
61

78
(2
5.
2%

)
83

75
±
10

76
4

n′
=
17

38
(9
2.
8%

)
15

71
7
±
16

22
7

n′
=
96

7
(9
8.
1%

)
97

64
±
12

01
4

n′
=
55

80
(9
9.
2%

)
82

14
±
10

54
5

n′
=
17

07
(9
7.
4%

)
15

65
4
±
16

23
8

n′
=
96

7
(9
9.
7%

)
97

64
±
12

01
4

n′
=
23

42
(9
9.
4%

)
58

90
±
77

52
n′

=
15

99
(9
7.
2%

)
15

29
8
±
16

01
0

n′
=
96

7
(9
9.
7%

)
97

64
±
12

01
4

n
re
fe
rs

to
th

e
an

al
ys

is
se

tt
ot
al
s;
n
re
fe
rs

to
th

e
to
ta
ln

u
m

be
r
of

su
bj
ec

ts
in

th
e
sp

ec
ifi
c
co

lu
m

n
;n

′ (
%
)r
ef
er
s
to

th
e
n
u
m

be
r
an

d
p
ro

p
or

ti
on

of
p
at
ie
n
ts

w
it
h
th

e
sp

ec
ifi
c
ba

se
li
n
e
fe
at
u
re

ev
al
u
at
ed

;a
n
d
th

e
n
u
m

be
rs

in
bo

ld
re
fe
r
to

th
e
m

ea
n
±
st
an

d
ar

d
d
ev

ia
ti
on

or
th

e
n
u
m

be
r
(p
ro

p
or

ti
on

)o
f
p
at
ie
n
ts

w
it
h
th

e
sp

ec
ifi
c
ch

ar
ac

te
ri
st
ic

ou
t
of

n′
.

a
T
o
p
re
se

rv
e
an

on
ym

iz
at
io
n
of

th
e
d
at
a,

th
e
ag

e
of

p
at
ie
n
ts

h
as

be
en

ra
n
d
om

ly
ji
tt
er
ed

,t
h
u
s
th

e
ag

e
ra

n
ge

m
ay

n
ot

be
fu

ll
y
al
ig
n
ed

w
it
h
th

e
in
cl
u
si
on

cr
it
er
ia

of
in
d
iv
id
u
al

st
u
d
ie
s.

T
h
e
p
h
as

e
3
R
R
M
S
st
u
d
ie
s
in
cl
u
d
ed

ad
u
lt
R
R
M
S
p
at
ie
n
ts

p
er

p
ro

to
co

li
n
cl
u
si
on

cr
it
er
ia
.B

as
el
in
e
ch

ar
ac

te
ri
st
ic
s
of

th
e
p
ae

d
ia
tr
ic

p
h
as

e
3
st
u
d
y
(P
A
R
A
D
IG

M
S)

h
av

e
p
re
vi
ou

sl
y
be

en
re
p
or

te
d
.2
7

b
T
o
p
re
se

rv
e
an

on
ym

iz
at
io
n
of

th
e
d
at
a,

ex
ac

t
d
u
ra

ti
on

of
m

u
lt
ip
le

sc
le
ro

si
s
h
as

be
en

ca
te
go

ri
ze

d
.

c M
R
I
m

et
h
od

s
d
if
fe
r
be

tw
ee

n
d
if
fe
re
n
t
tr
ia
ls

an
d
M
R
I
re
ad

in
g
ce

n
te
rs
,w

h
ic
h
m

ay
in
tr
od

u
ce

sy
st
em

at
ic

bi
as

es
fo
r
be

tw
ee

n
-p

h
en

ot
yp

e
co

m
p
ar

is
on

s2
2
;c

ro
ss

-p
h
en

ot
yp

e
co

m
p
ar

is
on

s
sh

ou
ld

be
d
on

e
ca

u
ti
ou

sl
y.

How MS patients acquire disability BRAIN 2022: 145; 3147–3161 | 3151



RRMS
ntotal = 24 469 ntotal = 1873

Fu
ll 

da
ta

se
t

Ph
as

e 
3 

tri
al

s

6877 (28.1%)

474 (26.9%) 833 (47.3%)

nCDW = 1761 (7.2%)

SPMS

376 (20.1%)

57 (15.3%)
286 (76.7%)

nCDW = 373 (19.9%)

ntotal = 986
PPMS

55 (5.6%)

nCDW = 320 (32.5%)

267 (83.4%)

10 (3.1%)
ntotal = 5623 ntotal = 1753

2018 (35.9%)

200 (32.7%) 

211 (34.5%)

nCDW = 611 (10.9%)

341 (19.5%)

51 (14.4%)
275 (77.7%)

nCDW = 354 (20.2%)

ntotal = 970
53 (5.5%)

267

nCDW = 320 (33.0%)

A

267 (83.4%)

10 (3.1%)

RRMS SPMS PPMS

Ac
tiv

e-
tre

at
ed

ntotal = 1582 ntotal = 1099
520 (32.9%)

50 (27.6%)

65 (35.9%)

nCDW = 181 (11.4%)

168 (15.3%)

21 (10.3%)
162 (79.8%)

nCDW = 203 (18.5%)

ntotal = 483
18 (3.7%)

126

nCDW = 155 (32.1%)

4 (2.6%)

Pl
ac

eb
o-

tre
at

ed

ntotal = 773 ntotal = 546
 434 (56.1%)

58 (43.0%)

27 (20.0%)

nCDW = 134 (17.3%)

134 (24.5%)

26 (21.0%) 92 (74.2%)

nCDW = 124 (22.7%)

ntotal = 487
34 (7.0%)

nCDW = 165 (33.9%)

141 (85.5%)

6 (3.6%)

B

126 (81.3%)

Paediatric MS
ntotal = 107

In
te

rfe
ro

n 
be

ta
-1

a

67 (62.6%)

9 (75.0%) 1 (8.3%)

nCDW = 12 (11.2%)

ntotal = 107

Fi
ng

ol
im

od

24 (22.4%)

2 (50.0%) 1 (25.0%)

nCDW = 4 (3.7%)

C

Relapse activity

Confirmed disability worsening (CDW)

Patients without relapses

Patients with relapses

Progression independent of relapse activity (PIRA), sustained

Relapse associated worsening (RAW)

PIRA and RAW

CDW that is neither RAW nor sustained PIRA

All-cause CDW events

Figure 2 Confirmed disability worsening by mechanism across multiple sclerosis phenotypes. Euler diagrams are presented by multiple sclerosis
phenotype for (A) the full dataset (n=27328) and in patients from randomized phase 3 trials plus extensions (n =8346); (B) active-treated versus
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Data availability

The data from the NO.MS cohort are currently only available within
the collaboration, due to data privacy requirements derived from
the original signed informed consent forms and the risk-based
anonymization, which takes IT security and access considerations
into account.18 Anonymized clinical data from the individual
studies are available on reasonable request provided that it is in
line with current ethical and intellectual property requirements
surrounding the use of data. Requests should be directed to
ClinicalStudyDataRequest.com.

Results
Baseline characteristics

Baseline characteristics of patients in all three datasets were consist-
ent with RRMS, SPMS and PPMS phenotypes in clinical trial popula-
tions and were reasonably comparable between datasets. Patients
diagnosed with RRMS were younger, had a higher level of clinical
andMRI disease activity andwere less disabled at baseline compared
with SPMS patients, while patients with a diagnosis of progressive
multiple sclerosis (either SPMS or PPMS) were in their late 40s and
showed lower levels of acute inflammation at baseline. Only 22% of
RRMS and SPMS patients were treatment-naïve at baseline (Table 1).

Mechanisms of disability worsening: RAW and PIRA

Relapses during the studyweremost common inRRMS, followed by
SPMS, and least common (but still occurred) in PPMS patients in
both the full dataset and in the phase 3 trials (Fig. 2A). The risk of
an all-cause disability worsening (6-month CDW) event was higher
in progressive than relapsing multiple sclerosis in both in the
full dataset (PPMS: 320/986=32.5%; SPMS: 373/1873=19.9%; and
RRMS: 1761/24 469=7.2%) and in the phase 3 trials (PPMS: 320/970
=33.0%; SPMS: 354/1753=20.2%; and RRMS: 611/5623= 10.9%).

In the full dataset and the phase 3 trials, as predicted,
relapse-associated disability worsening (out of all 6-month CDW
events) occurredmore frequently in RRMS than SPMS and least fre-
quently in PPMS (Fig. 2A). However, unexpectedly, PIRA had already
begun in adult patients with RRMS: Sustained PIRA events occurred
with similar or higher frequency to RAW events in adult patients
with RRMS (in the full dataset RAW versus PIRA: 474 versus 833/
1761; 26.9 versus 47.3%; and in the phase 3 dataset RAW versus
PIRA: 200 versus 211/611; 32.7 versus 34.5%, respectively). The re-
maining 454 CDW events in the full dataset, and 200 CDW events
in the phase 3 trials, could not be classified as either RAW or sus-
tained PIRA according to our definitions (note that the unclassified

events include 6-month confirmed PIRA events that were not sus-
tained in the longitudinal follow-up data; these have not been
counted as PIRA events, differing from the definition used by
Kappos et al.1). The number of sustained and unstained PIRA events
are tabulated in Supplementary Table 3: In RRMS, proportionally
more 6-month confirmed PIRA events were not sustained (i.e.
RRMS patients recovered at some stage), while in progressive mul-
tiple sclerosis the vast majority of 6-month confirmed PIRA events
were sustained in the longitudinal data.

In the full dataset, sustained PIRA occurred across all multiple
sclerosis phenotypes and meaningfully contributed to the overall
clinical worsening of patients (sustained PIRA/6-month CDW
events: RRMS, 833/1761=47.3%; SPMS, 286/373= 76.7%; and PPMS,
267/320=83.4%). Similarly, in the phase 3 trials, sustained PIRA
events occurred in all phenotypes (sustained PIRA/6-month CDW
events: RRMS, 211/611= 34.5%; SPMS, 275/354 =77.7%; and PPMS,
267/320=83.4%). In the full dataset, the 6-month confirmed PIRA
events were mostly sustained until the end of the follow-up data
in all phenotypes, with the proportion of sustained PIRA events
being highest in progressive multiple sclerosis (sustained PIRA/
6-month PIRA events: PPMS, 267/310=86.1%; SPMS, 286/307=
93.2%; and RRMS, 833/1175=70.9%; Supplementary Table 3). In the
phase 3dataset, correspondingnumbers for sustainedPIRA/6-month
PIRA events were: PPMS, 267/310=86.1%; SPMS, 275/295=93.2%; and
RRMS, 211/394=53.6%.

A minority of patients with RRMS experienced sustained PIRA
events and thus fulfilled the definition of SPMS: in the full dataset,
these were 833 out of 24 469 patients (3.4%), which is broadly con-
sistent with the corresponding numbers from the clinical phase 3
studies (211/5623=3.8%; Fig. 2A). Baseline characteristics of adult
patients diagnosed as RRMS who did not experience relapses but
experienced sustained PIRA events were broadly similar to those
with RAW events and to the total RRMS population
(Supplementary Table 4).

For phase 3 double-blind, placebo-controlled trials, when MRI
scans were available, we compared the MRI activity in adult
RRMS patients who experienced either PIRA or RAW events.
Placebo-treated RRMS patients with PIRA versus RAW events had
less MRI disease activity (0.98 versus 1.35 Gd-enhancing T1 le-
sions/scan) andweremore likely to be free of Gd-enhancing lesions
(44 versus 28%; Supplementary Table 5).

RAW was the dominant driver of disability worsening only in
patients with paediatric onset of RRMS (Fig. 2C). In interferon
beta-1a treated paediatric patients, 9/12 (75%) of the 3-month
CDW events were RAW, 2/12 (16.6%) did not fulfill the definition
of RAWor PIRA,while only a single patientworsened in the absence
of any reported relapse activity, fulfilling the definition of PIRA.

Figure 2 Continued
interferon beta-1a. In the full dataset and for the subset of patients fromphase 3 clinical trials, progression and relapse onsetwas restricted to thefirst 2
years of the trials. Six-month CDWwas used in adult patients. Three-month CDWwas used in paediatric patients, as the mean study duration was 20
versus 17 months for patients treated with fingolimod or interferon beta-1a, respectively. PIRA events were 6-month or 3-month confirmed and sus-
taineduntil the endof the follow-up time in adult and paediatric patients, respectively. Coloured areas are proportional to the represented groups. Each
diagram is divided vertically into a red area (patients who relapsed) and a blue area (patients who did not relapse); this vertical division extends to the
bottom of thefigure. Superimposed is the proportion of patientswhoexperienced a 6-monthCDWor 3-monthCDW(dark grey box); the overlap between
the grey box and red area represents patients who relapsed and had all-cause disability worsening; the overlap between the grey box and the blue area
represents patients who had all-cause disability worsening but no relapses. Patients with CDW events were further classified into RAW (bronze), PIRA
sustained until the end of the follow-up period (green) or both (yellow). Due to the definition of RAW and PIRA events (Supplementary Table 2B), some
patients experienced a disability worsening that could be classified neither as a RAWnor a sustained PIRA event (dark grey)—these unclassified events
also include 6-month confirmed PIRA events that were not sustained in the longitudinal data. The baseline characteristics of patients who are diag-
nosed as RRMS but experienced PIRA events without having any relapses in the study are summarized in Supplementary Table 4 and an assessment
of the MRI activity is provided in Supplementary Table 5.
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Treatment effect on mechanisms of disability
worsening

We compared the impact of DMT treatment on the different types
of disability worsening in the randomized placebo-controlled
phase 3 trials (Fig. 2B). The data show that DMTs reduced the pro-
portions of patients who relapsed and those who had all-cause dis-
ability worsening events, with the strongest effect in RRMS. In
actively-treated patients with RRMS, 181/1582= 11.4% experienced
a 6-month CDW event compared with 134/773= 17.3% of placebo-
treated patients. In SPMS, 203/1099=18.5% of the DMT-treated pa-
tients experienced a 6-month CDW event compared with 124/546
=22.7% of placebo-treated patients. In PPMS, corresponding num-
bers were 155/483=32.1% versus 165/487= 33.9%.

In patients treatedwith any DMTs, comparedwith placebo, pro-
portionally more of the 6-month CDW events were sustained PIRA
events, most notably in RRMS: 65/181 6-month CDW (35.9%) in the
active arms versus 27/134 (20.0%) in the placebo arms. Similarly, in
patients with SPMS, the number of sustained PIRA events out of all
6-month CDW events was 162/203 (79.8%) in the active arms versus
92/124 (74.2%) in the placebo arms. In PPMS the vast majority of
6-month CDW events were sustained PIRA; corresponding num-
bers were 126/155 (81.3%) in DMT-treated versus 141/165 (85.5%)
in placebo-treated patients.

A similar, but more pronounced pattern was seen in paediatric
patients (Fig. 2C). In interferon beta-1a treated patients, all patients
who had a CDW event also relapsed during the study; only a single
patient had worsening that fulfilled the definition of PIRA.
The more efficacious treatment (fingolimod compared with inter-
feron beta-1a) reduced the proportion of patientswho relapsed (fin-
golimod: 24/107=22.4% versus interferon beta-1a: 67/107=62.6%)
and also reduced all-cause 3-month CDW events (fingolimod: 4/
107= 3.7% versus interferon beta-1a: 12/107= 11.2%). However, in
fingolimod-treated patients, only 2/4 (50%) of the CDW events
were RAW,while 2/4 (50%) events occurred in the absence of any re-
ported relapses; one of them was a sustained PIRA event (no re-
lapses and no new lesions were detected in that patient), the
second was a worsening that occurred in the absence of any re-
ported relapse activity, but the patient recovered (i.e. an unclassifi-
able event).

The role of relapses in driving diseaseworsening and
progression in multiple sclerosis

Relapses in theprevious study year, at any timeandacross all pheno-
types, increased the risk for a subsequent all-cause CDW event, with
marked significance and consistently, by 31–48%across the three da-
tasets (Table 2). The prognostic value of relapses 1 year prior (i.e. the
annualized relapse rate-1 year) was similar or higher (based on a

likelihood-ratio test) than that of relapses in the previous 2 years
(i.e. the annualized relapse rate-2 years) in all three datasets.

Other risk factors for 6-monthCDW includedpre-existing disabil-
ity (i.e. the higher the level of disability, themore likely a furtherwor-
sening), male sex and a diagnosis of progressive multiple sclerosis
(either SPMS or PPMS). The impact of these additional risk factors is
illustrated for each of the three datasets in Supplementary Fig. 1.

Relapses and relapse recovery

Risk factors for an incomplete recovery from relapse were investi-
gated as contributors to the accumulation of disability. Overall,
15 921 relapses were reported in RRMS patients, 556 in SPMS and
115 in PPMS; this included all investigator-reported relapses, irre-
spective of an EDSS-based confirmation; the recovery from relapse
was assessed as per the investigator’s judgement.

The functional systems affected by relapses in patients with
RRMS and SPMS are summarized in Fig. 3. In patients with early
RRMS and only mild disability (EDSS≤ 2), sensory and pyramidal
functional systems were most commonly affected by relapses. As
the disease progressed, bowel and bladder involvement and other
functional systems tended to gain in relative importance.
Affected functional systems were not fundamentally different
between RRMS and SPMS patients, when adjusting for the level of
pre-existing disability. There were no striking differences in the
functional systems involved in a relapse to explain why patients
were judged to have fully or incompletely recovered from relapses
(Supplementary Fig. 2). The investigator-judged level of relapse re-
coverywaswell in-linewith the EDSS-based recovery from relapses
(Supplementary Fig. 3).

Pre-existing disability (as measured by the EDSS total score,
prior to the relapse) and patient’s age at the time of the relapse
were themost important and consistent risk factors for incomplete
recovery from relapses in all datasets (Fig. 4A). The higher the level
of pre-existing disability and the older the age, the lower the
chances of a complete recovery. In addition, male sex was suggest-
ive of a lower likelihood for a complete recovery from relapses. In
the full and the phase 3 datasets, there was also a trend suggesting
bowel and bladder involvement (which tends to occur at later
stages in the disease) may be associated with risk of an incomplete
recovery from relapses; however, the numerical differences were
small and not consistent across all datasets. Other functional sys-
tems were not consistently prognostic after accounting for EDSS
and age. Also, a diagnosis of RRMS or SPMS did not impact the re-
covery from relapse when accounting for age and pre-existing level
of disability (Fig. 4A and B).

The probability of a complete relapse recovery (as judged by the
investigator) was highest (�75%) in the youngest, least disabled
RRMS patients and decreased gradually with age and higher levels

Table 2 The prognostic value of relapses for subsequent disability worsening

Full dataset (n=27328) Phase 3 trials (n=8346) Phase 3 placebo-controlled trials (n=4970)

6-month CDW HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value

ARR1 1.47 1.41, 1.55 <0.001 1.48 1.40, 1.57 <0.001 1.31 1.21, 1.41 <0.001
ARR2 1.38 1.29, 1.47 <0.001 1.37 1.25, 1.49 <0.001 1.17 1.03, 1.33 <0.019

n refers to the analysis set totals. The prognostic value of relapseswas analysed using Andersen-Gillmodels. The annualized relapse rate (ARR) 1 (ARR1) or 2 (ARR2) years prior to

time ‘t’ were used in separate models as time-varying covariates. The prognostic value of relapses was summarized with hazard ratios (hazard ratio >1 corresponds to an

increased risk) for a 6-month CDW event. The ARR1 is calculated as the cumulative number of relapses as reported by investigators in the year prior to time t and divided by
365.25 days if the patient has beenobserved for the full year. TheARR2 is calculated analogously but for 2 years, i.e. 2 × 365.25 days. Andersen-Gillmodels, adjusting for additional

covariates, are further described in the Supplementary material.
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Figure 3 Relapse-affected functional systems in RRMS and SPMS patients by level of disability level (EDSS total score category) prior to the relapse
(mild, moderate and severe). A–C describe the full dataset, randomized phase 3 trials plus extensions and phase 3 placebo-controlled trials,
respectively. The number of patients corresponds to the number of patients with relapses with corresponding EDSS functional score assessments.
Similar illustrations for complete and incomplete recovery are provided in Supplementary Fig. 2.

How MS patients acquire disability BRAIN 2022: 145; 3147–3161 | 3155

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac016#supplementary-data


Full dataset 
 3906 relapes (2359 patients)

Variable
EDSS (prior to relapse)
Age (per 10 years)
Female
SPMS

Functional systems
Visual
Sensory
Brainstem
Cerebellar
Pyramidal
Bowel/bladder
Cerebral

Odds ratio
0.83 (0.79–0.87)
0.86 (0.80–0.92)
1.12 (0.97–1.30)
0.96 (0.73–1.26)

0.88 (0.73–1.05)
0.89 (0.77–1.03)
1.08 (0.93–1.26)
0.90 (0.78–1.04)
1.12 (0.97–1.29)
0.74 (0.62–0.88)
0.90 (0.76–1.06)

P-value
<0.001
<0.001
0.123
0.775

0.143
0.111
0.315
0.143
0.115
<0.001
0.192

0.4 0.6 0.8 1 1.2 1.4
     <−−− Incomplete recovery −−−    −−− Complete recovery −−−>

     <−−− Incomplete recovery −−−    −−− Complete recovery −−−>

Phase 3 trials 
 3509 relapes (2112 patients)

Variable
EDSS (prior to relapse)
Age (per 10 years)
Female
SPMS

Functional systems
Visual
Sensory
Brainstem
Cerebellar
Pyramidal
Bowel/bladder
Cerebral

Odds ratio
0.83 (0.78–0.87)
0.85 (0.79–0.92)
1.19 (1.01–1.39)
0.97 (0.73– 1.28)

0.83 (0.69–1.00)
0.90 (0.77–1.04)
1.07 (0.91–1.26)
0.89 (0.77–1.04)
1.16 (1.00–1.34)
0.78 (0.64–0.93)
0.88 (0.74–1.04)

P-value
<0.001
<0.001
0.033
0.834

0.054
0.161
0.395
0.136
0.057
0.007
0.139

0.4 0.6 0.8 1 1.2 1.4
     <−−− Incomplete recovery−−−    −−− Complete recovery −−−>

Phase 3 placebo-controlled trials 
 1390 relapes (969 patients)

Variable
EDSS (prior to relapse)
Age (per 10 years)
Female
SPMS

Functional systems
Visual
Sensory
Brainstem
Cerebellar
Pyramidal
Bowel/bladder
Cerebral

Odds ratio
0.74 (0.67–0.81)
0.95 (0.83–1.09)
1.50 (1.17–1.92)
1.31 (0.91–1.88)

0.87 (0.66–1.16)
0.97 (0.77–1.23)
1.21 (0.94–1.55)
0.91 (0.72–1.15)
1.19 (0.94–1.51)
0.84 (0.64–1.12)
0.88 (0.68–1.15)

P-value
<0.001
0.438
0.001
0.150

0.342
0.800
0.141
0.434
0.155
0.232
0.357
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Figure 4 Prognostic factors of a complete relapse recovery and probability of a complete relapse recovery (as judged by the Investigator; full dataset).
(A) The number of patients represents the number of patients with relapses with corresponding EDSS functional score assessments and
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of disability (Fig. 4B, top row). For severely disabled patients above
the age of 40 years, the probability of a full recovery from a relapse
was not notably different between RRMS and SPMS patients and
was approximately 50% or less (Fig. 4B). Similar findings were
seen in the phase 3 studies (Supplementary Fig. 4).

Time between milestone disability levels and the
effect of treatment

We investigated the time tomilestone disability levels and the pos-
sible impact of current DMTs on these transition times. A total of
193 513 EDSS transitions from one visit to the next from n=22808
patients from the full analysis set informed the analysis. This in-
cluded transitions to higher (worsening) or lower (improvement)
EDSS values or no change (stable disease).

For illustration purposes, the Markov-model-estimated transi-
tion matrix for a patient with multiple sclerosis at the age of 40
years is presented in Supplementary Fig. 5. In our study, for each
value of age and whether the patient was on or off a DMT at the
time of the transition, a different transition matrix was estimated.
For patients with no or only minimal disability (EDSS≤ 2) the esti-
mated probability to remain at the same stage for a year was ap-
proximately 40%; for patients with moderate to severe disability
but who were ambulatory (EDSS=3 to 5), the probability to remain
at the same stage for a year was lower. Once patients needed a
walking aid or were dependent on a wheelchair (EDSS=6 to 7),
the probability to remain at the same stage for a year was >60%.
Thus, ‘stay times’ at a specific EDSS levels were initially long
when patients were not (or only minimally) disabled; they were
relatively short when patients were more impaired but able to
walk, and they lengthened again when patients were dependent
on a walking aid or a wheelchair. Supplementary Fig. 6 describes
unequal ‘stay times’ at different EDSS scores based on the full
dataset.23

The time to reach milestone disability levels and the impact of
treatment, is summarized in Table 3. Placebo-treated patients
were estimated to reach EDSS 4 on average within approximately
9.0 years, while patients who used DMTs took 12.5 years to reach
the same level of disability; i.e. the time to reach EDSS 4was signifi-
cantly prolonged by treatment by approximately 3.5 years.
Similarly, patients on placebo in the respective phase 3 trials
needed a walking aid significantly earlier (after 18.5 years) com-
pared with treated patients (21.6 years); the time gained by treat-
ment was estimated at 3.1 years. At all tested stages of the
disease, there was a significant time gain with treatment, but the
time gain between EDSS 4 and 6 (1.4 years) was less than the time
gain between EDSS 1 and 4 (3.5 years).

The time to milestone disability levels based on worsening at-
tributed to PIRA (with orwithout relapses) or RAW inRRMS patients
is reported in Table 3. The corresponding baseline characteristics
are presented in Supplementary Table 4. The subgroup of RRMS pa-
tients who had all-cause CDW events reached milestone EDSS le-
vels earlier (e.g. EDSS 1–4 in 2.60–3.97 years) than the overall
group of placebo-treated RRMS patients, which also included a pro-
portion of patients who did not worsen (i.e. 8.95 years for the same
transition for the overall placebo group). RRMS patients who wor-
sened due to PIRA reached milestone EDSS levels only slightly fas-
ter (CIs overlap) than those who worsened due to RAW events; the
fastest worsening was observed in RRMS patients who experienced
PIRA events in combination with superimposed relapses.

Discussion
In a large clinical trial dataset from the NO.MS database with >27000
patients and �200 000 EDSS transitions, we investigated the me-
chanisms by which patients with multiple sclerosis accumulated
disability. RAWwas themain driver of worsening only in paediat-
ric multiple sclerosis, while in adult multiple sclerosis PIRA was
seen across all phenotypes, albeit at a lower frequency in RRMS

Figure 4 Continued
other covariates. Risk factors for an incomplete relapse recovery were analysed in a logistic regression model with adjustments for sex, age and
EDSS score (prior to relapse), as well as for functional systems involved in the relapse. Odds ratios are displayed with 95% CIs; odds ratios significantly
(<1) indicate risk factors for an incomplete recovery. (B) The number of patients noted in each panel corresponds to the number of patients with re-
lapses and status of recovery available. The charts represent the mean probability of a complete relapse recovery by phenotype (top row RRMS, bottom
row SPMS), sex, pre-existing level of disability (categorized) and as a function of the patient’s age at the time of the relapse. Relapse recovery was ana-
lysed in a logistic regressionmodelwith adjustments for sex, age andEDSS score (prior to relapse). Data for the phase 3 trials and the placebo-controlled
phase 3 trials are presented in Supplementary Fig. 4 and are broadly consistent.

Table 3 Transition time between milestone EDSS scores for placebo- versus any-DMT-treated patients by treatment effect and by
mechanism of worsening

Effect of treatment By mechanism of worsening in RRMS patients who
had a 6-month CDW event

EDSS score

Placebo-treated
(years)

DMT-treated
(years)

Time gained due
to treatment (years):

Delta 95% CI

PIRA, with relapses
(years, 95% CI)

PIRA, without relapses
(years, 95% CI)

RAW (years,
95% CI)

1 to 4 8.95 12.46 3.51 (3.19, 3.96) 2.60 (2.30, 2.93) 3.56 (3.31, 3.85) 3.97 (3.61, 4.35)
1 to 6 18.48 21.57 3.09 (2.60, 3.72) 6.14 (5.51, 6.89) 7.31 (6.84, 7.89) 8.11 (7.36, 8.90)
4 to 6 9.91 11.31 1.40 (0.86, 1.92) 4.10 (3.49, 4.82) 4.34 (3.98, 4.88) 4.82 (4.41, 5.36)

Mean transition times between milestone disability levels in the full dataset as measured using a continuous time Markov model. The time between milestone EDSS values

considers all-cause disability worsening and improvement. The distribution of baseline disability stages (as measured by EDSS scores), as a function of the patient’s age, is

presented in Supplementary Fig. 5. Based on inclusion and exclusion criteria for the clinical trials included in this study, themajority of the data points covered the range from
EDSS 0 (normal neurological assessment) to EDSS 6 (requiring a walking aid), which is whywe focused the analysis on this disability range. The gain in time between DMT- and

placebo-treated patients (Delta) is statistically significant if the 95% CI does not include the value of zero. Transition times tomilestone EDSS scores with corresponding 95% CI

were also summarized by mechanism of worsening within the subgroup of RRMS patients who had a 6-month CDW event in the full dataset using continuous time Markov

models; the 95% CI is to the time to milestone EDSS scores.
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than in progressive multiple sclerosis. Findings from two pooled
phase 3 ocrelizumab studies by Kappos and colleagues1 were re-
plicated, substantiated and expanded in the much larger and
more heterogeneous NO.MS database: Our analysis specifically
confirms that up to 50% of the disability accumulation in adult pa-
tients with RRMS is not associated with overt relapses. RAW and
PIRA contributed relevantly to the overall accumulation of dis-
ability in adult RRMSwhile, in SPMS and PPMS, PIRAwas the dom-
inant driver of disease worsening. Baseline features of adult
patients with RRMS who experienced either PIRA or RAW events
were not substantially different, and were typical of RRMS, show-
ing that progression plays a clinically relevant role also in RRMS.
Patients with RAWevents had on average higher on-studyMRI ac-
tivity compared with patients who experienced PIRA events, con-
sistent with the expected underlying pathology.

In our analysis, we tested more stringent definitions of PIRA
than those proposed by Kappos and colleagues1: To increase speci-
ficity, and to best answer our research question, we required dis-
ability worsening and progression events to be reflected in the
EDSS score, while Kappos and colleagues1 used a composite of
the EDSS score combined with hand-coordination (Nine-Hole Peg
Test) andwalking ability (Timed 25-FootWalkTest), with amajority
of progression events not being reflected in the EDSS. Furthermore,
we required progression to be independent of all investigator-
reported relapse activity (instead of only EDSS-confirmed or
‘protocol-defined’ relapses), thereby classifying fewer events as
PIRA. Lastly, we required that PIRA events were not only 3- or
6-month confirmed but also sustained in all longitudinal follow-up
data, i.e. we defined PIRA as an irreversible deterioration occurring
in the absence of any reported relapse activity. Tightening of the
PIRA definition in our study lowered the absolute numbers of
PIRA events but produced a result that remained qualitatively un-
changed in comparison to the findings by Kappos and colleagues1:
PIRA, as detected by regular EDSS assessments, occurs and contri-
butes to disability worsening in patients with RRMS.

Progression is underestimated as a contributing mechanism to
the all-cause accumulation of disability in RRMS. Thismaybepartly
attributed to differences between clinical practice and clinical
trials, such as the standardized visits and monitoring of
EDSS scores in trials that is more conducive to detecting gradual
worsening compared with clinical practice. In addition, in patients
who experience a relapse, gradual worsening occurring prior to this
event may be attributed incorrectly to the relapse, i.e. some pro-
gression may be masked by episodes of acute neurological symp-
toms. It may also be the case that the loss of function over time is
so gradual in some patients as to be unnoticed by the patient or
physician.9 However, in contrast to the results previously reported
from the EPIC study,9 most (�90%) of the 24469 patients diagnosed
with RRMS in our dataset did not experience a 6-month CDW, per-
haps attributable to the use of DMTs, and the proportion of patients
with RRMS who experienced PIRA events and thus fulfill the defin-
ition of SPMS was small (3.4%).

Our analysis of the NO.MS database confirmed evidence of pro-
gression in early RRMS, and that patients with progressivemultiple
sclerosis (SPMS and PPMS) can have focal lesions and relapses. In a
previous study, the diagnostic uncertainty of the transition from
RRMS to SPMSwas estimated at 4.3 years.24 Our data suggest the ex-
tent and relative importance of focal inflammation and progression
varies graduallywith thepatients’age andpre-existingdisability le-
vel, often without a sudden transition point to progressive disease.

Gradual clinical worsening may be more easily detectable when
acute attacks are less frequent, either when relapse activity declines

due to older age,16 or when acute inflammation is suppressed by
treatment and underlying progression is revealed. In the phase 3
studies with ocrelizumab in patients with relapsing multiple scler-
osis, ocrelizumab significantly reduced the frequency of relapses
and all-cause disability worsening events versus interferon
beta-1a25; however, out of the remaining all-cause disabilityworsen-
ing events, a higher proportion of PIRA eventswere seen in the ocre-
lizumab arm (�90%) than in the interferon beta-1a arm (�80%).1

Similarly, in the NO.MS database, DMT treatment reduced the fre-
quency of relapses, all-cause disability worsening events, RAW and
PIRAcompared toplacebo in thephase 3 trials, but resulted inahigh-
er proportion of remaining disability worsening events occurring in-
dependently of relapse activity. This was not only observed in adult
RRMS, but also in paediatric multiple sclerosis where progression is
considered least likely to occur.

The occurrence of clinical progression in the form of PIRA in early
RRMS (despite effectiveanti-inflammatory treatment) suggests thata
gradual pathological process (e.g. central or diffuse inflammation)
and/or secondary degeneration (as a consequence of accumulating
subclinical disease burden) plays a role in multiple sclerosis from
the onset of the disease. Indeed, brain volume loss, instead of
age-expected brain volume growth, was observed in paediatric pa-
tients treated with interferon beta-1a or fingolimod in the
PARADIGMS study.26 Although fingolimod significantly reduced the
frequency of relapses by 82% compared with interferon beta-1a27

and significantly lessened the amount of brain volume loss, a net
loss of brain volume was observed in both active treatment arms.
Brain volume andneuronal loss seem to be common features inmul-
tiple sclerosis, even in the earliest stages of the disease.16,28,29

Based on data from the TRANSFORMS30 and FREEDOMS31 stud-
ies (which are part of the NO.MS database), baseline T2 lesion vol-
ume was identified as the most important baseline risk factor
associated with brain atrophy32 and neuronal loss33,34 in RRMS.
Similar findings were reported in patients with progressive disease
(PPMS) from the INFORMS trial.35 The prominent role of T2 lesion
volume (whichmarkscumulativeprior inflammationasa risk factor
for further brain tissue and neuronal loss and clinical deterioration)
is supportive of the topographical model of multiple sclerosis. In
this model, clinical progression recapitulates a patient’s prior re-
lapses and unmasks previously asymptomatic lesions.36 Early in
the disease, the majority of lesions may go unnoticed by the pa-
tient,37 or patients may initially recover well from relapses.
However, cumulative subclinical damage, measurable in the form
of the total T2 lesion volume or the rate of brain atrophy, seems to
play an important role indriving further brain tissue loss and the in-
sidious disability of multiple sclerosis.9,38,39 Searching our NO.MS
database for the youngest patients with a diagnosis of SPMS
revealed that they had amean T2 lesion volume >20 cm3 indicating
a history of substantial inflammation, and many had a paediatric
onset [observed in 67% (8/12) of patients diagnosed with SPMS at
<25 years of age, and 40% (18/45) of those with a SPMS diagnosis at
<30 years].16 This suggests that ongoing multiple sclerosis disease
activity, either clinical or on MRI, is associated with irreversible
damage to the CNS from disease onset, and that early prevention/
treatment intervention could delay subsequent progression.

Our study confirmed that relapses are a significant and clinically
meaningful contributor to all-cause disability worsening. This is in
line with observations that relapses frequently lead to residual def-
icits,10,40–42 and that persistent focal inflammatory activity early in
the disease is predictive of severe EDSS worsening.43–46 The authors
of a natural history cohort of 1844 patients with multiple sclerosis
from a single center came to a different conclusion, stating that
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relapses do not significantly influence the progression of irreversible
disability.4 However, there were several limitations in the method-
ology of this study. Notably, the use of survival methods (time to
event models) outside of a randomized controlled study, where
baseline characteristics between the RRMS and PPMS cohorts in-
cluded in the analysis likely differed in many aspects (including pa-
tients’ ages and baseline EDSS scores), thus limiting the validity of
comparing EDSS transition times. In our study, we used
Andersen-Gill models because they are statistically more suitable
than survival methods as they take into account that patients may
relapse and worsen repeatedly. They also can address the question
of whether accumulation of disability is more likely following a
time period (e.g. a year) with relapses than following a time
period without relapses, based on a time-varying covariate
analysis within the overall cohort (i.e. they do not require a
separation of patients into different cohorts, which can lead to
bias). We found that following a year with relapses (annualized
relapse rate-1 year), the risk of an all-cause disability worsening sig-
nificantly increased by approximately 30–50%, depending on the
dataset.

We identified pre-existing disability and older age as the princi-
pal risk factors to further deterioration, in agreement with Chitnis
et al.13 This suggests that patients developing residual disability after
a relapse are more likely to do so on subsequent relapses, perhaps
due to patients lacking adequate repair capacity or neuronal plasti-
city. Additional risk factors for an incomplete recovery from relapse,
though of lower value, were male sex and bowel and bladder in-
volvement. As a limitation, we could not study race or ethnicity as
potential risk factors, due to the anonymization of the data.18

We analysed the time to reach milestone EDSS levels based on
continuous timeMarkovmodels. Overall, our estimation of the dis-
ability trajectories fromplacebo-treated clinical trial patients close-
ly resembled the long-term trajectories previously described in
natural history cohorts, likely reflecting the disease as well as the
scale properties of the EDSS scores.4,21,23 Based on our NO.MS data-
base, we estimated that placebo-treated patients with RRMS take
approximately 9.0 years from EDSS=1 (minimal disability)
to reach an increased limitation in walking ability (EDSS=4) and
18.5 years to requiring walking assistance (EDSS = 6). Within the
subset of patients with RRMS who experienced a 6-month CDW,
we further analysed the time to milestone EDSS scores by clinical
mechanism of worsening (the baseline characteristics of patients
with RAW or PIRA events were roughly comparable only within
the RRMS population). The fastest transition from EDSS 1–4 was es-
timated in the subgroup of patients with RRMS who experienced a
combination of relapses and PIRA events (approximately 2.6 years).
Finally, we analysed the impact of treatment in NO.MS, and found
that DMTs can significantly delay the time to milestone disability
by approximately 3.5 years between EDSS 1 and 4, and by approxi-
mately 1.4 years between EDSS 4 and 6, suggesting that the benefit
of treatment is highest in the earliest stages of the disease.

In conclusion, relapses are significant drivers of the accumula-
tion of disability primarily, but not exclusively, early in multiple
sclerosis. Our study confirms that PIRA has been underestimated
as a contributing factor in RRMS: PIRA plays a significant role in dis-
ease worsening in adult RRMS and gradually becomes the principle
way by which patients with multiple sclerosis acquire disability in
progressive disease. PIRA occurs early in the disease, as shown in
our study in patients with successful suppression of inflammation
with efficacious DMTs, which supports the existence of an ongoing
treatment-resistant pathology from the start. Our study demon-
strated that time to disability milestones can be delayed by several

years with treatment, with the highest potential to gain time in the
youngest, least disabled patients with multiple sclerosis.
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