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INTRODUCTION

Multiple sclerosis (MS) is associated with the accumulation of dis-
ability over time, which affects multiple neurological domains. In tri-
als of MS therapies, disability outcomes are mostly measured using
the Expanded Disability Status Scale (EDSS), which ranges from O to
10 with higher score indicating more severe disease. A 21 point (21.5

Abstract

Background and purpose: The prevention of disability over the long term is the main
treatment goal in multiple sclerosis (MS); however, randomized clinical trials evaluate only
short-term treatment effects on disability. This study aimed to define criteria for 6-month
confirmed disability progression events of MS with a high probability of resulting in sus-
tained long-term disability worsening.

Methods: In total, 14,802 6-month confirmed disability progression events were identi-
fied in 8741 patients from the global MSBase registry. For each 6-month confirmed pro-
gression event (13,321 in the development and 1481 in the validation cohort), a sustained
progression score was calculated based on the demographic and clinical characteristics
at the time of progression that were predictive of long-term disability worsening. The
score was externally validated in the Cladribine Tablets Treating Multiple Sclerosis Orally
(CLARITY) trial.

Results: The score was based on age, sex, MS phenotype, relapse activity, disability score
and its change from baseline, number of affected functional system domains and wors-
ening in six of the domains. In the internal validation cohort, a 61% lower chance of im-
provement was estimated with each unit increase in the score (hazard ratio 0.39, 95%
confidence interval 0.29-0.52; discriminatory index 0.89). The proportions of progres-
sion events sustained at 5years stratified by the score were 1: 72%; 2: 88%; 3: 94%; 4.
100%. The results of the CLARITY trial were confirmed for reduction of disability pro-
gression that was >88% likely to be sustained (events with score >1.5).

Conclusions: Clinicodemographic characteristics of 6-month confirmed disability progres-
sion events identify those at high risk of sustained long-term disability. This knowledge will

allow future trials to better assess the effect of therapy on long-term disability accrual.

KEYWORDS
CLARITY, clinical trial, functional system impairment, risk scoring, sustained disability progression

if the baseline score is 0) increase in EDSS score that is sustained
over 23 or 26 months is an accepted clinically meaningful measure
of sustained disability accrual [1-3]. However, 3-6-month confirmed
disability progression events can overestimate the accumulation
of irreversible disability by up to 30% [4]. Assessment of long-term
treatment efficacy is therefore challenging in standard clinical trial
settings.
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Expanded Disability Status Scale scores, particularly at the lower
levels, are predominantly based on signs and symptoms in seven
neurological domains—pyramidal, cerebellar, brainstem, sensory,
bowel and bladder, visual, and cerebral (cognitive)—assessed using
functional system scores (FSSs). Changes in the pyramidal, cere-
bellar, bowel and bladder, and sensory domains contribute more to
EDSS progression sustained for at least 3 to 6 months than other
domains [5-7]. However, none of the studies has investigated the
impact of lead worsening FSS identity/type on sustained disability
progression in the long term.

The aim of this study was to develop a risk scoring system to
identify disability persistent over the long term, using information
about patients' demographic and clinical characteristics, in particular
the change in specific neurological functions at the time of 6-month
confirmed progression events. The score will improve the ability of
future clinical trials to evaluate the effect of MS therapies on long-
term disability.

METHODS
Ethics statement

The study was approved by the Melbourne Health Human Research
Ethics Committee and by the MSBase site institutional review
boards. Written informed consent was obtained from enrolled pa-

tients as required in accordance with the Declaration of Helsinki.

Study design

All 6-month confirmed disability progression events recorded in the
MSBase registry [8], a global observational cohort of MS patients,
were identified. For each progression event, the probability of sub-
sequent improvement in disability was estimated, depending on
patient characteristics at the time of progression. Based on the iden-
tified association, a sustained progression score was developed that
quantifies the likelihood that a progression event is sustained over
the long term. This score was then internally validated in order to
establish the accuracy with which the score identifies those events
that will remain sustained. In an external validation step, the score
was applied in a clinical trial dataset to demonstrate its use in esti-

mating the effect of MS therapies on long-term disability outcomes.

Study population

Longitudinal demographic and clinical data collected as part of rou-
tine clinical care from 129 mostly tertiary centres in 34 countries
were extracted from MSBase in December 2016. The inclusion cri-
teria consisted of the diagnosis of MS or clinically isolated syndrome
[9, 10], at least four visits with EDSS score and FSSs recorded, and
availability of minimum dataset. The minimum dataset included date

of birth, sex, date of first clinical presentation, clinical visits, disease
course, relapses and treating centre. Centres contributing fewer
than 10 patient records to MSBase were not included.

The MSBase data are entered in local data entry systems, either
iMed or MDS, and are typically updated 6-12 monthly. Data quality
was assessed prior to data extraction as per standard MSBase pro-
cedures [11].

Study outcomes

All 6-month confirmed disability progression events and the time
over which the progression events remained sustained (i.e., the
time until the next 6-month confirmed disability improvement
event) were identified. A progression event was defined by an in-
crease of 21.5 EDSS steps from a baseline score of O, 1 step from
baseline scores 1.0-5.5, or 0.5 step from a baseline score 26.0, sus-
tained at two or more consecutive visits separated by 26 months.
Improvement of EDSS was defined as a decrease of 1.5 or 21 or 0.5
EDSS steps if baseline EDSS was 1.5 or 2-6 or >6, respectively, sus-
tained at two or more consecutive visits separated by 26 months. To
confirm a progression or improvement, EDSS scores recorded more
than 30days from the onset of a preceding relapse were used [4].
The minimum EDSS score recorded within 6 months after an identi-
fied disability progression or improvement event was considered as
the new baseline EDSS. ‘Time to improvement’ represents the time
a confirmed progression event was sustained before the occurrence

of a 6-month confirmed improvement.

Primary model development

A multivariable Cox proportional hazards model was constructed
using 90% of the confirmed progression events randomly assigned
to the development cohort. This model assessed the associations of
demographic and clinical characteristics recorded at the time of pro-
gression with the occurrence of a confirmed improvement after a
recorded progression. The characteristics included were age, sex, dis-
ease course, disease duration, EDSS score =6 (categorized based on
the Kaplan-Meier survival curves), EDSS change (difference in score
between progression event and baseline), number of affected func-
tional system domains (including ambulation), recency of the previous
relapse (22, 1-2, <1 month) and worsening in any of the seven FSSs
at the progression event relative to the corresponding baseline score.
The model was adjusted for follow-up visit density (visits per year) and
two-way interactions between worsening in FSSs and disease dura-
tion at the progression event (to account for the differential effect of
FSS worsening on the likelihood of disability improvement at different
disease durations). Within-patient correlation due to the multiple pro-
gression events was modelled with a frailty random effect. The model
was also adjusted for MSBase centres to account for the inter-centre
variability in EDSS scoring. The goodness-of-fit of the model was as-
sessed by checking for influential observations using index plots of



LONG-TERM DISABILITY IN MULTIPLE SCLEROSIS

| 2325

dfbeta residuals, a measure of the influence of an observation on the
regression coefficient. Proportionality of hazards was assessed with
Schoenfeld residuals. To evaluate the contribution of variables related
to functional system domains in model fitting, a comparison was per-
formed with a null model that consisted of demographic and clinical
characteristics only, using the Akaike information criterion.

Sensitivity analyses

To evaluate the robustness of the primary model in different sce-
narios, two sensitivity analyses were conducted including (i) only
relapsing-remitting multiple sclerosis (RRMS) patients with EDSS
<6 and (ii) only the first progression event identified for each pa-
tient including all MS phenotypes. Another sensitivity analysis was
performed by adjusting the primary model for treatment status
(untreated/low-efficacy disease-modifying therapy (DMT)/high-
efficacy DMT) at the time of the confirmed progression events.
Low-efficacy DMTs included interferon beta, glatiramer acetate,
dimethyl fumerate and teriflunomide. High-efficacy DMTs included
natalizumab, alemtuzumab, ocrelizumab, rituximab, cladribine, fin-

golimod, mitoxantrone and daclizumab.

Constructing the sustained progression score

The sustained progression score was derived for each progression
event from the sum of the regression coefficients of all characteris-
tics for which p<0.1 in the primary model.

Validation analyses

The internal validation cohort consisted of 10% of the 6-month
confirmed progression events, not overlapping with patients of the
development cohort. Two models were used to assess whether the
score predicts the persistence of the progression events. A univari-
ate Cox model evaluated the association of the score with ‘time to
improvement’. The discrimination ability of the Cox model was as-
sessed using Harrell's cindex [12]. A logistic regression model used a
subset of the progression events with available follow-up of 25years
to evaluate the association between the score and the likelihood of
a progression event to be sustained for >5years. Another univari-
ate Cox model was performed to validate the association between
the score and the time to disability improvement using progression

events that occurred during the RRMS phase only.
Validation and application in a randomized
trial setting

The sustained progression score was externally validated using
data from the Cladribine Tablets Treating Multiple Sclerosis Orally

(CLARITY) and CLARITY 2-year extension studies [13]. Three- and
6-month confirmed disability progression events and the time over
which the progression events remained sustained in the combined
dataset of the CLARITY and CLARITY extension studies were identi-
fied. A univariate Cox model was used to validate the association of
the score calculated for each 6-month confirmed disability progres-
sion event with ‘time to improvement’.

To demonstrate the application of the score in a trial setting,
firstly, results of the CLARITY study was replicated by comparing
the risk of 3-month confirmed disability progression between the
placebo arm and the combined cladribine 3.5-mg and 5.25-mg
arms. Finally, a Cox model was developed evaluating the effect of
cladribine on 3-month confirmed progression events (following the
CLARITY study) with a score 21.51 (median score) to demonstrate
the application of the score in estimating the effect of therapy on
long-term disability outcomes.

All analyses were done in R 3.5.1 [14].

RESULTS

A total of 14,802 6-month confirmed disability progression events
were identified in 8741 patients fulfilling the inclusion criteria
(Figure 1). 92% of the progression events were corroborated by 21
unit worsening in any of the seven FSSs (other than gait). The devel-
opment cohort included 13,321 progression events (7516 patients)
and the validation cohort consisted of the remaining 1481 events
(1226 patients) with similar characteristics (Table 1).

The fit of the primary model was superior compared to the null
model that did not include any functional system domains (Akaike
information criterion difference 70). The characteristics associated
with the chance of improvement after progression included age, sex,
RRMS and primary progressive MS (compared to clinically isolated
syndrome), a relapse <1 month prior to the progression event (com-
pared to relapse 22months ago), EDSS score 26 at the progression
event and greater EDSS change from baseline, number of affected
functional system domains, worsening in pyramidal, cerebellar,
brainstem, sensory, visual and cerebral FSSs, and interaction of dis-
ease duration with worsening in pyramidal, sensory and cerebral
FSSs (Table 2). The index plots comparing the largest dfbeta resid-
uals to the regression coefficient for each covariate of the primary
model illustrated no influential observations (Figure S1).

The two sensitivity analyses replicated the outcomes of the pri-
mary model almost in full, with a small number of exceptions (Table 3):
worsening in cerebral FSS did not achieve statistical significance in ei-
ther model, male sex was no longer associated with a lower likelihood
of improvement (analysis of only progression events during RRMS and
EDSS < 6), secondary progressive and progressive-relapsing MS but
not RRMS were associated with a higher risk of sustained progression
(analysis including only first progression event). The primary model
after adjustment for treatment status at the time of confirmed pro-
gression events produced very similar estimates in terms of magni-

tude, direction and significance of associations (Table S3). Progression
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42,955 patient records extracted from
MSBase registry in December 2016

FIGURE 1 Flow diagram of patients
and 6-month confirmed progression
events included in the analyses

17,191 patients excluded

467
318

A 4

9 from centres contributing <10 patients
diagnosed with neuromyelitis optica
not multiple sclerosis

16,397 fewer than 4 visits recorded

v
25,764 patients were eligible for
this study

22,155 confirmed progression
events identified

7,353 progression events excluded
608
6,745

v

missing functional
system score

missing disease course

A

14,802 confirmed

8,741 first progression events

progression events included

in the analyses

8,343 progression events of

events recorded on low-efficacy DMTs were marginally more likely
to be sustained than events recorded on high-efficacy DMTs.
Importantly, the primary model was independent from treatment
status at the time of the progression event. Therefore, the estimates
of the associations between the baseline patient characteristics and
the likelihood of sustained disability change due to progression events

can be generalized to most of the treatment scenarios.

The sustained progression score

A sustained progression score was calculated in order to estimate
the risk of individual 6-month confirmed disability progression

events being sustained over the long term, as follows:

RRMS phenotype with
EDSS<6
13,321 in 1,481 in
o 1,078
development validation >
RRMS
cohort cohort

with a lower probability of recovery from confirmed disability pro-
gression events (hazard ratio [HR] 0.39; 95% confidence interval [CI]
0.29-0.52) (Figure 2b). This association and its magnitude were con-
sistent in the RRMS cohort (Table 4). The c index for the two models
was 0.89 and 0.93, respectively, demonstrating excellent discrim-
inatory ability of the score to distinguish progression events with
different risks of persistence.

In the subset of confirmed progression events with >5years of
subsequent recorded follow-up, a higher score was associated with
a greater proportion of events that remained sustained over 25years
(Table 5). This reflects the applicability of the score in identifying
the small subgroup of patients in whom the 6-month confirmed

disability progression events will almost certainly lead to long-term

score = — 1( 0025, — 0.12%mate ~ 0.73Xprimary progressive + 0-36Xrelapsing-remitting + 0-2%Xrelapse in previous month ~ 0-25Xenssz6 — 0-37Xenss change ~ 0-08Xno, of affected functionalsystem domains ~ 0-14Xworseningin pyramidal Fs

In the internal validation cohort, the score ranged from 0.02 to 4.21
with a median (quartiles) score of 1.40 (1.02-1.83) (Figure 2a). An
example of a score calculated for an individual progression event is
provided in the caption to Figure 2. A higher score was associated

disability. With each unit increase in the score, the odds of a pro-
gression event being sustained for >5years increased 2.8-fold (95%
bootstrapped Cl 1.9-5.3). The score performed moderately well in
discriminating sustained progression from possible improvement
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TABLE 1 Baseline characteristics of patients included in the development and the internal validation cohort

Characteristic

Development cohort

Validation cohort

Patients, no. (% female)
Confirmed progression events, no. (%)
Age at symptom onset, years?
Age at inclusion, years?
Disease duration from symptom onset to inclusion, years®
Follow-up duration, years®
Disease course, no. (%)
At inclusion
Clinically isolated syndrome
Relapsing-remitting
Secondary progressive
Primary progressive
Progressive-relapsing
At censoring
Clinically isolated syndrome
Relapsing-remitting
Secondary progressive
Primary progressive
Progressive-relapsing
EDSS score?
At inclusion
At censoring
Functional system score at inclusion?, % of non-zero scores
Pyramidal
Cerebellar
Brainstem
Sensory
Bowel, bladder
Visual
Cerebral

Annualized visit density?®

7516 (69)
13,321 (90)
1(24-39)
37 (30-46)
3.57(0.87-9.44)
9.48 (6.02-13.32)

1277 (16.99)
5008 (66.63)
561 (7.46)
552 (7.34)
118 (1.57)

8(1.17)
5009 (66.64)
1749 (23.27)

445 (5.92)
225(2.99)

2.00(1.50-3.50)
4.50(2.50-6.50)

1226 (68)
1481 (10)
31 (24-40)
38(30-47)
3.68(0.83-9.72)
8.54(5.17-12.28)

227 (18.52)
793 (64.68)
5(7.57)

97 (7.91)
14 (1.14)

16 (1.31)
894 (72.92)
205 (16.72)

77 (6.28)

34(2.77)

2.00(1.50-3.50)
4.00 (2.00-6.00)

1(0-3),73
0(0-2),41
0(0-1),34
1(0-2), 54
0(0-1),35
0(0-0), 24
0(0-0), 18
1.74 (1.16-2.59)

Abbreviation: EDSS, Expanded Disability Status Scale.
Median (quartiles).

with an area under the receiver operating characteristic of 0.66 (95%
bootstrapped Cl 0.60-0.71) in the cohort of progression events with
>5years' follow-up. Using the optimal cut-off score of 1.20, the pos-
itive predictive value was 0.86 indicating 86% of progression events
with score >1.20 were sustained for at least 5 years (sensitivity 0.64;

specificity 0.62; negative predictive value 0.32).

Validation and application in a randomized
trial setting

A total of 667 6-month confirmed disability progression events
were identified in the combined dataset of CLARITY studies. Of
these events, 12 progression events were followed by a 6-month

confirmed disability improvement. The Cox model indicated a
lower probability of improvement associated with a higher sus-
tained progression score (HR 0.72; 95% Cl 0.21-2.42), in keep-
ing with the findings from our discovery study and the internal
validation.

The replication analysis of the effect of cladribine on disability
progression showed that cladribine was superior to placebo in re-
ducing the risk of 3-month confirmed disability progression events
(HR 0.60; 95% Cl 0.47-0.76), confirming the results reported by
the CLARITY trial [13]. Of the 1326 trial patients, 162 had 3-month
confirmed progression events with a sustained progression score of
21.51. The Cox model showed that cladribine reduced the risk of dis-
ability progression events that were likely to be sustained over the
long term (score 21.51) by 36% (HR 0.64; 95% Cl 0.47-0.87).
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TABLE 2 Associations between patient characteristics at the time of 6-month confirmed disability progression and the subsequent

improvement
Covariate Coefficient (95% Cl) Hazard ratio (95% Cl)
Age, years -0.02 (-0.02, -0.01)"" 0.98(0.98,0.99)"
Male -0.12 (-0.26,0.02)" 0.89 (0.77, 1.02)"

Disease course
Clinically isolated syndrome
Relapsing-remitting
Secondary progressive
Primary progressive
Progressive-relapsing
Disease duration, years
Recency of a previous relapse
>22months
1-<2months
<1month
EDSS score
0-5.5
26
Change in EDSS score from baseline
No. of affected functional system domains
Worsening in pyramidal FSS
Worsening in cerebellar FSS
Worsening in brainstem FSS
Worsening in sensory FSS
Worsening in bowel, bladder FSS
Worsening in visual FSS
Worsening in cerebral FSS
Pyramidal x disease duration
Cerebellar x disease duration
Brainstem x disease duration
Sensory x disease duration
Bowel, bladder x disease duration
Visual x disease duration
Cerebralx disease duration

Annualized visit density

Ref
0.36(-0.12,0.84)"
-0.23(-0.75,0.28)
-0.73(-1.34,-0.13)"
-0.31(-0.98, 0.36)
-0.001 (-0.02, 0.01)

Ref
0.14 (-0.08, 0.36)
0.24(0.10,0.39)"

Ref
-0.25
-0.37

-0.44,-0.06)"
-0.47,-0.27)"
-0.08(-0.12, -0.04) "
-0.14 (-0.27,-0.02)"
-0.12(-0.25,0.02)
0.17 (0.03,0.30)"
0.14(0.03,0.25)"
-0.03(-0.17,0.11)
0.12(0.001, 0.25)°
0.15 (-0.04, 0.33)'
0.01(-0.001, 0.02)"
0.003 (-0.01, 0.01)
-0.01 (-0.02, 0.005)
-0.01(-0.02,0.001)’
0.002 (-0.01, 0.01)
-0.0003 (-0.01, 0.01)
-0.01(-0.03,0.002)'
0.06 (-18.21,22.49)"

(
(
(
(

Ref
1.43(0.89,2.31)’
0.79 (0.47,1.33)
0.48(0.26,0.88)"
0.73(0.38,1.43)
1.00(0.98, 1.02)

Ref
1.15(0.92, 1.44)
1.28(1.10, 1.47)"

Ref
0.78(0.65,0.94)"
0.69 (0.63,0.76)""
0.92(0.88,0.96)
0.87(0.76,0.98)"
0.89(0.78,1.02)
1.18(1.03,1.35)"
1.15(1.03,1.29)"
0.97(0.85,1.12)
1.13(1.00, 1.28)°
1.16 (0.96, 1.39)
1.01(1.00, 1.02)°
1.00(0.99, 1.01)
0.99 (0.98, 1.00)
0.99 (0.98, 1.00)’
1.00(0.99, 1.01)
1.00(0.99, 1.01)
0.99 (0.97, 1.00)’
1.06 (1.01,1.12)"

-

Note: The associations were estimated in a multivariable Cox proportional hazards model. The Schoenfeld test suggested that increase in age violates
the proportional hazards assumption; however, the plot of scaled Schoenfeld residuals over time did not reveal any non-random pattern, thus not

providing evidence against the proportionality of hazards.

Abbreviations: Cl, confidence interval; EDSS, Expanded Disability Status Scale; FSS, functional system score.

p<0.1; 'p<0.05; "'p<0.001.

DISCUSSION

Using 14,802 6-month confirmed disability progression events from
8741 patients with MS from the global MSBase registry, a compre-
hensive risk scoring system was developed and validated that ena-
bles translation of the effect of MS therapies on short-term disability
outcomes observed in randomized clinical trials into an estimated ef-

fect on long-term disability outcomes. Using data from the CLARITY

and CLARITY 2-year extension studies, the applicability of the risk
scoring system was assessed in the setting of clinical trials. It is con-
firmed that the efficacy of cladribine in reducing the risk of disability
progression as reported in the original study [13] translates into an
effect in reducing progression events that are likely to persist over
the long term. The sustained progression score can inform the de-
sign of future randomized trials of MS therapies and prognostics in
individual patients.
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TABLE 3 Sensitivity analyses of the primary model in two different scenarios

Covariate Coefficient (95% Cl)

Relapsing-remitting multiple sclerosis

with EDSS score <6 First progression event only
Age, years -0.018 (-0.026, -0.010)" -0.019 (-0.026, -0.012)""
Male -0.076 (-0.225, 0.074) -0.110 (-0.245, 0.025)’

Disease course
Clinically isolated syndrome
Relapsing-remitting
Secondary progressive
Primary progressive
Progressive-relapsing
Disease duration, years
Recency of a previous relapse
22 months
1-<2months
<1month
EDSS score
0-5.5
26

Change in EDSS score from baseline

No. of affected functional system domains

Worsening in pyramidal FSS
Worsening in cerebellar FSS
Worsening in brainstem FSS
Worsening in sensory FSS
Worsening in bowel, bladder FSS
Worsening in visual FSS
Worsening in cerebral FSS
Pyramidal x disease duration
Cerebellar x disease duration
Brainstem x disease duration
Sensory x disease duration
Bowel, bladder x disease duration
Visual x disease duration
Cerebral x disease duration

Annualized visit density

NA

-0.004 (-0.024, 0.01¢)

Ref
0.102 (-0.126, 0.329)
0.253(0.103,0.404)"
NA

-0.379 (-0.496, -0.263) "
-0.093 (-0.139, -0.047)""
-0.144 (-0.281, -0.006)"
-0.126 (-0.267,0.014)’
0.116 (-0.031, 0.262)"
0.166 (0.044, 0.289)"
-0.071 (-0.234,0.093)
0.132(0.001, 0.264)’
0.133 (-0.069, 0.335)
0.008 (-0.003, 0.020)
0.009 (-0.003, 0.020)’
-0.003 (-0.016, 0.010)
-0.011 (-0.022, 0.000)’
-0.003 (-0.010, 0.016)
-0.001 (-0.012, 0.010)
-0.010 (-0.027, 0.007)
0.029 (-0.026, 0.084)

Ref

0.177 (-0.207, 0.560)
-0.415 (-0.876, 0.046)’
-0.912(-1.505, -0.318) "
-0.604 (-1.312,0.105)’
0.006 (-0.011, 0.022)

Ref
0.137 (-0.088, 0.363)
0.219 (0.073, 0.365) "

Ref

-0.267 (-0.511, -0.024) "
-0.289 (-0.389, -0.189)""
-0.097 (-0.141, -0.052)"
-0.096 (-0.220, 0.028)°
-0.162 (-0.294, -0.030) "
0.103 (-0.029, 0.235)'
0.170(0.061,0.278)"
-0.093 (-0.239, 0.054)
0.109 (-0.004, 0.222)"
0.062 (-0.121, 0.246)
0.004 (-0.007, 0.014)
0.009 (-0.002, 0.019)’
-0.004 (-0.016, 0.007)
-0.010 (-0.020, -0.001)"
0.002 (-0.009, 0.013)
0.003 (-0.007, 0.012)
-0.003 (-0.017,0.011)
0.037 (-0.012, 0.087)'

Note: In the relapsing-remitting model, inclusion of EDSS score as a covariate did not contribute to the model fitting and therefore was excluded
from the final model. The Schoenfeld test suggested that increase in age and cerebral FSS violate the proportional hazards assumption. However,
the plots of corresponding scaled Schoenfeld residuals over time did not reveal any non-random pattern, thus not providing evidence against the

proportionality of hazards.

In the first progression event model, the Schoenfeld test suggested that increase in age, worsening in cerebral FSS and annualized visit density
violate the proportional hazards assumption. However, the plots of corresponding scaled Schoenfeld residuals over time did not reveal any non-
random pattern, thus not providing evidence against the proportionality of hazards.

Abbreviations: Cl, confidence interval; EDSS, Expanded Disability Status Scale; FSS, functional system score.

'p<0.1.; 'p<0.05; p<0.001.

The performance of any prognostic construct requires val-
idation in an independent dataset. Our internal validation study
in a cohort of non-overlapping 10% of the progression events
demonstrated that the sustained progression score was strongly

associated with the hazard of non-recovery from progression
events. The high c index (0.93 in the RRMS cohort) confirmed ex-
cellent discriminatory power of the score in identifying disability
progression events that were highly likely to be sustained over a
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FIGURE 2 (a) Histogram of the
sustained progression scores in the
internal validation cohort. n represents
the number of patients with each integer
progression score. (b) The risk of 6-month
confirmed progression events being
sustained over time stratified by the
sustained progression score in the internal
validation cohort. Example: A progression
event confirmed over 6 months was
recorded in a 40-year-old male diagnosed
with RRMS, who presented with a two-
step increase in EDSS from step 5.5 to
7.5, in the absence of a relapse during the
preceding month, with five neurological
domains affected and worsening in
pyramidal (1 unit), cerebellar (2 units) and
sensory (2units) functional system scores.
The sustained progression score in this
patient was estimated as 2.001 [Colour
figure can be viewed at wileyonlinelibrary.
com|]
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longer time compared to those with reduced risk of persistence.
78% of 6-month confirmed progression events were sustained for
>5years in the internal validation cohort, consistent with our pre-
vious work [4] that reported 74% of 6-month confirmed events
persistent over 5years. The odds of a 6-month confirmed event
to be sustained at 5years were 2.8 times higher for every step-
wise increase in the score. Over 94% of the progression events

with score 23 were sustained at 5years, in comparison with only

72% of the events with score 1. This confirms that the score will
enable identification of the small subgroup of patients in whom
the 6-month confirmed disability progression events will almost
certainly lead to long-term disability.

The external validation in the CLARITY datasets also demon-
strated the positive association between the sustained progres-
sion score and the risk of non-recovery from disability progression.

However, the association did not reach formal statistical significance
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TABLE 4 Predictive performance of the
sustained progression score in the internal

validation cohort

Model Hazard ratio (95% ClI) Harrell's ¢ index
Cox proportional hazards model 0.39 (0.29, 0.52)? 0.89
Cox proportional hazards model in relapsing-  0.48 (0.33, 0.69) 0.93

remitting multiple sclerosis only

Abbreviation: Cl, confidence interval.

“The Schoenfeld test suggested that increase in sustained progression score violates the
proportional hazards assumption; however, the plot of scaled Schoenfeld residuals over time did
not reveal any non-random pattern, thus not providing evidence against the proportionality of

hazards.

TABLE 5 The proportion of 6-month confirmed progression
events sustained over >5years from the internal validation cohort,
stratified by the sustained progression score

Sustained Progression sustained,  Progression not
progression score? n (%) sustained, n (%)
1 235(72) 90 (28)

2 139 (88) 19 (12)

3 31(94) 2(6)

4 1(100) 0(0)

2Sustained progression score 1 refers to scores between 0.02 and 1.50;
2 refers to scores between 1.51 and 2.50; 3 refers to scores between
2.51 and 3.50; 4 refers to scores between 3.51 and 4.21.

presumably due to the small number (12) of the 667 progression
events that were followed by a 6-month confirmed improvement
during the combined follow-up of 2-4years.

The potential value of the sustained progression score in the de-
sign of future trials was demonstrated through the analysis of the
hazard of progression events with a minimum score of 1.51 in the
CLARITY dataset (which translates to a >88% risk of progression
persistence over =5years). The beneficial effect of the treatment,
cladribine, was found to be robust, beyond the conclusions of the
original trial, in reducing the risk of disability progression events that
are likely to be sustained over the long term.

Amongst the characteristics of confirmed progression events
that were used to construct the score, primary progressive MS,
an EDSS score 26 and its greater change during the progression
event were associated with long-term change in disability. This is
not surprising because progressive disease phenotypes are de-
fined by relentless, relapse-independent accumulation of disabil-
ity [15]. Our previous work also reported that progression events
are more common and more sustained in primary and secondary
progressive MS than in relapsing disease forms. Also, recovery
was less common in progression events associated with higher
EDSS and greater increase in EDSS [4]. In keeping with this obser-
vation, recent relapse activity lowered the score, meaning a higher
chance of recovery than the progression events that occurred in-
dependently from relapses. This is an expected consequence of
the transient nature of the underlying inflammation and the ca-
pacity to recover, further facilitated by potent immunotherapies
[16, 17]. The score was also weighted by the number of affected
neurological domains at progression with worsening in pyramidal

and cerebellar domains increasing the score. Thus, the score ac-
counts for the reduced compensatory and regenerative capacity
in patients with more widespread damage to their central nervous
system [18] as reflected by the greater number of affected neuro-
logical domains [19].

Two sensitivity analyses demonstrated that the associations
identified by the primary model are robust to the definition of the
studied cohort. The confirmation in the subgroup with RRMS and
EDSS score <6 replicated the results in a population that is typi-
cally studied in phase 3 randomized controlled trials. The results are
therefore reproducible in the relapsing-remitting phenotype, which
is characterized by highly fluctuating disability scores [20]. The rep-
lication in the dataset consisting of only single progression events
per patient ruled out confounding by within-subject clustering of the
events in the primary analysis.

This study was not aimed to capture the influence of different
DMTs on the likelihood of progression events being sustained or
the likelihood of improvement in the future. However, consider-
ing that treatment status could potentially act as a confounder
by influencing both the likelihood of progression and subsequent
improvement, a sensitivity analysis was performed. When ad-
justed for treatment status at the time of confirmed progression
events, the primary model resulted in very similar estimates of
associations, confirming its generalizability to different treatment
situations.

The main limitation of this study is inherent in the limitations of
the method of disability assessment. EDSS is subject to inter-rater
variability and fluctuation at the lower end of the spectrum [21].
Moreover, the multicentre nature of the studied cohort introduces
inter-centre heterogeneity in EDSS which was mitigated by requir-
ing neurostatus certification at each centre [20], and further ac-
counted for using a random effect term for centres in the primary
model. Furthermore, 6-month confirmation of EDSS progression
as well as of subsequent improvement events was used, with the
confirmatory EDSS recorded outside a relapse in each case [4].
Baseline EDSS was reset after every progression or improvement
event. Finally, not only were the EDSS values studied but also the
more granular information contained in the FSSs, which further
increases the robustness of the modelled disability outcomes. In
this study, the potential role of improvement in FSS in the assess-
ment of sustained EDSS progression events is discounted. This de-
cision reflects our focus on the neurological domains that either
drive or contribute to the worsening of disability. In a study that
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focuses on evaluating sustained improvement of disability, assess-
ment of sustained decrease in FSS would, naturally, be relevant.
To maximize the robustness and generalizability of the sustained
progression score, a large number of patients with very long me-
dian follow-up from an international MS registry was used and
was complemented with both internal and external validation and
ademonstration of its application in a setting of a randomized clin-
ical trial of MS therapy.

CONCLUSION

Randomized clinical trials of MS provide a short-term perspective
of the effect of therapies on confirmed disability progression. In
this study, a weighting system was developed, validated and applied
for significance of disability progression events by calculating their
probability of being sustained over the long term. Prevention of irre-
versible disability is the ultimate goal of the presently used DMTs for
MS [22]. It is therefore proposed to incorporate an estimate of the
likelihood of disability progression events to outlast the duration of
a trial as a complementary measure to infer a long-term perspective
to treatment effects on disability progression in randomized clinical
trials. This approach can be applied using data routinely acquired in
trials (thus enabling reanalysis of the previously completed clinical
trials). The additional generated information may help clinicians and
researchers bridge the gap between the short-term rigorous evalua-
tion of treatment efficacy and the effect of treatments on long-term
disability outcomes.
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