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INTRODUCTION

Abstract

Background and purpose: This study assessed the effect of patient characteristics on the
response to disease-modifying therapy (DMT) in multiple sclerosis (MS).

Methods: We extracted data from 61,810 patients from 135 centers across 35 countries
from the MSBase registry. The selection criteria were: clinically isolated syndrome or
definite MS, follow-up >1 year, and Expanded Disability Status Scale (EDSS) score >3,
with 21 score recorded per year. Marginal structural models with interaction terms were
used to compare the hazards of 12-month confirmed worsening and improvement of
disability, and the incidence of relapses between treated and untreated patients stratified
by their characteristics.

Results: Among 24,344 patients with relapsing MS, those on DMTs experienced 48%
reduction in relapse incidence (hazard ratio [HR] = 0.52, 95% confidence interval
[CI] = 0.45-0.60), 46% lower risk of disability worsening (HR = 0.54, 95% CI = 0.41-
0.71), and 32% greater chance of disability improvement (HR = 1.32, 95% Cl = 1.09-
1.59). The effect of DMTs on EDSS worsening and improvement and the risk of relapses
was attenuated with more severe disability. The magnitude of the effect of DMT on
suppressing relapses declined with higher prior relapse rate and prior cerebral magnetic
resonance imaging activity. We did not find any evidence for the effect of age on the
effectiveness of DMT. After inclusion of 1985 participants with progressive MS, the
effect of DMT on disability mostly depended on MS phenotype, whereas its effect on
relapses was driven mainly by prior relapse activity.

Conclusions: DMT is generally most effective among patients with lower disability and
in relapsing MS phenotypes. There is no evidence of attenuation of the effect of DMT

with age.

KEYWORDS
EDSS, immunotherapy, marginal structural model, multiple sclerosis, relapse

Standard methods for controlling confounding factors are in-

appropriate when a time-varying confounder is affected by pre-

Immunomodulation is the mainstay of treatment of multiple sclerosis
(MS). Studies have suggested that immunotherapy reduces relapses
and disability worsening and delays mortality [1-7]. However, the ef-
fectiveness of these disease-modifying therapies (DMTs) may differ
according to patient demographic and clinical characteristics, such
as age or phase of the disease [8]. Whereas the presently approved
DMTs have demonstrated effect on the course of relapsing-remitting
MS, their effect in progressive MS has been considerably smaller
[8-11].

Understanding how demographic and clinical profiles modify the
effectiveness of DMTs is important for the correct assessment of
their risk-benefit ratios and appropriate use in specific clinical sce-
narios. Apart from the differences in efficacy of DMTs in relapsing
versus progressive MS [8], understanding of demographic and clini-
cal modifiers of the effectiveness of DMTs is limited. The aim of this
study is to assess whether the effectiveness of DMT is influenced
by previous disease activity, disability, age, MS duration, or disease

phenotype.

vious treatment status, because over time such a confounder will
also play the role of a mediator of treatment effect [12]. Robins
et al. reported that standard modeling approaches may be biased
whether or not one adjusts for confounder history in the analysis,
(i) in the presence of a time-dependent covariate that is a risk factor
for, or predictor of, the event of interest and also predicts subse-
quent exposure; and (ii) past history predicts the subsequent level
of the covariate [13]. For example, a history of relapse poses a risk
for disease progression and future relapses and is also associated
with subsequent treatment choices. We have therefore used mar-
ginal structural models (MSMs), recently adopted in MS research,
to compare risks of relapses and disease progression between
treated and untreated patients with MS [14, 15]. In particular, we
have evaluated how effectiveness of DMTs varies according to pa-
tients' demographic and clinical profiles. The adopted methodology
mitigates the effects of time-varying confounders that are also in-
fluenced by prior evolution of the studied outcomes and previous

treatment exposure [12].
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MATERIALS AND METHODS
Study design

In this study, we have compared disability outcomes and relapse fre-
quencies in treated versus untreated states.

Participants' first visit with disability information was used as a
study baseline (Time 0). Patients were allowed to transition from “non-
treated” to “treated” status. However, follow-up was censored at first
treatment discontinuation, meaning that patients could not revert to
an “untreated” period after a “treated” period in the analysis, to mini-
mize unmeasured bias driving the decision to stop therapy (Figure S3).
In addition to this first approach (Approach A), we conducted two sen-
sitivity analyses. In Approach B, patients' MS onset date was used as
the study baseline, with no additional rebaselining. Patients were al-
lowed to switch freely between treated and untreated status without
censoring and with the time recorded relative to the date of MS onset
(Figure S4). In Approach C, patients' first visit with disability informa-
tion was used as the baseline with a baseline reset at each change
in treatment state. Approach C also allowed switching between the

treated and untreated states in both directions (Figure S5).

Study population

Data used for this study were obtained from MSBase, an international
MS registry approved by the Melbourne Health Human Research
Ethics Committee (registered with WHO ACTRN12605000455662).
Participants were required to provide informed consent as per the
local regulations. We extracted data from 61,810 patients from 135
centers across 35 countries in March 2019 (recorded retrospectively
since the 1970s and prospectively since 2003). MS centers recorded
data prospectively as part of clinical practice following standard data
quality procedures. We excluded centers in the lowest quintiles of
data quality or generalizability scores [16]. Patients with clinically iso-
lated syndrome or definite MS who satisfied the minimum data re-
quirements were included in this study. The minimum required data
consisted of: follow-up =1 year, 23 Expanded Disability Status Scale
(EDSS) scores with >1 score recorded per year, and a minimum dataset
(sex, date of birth, MS onset date, MS course, EDSS score, magnetic
resonance imaging [MRI] status in the past 12 months, pregnancy sta-
tus). Only patients with relapsing-remitting MS or clinically isolated
syndrome were included in the primary analysis (censoring follow-up
at the conversion to secondary progressive MS as diagnosed by treat-
ing neurologists). Secondary analysis included patients with relapsing
and progressive MS phenotypes. For individual patients, only time
from the first to the last recorded EDSS was included in this study.

Variables of interest

Relapses were recorded by treating neurologists when patients
presented new symptoms or exacerbation of existing symptoms

persisting for 224 h, in the absence of concurrent iliness/fever, and
occurring 230days after a previous relapse. Presence/absence of
new or enlarging T2 hyperintense lesions or contrast-enhancing le-
sions on cerebral MRI was reported by treating neurologists.

Follow-up time was divided into intervals (bins) of 6 months.
Potential confounders and intermediates of treatment effect were
captured in each of these follow-up epochs. Treatment status was
updated at each bin, where patients were classified as “treated”
(290,051 bins [78% of bins]) if DMTs were recorded for 215days;
otherwise they were classified as “untreated” (80,667 bins). This con-
servative classification enabled us to classify any treatment effect as
a “treated” state, including extended effect of previously discontin-
ued therapy and incipient effect of newly commenced therapy, while
choosing to underestimate rather than overestimate the magnitude
of the overall treatment effect [15, 17, 18]. Disability was quantified
with the EDSS, excluding scores obtained <30days after a relapse.
For a minority of relapses, a longer time may be required before dis-
ability returns to the original or new baseline level. This few relapses
do not typically have a substantial effect on the overall disability
outcomes [19]. Neurostatus EDSS certification was required at the
participating centers [20]. Where no new disability data were re-
corded during a 6-month period, the last previously recorded dis-
ability score was carried over. Only 27% of EDSS values were carried
over to periods without EDSS records. In our previous work in this
cohort, 55% of 3-month bins contained recorded EDSS information,
with high correlation among the consecutive bins in which EDSS was
captured (r = 0.95). The number of relapses within each bin were
counted, and an annualized relapse rate was calculated.

Disability worsening was defined as an increase in EDSS by 1
step (1.5 step if baseline EDSS = 0 and 0.5 steps if baseline EDSS
>5.5) confirmed by subsequent EDSS scores over 212months, as
>80% of such events correspond to long-term worsening of disabil-
ity [15]. Disability improvement was defined as a decrease in EDSS
by 1 step (1.5 steps if baseline EDSS <1.5 and 0.5 steps if baseline
EDSS > 6) confirmed over 212months. No carryover EDSS scores
were utilized in calculating confirmed disability endpoints. Presence
or absence of relapses during each 6-month interval was defined as

a binary variable.

Statistical methods

In this study, we have compared treated versus untreated patients
(pseudocohorts) within patient groups defined by their demographic
and clinical characteristics [15]. We used MSMs to estimate the “per-
protocol” causal effects of DMTs on the studied outcomes. Inverse
probability of treatment weights was calculated for each follow-up
bin of 6 months to reflect the extent to which a certain observation
was under- or overrepresented with respect to a pseudopopulation
in which these characteristics are balanced across treatment groups
[12]. In practice, treatment weights are calculated based on the
inverse of each participant's probability of receiving treatment
at each 6-month interval given their covariates history (age, sex,
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pregnancy status, treatment history, history of relapses, MS duration,
EDSS, date of birth, and MS course). Figure S1 depicts hypothetical
relationships between variables included in the calculation of the

weights.

P(Ai = ay [Aiu 1) = Gig_), S =51 )

wi =[]

J
k=0 P(Aik =0y | Ajk-1) = Gik—1y Tic = i Si = Si )

where w; represents the stabilized weight for patient i at time j. A
is the treatment status at time k, and S represents both fixed covari-
ates and the baseline stabilizing variables (sex, MS duration at first
visit, date of birth). T represents time-dependent covariates (age,
pregnancy status, treatment history, history of relapses, MS dura-
tion, EDSS, MS course) [14]. Date of birth and MS onset date are in-
cluded in the model of weights in addition to age and MS duration to
capture long-term changes in the availability of DMTs and MS man-
agement. The weights reflect the probability of patients' treatment
status at each 6-month period given their demographic and disease
history. Interactions of demographic and clinical variables with DMT
were studied as the primary terms of interest to quantify the effect
of patients' characteristics on the effectiveness of MS therapy. The
respective demographic or clinical variable was not included in the
model of weights where its interaction with DMT status was inves-
tigated in the outcomes model. The distribution of the weights was
assessed for normality and absence of extreme values, and to rule
out model misspecification (Figure S2). After calculating the weights,
we used Cox proportional hazards models with the inverse probabil-
ity of treatment weights (MSM Cox model) to compare the cumu-
lative hazards of disability improvement, disability worsening, and
relapses between the treated and untreated pseudocohorts. The

analyses were performed using R version 3.6.1.

RESULTS

Among 61,810 patients of the MSBase registry, 26,329 participants
met the eligibility criteria for the full cohort (including all MS pheno-
types), consisting of the relapsing cohort (24,344 patients; Table 1)
and progressive cohort (1985 patients). Patients' demographic fea-
tures at first visit (mean age = 36years [SD = 11years], 71% female)
were in keeping with the known epidemiology of MS (Table 1) [21].
The median duration of follow-up among the included participants
was 8.8years. Interferon beta was the most common DMT at the
first EDSS visit (35% of all participants). Although the use of high-
efficacy therapies was low at the first visit (10%), 22% of patients
switched to these therapies during the follow-up. When compared
to participants included in this study, those who were excluded
tended to be older, with longer MS duration at baseline and to pre-
sent with more severe disability and fewer MRI lesions, and were
less often treated with DMTs (Tables S1 and S2).

Overall, DMTs were associated with 48% lower risk of relapses
(hazard ratio [HR] = 0.52, 95% confidence interval [CI] = 0.45-
0.60), 46% lower risk of disability worsening (HR = 0.54, 95%

TABLE 1 Characteristics of the study population at the first visit

Relapsing MS, Full cohort,
Characteristic n=24,344 N = 26,329
Age at first visit, years, 35.5(10.5) 36.3(10.9)
mean (SD)
Age at MS onset, years, 30.6 (9.70) 30.8(9.84)
mean (SD)
Female 17,408 (71.5%) 18,620 (70.7%)

Ms duration, years,

median [Q1, Q3]

Disability
EDSS 0-3.5
EDSS 4-5.5
EDSS 6-9.5

MRI lesions in the past

12months

MS course

RR

CIS

PR

SP

PP
DMTs at first visit

None

Interferon beta

Glatiramer acetate

Natalizumab

Fingolimod

Dimethyl fumarate

Teriflunomide
Mitoxantrone
RCT
Rituximab
Cladribine
Daclizumab
Alemtuzumab
Ocrelizumab

AHSCT

Switch to high-efficacy

DMT

2.77[0.75,7.75]

20,996 (86.2%)
2450 (10.1%)
898 (3.7%)
1172 (4.8%)

20,599 (84.6%)
3745 (15.4%)

10,171 (41.8%)
8745 (35.9%)
2280 (9.4%)
1169 (4.8%)
1036 (4.3%)
353 (1.5%)
310 (1.3%)
135 (0.6%)
42 (0.2%)
44(0.2%)

17 (0.1%)

16 (0.1%)

16 (0.1%)

10 (0.0%)

5353 (22.0%)

3.08[0.835, 8.54]

21,449 (81.5%)
3081 (11.7%)
1799 (6.8%)
1227 (4.7%)

20,599 (78.2%)
3745 (14.2%)
243 (0.9%)
1196 (4.5%)
546 (2.1%)

11,159 (42.4%)
9288 (35.3%)
2419 (9.2%)
1247 (4.7%)
1102 (4.2%)
366 (1.4%)
328 (1.2%)
251 (1.0%)
52(0.2%)

48 (0.2%)

20 (0.1%)

19 (0.1%)

16 (0.1%)

13 (0.0%)
1(0.0%)
5889 (22.4%)

Abbreviations: AHSCT, autologous haematopoietic stem cell
transplantation; CIS, clinically isolated syndrome; PP, primary
progressive; PR, progressive relapsing; RCT, randomised controlled trial;
RR, relapsing-remitting; SP, secondary progressive; DMT, disease-
modifying therapy; EDSS, Expanded Disability Status Scale; MRI,

magnetic resonance imaging; MS, multiple sclerosis.

Cl = 0.41-0.71), and 32% higher chance of disability improvement
(HR = 1.32, 95% Cl = 1.09-1.59; Figure S3). We conducted sensi-
tivity analyses with different definitions of baseline and follow-up
(Figures S4 and S5). If patients were included from MS onset date
without any restriction on follow-up (Approach B), DMTs were

85U8017 SUOWWOD SAIERID 8dedt|dde au Ag pausenob ale sejole YO ‘8SN J0 S8|nJ 0 Aiq 18Ul UO A8]IA UO (SUOIPUOD-PUE-SUIBYWO A8 | 1M Ale.q 1 BUIUO//SdNY) SUORIpUOD pue swie | 8y} 89S *[£202/0T/2T] Uo ARiq1T8uluo A8 |IA *[10UN0D UyoJesssy [E0IpS Il PUY UIeSH [euoiieN AQ 90/GT @US/TTTT OT/I0p/woo" A3 1M ARiq 1 puljuo//:Sdny wouy pepeojumod v ‘€202 ‘TEET8IVT



1018

DIOUF ET AL.

associated with 47% lower risk of relapses, 36% lower risk of dis-
ability worsening, and 33% higher chance of disability improvement.
If patients were included from the first EDSS visit with patients' re-
baselining at each change in treatment status (Approach C), DMTs
were associated with 32% lower risk of relapses 24% lower risk of dis-
ability worsening, and 38% higher chance of disability improvement.

The main aim of this study was to explore the effect of patient
age, MS duration, EDSS, annualized relapse rate, and MRI activity
(present/absent) on the effectiveness of DMTs (Figure 1).

We did not find evidence for the effect of age on the effec-
tiveness of DMTs on MS relapses (HR = 0.95, 95% Cl = 0.89-1.02).
The magnitude of the difference in the effectiveness of DMTs was
negligible among the compared age groups (range in mean DMT ef-
fectiveness = 40%-46%; Figure 1). This was further supported by
the observation that MS duration was not associated with change
in the effectiveness of DMTs on relapses (Figure 1). We did not
find evidence of interactions between DMTs and age or MS dura-
tion for disability worsening and disability improvement (Figure 1).
However, the results from the stratified MSM suggested that dis-
ability improvement may be more likely among younger patients
(26% in those aged <31years, 25% in those aged 31-38years, 16% in
those aged 39-46years, and 10% in those aged =47 years). Similarly,
disability improvement tended to be more common in those with a
shorter MS duration at first visit (25% chance of improvement for
MS duration <4 years, 30% for MS duration = 4-8years, 18% for MS
duration = 8-14 years, and 13% for MS duration 214 years; Figure 1).

Interactions between DMT and EDSS were evident for re-
lapses (HR = 1.14, 95% Cl = 1.05-1.23), and disability improvement
(HR=0.80,95% Cl =0.71-0.91, Figure 1). The results suggest a 14%
increase in the difference in the hazard of relapses between treated
and nontreated patients with each step increase in EDSS. They also
show 20% decrease in the difference in the probability of disability
improvement between treated and nontreated patients with each
step increase in EDSS. When MSMs were stratified by quartiles of
EDSS (Figure 1), DMTs appeared more effective at increasing disabil-
ity improvement and at reducing relapses among patients with low
EDSS compared to higher EDSS.

An interaction for the effectiveness of DMTs on relapses was
observed with previous annualized relapse rate (HR = 1.20, 95%
Cl = 1.08-1.33). Stratified MSMs showed a more prominent effect
of DMTs on reducing relapses in patients with lower prior annualized
relapse rates (range of the apparent DMT effectiveness = 72%-21%).

Presence/absence of MRI activity modified the effect of DMTs
on relapses (HR for interaction = 1.66, 95% Cl = 1.38-2.00) but
not on disability worsening and disability improvement. In anal-
yses stratified by MRI activity, DMTs were associated with 41%
lower risk of relapses in those without MRI activity (HR = 0.59, 95%
Cl = 0.40-0.88) versus 26% in those with MRI activity (HR = 0.74,
95% Cl = 0.60-0.92).

In a pooled cohort of patients with relapsing and progressive
MS phenotypes, disease phenotype was an important modifier of
DMT effectiveness. Patients with relapsing MS derived more benefit
than those with progressive MS in the effect of DMTs on disability

worsening (HR for interaction = 1.46, 95% Cl = 1.23-1.73; Figure 2).
DMTs were associated with 25% lower risk of disability worsening
(HR = 0.75, 95% Cl = 0.65-0.86) in relapsing MS but not in progres-
sive MS (HR =1.11, 95% Cl = 0.93-1.33). The effect of DMTs on EDSS
worsening tended to depend more on MS phenotype rather than on
relapse activity. In contrast, the effect of DMTs on relapses was more
closely associated with the baseline relapse activity than disease phe-
notype (Figure 2). In both relapsing and progressive MS, we have seen
a more pronounced reduction of relapse hazard among patients with
lower baseline relapse activity (interaction term for DMT and MS
phenotype: HR = 0.68, 95% Cl = 0.58-0.79), even though the effect
of DMTs reached formal statistical significance only in relapsing MS.

DISCUSSION

DMTs lower the risk of relapses and disability worsening and, in
some instances, improve the chance of disability improvement [15,
22]. In this study, we have established that the effectiveness of
DMTs depends on patients' clinical and demographic characteristics.
The effect of DMTs on preventing relapses and disability worsening
is most pronounced among patients with lower disability. Similarly,
DMTs are associated with an increased chance of disability improve-
ment mainly among patients with mild disability (EDSS <2). DMTs
effectively prevent relapses in relapsing-remitting MS associated
with both high and low degree of episodic inflammatory activity
(presenting as relapses or active cerebral MRI). The effectiveness of
DMTs on reducing disability worsening is affected more by MS phe-
notype, whereas the effectiveness of DMTs on suppressing relapses
is more dependent on previous relapse frequency.

In our previous study, we demonstrated the use of MSMs in
large observational datasets as a framework for evaluating overall
treatment effectiveness across all disease stages and in broad, in-
clusive populations [15]. We have further expanded this approach
by emulating a target trial (as shown in Table S3), in which the time
patients spend treated with DMTs is compared to untreated time
[23]. This is achieved by weighting of the included populations by
their time-dependent determinants of treatment status, which leads
to comparisons of outcomes between two treatment states mod-
eled in a single "pseudocohort" [24]. In the primary analysis, we have
eliminated the potential bias due to informed treatment discontinua-
tion by censoring follow-up at the time when a treatment is stopped.
However, patients are allowed to transition from the untreated to
treated state. This approach might favor the effect of treatment
and might, additionally, obscure delayed and cumulative effect of
previous exposure to DMT. Therefore, we explored two additional
designs. First, we have designed a pseudotrial in which patients' fol-
low-up was recorded relative to MS onset and where patients were
allowed to transition between treatment states without restriction
and without rebaselining the follow-up after they switched between
treatment states. The second, alternative design uses first disability
time point as baseline, and patients' follow-up time is rebaselined
at each transition between the treated and untreated states. Both
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sensitivity analyses show similar magnitude of treatment effect as
the primary analysis.

The effectiveness of DMTs is known to be lower in progressive
MS forms than in relapsing MS [25]. We confirmed this phenomenon

when we did not observe an overall effect of DMTs among patients
with progressive MS in a pooled cohort. Moreover, secondary pro-
gressive MS is associated with more advanced disability [26-28].

Patients with low EDSS (<2, as well as younger age and shorter

EDSS improvement EDSS worsening Relapses
©
© Overall4 —— —h— E 2
O
? presen[ —_————————— —— ——
3
@
— absent4 ——— —— -
o4 Interaction HR: 1.3 Interaction HR: 0.77 Interaction HR: 1.66
= -value : 1.78e-01 p-value : 1.8e-01 -value : 9.52e-08
[47+] E e A -
[39,47) 1 —— —— -
()
(=2]
< [31,39) —— e i -
[-0,31)1 —— i -
Interaction HR: 1.01 Interaction HR: 1.04 Interaction HR: 0.95
-value : 8.61e-01 -value : 6.45e-01 -value : 1.91e-01
[13+]1 = —t— .—
=
S [813) - . -—
g
=
o [4‘8) " —— re
%]
=
<4 B [ e S
[<4) Interaction HR: 1.03 1.09
-value : 5.09e-01 : 2.06e-01
[3+] ——— A -—
[2'3) ——- —h— -
%))
(%]
o) —_—— — -
[< 1) E —— —_— - = =
Interaction HR: 1.11 l Interaction
-value : 3.42e-01 -value : 9.
2
S 0.5+ D —— -
2
g_ [03‘05) o ———— ——— -
°
E [0.1,0.3)1 ————— — -
2
g [<0. 1) L — ——— _—
E Interaction HR: 1.02 Interaction HR: 0.82 Interaction HR: 1.2
< p-value : 7.41e-01 p-value : 1.87e-01 p-value : 6.20e-04
0.0 0.5 1.0 1.5 2.0 25 00 05 1.0 1.5 2.0 25 00 0.5 1.0 1.5 2.0 25
Hazard ratio (95% Cl)

FIGURE 1 Weighted modifiers of the effects of disease-modifying th
relapses. Results were estimated from stratified marginal structural Cox
(clinically isolated syndrome and relapsing-remitting). Weights for the m

erapy (DMT) on disability improvement, disability worsening, and
models using data from the relapsing multiple sclerosis (MS) cohort
arginal structural model were calculated from a logistic model

with treatment status as a dependent variable; independent variables included fixed covariates and the baseline stabilizing variables (sex,
MS duration at first visit, date of birth) and time-dependent covariates (age, pregnancy status, treatment history, history of relapses, MS
duration, Expanded Disability Status Scale [EDSS], MS course). The “Overall” row in the figure displays the overall effects of treatment.
Points and error bars represent hazard ratios (HRs) for associations of DMT with the studied outcomes in different patient groups. The
boxes show HRs and p-values for the interactions between DMT and demographic and clinical characteristics indicated along the y-axis. Cl,

confidence interval; MRI, magnetic resonance imaging
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FIGURE 2 Weighted effects of disease-modifying therapy (DMT) in relapsing and progressive multiple sclerosis (MS), showing data from
the full cohort (including relapsing and progressive MS). Data are from marginal structural models. Weights for the marginal structural model
were calculated from a logistic model with treatment status as a dependent variable; independent variables included fixed covariates and the
baseline stabilizing variables (sex, MS duration at first visit, date of birth) and time-dependent covariates (age, pregnancy status, treatment
history, history of relapses, MS duration, Expanded Disability Status Scale [EDSS], MS course). The “Overall” rows in the figure display the
overall effects of treatment. Hazard ratios (HRs) and p-values for phenotype (overall) represent the interactions between DMT and disease
phonotype. HRs and p-values for phenotype x ARR represent a three-way interaction between DMT, phenotype, and annualized relapse
rate. The boxes show HRs and p-values for the interactions between DMT and MS phenotype, and a three-way interaction among DMT-MS

phenotype-ARR. Cl, confidence interval

disease duration) were more likely to benefit from DMTs in terms of
disability improvement, an observation that complements our earlier
finding of recovery from disability due to MS therapy that occurs
predominantly early after disease onset [15]. Other studies showed
that disability is less likely to be reduced with DMTs in patients with
EDSS >4 [29, 30]. Importantly, even though the effectiveness of
DMTs on disability worsening was reduced with increased EDSS,
some effect on confirmed disability worsening was still seen among
patients with more advanced disability. Our study therefore corrob-
orates previous studies, which support the use of DMTs for recovery
from disability in earlier, less advanced MS but suggest that DMTs
continue to prevent disability accrual also in more advanced MS [10,
11, 31-33]. The EDSS has been previously reported to be less reflec-
tive of clinical deterioration in the high EDSS categories compared
to low EDSS categories [34]. This may partly explain the attenuation
of the effect of DMTs with increased EDSS.

Prior relapse activity was a more important determinant of the
effect of DMTs on relapses than disease phenotype. Interestingly,
we have observed a superior suppression of relapses by DMTs
among patients with relapsing MS with lower relapse activity and

with absence of recent radiological activity. This is most likely at-
tributable to the high representation of low-efficacy therapies (such
as interferon B and glatiramer acetate), which may be sufficiently
potent to suppress relapses in disease with a low level of episodic in-
flammation but may fail to suppress relapses in highly active disease
[35, 36]. Furthermore, in many instances prior relapses occurred
during DMT treatment, which is a recognized poor prognostic sign
[37]. Finally, a group with consistently low frequency of relapses,
which continues to receive their established DMTs, represents the
cohort with well-controlled disease. These patients will likely expe-
rience continued benefit from their present DMT.

This study did not find evidence for the effect of age on the
effectiveness of DMTs. Patients aged 47 years or older continued
to derive benefit from DMTs. This contrasts with a meta-analysis
of randomized clinical trials [38], which suggested that patients
may cease to benefit from DMTs after 53years of age. However,
the meta-analysis only used information about mean patient age
within each trial and included a limited number of trials where mean
patient age was 45years (seven trials, only one trial with mean
age > 50years). Thus, the conclusion of the meta-analysis was based
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on an extrapolation of treatment efficacy beyond the available data.
Moreover, the trials with higher age averages are enriched by studies
of DMTs in progressive MS, in which the effectiveness of DMTs is
known to be low.

Furthermore, the results of this study suggest that timely ini-
tiation of DMTs, before patients accumulate severe and irrevers-
ible neurological disability, maximizes the benefit that patients will
derive from exposure to these treatments [39]. This conclusion is
supported by the results of several previous studies [40-42]. It
also provides evidence in support of continued treatment across all
sufficiently represented age groups among patients with relapsing
disease.

This study is limited by the observational nature of the analyzed
data. We have utilized a standardized data quality procedure to max-
imize the syntactic validity of the analyzed information [40]. By using
MSMs, we were able to emulate target randomized trials of treated
versus untreated pseudocohorts, which allow causal interpretations
of the results [24]. MSMs allowed us to repeatedly rebalance the
compared treated and untreated pseudocohorts for time-varying
confounders of the analyzed associations of DMTs with outcomes.
Despite the substantial number of covariates that we have accounted
for, unmeasured confounding may still be present (most notably MRI
measures). It is therefore reassuring that the results of the overall
treatment effectiveness were consistent across three different defi-
nitions of target trial. Multiple DMTs with different levels of efficacy
were combined in the “treated” group of this study. We were, there-
fore, unable to compare effectiveness among multiple treatments si-
multaneously. Continuous variables were stratified in a way to allow
sufficient representation of patients in each stratum rather than on
clinical utility of the strata. Future research using MSMs will require
application of methodology that allows simultaneous comparisons
of treatments. Disability improvement due to DMT was mainly ob-
served in the early years following the first presentation of MS. This
result may suggest an exhaustion of compensatory mechanisms with
increasing cumulative inflammatory damage and older age [15].

CONCLUSIONS

Immunotherapy for MS is associated with reduction in relapse fre-
quency and disability worsening, and increased chance of recovery
of neurological function. DMTs are most effective in controlling re-
lapsing MS before patients have accumulated substantial neurological
disability. They continue to reduce disease activity and disability wors-
ening even in patients with EDSS >3 and age 45years or older. DMTs
should therefore be initiated early, but should be considered across all
age groups, with careful evaluation of individual benefit-risk ratios.
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