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ABSTRACT
Background  Effectiveness of disease-modifying 
treatment (DMT) in people affected by primary 
progressive multiple sclerosis (PPMS) is limited. Whether 
specific subgroups may benefit more from DMT in a 
real-world setting remains unclear. Our aim was to 
investigate the potential effect of DMT on disability 
worsening among patients with PPMS stratified by 
different disability trajectories.
Methods  Within the framework of the Big MS Data 
network, we merged data from the Observatoire Français 
de la Sclérose en Plaques, the Swedish and Italian MS 
registries, and MSBase. We identified patients with 
PPMS that started DMT or were never treated during 
the observed period. Subpopulations with comparable 
baseline characteristics were selected by propensity 
score matching. Disability outcomes were analysed in 
time-to-recurrent event analyses, which were repeated 
in subclasses with different disability trajectories 
determined by latent class mixed models.
Results  Of the 3243 included patients, we matched 
739 treated and 1330 untreated patients with a median 
follow-up of 3 years after pairwise censoring. No 
difference in the risk of confirmed disability worsening 
(CDW) was observed between the groups in the fully 
matched dataset (HR 1.11, 95% CI 0.97 to 1.23, 
p=0.127). However, we found a lower risk for CDW 
among the class of treated patients with an aggressive 
disability trajectory (n=360, HR 0.68, 95% CI 0.50 to 
0.92, p=0.014).

Conclusions  In line with previous studies, our data 
suggest that DMT does not ameliorate disability 
worsening in PPMS, in general. However, we observed 
a beneficial effect of DMT on disability worsening in 
patients with aggressive predicted disability trajectories.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Effectiveness of disease-modifying treatment 
(DMT) in primary progressive multiple sclerosis 
(PPMS) is limited and ocrelizumab is the 
only drug licensed for the treatment of this 
condition.

WHAT THIS STUDY ADDS
	⇒ This study shows that people with PPMS can be 
classified by their disability trajectories. In those 
classified as having an aggressively progressing 
disease, DMT is associated with a lower hazard 
for disability worsening compared with no 
treatment.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study highlights the importance of 
identifying patients with PPMS who are likely to 
accrue disability more rapidly and supports the 
practice to treat those proactively with DMT.
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INTRODUCTION
Primary progressive multiple sclerosis (PPMS) is characterised 
by gradual disability accrual from symptom onset, although 
relapses may occur.1 It accounts for 10%–15% of the overall 
population with MS and carries a worse prognosis compared 
with the relapsing-remitting disease course.2 3 This is also due to 
the fact that in contrast to relapsing-remitting MS, the response 
to immunomodulatory treatment is less pronounced, and 
therefore, a large number of patients remain without disease-
modifying treatment (DMT).4–6 Several disease-modifying drugs 
have been tested in randomised controlled trials for PPMS, and 
of these only ocrelizumab demonstrated lower rates of clinical 
disability worsening, including the risk of requiring a wheel-
chair, when compared with placebo.7–10 As randomised clinical 
trials in progressive MS are challenging to perform and may 
suffer from limited generalisability due to strict inclusion and 
exclusion criteria, high-quality observational cohort studies can 
provide complementary evidence representative of real-world 
practice.11 12 A few large observational studies have examined 
the effectiveness of DMT in PPMS, with disappointing results 
in regard to the general PPMS population.13–15 However, there 
is mounting evidence that the presence of relapses is a treatable 
target in PPMS.13 15 Still, the majority of patients with PPMS 
gradually accumulate disability without relapses.

Therefore, our aim was to explore whether there is evidence 
for a differential effectiveness of DMT on robust disability 
outcomes in classes of patients with PPMS stratified by distinct 
disability trajectories.

METHODS
Participants
Within the framework of the Big MS Data network,16 17 data 
from the Observatoire Français de la Sclérose en Plaques (OFSEP, 
www.ofsep.org),18 19 the Swedish20 and Italian MS registries21 and 
the international MSBase registry22 were extracted in November 
2017. We mapped and unified the variables present in the four 
datasets, which were then merged into a single dataset (online 
supplemental methods). Any overlap between the data contained 
in MSBase and those contained in the national registries was 
checked and duplicate data were removed. Automated checks on 
the combined dataset were performed according to the MSBase 
data quality protocol to ensure data quality and consistency as 
previously described.23

We identified patients with PPMS as defined in the respec-
tive cohorts and a minimum available dataset. This consisted 
of sex, year of birth, year of MS onset, disease course, three 
Expanded Disability Status Scale (EDSS) assessments recorded 
after the onset of PPMS, including baseline EDSS (recorded 
within 6 months from the start of study therapy in treated 
groups), complete information about MS therapies (treatment 
name, start and end dates) and relapses (date of relapse onset) 
and MS centre identifier. For the latent class analyses, an EDSS 
assessment within 5 years from disease onset was required.

Outcomes
Outcomes were defined as follows: Disability worsening: EDSS 
score increase of 1 point (0.5 points if baseline EDSS score ≥6) 
confirmed at a second visit ≥6 months apart; disability progres-
sion: disability worsening in the absence of a relapse (between 
the visit preceding the disability event and the confirmatory 
visit); disability reduction: decrease of EDSS score by 1 point 
(0.5 points if baseline EDSS score ≥6.5) confirmed at a second 
visit ≥6 months apart. All disability events were assessed using a 

roving baseline approach. All EDSS scores ≥6 and ≥7 required 
confirmation over the next ≥6 months. Relapses were defined 
according to the respective cohorts.

Statistical analysis
To assign each patient to a disability trajectory class, the following 
mathematical functions for each class based on EDSS scores and 
time since disease onset as defined by Signori et al24 were used:
mild class:

	
‍
EDSS=

1.99 + 0.032 ×
√
time since onset

+ 0.12991× (time since onset)− 0.0026× time since onset2;‍�

moderate class:

	﻿‍
EDSS=

2.54 + 0.205 ×
√
time since onset

+ 0.32× (time since onset)− 0.07× time since onset2;‍�
severe class:

	﻿‍
EDSS=

4.24 + 0.87 ×
√
time since onset

+ 0.016× (time since onset)− 0.001× time since onset2.‍�
The first step was to obtain the predicted EDSS at each time 

point for the three classes. Then, the absolute difference between 
the observed and the predicted EDSS from each severity class 
function was calculated for each patient. The prediction closest 
to the observed EDSS was identified, and the corresponding 
severity class was defined at each time point. For each patient, 
the disability class most frequently assigned at all time points 
represented the final class.

Patients exposed to disease-modifying therapy at any time 
after the onset of PPMS were allocated to the treated cohort. 
DMT was defined as interferon beta, glatiramer acetate, teri-
flunomide, dimethyl fumarate, fingolimod, cladribine, dacli-
zumab, mitoxantrone, natalizumab, alemtuzumab, rituximab, 
ocrelizumab, ofatumumab and autologous haematopoietic stem 
cell transplant. Patients were considered to be treated from the 
recorded treatment start date to the last recorded visit (intention 
to treat) or recorded treatment end date or the last recorded visit 
(as-treated). Patients who were not exposed to disease-modifying 
therapies, any immunosuppressive therapy and who did not take 
part in a treatment trial were allocated to the untreated cohort.

The study baseline was defined as the first recorded visit with 
an EDSS assessment for the untreated patients and the start 
of immunomodulatory treatment for the treated patients. The 
two groups were matched at baseline, and disability and relapse 
outcomes were compared between the matched groups. The 
groups were matched on propensity score, based on a multi-
variable logistic regression model with treatment allocation as 
the outcome variable and the demographic and clinical variables 
available to treating neurologists at baseline as the independent 
variables.25 These comprised sex, age, baseline EDSS, number 
of relapses in prior 12 months, Multiple Sclerosis Severity Scale 
(MSSS) at baseline and data source (registry).26

Patients were then matched in a variable matching ratio with 
exact matching on disease duration (in 3-year epochs) by nearest 
neighbour matching without replacement within a calliper of 
0.2 SD of the propensity score. Covariate balance between the 
matched groups was evaluated using standardised differences 
(with a difference of <0.2 considered to be acceptable) based 
on weighted means and medians and percentages (for categor-
ical variables). The common on-treatment follow-up was deter-
mined as the shorter of the two available individual follow-up 
periods for each matched patient pair (pairwise censoring), 
irrespective of treatment status, to control for attrition bias. All 
subsequent analyses were designed as paired models adjusted for 
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visit-with-EDSS density (for disability outcomes), with weighting 
for the variable matching ratio and nested within each centre.

The cumulative hazards of outcome events were evaluated by 
marginal proportional hazards models for recurrent events with 
robust estimation of variance, the cluster term indicating the 
matched pairs.27 For confirmed EDSS≥6, EDSS≥7, we applied 
marginal proportional hazards models for time to single event. 
Patients with a baseline EDSS≥6 or EDSS≥7, respectively, were 
excluded from these analyses. Proportionality of hazards was 
assessed by the Schoenfeld’s global test.

The above analyses were repeated within cohorts stratified 
into estimated latent disability progression classes (including 
propensity-score matching within each latent class).

Eight sensitivity analyses were carried out (a) restricting the 
analysis to patients without relapses prior to baseline, (b) only 
including patients treated with high-efficacy therapies (mitox-
antrone, natalizumab, rituximab, ocrelizumab, alemtuzumab) 
or untreated, (c) comparing patients treated with high-efficacy 
therapies with patients on platform injectable drugs (interferon 
beta, glatiramer acetate), (d) only including patients younger 
than 45 years at baseline, (e) including only patients for whom a 
visit with an EDSS assessment was recorded immediately before 
or after the treatment start (≤60 days) and, EDSS-visit density 
is ≥1 /year, and not adjusted for visit-with-EDSS density and (f) 
an ‘as-treated’ analysis, in which pairwise censoring will occur 
either at change of treatment status or end of follow-up, which-
ever occurred earlier. By design, our primary analysis was at 
risk for immortal time bias, that is, treated patients were only 
observed after the start of DMT, whereas untreated patients 
contributed to the analysis from their first documented visit. 
To mitigate potential immortal time bias, we (g) determined 
the study baseline as the first recorded visit, irrespective of the 
patient’s treatment status and modelled exposure to DMT as 
a time-dependent variable. Lastly, we (h) replaced treatment 

status during the observational period with the proportion of 
follow-up time spent on disease-modifying agents. The level of 
evidence for tests of statistical inference was α=0.05.

Data mapping and merging were performed by SS. using R 
V.4.0, analysis of the latent disability classes by AS using Stata 
(V.16; StataCorp) and all other analyses by J L using R V.4.0.28 
R packages used can be found in online supplemental appendix.

RESULTS
Main analyses
We included 3243 patients with PPMS in the primary analysis 
(figure  1). Patient characteristics differed markedly between 
the treated (n=1181) and untreated groups (n=2067, table 1). 
Younger age, shorter disease duration and lower EDSS scores, 
but faster disability accumulation as measured by the MSSS, and 
higher relapse rates were associated with a higher propensity of 
being treated (online supplemental table). Of note, the majority 
of patients (n=657, 56%) were treated with platform injectable 
therapies, relatively few (n=123, 12%) were on B-cell depleting 
drugs, and of these only a minority were treated with ocreli-
zumab, which is the only approved drug treatment for PPMS 
(n=23, 3%). The propensity score-based matching procedure 
retained 739 treated and 1330 untreated patients and improved 
the overall balance between the groups by 97% (online supple-
mental figure). The median follow-up time after pairwise 
censoring was approximately 3 years (IQR 1.8–4.9 years).

For the latent class analysis, we could include 1618 patients. 
Of these, 366 were categorised in the mild class, 681 were clas-
sified as moderate and 571 were classified as severe (figure 2). 
Patient characteristics of the three different classes are presented 
in table 2: Age, sex and disease duration were distributed rela-
tively similarly among the three classes. However, EDSS and 
MSSS increased markedly from the moderate to the severe 

Figure 1  Flow chart of included patients. Included and excluded patients. CIS, clinically isolated syndrome; EDSS, Expanded Disability Status Scale; PPMS, 
primary progressive multiple sclerosis; RCT, randomised controlled trial; RRMS, relapsing remitting multiple sclerosis; SPMS, secondary progressive multiple 
sclerosis.
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class, and a lower proportion of patients in the mild class were 
exposed to immunomodulatory treatments. The greatest differ-
ence could be found for mitoxantrone, which was only used in 
15% of patients in the mild group, but in 34% of patients in the 
severe class.

In the matched analysis of the primary dataset, we found that 
treated and untreated patients had a similar risk of experiencing 
overall disability worsening (HR 1.11, 95% CI 0.97 to 1.28 
p=0.127) and disability improvement (HR 0.97, 95% CI 0.73 
to 1.30, p=0.857). However, we observed a higher cumulative 
risk for disability progression independent of relapses (HR 1.15, 
95% CI 1.00 to 1.32 p=0.048), experiencing relapses (1.59, 
95% CI 1.07 to 2.36, p=0.022) and faster progression to EDSS 
6 (HR 1.56, 95% CI 1.25 to 1.96, p<0.001) and EDSS 7 (HR 
1.45, 95% CI 1.18 to 1.78, p<0.001) in treated compared with 
untreated patients (figure 3).

When we performed the prespecified subclass analysis in 
patients with a mild disability trajectory, no between-group 
differences were observed between the treated and the untreated 
group (table 3). In the moderate class, we found a higher chance 
of disability improvement among the treated patients. In contrast, 
we found a lower cumulative hazard for disability worsening and 
disability progression in patients with an aggressive disability 
trajectory who were treated with a disease-modifying drug, as 
well as a higher chance of disability improvement.

Sensitivity analyses
The sensitivity analysis of patients without relapse activity before 
inclusion confirmed the results of the primary analysis (table 4). 
Comparing patients on high-efficacy treatments with untreated 
patients, we found no difference in disability outcomes, but a 
lower risk for relapses. In patients below the age of 45 years, 

treatment was associated with a shorter time to reaching the 
disability milestones EDSS 6 or 7. When we defined the study 
baseline as the first recorded visit in both groups and modelled 
exposure to DMT as a time-dependent variable to mitigate 
potential immortal time bias, the results of the primary analysis 
were confirmed. Replacing treatment status at inclusion with the 
proportion of follow-up time spent on treatment only showed a 
higher risk for relapses in the treated group. In summary, most 
sensitivity analyses confirmed the results of the primary anal-
ysis. However, the ‘as-treated’ approach showed a lower risk for 
disability worsening and progression among patients on immu-
nomodulatory treatments, but no difference in the time to reach 
an EDSS≥6 or 7.

DISCUSSION
In this large combined retrospective analysis of prospectively 
acquired data from the Big MS Data network, we found that 
in the overall population of patients with PPMS, exposure to 
immunomodulatory treatment was associated with a higher risk 
for disability progression and for reaching important disability 
milestones in the medium term. In contrast, in the prespecified 
subclass with aggressive disability trajectories, treated patients 
had a lower risk for disability worsening and progression. A 
series of sensitivity analyses generally confirmed the results of 
the primary analysis. However, in the ‘as-treated’ analysis, DMT 
was associated with a reduced risk for disability worsening and 
progression, suggesting that observation in the matched cohort 
restricted to the treated epochs, showed a small benefit of DMT, 
but only as long as patients were on therapy.

The observation that DMT is associated with worse disability 
outcomes in patients suffering from PPMS has also been made in 
a recent analysis from the Italian MS Registry by Portaccio et al.15 

Table 1  Patient characteristics before and after matching

Unmatched Matched

Untreated Treated SMD Untreated Treated SMD

n 2062 1181 1330 739

Age, mean, years (SD) 53.67 (10.1) 44.87 (10.49) 0.86 50.3 (9.5) 49.6 (9.2) 0.19

Gender female, n (%) 1185 (57%) 601 (51%) 0.13 765 (57%) 382 (52%) 0.07

Disease duration, mean, years, SD 9.12 (8.35) 7.16 (6.12) 0.27 6.5 (5.9) 6.4 (5.6) 0.03

EDSS, median (quartiles) 4.5 (3.0, 6.0) 4.0 (3.0, 5.0) 0.33 4.0 (3.0, 6.0) 4.0 (3.0, 5.5) 0.03

MSSS, median (quartiles) 7.3 (5.4, 8.6) 7.9 (5.9, 8.8) 0.28 7.5 (5.8, 8.7) 7.9 (6.0, 9.0) 0.13

Relapses in the prior year, mean (SD) 0.03 (0.19) 0.21 (0.52) 0.46 0.07 (0.30) 0.05 (0.23) 0.10

Treatment at baseline

Dimethyl fumarate, n (%) 9 (<1%) 4 (<1%)

Fingolimod, n (%) 58 (5%) 42 (5%)

Glatiramer acetate, n (%) 145 (12%) 115 (15%)

Interferon beta, n (%) 512 (43%) 345 (47%)

Mitoxantrone, n (%) 310 (26%) 172 (22%)

Natalizumab, n (%) 16 (1%) 10 (1%)

Ocrelizumab, n (%) 29 (3%) 21 (3%)

Rituximab, n (%) 94 (8%) 93 (8%)

Teriflunomide, n (%) 8 (<1%) 6 (<1%)

Dataset 0.58 0.16

OFSEP, n (%) 770 (37%) 743 (63%) 613 (46%) 414 (53%)

Swedish MS registry, n (%) 487 (24%) 151 (13%) 262 (20%) 121 (16%)

Italian MS registry, n (%) 289 (14%) 161 (14%) 201 (15%) 118 (15%)

MSBase, n (%) 516 (25%) 126 (11%) 254 (19%) 125 (16%)

Follow-up, years median (quartiles) 6.8 (3.9, 10.9) 5.8 (3.0, 10.3) 2.8 (2.1, 4.0)* 2.9 (1.8, 4.9)*

*After pairwise censoring.
EDSS, Expanded Disability Status Scale; MSSS, Multiple Sclerosis Severity Scale; OFSEP, Observatoire Français de la Sclérose en Plaques; SMD, standardised mean difference. copyright.
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In both their and our studies, this finding is most likely caused by 
residual treatment indication bias that could not be completely 
overcome by the propensity score matching procedure.

However, and more importantly, Portaccio et al showed that 
DMT was associated with a lower risk of reaching EDSS 7, that 
is, the essential loss of ambulatory function, in patients with 
PPMS that presented inflammatory activity. In their matched 
cohort, a rather large proportion of patients had clinical relapses 
in the 2 years before study inclusion (16–18%) and during the 
observational period (36%). When limiting the analysis to those 
patients who did not exhibit any relapse activity in the year 
before baseline, an association between superimposed relapses 
over the follow-up period and treatment effectiveness remained, 
but did not reach the level of statistical evidence. So, the authors 

concluded that inflammatory activity was a modifiable risk factor 
of long-term disability in PPMS, and the presence of relapses 
could be used to guide treatment decisions in these patients.

The finding that patients with superimposed relapses seem to 
benefit from immunomodulatory treatment is also in line with 
a previous study from the MSBase registry, which showed that 
the proportion of follow-up time spent on disease-modifying 
therapy significantly reduced the hazard of confirmed disability 
progression in PPMS patients with, but not in those without 
relapses.13

In our analysis, the relapse-rates in the year before inclu-
sion were considerably lower than in the Italian study, which 
prevented us from analysing this group separately due to limited 
analytical power. However, our sensitivity analysis of patients 
without relapse activity prior to baseline is in line with the 
results of Portaccio et al, showing worse disability outcomes 
for patients on DMT. Given our study design, we were not 
able to stratify the analysis for the presence of relapses during 
the prospective follow-up time, as this would have introduced 
conditioning on future events. Therefore, we chose two sepa-
rate disability outcomes, that is, overall disability worsening and 
disability progression, which occurred exclusively in the absence 
of relapse activity. Still, these two outcomes showed very similar 
results throughout our suite of analyses.

However, the focus of our analysis was to explore whether 
patients with different disability trajectories might respond 
differently to immunomodulatory treatment. To this end, 
we used the approach previously developed by Signori et al 
and performed a latent class growth analysis on the longitu-
dinal disability data.24 This method assigns patients to classes 
depending on the patients’ disability trajectories taking into 
account disability level, that is, absolute EDSS values and change 
over time in relation to disease onset.

Similarly, as in the original study, which was based on data 
from the MSBase registry only, we could allocate patients to 
three distinct classes with mild, moderate or severe disability 
trajectories.

In the severely affected patients, the disease had caused more 
disability in shorter time already at study baseline and continued 

Figure 2  Disability trajectories. Disability trajectories determined by 
latent class analysis. Individual patients’ trajectories (grey), observed 
trajectories (red) and predicted trajectories (green). (A) Mild disability 
trajectory, n=366; (B) Moderate disability trajectory, n=681; (C) Severe 
disability trajectory, n=571. EDSS, Expanded Disability Status Scale.

Table 2  Baseline characteristics of patients with different disability 
trajectories

Mild Moderate Severe

n 366 681 571

Age, mean, years (SD) 46.3 (10.8) 46.4 (10.7) 48.1 (10.9)

Sex, female, n (%) 186 (51) 354 (52) 322 (56)

Disease duration, mean, years, SD 3.5 (3.7) 3.4 (2.6) 2.8 (2.3)

EDSS, median (quartiles) 2.5 (2.0, 3.0) 4.0 (3.5, 4.0) 6.0 (4.5, 6.0)

MSSS, median (quartiles) 5.9 (4.8, 6.8) 8.0 (7.3, 8.6) 9.2 (8.8,10.0)

Relapses in the prior year, mean (SD) 0.10 (0.34) 0.15 (0.45) 0.14 (0.41)

Treated, n (%) 147 (40) 347 (51) 286 (50)

Dimethyl fumarate, n (%) 3 (2) 3 (<1) 1 (<1)

Fingolimod, n (%) 6 (4) 17 (5) 16 (6)

Glatiramer acetate, n (%) 18 (12) 52 (15) 28 (10)

Interferon beta, n (%) 80 (22) 152 (22) 103 (18)

Mitoxantrone, n (%) 22 (15) 85 (24) 97 (34)

Natalizumab, n (%) 3 (2) 2 (<1) 5 (2)

Ocrelizumab, n (%) 0 (0) 14 (4) 9 (3)

Rituximab, n (%) 13 (9) 21 (6) 25 (9)

Teriflunomide, n (%) 2 (1) 1 (<1) 2 (<1)

EDSS, Expanded Disability Status Scale; MSSS, Multiple Sclerosis Severity Scale.
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to do so during the observational period. Still, DMT exposure 
was associated with a lower risk of disability worsening and 
progression in these patients. This is even more striking, consid-
ering the results of the primary analysis of the entire matched 

cohort, in which patients treated with DMT fared relatively 
worse than the untreated ones. One potential reason for this 
finding could be the fact that highly effective treatment was used 
more frequently in patients with severe disability trajectories. In 

Figure 3  Clinical outcomes of the primary analysis. Clinical outcomes in matched patients. (A) Cumulative hazard for disability worsening, (B) cumulative 
hazard for disability progression, (C) cumulative hazard for disability improvement, (D) cumulative hazard for relapses, (E) percentage of patients who do not 
reach an EDSS≥6, (F) percentage of patients who do not reach an EDSS≥7. DMT, disease-modifying treatment; EDSS, Expanded Disability Status Scale.
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our cohort, this was mostly due to a larger proportion of patients 
treated with mitoxantrone, whereas the use of B-cell depleting 
drugs was relatively similarly distributed among the three 
groups. Of note, relapses in the year before inclusion occurred 
rarely and at a similar rate in all three groups (0.10–0.14 relapses 
per patient-year).

We performed a series of sensitivity analyses to investigate the 
robustness of the results from the primary analysis in relation to 
variations of our inclusion and exclusion criteria and statistical 
methods. Generally, these confirmed the results of the primary 
analysis of the entire cohort. High efficacy treatment was asso-
ciated with a lower cumulative risk for relapses compared 
with no treatment and platform DMT but not with improved 
disability outcomes. When restricting the study population to 
patients younger than 45 years at baseline, we did not find any 
relevant differences compared with the primary analysis. This is 
in contrast to previous studies, which have shown a better treat-
ment response also in regard to reducing disability worsening 
in younger patients29 30 but might be due to limited analytical 
power and the relatively low relapse activity observed in our 
cohort.

One notable exception to the general trend was the ‘as-treated’ 
analysis that evaluated immediate outcomes during treatment 
exposure, not influenced by potential confounding during the 
untreated epochs. In this analysis, we found a lower cumulative 
hazard for disability worsening and progression in the treated 
patients, but the hazard of reaching the disability milestones 
EDSS 6 and 7 was similar in both groups. By removing the 
effect of untreated epochs, these findings suggest that even in 
the entire matched cohort, patients on therapy had a lower risk 
for disability accrual, but only while being treated. These results, 
therefore, provide an argument for sustained use of DMT in 
PPMS, if it is to be beneficial.

Our study has several limitations. The most important one is 
the observational study design and the lack of randomisation. 
To mitigate the known treatment indication bias, we employed 
propensity score matching. However, propensity score matching 

Table 3  Outcomes in subclasses with different disability trajectories

Mild: matched 70 treated, 150 untreated

 � Disability worsening HR 1.91, 95% CI 0.92 to 4.00, p=0.086

 � Disability progression HR 1.51, 95% CI 1.00 to 2.30, p=0.051

 � Disability improvement HR 0.84, 95% CI 0.46 to 1.55, p=0.583

 � Relapses HR 1.05 95% CI 0.46 to 2.44, p=0.902

 � EDSS 6 HR 2.20, 95% CI 0.87 to 5.53, p=0.098

 � EDSS 7 HR 2.19, 95% CI 0.87 to 5.53, p=0.098

Moderate: matched 168 treated, 282 untreated

 � Disability worsening HR 1.22, 95% CI 0.85 to 1.75, p=0.276

 � Disability progression HR 1.14, 95% CI 0.85 to 1.54, p=0.396

 � Disability improvement HR 2.36, 95% CI 1.26 to 4.43, p=0.007

 � Relapses HR 1.28, 95% CI 0.71 to 2.31, p=0.394

 � EDSS 6 HR 1.27, 95% CI 0.84 to 1.91, p=0.264

 � EDSS 7 HR 1.26, 95% CI 0.84 to 1.90, p=0.270

Severe: matched 131 treated, 229 untreated

 � Disability worsening HR 0.68, 95% CI 0.50 to 0.92, p=0.014

 � Disability progression HR 0.69, 95% CI 0.50 to 0.96, p=0.030

 � Disability improvement HR 2.11, 95% CI 1.05 to 4.23, p=0.035

 � Relapses HR 1.50, 95% CI 0.64 to 3.49, p=0.342

 � EDSS 6 HR 0.92, 95% CI 0.54 to 1.57, p=0.766

 � EDSS 7 HR 0.95, 95% CI 0.60 to 1.48, p=0.819

EDSS, Expanded Disability Status Scale.

Table 4  Sensitivity analyses

No relapses prior to baseline: matched 667 treated, 1248 untreated

 � Disability worsening HR 1.46, 95% CI 1.18 to 1.81, p<0.001

 � Disability progression HR 1.17, 95% CI 1.01 to 1.35, p=0.011

 � Disability improvement HR 1.47, 95% CI 1.01 to 1.99, p=0.035

 � Relapses HR 1.37, 95% CI 0.92 to 2.05, p=0.123

 � EDSS 6 HR 1.52, 95% CI 1.20 to 1.91, p<0.001

 � EDSS 7 HR 1.42, 95% CI 1.14 to 1.76, p<0.001

High-efficacy treatments vs untreated: matched 297 treated, 693 untreated

 � Disability worsening HR 1.10, 95% CI 0.78 to 1.55, p=0.590

 � Disability progression HR 1.10, 95% CI 0.88 to 1.38, p=0.411

 � Disability improvement HR 1.05, 95% CI 0.66 to 1.65, p=0.849

 � Relapses HR 0.47, 95% CI 0.24 to 0.92, p=0.029

 � EDSS 6 HR 1.37, 95% CI 0.94 to 1.97, p=0.094

 � EDSS 7 HR 1.17, 95% CI 0.80 to 1.58, p=0.490

High-efficacy treatments vs platform: matched 322 high-efficacy, 523 platform

 � Disability worsening HR 1.11, 95% CI 0.82 to 1.50, p=0.485

 � Disability progression HR 1.04, 95% CI 0.81 to 1.34, p=0.763

 � Disability improvement HR 1.41, 95% CI 0.94 to 2.14, p=0.094

 � Relapses HR 0.67, 95% CI 0.37 to 1.19, p=0.170

 � EDSS 6 HR 1.05, 95% CI 0.74 to 1.48, p=0.776

 � EDSS 7 HR 1.08, 95% CI 0.79 to 1.47, p=0.620

Age <45: matched 252 treated, 306 untreated

 � Disability worsening HR 1.21, 95% CI 0.86 to 1.70, p=0.296

 � Disability progression HR 1.10, 95% CI 0.87 to 1.39, p=0.419

 � Disability improvement HR 1.31, 95% CI 0.81 to 2.12, p=0.262

 � Relapses HR 1.43, 95% CI 0.79 to 2.59, p=0.236

 � EDSS 6 HR 1.50, 95% CI 1.05 to 2.14, p=0.025

 � EDSS 7 HR 1.40, 95% CI 1.00 to 1.94, p=0.047

EDSS assessment ≤60 days before or after treatment start, EDSS-visit density ≥1/year, not 
adjusted for visit-with-EDSS density. Matched 729 treated, 1330 untreated

 � Disability worsening HR 1.17, 95% CI 1.02 to 1.32, p=0.023

 � Disability progression HR 1.16, 95% CI 1.01 to 1.33, p=0.039

 � Disability improvement HR 0.98, 95% CI 0.73 to 1.31, p=0.879

 � Relapses HR 1.58, 95% CI 1.07 to 2.36, p=0.023

 � EDSS 6 HR 1.57, 95% CI 1.26 to 1.95, p<0.001

 � EDSS 7 HR 1.45, 95% CI 1.18 to 1.78, p<0.001

As-treated analysis: matched 739 treated, 1330 untreated

 � Disability worsening HR 0.85, 95% CI 0.73 to 0.97, p=0.021

 � Disability progression HR 0.84, 95% CI 0.72 to 0.98, p=0.032

 � Disability improvement HR 1.13, 95% CI 0.82 to 1.55, p=0.462

 � Relapses HR 1.32, 95% CI 0.87 to 1.99, p=0.192

 � EDSS 6 HR 1.14, 95% CI 0.89 to 1.45, p=0.302

 � EDSS 7 HR 1.01, 95% CI 0.80 to 1.27, p=0.926

First recorded visit as study baseline for treated and untreated patients. Exposure to DMT 
modelled as time-dependent variable: matched 898 treated, 1461 untreated

 � Disability worsening HR 1.38, 95% CI 1.23 to 1.55, p<0.001

 � Disability progression HR 1.35, 95% CI 1.19 to 1.53, p<0.001

 � Disability improvement HR 1.83, 95% CI 1.40 to 2.41, p<0.001

 � Relapses HR 1.58, 95% CI 1.14 to 2.19, p=0.006

 � EDSS 6 HR 2.59, 95% CI 2.11 to 3.18, p<0.001

 � EDSS 7 HR 2.45, 95% CI 2.02 to 2.97, p<0.001

Replacing treatment status at inclusion with the proportion of follow-up time spent on 
DMT: matched 739 treated, 1330 untreated

 � Disability worsening HR 1.11, 95% CI 0.91 to 1.36, p=0.297

 � Disability progression HR 1.12, 95% CI 0.91 to 1.38, p=0.050

 � Disability improvement HR 1.03, 95% CI 0.67 to 1.58, p=0.904

 � Relapses HR 1.74, 95% CI 1.08 to 2.78, p=0.022

 � EDSS 6 HR 1.28, 95% CI 0.95 to 1.72, p=0.102

 � EDSS 7 HR 1.25, 95% CI 0.93 to 1.66, p=0.135

DMT, disease-modifying treatment; EDSS, Expanded Disability Status Scale.
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does not eliminate unknown confounders and, as in our case, 
can still result in residual imbalance if a strong treatment indi-
cation bias is present. However, our study used strict matching 
criteria, including exact matching on disease duration and two 
disability metrics. Pairwise censoring was applied to control for 
attrition bias. We also adjusted for reporting bias by considering 
the frequency of follow-up visits. To mitigate potential immortal 
time bias, we added a sensitivity analysis, for which the study 
baseline was defined as the first recorded visit for both treated 
and untreaded patients and exposure to DMT was modelled as 
a time-dependent variable, which confirmed the results of the 
primary analysis.

Another limitation is the relatively limited follow-up after 
pairwise censoring. With a median follow-up of approximately 
3 years, we were unable to assess long-term outcomes and might 
miss a delayed effect of DMT.

Combining observational datasets from four different sources 
will have increased the heterogeneity of the data. To mitigate 
this effect, we applied a strict protocol for data cleaning and 
harmonisation and generated a large dataset of patients with 
PPMS with substantial follow-up and broad generalisability.

As MRI information was unavailable in the combined dataset, 
we could not match patients on MRI activity, analyse potential 
subgroup effects in patients with radiologically active disease or 
study treatment effects on MRI outcomes.

Our primary disability outcomes also reflect the inherent 
limitations of the EDSS. The EDSS relies heavily on lower limb 
function and its sensitivity to cognitive changes and upper limb 
function in more advanced MS is relatively low.31 In addition, 
the EDSS is burdened with relatively low intrarater and inter-
rater reliability, especially at the lower end of the scale.32 33 
However, the use of EDSS-based metrics enabled us to analyse 
robust disability outcomes and relevant disability milestones.

In conclusion, our study, using a large observational dataset 
from the Big MS Data network confirmed previous work 
suggesting that DMT in general is not associated with better 
disability outcomes in people with PPMS. However, it high-
lights the importance of viewing PPMS as a heterogeneous 
group of patients with varying degrees of focal inflammation. 
Consequently, treatment strategies should not be based on the 
presenting symptoms only but should include the identification 
of PPMS patients who are likely to accumulate disability more 
rapidly to treat those proactively with DMT.
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