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Abstract
Background and Objectives  Patients aged ≥ 35 years at multiple sclerosis (MS) symptom onset with an Expanded Disability 
Status Scale (EDSS) score ≥ 3 within the first year are at highest risk of developing aggressive MS (EDSS ≥ 6 within 10 
years). Patients without these features are at lowest risk. This study aimed to evaluate whether high-efficacy disease-mod-
ifying therapy (HE-DMT) reduced the risk of relapse and disability accumulation in individuals at high risk of aggressive 
MS, and whether treatment benefit varied by MS severity.
Methods  This observational cohort study used longitudinal data from two registries: MSBase (international) and OFSEP 
(France). Adults with relapse-onset MS and an EDSS score recorded within 12 months of symptom onset were included. 
Patients were classified into high-risk or low-risk groups for aggressive MS based on the above strata; those at intermediate 
risk were excluded. A pseudo-cohort framework compared periods of continuous HE-DMT (fingolimod, cladribine, mono-
clonal antibodies) with periods of non-HE-DMT states (on lower-efficacy DMTs or untreated) within each aggressive MS 
risk stratum. Marginal structural models with repeated adjustment for time-varying confounders of treatment and censor-
ing were used to estimate counterfactual cumulative hazards of relapses and 6-month confirmed disability worsening and 
improvement. An interaction between MS risk stratum and treatment strategy was tested. A secondary analysis evaluated 
patients who received an HE-DMT during the study period.
Results  In total, 10,405 people (2021 high risk, 8384 low risk) were included. Continuous HE-DMT reduced the risk of 
relapse in both high-risk and low-risk groups. There was no evidence of a difference in disability outcomes between treatment 
approaches. There was no evidence of an interaction between aggressive MS risk and treatment effect. In stratified analyses, 
lowest relapse risk was observed in the low-risk group treated with HE-DMT (hazard ratio [HR] 0.75, 95% CI 0.69–0.80). 
Treatment with HE-DMT was associated with relapse risk comparable to that observed in the low-risk group not treated 
with HE-DMT (HR 0.99, 0.87–1.13). In a secondary analysis restricted to patients who receive HE-DMT during the study 
timeframe, treatment with HE-DMT reduced the risk of disability worsening in the high-risk group (HR 0.75, 0.58–0.99), 
to the level observed in the low-risk group (HR 0.80, 0.70–0.92).
Conclusions  HE-DMTs reduced the risk of relapse in people at both high and low risk of aggressive MS, with no evidence 
of differential treatment benefit. In the overall population, no evidence of a difference in disability outcomes between HE-
DMT-treated and HE-DMT-untreated time was observed. However, among patients ever exposed to HE-DMT, disability 
worsening was less common while treated with HE-DMT.

1  Introduction

Multiple sclerosis (MS) is a heterogeneous disease with a spec-
trum of disease severity and associated disability. Six percent of 
people with MS (pwMS) have an aggressive MS course, defined 
as requiring ambulatory assistance (Expanded Disability Status 
Scale [EDSS] score of 6) within 10 years of MS onset [1, 2]. A 
longitudinal cohort study from MSBase identified that pwMS 

≥35 years at MS symptom onset with an EDSS of ≥3 within 
the first year have a 21% rate of developing aggressive MS [2]. 
In contrast, those without these features are at lowest risk of 
aggressive MS (rate: 1.4%). Therefore, pwMS can be stratified 
into high and low risk groups as early as the first year from MS 
symptom onset.

MS treatment has shifted toward widespread high-effi-
cacy (HE) disease-modifying therapy (DMT) use, backed by 
growing evidence of its role in reducing disability accumu-
lation and progression to secondary progressive MS [3–6]. 

Extended author information available on the last page of the article
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Key Points 

It is uncertain whether the need for high-efficacy 
disease-modifying therapy (HE-DMT) differs between 
patients at highest and lowest risk of developing severe 
forms of multiple sclerosis (MS).

This observational cohort study provides evidence that 
although some people with MS are at low risk of aggres-
sive MS, they benefit from high-efficacy therapies to 
prevent relapses to a similar extent as people with MS at 
high risk of aggressive MS.

Among patients who qualified for treatment with HE-
DMT, HE-DMT exposure reduced disability accumula-
tion.

OFSEP is the French national MS registry that integrates 
clinical and imaging data from 33 specialised MS centres 
across France. The study quantified the effects of remain-
ing in an HE-DMT state in comparison to remaining in a 
non-HE-DMT state, using a marginal structural model with 
inverse probability weighting to adjust for time-dependent 
confounding.

2.2 � Study Population

Longitudinal data were extracted from MSBase and 
OFSEP in May 2023 and May 2022, respectively. PwMS 
with relapse-onset MS and a first visit within 12 months 
of MS symptom onset were assessed for inclusion. Further 
minimum data was ≥ 2 subsequent disability scores ≥ 6 
months apart, ≥ 1 disability score per year, and presence 
of the minimum dataset required to adjust for confounders 
(see Procedures). PwMS were followed from MS onset to 
date of the last available visit. The following DMTs were 
considered HE: sphingosine 1-phosphate inhibitors, cladrib-
ine, daclizumab, anti-CD20 therapies, mitoxantrone, natali-
zumab, and alemtuzumab [4, 5, 14]. All other DMTs were 
not considered to be HE. PwMS previously in clinical trials 
or treated with stem cell transplantation were excluded.

2.3 � Procedures

The date of the first reported MS symptom was considered 
the date of MS onset. PwMS aged ≥ 35 years at MS onset 
with a maximum EDSS score ≥ 3 in the first year were clas-
sified at high risk of aggressive MS. PwMS with none of 
these features (i.e., < 35 years at MS onset and maximum 
EDSS score < 3 in year 1) were classified as low risk. PwMS 
not fitting into either group were classified as intermediate 
risk and were excluded to focus on treatment outcomes at 
both extremes of aggressive MS risk.

The follow-up time was segmented into 6-month inter-
vals (bins), with potential confounders of treatment effect 
recorded in each bin (see Statistical Analysis section). Treat-
ment status was updated in each bin. Bins in which a HE-
DMT was recorded for ≥ 15 days were classified as “HE-
DMT”, and all other bins were classified as “not HE-DMT”, 
consistent with prior work [10]. This conservative threshold 
minimises misclassification by avoiding the assignment of 
active treatment time to the comparison state, which would 
bias estimates toward the null. Each patient could therefore 
contribute to both the HE and not-HE pseudocohorts at dif-
ferent times.

The EDSS was used to quantify disability [15]. Annual 
disability scores were required. Where no new disability 
score was available during a 6-month period, the preceding 
EDSS was carried forward consistent with prior methodol-
ogy in observational cohorts [10]. This was required in only 

While HE-DMTs are intuitively preferred over escalation for 
pwMS at high risk of aggressive MS, this group is small and 
underrepresented, limiting direct evidence [7]. Additionally, 
it is uncertain whether there is a differential benefit of HE-
DMTs, and whether this approach is necessary for pwMS 
at the lowest risk of developing aggressive MS. Given the 
potential risks associated with HE-DMTs, it is crucial to 
determine if it is reasonable or necessary to treat all pwMS 
with HE-DMTs regardless of their risk of developing aggres-
sive MS [8].

We present a study from two longitudinal MS cohorts 
with the aim of quantifying differences in relapse and dis-
ability outcomes between periods treated with HE-DMT 
and periods not treated with HE-DMT (i.e., treated with 
lower‑efficacy DMTs or untreated) and among patients with 
predicted aggressive and mild course of MS. Comparisons 
of observational data between periods in HE-DMT and non-
HE-DMT states are complicated by reverse causality. To 
address this, the study employed causal inference methods, 
specifically marginal structural models with inverse prob-
ability weighing, to estimate the causal effect of remaining 
in HE-DMT versus non-HE-DMT states over time [9–11].

2 � Materials and Methods

2.1 � Study Design

We designed an observational cohort study using data from 
two large non-overlapping MS registries: MSBase (an inter-
national MS registry, ACTRN12605000455662) [12] and 
OFSEP (Observatoire Français de la Sclérose en Plaque, 
the French national MS registry) [13]. MSBase is an inter-
national, prospectively collected cohort including more than 
80,000 patients from 150 centres at the time of data extract. 
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30% of time bins, and no score was carried forward more 
than once. Relapses were defined as new/exacerbation of 
existing symptoms persisting for ≥ 24 h, in the absence of 
a concurrent illness/fever and occurring ≥ 30 days after a 
previous relapse. The presence/absence of new/enlarging T2 
hyperintense or contrast-enhancing lesions on MRI brain 
was reported using institutional protocols. MRI activity was 
treated as present only when explicitly recorded.

Data were prospectively collected mainly from academic 
MS centres during routine clinical care and recorded into 
the MSBase data entry system or European Database for 
Multiple Sclerosis (EDMUS, OFSEP) [13, 16]. Rigorous 
data quality assurance procedures were applied (electronic 
supplementary material [ESM] Table S1) [17].

2.4 � Approvals

The study was approved by the Melbourne Health Human 
Research Ethics Committee and local ethics committees. 
Written informed consent was provided by patients. Require-
ments of the French Data Protection Agency were fulfilled.

2.5 � Outcomes

Outcomes were separately evaluated in pwMS at high and 
low risk of reaching aggressive MS. The primary study out-
comes were the probabilities of experiencing relapses, dis-
ability accumulation, and disability improvement. Disability 
accumulation was defined as an increase in EDSS by 1 step 
(1.5 steps if baseline EDSS 0, 0.5 steps if baseline EDSS 
> 5.5) confirmed over ≥ 6 months (with confirmation occur-
ring in the absence of a relapse in the preceding 30 days) 
[18]. Disability improvement was defined as a decrease in 
EDSS by 1 step (1.5 steps if baseline EDSS ≤ 1.5, 0.5 steps 
if baseline EDSS > 6) confirmed over ≥ 6 months. Carryover 
EDSS scores were not used as either a baseline or confirma-
tion for confirmed disability endpoints. Reaching EDSS step 
6, sustained for the duration of follow-up, was a secondary 
outcome (only pwMS with EDSS ≤ 6 at baseline included). 
The interaction of aggressive MS risk with treatment strat-
egy was evaluated.

2.6 � Statistical Analysis

Statistical analyses were performed using R. To mitigate 
confounding between treatment allocation and disease out-
comes, marginal structural models were used to compare 
the counterfactual cumulative hazards of events between 
patients who had versus those who had not initiated and 
continuously taken HE-DMTs over follow-up [19, 20].

Stabilised normalised inverse probability of treatment 
weights were calculated in each 6-month bin based on the 
inverse of each person’s probability of receiving HE-DMT 

conditional on their baseline, time-dependent, and stabi-
lising variables [20, 21]. Treatment status, age, sex, MS 
course and duration, relapses (number in the preceding 0–12 
months and total number since MS onset), disability score 
(EDSS), EDSS change in the past year, and MRI activity in 
the prior 12 months (defined as the number of MRI brain 
scans showing new/enlarging T2 lesions or gadolinium-
enhancing lesions) were included as time-dependent vari-
ables. Birth date, country, and date of first MS symptom 
were included as stabilising variables. To account for cen-
soring, stabilised normalised inverse probability of censor-
ing weights were calculated using the same variables [22]. 
The final weight was calculated by multiplying the inverse 
probability of treatment and censoring weights within each 
bin and then cumulatively across all preceding bins. Weights 
were truncated at the 1st and 99th percentiles to reduce the 
influence of extreme values; however, no trimming was 
applied. Covariate balance was assessed by standardised 
mean differences.

Weighted Andersen-Gill marginal structural models were 
used to compare the cumulative hazards of relapses, disabil-
ity accumulation, and disability improvement events, among 
pseudocohorts who were hypothetically always versus never 
treated with HE-DMTs [23]. Weighted marginal structural 
Cox models were used to compare the cumulative hazards of 
reaching EDSS 6 between these pseudo cohorts. To assess 
the potential influence of unmeasured confounding, we cal-
culated E-values for the hazard ratios of all primary out-
comes [24].

An additional analysis included an interaction term 
between HE treatment status and predicted aggressive MS 
risk to evaluate the differential effect of HE-DMTs on the 
above outcomes across the two risk groups.

Models were clustered by patient to account for within-
subject correlation. The weighted models were adjusted 
for additional variables if the standardised mean difference 
between weighted groups exceeded 0.2, and for visit density 
for disability outcomes. The proportional hazards assump-
tion was evaluated using global and covariate-specific Sch-
oenfeld residuals. Because treatment status was the primary 
exposure, violations were defined based on the treatment-
specific residuals. In the event of a violation, we fitted a 
treatment-by-time interaction term and conducted time-
stratified Cox models for the periods before and after the 
point of violation.

A secondary analysis was performed, including only 
pwMS who were treated with an HE-DMT during the 
recorded follow-up, reflecting individuals for whom HE-
DMT was considered a clinically realistic treatment [14].

Sensitivity analyses were performed to further explore 
the impact of geographic variability, treatment effects dur-
ing 6-month periods, and variable missingness: (1) evalu-
ating differential treatment effects between registries, (2) 
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excluding partially treated bins, and (3) because MRI activ-
ity was missing in 43% of periods, we conducted a multi-
ple-imputation analysis using an expectation–maximisation 
with bootstrapping framework to impute MRI activity as a 
time-varying covariate [25]. Twenty imputed datasets were 
generated using all variables predictive of MRI activity or 
missingness.

3 � Results

3.1 � Study Population

Of 52,804 pwMS with a visit within 12 months of MS 
onset, the risk of aggressive MS was estimated in 14,869 
patients (Fig. 1). A total of 2021 pwMS aged ≥ 35 years at 
MS onset with EDSS ≥ 3 within the first year were at high 
risk of aggressive MS. Conversely, 8384 pwMS with none of 
these features were at low risk of aggressive MS. Excluded 
patients were older and had shorter prospective follow-up 
than those who were included (ESM Table S2). There were 

no substantial differences among the included cohorts strati-
fied by registry (ESM Table S3).

The median time from MS onset to first visit was 5 
months (Table 1). EDSS measurements were available in 
70% of all 6-month periods. Completeness was slightly 
higher during periods on high-efficacy therapy (73%) 
compared with non-HET periods (68%), although distri-
butions overlapped substantially. Data on brain MRI from 
the previous 12 months was available for 52% of the study 
periods. Descriptive checks showed no consistent pattern 
of demographic or clinical characteristics associated with 
MRI missingness. PwMS at high risk of aggressive MS 
had a mean age at MS onset of 45 years, and a maximum 
EDSS of 3.5 in year 1. Of the 561 pwMS at high risk of 
aggressive MS with ≥ 10 years’ follow-up, 128 (22.8%) 
reached an EDSS score of ≥ 6 within 10 years since MS 
onset, therefore fulfilling the definition of aggressive MS.

PwMS at low risk of aggressive MS had a mean age 
at MS onset of 27 years, and a maximum EDSS of 1.5 in 
year 1. Of the 2423 pwMS at low risk of aggressive MS with 
≥ 10 years’ follow-up, 94 (3.9%) fulfilled the definition of 
aggressive MS.

Fig. 1   Consort diagram of patient disposition. High-efficacy thera-
pies: sphingosine 1-phosphate inhibitors, cladribine, daclizumab, 
anti-CD20 therapies, mitoxantrone, natalizumab and alemtuzumab. 
Patients at high risk of aggressive MS are aged ≥ 35 years at MS 
onset and have a maximum EDSS ≥3 within the first year of MS 

onset. Patients at low risk of aggressive MS have neither of these 
characteristics. All other patients are at intermediate risk of MS and 
are excluded from the analysis. EDSS Expanded Disability Status 
Scale, MS multiple sclerosis
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3.2 � Inverse Probability of Treatment and Censoring 
Weights

Stabilised normalised inverse probability of treatment 
and censoring weights for each patient at each 6-monthly 
period were calculated based on the probability of receiving 

HE-DMT at any period, conditional on patients’ demo-
graphic information, MS history, and previous treatment 
exposure. The weights followed an expected distribution, 
indicating good model specification (ESM Figure S1, ESM 
Table S4). Acceptable covariate balance (<0.2) was main-
tained overall (Fig. 2), and at most 6-monthly bins (ESM 
Figure S2).

Table 1   Characteristics of the study cohort

Data are presented as mean (SD) or median [quartiles] as appropriate
(H) High-efficacy disease-modifying therapy
DMT disease-modifying therapy, EDSS Expanded Disability Status Scale, MRI magnetic resonance imaging, MS multiple sclerosis

Aggressive MS risk

High Low

Patients, n (%) 2021 8384
 Female 1398 (69.2) 6025 (71.9)
 Male 623 (30.8) 2359 (28.1)

Registry, n (%)
 MSBase 1095 (54.2) 7289 (39.9)
 OFSEP 926 (45.8) 3446 (41.1)

Age, years 45 (7) 27 (5)
Disease duration (first visit), years 0.5 [0.3, 0.8] 0.5 [0.4, 0.8]
Disability (first visit), EDSS 3.0 [2.8, 4.0] 1.0 [0.0, 2.0]
Maximum disability in first year, EDSS 3.5 [3.0, 4.5] 1.5 [1.0, 2.0]
Disability (last visit), EDSS 3.5 [2.0, 5.5] 1.0 [0.0, 2.0]
MS course at first visit
 Clinically isolated syndrome 1367 (67.6) 5630 (67.2)
 Relapsing–remitting 654 (31.5) 2753 (32.8)

Visit interval, months 6.4 [4.8, 8.4] 6.6 [5.0, 8.5]
Prospective follow-up, years 6.1 [3.6, 10.7] 6.5 [3.7, 10.8]
Patients with MRI recorded, n (%) 1953 (97) 8203 (98)
Proportion of follow-up time on, (%)
 High-efficacy DMTs 23 [0, 55] 24 [0, 48]
 Not on high-efficacy DMTs 77 [45,100] 76 [52, 100]
 No DMTs 16 [0, 60] 15 [0, 44]

Treatment strategy at any time during follow-up, no. of patients (%)
 Alemtuzumab(H) 32 (2) 176 (2)
 Natalizumab(H) 383 (19) 1499 (18)
 Mitoxantrone(H) 114 (6) 138 (2)
 Ocrelizumab/rituximab/ofatumumab(H) 255 (13) 907 (11)
 Daclizumab(H) 1 (0) 9 (0)
 Cladribine(H) 41 (2) 225 (3)
 Fingolimod/ozanimod(H) 358 (18) 1910 (23)
 Siponimod(H) 7 (0) 4 (0)
 Dimethyl fumarate 250 (12) 1396 (17)
 Teriflunomide 242 (12) 977 (12)
 Interferon beta/glatiramer acetate 1091 (54) 5463 (65)
 Untreated 1452 (72) 5969 (71)

Number of DMTs during follow-up 1 [0, 1] 1 [0, 2]
Year of baseline 2012 [2006, 2015] 2012 [2007, 2016]
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3.3 � Disease Outcomes

We first estimated treatment effects within the high risk and 
low risk of aggressive MS groups separately, followed by a 
combined stratified analysis including a treatment-by-risk 
interaction term to enable comparison across the two groups.

3.3.1 � High Risk of Developing Aggressive Multiple Sclerosis 
(MS)

Among pwMS at high risk of developing aggressive MS, the 
pseudo cohort remaining continuously in HE-DMT states 
was less likely to experience relapses than the pseudo cohort 
not in HE-DMT states (annualised relapse rate [ARR] 0.20 
vs 0.28; hazard ratio [HR] 0.78, 95% confidence interval 
[CI] 0.70–0.86; Fig. 3A). There was no evidence for a differ-
ence in cumulative hazards of disability accumulation (HR 
0.93, 95% CI 0.77–1.12; Fig. 3B), disability improvement 
(HR 0.87, 95% CI 0.74–1.02; Fig 3C) or the probability of 
reaching EDSS step 6 (HR 1.16, 95% CI 0.87–1.54; ESM 
Figure S3A) between treatment approaches.

3.3.2 � Low Risk of Developing Aggressive MS

Among pwMS at low risk of developing aggressive MS, the 
pseudo cohort remaining continuously in HE-DMTs states 
was less likely to experience relapses than the pseudo cohort 
not in HE-DMT states (ARR 0.18 vs 0.28; HR 0.72, 95% CI 
0.67–0.77; Fig. 3D). There was no evidence for a differ-
ence in the cumulative hazards of disability accumulation 

(HR1.08, 95% CI 0.96–1.22; Fig. 3E), disability improve-
ment (HR 1.01, 95% CI 0.86–1.18; Fig. 3F), or the probabil-
ity of reaching EDSS step 6 (HR 1.10, 95% CI 0.77–1.56; 
ESM Figure S3B) between treatment approaches.

3.3.3 � Robustness to Unmeasured Confounding

Outcomes showed moderate robustness to unmeasured con-
founding (ESM Table S5).

3.3.4 � Interactions Between the Risk of Aggressive MS 
and High‑Efficacy Therapy

There was no evidence of interactions between treatment 
with HE-DMTs and the risk of aggressive MS: relapses 
(HR 0.96, 95% CI 0.85–1.10), disability accumulation (HR 
0.87, 95% CI 0.70–1.06), disability improvement (HR 0.82, 
95% CI 0.66–1.01), and reaching an EDSS of 6 (HR 0.98, 
95% CI 0.63–1.52).

In pwMS at high risk of aggressive MS, HE-DMT states 
reduced the risk of relapses to the risk observed in pwMS 
at low risk of aggressive MS not on HE-DMTs (Table 2). 
The cumulative risk of relapses was lowest in pwMS at 
low risk of aggressive MS treated with HE-DMTs (HR 
0.75, 95% CI 0.69–0.80; reference: low-risk not in HE-
DMT states). Lack of treatment with HE-DMTs exposed 
pwMS at high risk of aggressive MS to a higher risk of 
relapse (HR 1.37, 95% CI 1.25–1.51).

Fig. 2   Overall covariate balance in people at (A) high risk of aggres-
sive MS and (B) low risk of aggressive MS. This figure shows the 
average covariate balance over the entire follow up. Covariate balance 

over years is shown in the electronic supplementary material. CIS 
clinically isolated syndrome, dEDSS difference in EDSS, MS multiple 
sclerosis, SP secondary progressive
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There was no evidence of a difference in the risk of 
disability accumulation stratified by aggressive MS risk 
and HE-DMT state.

While the probability of disability improvement 
was higher in pwMS at high risk of aggressive MS, the 

observed risk of disability improvement did not differ 
between treatment approaches. There was no evidence for 
a difference in the risk of disability improvement in pwMS 
at low risk of aggressive MS who were versus were not in 
HE-DMT states.

Fig. 3   Study outcomes. Comparison of cumulative hazards of 
relapses (A, D), disability accumulation (B, E), and disability 
improvement (C, F) comparing pseudocohorts in the high-efficacy 

therapy versus non-high-efficacy therapy treatment states. People 
at high risk of aggressive MS are in A, B, C. Patients at low risk of 
aggressive MS are in D, E, F. MS multiple sclerosis

Table 2   Outcomes stratified by aggressive MS risk and HE-DMT treatment states

Bold formatting indicates statistical significance
CI confidence interval, EDSS Expanded Disability Status Scale, HE-DMT high-efficacy disease-modifying therapy, HR hazard ratio, MS multi-
ple sclerosis, Ref. reference

Relapses HR (95% CI) Disability accumulation
HR (95% CI)

Disability improvement
HR (95% CI)

Time to EDSS 6
HR (95% CI)

Low risk of aggressive MS No HE-DMT state Ref. Ref. Ref. Ref.
HE-DMTs state 0.75 (0.69–0.80) 1.10 (0.98–1.25) 0.98 (0.84–1.14) 1.19 (0.86–1.64)

High risk of aggressive MS No HE-DMT state 1.37 (1.25–1.51) 1.15 (0.97–1.36) 1.82 (1.54–2.16) 1.58 (1.04–2.39)
HE-DMTs state 0.99 (0.87–1.13) 1.10 (0.88–1.39) 1.47 (1.19–1.82) 1.84 (0.95–2.94)
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The risk of reaching an EDSS of 6 was highest in pwMS 
at high risk of aggressive MS, particularly when not in 
HE-DMT states (HR 1.58, 95% CI 1.04–2.39; reference: 
low risk not in HE-DMT states).

3.3.5 � Secondary Analysis Within the Subgroup Exposed 
to High‑Efficacy Disease‑Modifying Therapy 
(HE‑DMT)

A total of 893 patients at high risk of aggressive MS and 
3667 patients at low risk of aggressive MS were treated with 
HE-DMT during the study period (ESM Table S6). Overall 
covariate balance was acceptable (ESM Figure S4). Stand-
ardised mean differences exceeded 0.2 in some 6-month bins 
for relapse and EDSS covariates in the high-risk group, and 
for relapse covariates in the low-risk group, and models were 
adjusted accordingly.

The results for relapse outcomes confirm those of the 
primary analysis (ESM Table S7A and Table 7B). Among 
pwMS at high risk of developing aggressive MS, the pseu-
docohort remaining continuously in HE-DMT states was 
less likely to experience relapses than the pseudocohort not 
in HE-DMT states (ARR 0.21 vs 0.40; HR 0.61, 95% CI 
0.54–0.69). Among pwMS at low risk of developing aggres-
sive MS, the pseudocohort remaining continuously in HE-
DMT states was less likely to experience relapses than the 
pseudo cohort not in HE-DMT states (ARR 0.19 vs 0.41; 
HR 0.59, 95% CI 0.55–0.63).

The results for disability accumulation however differed 
from the primary analysis (ESM Table S7A and 7B). Pseu-
docohorts in HE-DMT states had a lower probability of dis-
ability accumulation in both the high-risk (HR 0.72, 95% CI 
0.59–0.89) and the low-risk (HR 0.79, 95% CI 0.70–0.91) 
of aggressive MS risk groups. Furthermore, the low-risk of 
developing aggressive MS strata had a lower probability of 
reaching an EDSS step of 6 in HE-DMT states (HR 0.79, 
95% CI 0.70–0.91). HE-DMTs reduced the hazard of dis-
ability accumulation in the high-risk of aggressive MS group 
below the hazard in the low-risk group not treated with HE-
DMTs (HR 0.75, 95% CI 0.58–0.98).

3.3.6 � Sensitivity Analyses

There was no evidence of effect modification by registry 
for any outcome in either risk group (ESM Table S8). Sen-
sitivity analyses excluding partially treated bins, and using 
multiple imputation of missing MRI data, yielded treatment-
effect estimates consistent with the primary analyses (ESM 
Table S9).

4 � Discussion

This study of pwMS from two large MS registries (MSBase 
and OFSEP) demonstrates that the association between 
HE-DMT and reduced relapse risk is consistent across 
prognostic MS subpopulations. Continuous time spent on 
HE-DMTs reduces the risk of relapses compared with time 
spent in non-HE-DMT states (i.e., lower-efficacy therapies 
or untreated) among pwMS at both high and low risk of 
developing aggressive MS. Furthermore, treatment with 
HE-DMTs is associated with a marked attenuation of the 
excess relapse risk observed in the high-risk stratum to the 
risk observed in pwMS at low risk of aggressive MS not 
treated with HE-DMTs. Overall, no evidence of a differ-
ence in disability outcomes between treatment approaches 
was detected. However, among a subgroup of patients who 
required HE-DMT during the follow-up, HE-DMT reduced 
the risk of disability accumulation in pwMS at high risk of 
aggressive MS to or below the risk observed in pwMS at low 
risk of aggressive MS.

Prognostication of MS disease severity, particularly with 
the aim of identifying pwMS at greatest risk of rapid disease 
progression and significant accumulation of disability over 
a short period is a clinical priority. Among several proposed 
definitions of aggressive MS, reaching an EDSS score of ≥6 
within 10 years since disease onset is most commonly used, 
with a population risk of 6% [1, 2, 26]. The Barcelona incep-
tion cohort showed that pwMS with ≥20 T2 lesions and ≥2 
Gd+ lesions on MRI brain at the time of the first demyeli-
nating event have a 20% chance of developing aggressive 
MS [1]. A previous study from MSBase (conducted in a 
partially overlapping cohort) identified that 21% of pwMS 
older than 35 years at MS onset, with an EDSS ≥ 3 within 
the first year, develop aggressive disease [2]. Our study, in 
a combined dataset from MSBase and OFSEP, identified a 
similar risk (22.8%) of fulfilling the definition of aggressive 
MS among pwMS with these characteristics. In contrast, 
3.9% of pwMS with none of these characteristics developed 
aggressive MS. This observation underscores the high dis-
crimination ability of the present predictive model of aggres-
sive MS. For this study, we have simplified the prediction 
of the risk of aggressive MS to two accessible clinicodemo-
graphic characteristics. However, we acknowledge that the 
trajectory of aggressive MS risk is complex and may change 
over time. In this study, predicted risk of aggressive MS 
was used solely to stratify the cohort, allowing assessment 
of treatment response at both risk extremes while excluding 
intermediate-risk cases.

Studies on the comparative effectiveness of HE-DMT in 
populations enriched with people with aggressive MS are 
scarce. People with aggressive MS are underrepresented 
in contemporary trials [7], and observational comparisons 
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typically focus on common treatment scenarios rather 
than prognostic subgroups [27]. The present work pro-
vides a novel perspective by comparing two hypothetical 
approaches to MS therapy—remaining in an HE-DMT state 
versus remaining in a non-HE-DMT state—at both extremes 
of aggressive MS risk. While we recognise that these two 
extremes are rarely encountered in contemporary practice, 
they allow us to estimate the net therapeutic benefit that 
HE-DMTs can offer. We found that treatment with HE-DMT 
was effective at reducing the risk of relapses across pwMS 
at both high and low risk of aggressive MS, and that pwMS 
at high risk of aggressive MS not treated with HE-DMT 
were more likely to reach significant disability (EDSS 6) 
than those at low risk. Improvement in disability outcomes 
was confined to patients who warranted treatment with HE-
DMT during follow-up. In this subgroup, treatment with 
HE-DMTs led to a lower risk of disability accumulation in 
pwMS at high risk of aggressive MS (approximately 25% 
of the patients), similar to the 20% reduction observed in 
pwMS at low risk of aggressive MS compared with patients 
in the non-HE-DMT state. This suggests that while some 
pwMS are at low risk of requiring a gait aid within 10 years 
from MS onset, they are still at risk of relapse and disabil-
ity accumulation. Reassuringly, this risk can be effectively 
mitigated by proactive choice of therapy. These findings 
complement a 30-year observational study of patients with 
‘benign MS’, defined as an EDSS ≤ 3 ten years after MS 
onset, whose risk of subsequent disability accrual was not 
negligible and could not be accurately predicted [28]. The 
improvement in disability outcomes among the patients 
treated with HE-DMT during follow-up warrants cautious 
interpretation. This subgroup represents individuals whose 
treatment course included escalation to HE-DMT, with esca-
lation decisions influenced by evolving disease activity and 
clinical trajectory. While treatment effects are estimated by 
contrasting periods on and off HE-DMT in both analyses, 
restricting analysis to patients who escalated during follow-
up conditions the analysis on treatment trajectory and limits 
generalisability. As such, disability findings in this subgroup 
should be interpreted as exploratory.

Disability improvement was observed more frequently 
among pwMS at high risk of aggressive MS, regardless 
of treatment state. This likely reflects a greater burden of 
relapse-associated and potentially reversible disability in this 
group. In pwMS at lower risk of aggressive MS, and there-
fore by definition with lower baseline disability, opportuni-
ties for measurable improvement are more limited.

This study has several limitations. First, the main limita-
tion of this study is its observational nature. However, data 
were collected from two large, non-overlapping multicentre 
cohorts, increasing the generalisability of the findings. All 
data underwent rigorous quality control procedures [29]. 
Marginal structural models enable us to repeatedly rebalance 

groups for time-varying confounders, which helps mitigate 
the risk of measured confounding. However, the risk of 
unmeasured confounding remains, particularly in relation 
to MRI measures. However, we, and others, have previously 
shown that the inclusion of MRI does not change the results 
of comparative effectiveness studies [10, 30]. While treat-
ment effect estimates using imputed MRI data were consist-
ent in magnitude and direction with the subgroup analysis, 
indicating that the conclusions were robust to the handling 
of MRI missingness, extensive missing MRI data remain 
a potential source of unmeasured confounding, and this 
should be considered when interpreting the findings. While 
EDSS scores were carried forward for a single interval in 
29% of bins, these values were not used to define or confirm 
disability outcomes. We have achieved acceptable overall 
balance of all included covariates, and have accounted for 
informed censoring by weighting on the inverse probability 
of censoring. In the subgroup analysis requiring treatment 
with HE-DMTs, residual covariate imbalance (SMD >0.2) 
occurred at isolated intervals, predominantly in variables 
closely linked to treatment escalation decisions (e.g., short-
term relapse activity), and may reduce the strength of causal 
interpretation. Conclusions should be interpreted with this 
context in mind. Second, all included pwMS had a first 
recorded visit within 12 months of MS onset (to accurately 
stratify aggressive MS risk). PwMS with the mildest forms 
of MS may therefore have been excluded from the main 
analysis. Third, safety data were insufficient to include a 
safety comparison in the present analysis. The clinical appli-
cation of these findings should be considered in the context 
of the established safety profiles of HE-DMTs. Fourth, this 
study compared outcomes between periods in the HE-DMT 
treatment state and periods in the non-HE-DMT state. Peri-
ods when pwMS were either untreated or received therapies 
other than HE-DMTs were grouped together, which may 
have obscured differential effects between these categories. 
Importantly, a median of only 15–16% of follow-up time 
was spent untreated. Fifth, this study utilises a counter-
factual framework to model the overall magnitude of the 
effect of continuous treatment with HE-DMTs rather than 
the timing of HE therapies or comparative effectiveness of 
high-efficacy versus low-efficacy DMTs in this population. 
It was therefore not designed to evaluate specific treatment 
sequences, escalation strategies, or individual HE-DMTs.

5 � Conclusion

In this study, we used a causal inference framework to show 
that continuous treatment with HE-DMTs, compared with 
periods not on HE-DMTs, is associated with a substantially 
lower risk of relapse in pwMS at both high and low risk 
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of aggressive MS. Relapse-reducing benefits are consistent 
across prognostic strata, indicating that patients at low pre-
dicted risk of aggressive disease derive comparable protec-
tion against relapses to those at high risk. In contrast, no 
evidence of a difference in disability outcomes was observed 
at the population level; however, among patients who war-
rant treatment with HE-DMT, HE-DMT reduces the risk of 
disability worsening. Overall, our findings support the use 
of HE-DMTs for effective relapse control across prognostic 
MS strata, while disability outcomes appear more dependent 
on treatment context. The decisions concerning personalised 
choice of therapy remain complex, involving not only treat-
ment efficacy, but also safety, accessibility, and acceptability, 
and require a holistic approach and clinical judgement.
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