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Abstract

Background: Late-onset multiple sclerosis (LOMS), defined by symptom onset after age 50,

is increasingly recognised as a distinct clinical entity. Evidence comparing disease-modifying
therapies (DMTs) in this subgroup remains limited.

Objectives: To compare clinical outcomes of anti-CD20 monoclonal antibodies and
sphingosine-1-phosphate receptor modulators (STPRMs] in LOMS.

Design: Multicentre, observational cohort study based on real-world data from an
international multiple sclerosis registry.

Methods: We analysed data from the MSBase registry, including relapsing-remitting LOMS
patients treated with anti-CD20 therapies (ocrelizumab, ofatumumab, rituximab) or STPRMs
(fingolimod, ozanimod, siponimod, ponesimod) for =6 months. Primary outcomes were
annualised relapse rate (ARR], Expanded Disability Status Scale (EDSS) change, confirmed
disability worsening (CDW), progression independent of relapse activity (PIRA), and PIRA
without MRI activity (PIRMA]. Analyses used inverse probability of treatment weighting (IPTW).
Causal forest and best linear projector (BLP) models explored effect modification.

Results: After weighting, 347 patients (median age 53.7years; 69% female; median follow-

up 6.9years) were included. No significant differences were found for ARR, EDSS change,
CDW, PIRA, or PIRMA. Exploratory analyses suggested greater anti-CD20 benefit in patients
with earlier onset (<55years), shorter disease duration (<2years from diagnosis), and lower
disability (EDSS <3).

Conclusions: In this real-world LOMS cohort, no statistically significant differences were
observed between anti-CD20 and S1PRM therapies. Exploratory analyses suggested anti-CD20
may be associated with better outcomes in selected subgroups; these findings are hypothesis-
generating.

Trial Registration: Not applicable.
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Plain language summary

How two main treatments for late-onset multiple sclerosis compare in real life

Multiple sclerosis (MS] is a disease where the immune system attacks the brain and spinal
cord. When MS begins after the age of 50, it is called late-onset multiple sclerosis (LOMS).
This form of MS can progress faster and respond differently to treatment compared to
cases that start earlierin life. In this study, we compared two important groups of modern
MS treatments: - Anti-CD20 therapies, which target specific immune cells, and - S1P
receptor modulators, which prevent immune cells from reaching the brain. We analysed
real-world data from an international MS registry called MSBase, including people with
relapsing LOMS who had used one of these therapies for at least six months. We looked
at how often relapses occurred, how disability changed over time, and whether disability
increased independently of relapses. The results showed that, overall, both treatment
types worked similarly in preventing relapses and disability worsening. However, in some
patients—especially those younger than 55, with early disease and lower disability—anti-
CD20 therapies appeared to have a small advantage. These findings suggest that both
therapies are effective for most people with late-onset MS, but that starting anti-CD20
treatment early may be beneficial for selected patients. This information can help doctors
personalise treatment plans for older adults living with MS.

Keywords: anti-CD20, causal forest, disability progression, late-onset multiple sclerosis, real-

world evidence, S1P receptor modulators
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Introduction

Late-onset multiple sclerosis (LOMS), defined
by symptom onset after the age of 50, has long
been considered uncommon, representing only
4%—-6% of diagnoses in earlier cohorts.!-3 More
recently, population-based registries have
reported increasing recognition of LOMS, now
accounting for up to 10%-12% of new MS
cases.* ¢ This trend reflects a demographic shift in
ageing populations, as well as improved diagnos-
tic accuracy through broader access to MRI,
updated diagnostic criteria, and greater aware-
ness of atypical presentations in older adults.”:
National data from Denmark, Sweden and the
UK confirm this increase and highlight important
clinical distinctions: LOMS patients are more
likely to present with progressive phenotypes,
motor onset and faster disability accumulation
compared with younger-onset cases.* 910

Biological mechanisms also differentiate LOMS.
Age-related immune remodelling, reduced lym-
phocyte repertoire diversity, and microglial acti-
vation contribute to a pro-inflammatory and

neurodegenerative milieu that limits recovery.!1-16
Neuropathological studies report a predominance
of chronic active lesions and relatively fewer gad-
olinium-enhancing lesions, consistent with a dis-
ease course that is less inflammatory and more
insidiously progressive than in younger patients.!”

These features have direct therapeutic implica-
tions. Although the expansion of high-efficacy
disease-modifying therapies (DMTs) has trans-
formed MS management, their benefit appears
attenuated in older patients, with both age at
onset and age at treatment initiation influencing
responsiveness.!820 At the same time, comorbidi-
ties and immunosenescence increase the risk of
treatment-related complications, making safety a
critical concern in this population.2!

To date, data are scant and the few available
studies have examined treatment efficacy in
LOMS by grouping DMTs into broad categories,
essentially according to their level of efficacy (e.g.,
LET), without directly comparing agents that dif-
fer in both mechanism of action and molecular
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size, factors that may influence their ability to
cross the blood-brain barrier. In this study, we
directly evaluate two therapeutic strategies fre-
quently used in clinical practice—anti-CD20
monoclonal antibodies and sphingosine-1-phos-
phate receptor modulators (SIPRMs). By analys-
ing relapse outcomes, disability progression and
safety outcomes in a real-world LOMS cohort,
we aim to provide clinically relevant evidence to
guide treatment decisions in this increasingly
prevalent subgroup.

Methods

Study population

Demographic and clinical data were collected
from patients with LOMS, defined as symptom
onset after age 50, enrolled in MSBase, a large
international observational registry of patients
with multiple sclerosis. Prior to cohort selection,
standardised quality-control procedures were
applied, as routinely implemented in MSBase
studies. Automated scripts were used to assess
data accuracy (error rates), data density across
key domains (follow-up, demographics, clinical
visits, relapses, paraclinical data, therapies) and
generalizability, in accordance with previously
published MSBase methodology.22

Patients were included if they had a diagnosis of
relapsing-remitting MS (RRMS) established
according to the McDonald criteria valid at the
time of diagnosis, and if symptom onset occurred
between January 1, 2000 and April 30, 2025.
Additional inclusion criteria were the availability
of a complete baseline EDSS assessment, at least
two recorded EDSS evaluations, and treatment
with DMTs belonging to either the anti-CD20
class (ocrelizumab, ofatumumab, or rituximab)
or the SIPRMs (fingolimod, ozanimod, siponi-
mod or ponesimod), for at least 6 months.

Demographic variables analysed included age at
symptom onset, age at diagnosis, sex and disease
duration. Clinical variables comprised the type of
first clinical manifestation (classified as optic,
supratentorial, brainstem or spinal), EDSS score
at baseline, the annualised relapse rate (ARR)
during the year preceding the initiation of anti-
CD20 or SIPRM therapy, and the number of
previous DMTs. To account for potential

confounding in cumulative probability models,
visit frequency (visits per year) and MRI monitor-
ing (MRIs per year) were also included.

This study was designed, conducted and reported
in accordance with the STROBE (Strengthening
the Reporting of Observational Studies in
Epidemiology) guidelines,?®> with a completed
checklist and a structured overview of the statisti-
cal models (including covariate adjustment and
effect measures) provided in the Supplemental
Material (Tables S1-S2).

Outcomes and definitions

The primary outcomes considered in this study
were the ARR, longitudinal changes in the EDSS,
the reaching of EDSS milestones 4.0 and 6.0,
confirmed disability worsening (CDW), progres-
sion independent of relapse activity (PIRA), and
progression independent of relapse activity with
no MRI activity (PIRMA).

ARR was defined as the number of relapses
divided by patient-years of follow-up.2* A relapse
was defined as the onset of new, or worsening of
existing, neurological symptoms lasting at least
24h, not attributable to fever or infection, and
separated by at least 30days from a previous
relapse.?>

Longitudinal EDSS changes were assessed by
evaluating the trajectory of EDSS scores across
the follow-up period, based on all available assess-
ments.?% Reaching EDSS milestones was defined
as the first EDSS score of at least 4.0 or 6.0, sus-
tained for 6 months, provided that the baseline
EDSS was below the respective threshold.*

CDW was defined as a sustained increase in
EDSS confirmed at 6 months. Specifically, CDW
was defined as an increase of =1.5points if the
baseline EDSS was 0.0, =1.0 point if the baseline
EDSS was between 1.0 and 5.5, or =0.5 point if
the baseline EDSS was>5.5.27

PIRA was defined as a 6-month confirmed CDW
event occurring in the absence of a clinical relapse
within 30 days before or 90 days after the worsen-
ing event.?® PIRMA was defined as a PIRA event
occurring more than 30 days before or more than
90days after a clinical relapse, in the absence of
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any new or enlarging T2-hyperintense lesions
and/or gadolinium-enhancing lesions on brain
MRI within the 12 months preceding the event.?®

Safety outcomes included severe infections and
malignancies. Severe infections were defined as
infections that were life-threatening, opportunis-
tic, required intravenous or prolonged antimicro-
bial therapy, or showed a severe or prolonged
clinical course. Infection events were considered
treatment-associated if occurring during DMT
exposure or within 6 months after treatment dis-
continuation. Malignancies were defined as any
newly diagnosed neoplastic disease and were con-
sidered treatment-associated if occurring during
DMT exposure or within 24 months after treat-
ment discontinuation.

Statistical analysis

To minimise confounding from non-random
treatment allocation, we applied inverse probabil-
ity of treatment weighting (IPTW) using propen-
sity scores estimated from baseline demographic
and clinical variables, including age at onset and
at diagnosis, disease duration, sex, baseline
EDSS, annualised relapse rate in the year prior to
treatment initiation, first symptom localisation,
number of previous DMTs, follow-up time, and
surveillance intensity (visits and brain MRI per
year). Stabilised weights were used. To account
for residual imbalance and potential non-linear
relationships between baseline covariates and
treatment assignment, spline terms were intro-
duced for covariates showing residual imbalance
after weighting: standardised mean differences
(SMD) > 0.10. This flexible specification helps
to reduce model misspecification and improve
covariate balance in IPTW analyses.3° All out-
comes were analysed in the weighted population.

ARR was assessed with negative binomial regres-
sion (incidence rate ratio, IRR). Longitudinal
EDSS change was evaluated using ANCOVA
(adjusted mean difference). Time to EDSS 4.0
and 6.0 was analysed with Cox proportional haz-
ards models (hazard ratios, HR). Recurrent disa-
bility outcomes (CDW, PIRA, PIRMA) were
modelled with Andersen—Gill extensions of the
Cox model (HR).

Sensitivity analyses were performed in treatment-
naive patients to avoid confounding from prior
therapy exposure, and in sex-stratified subgroups

given the potential influence of biological and
clinical differences between men and women on
treatment response. Additional sensitivity analy-
ses were conducted by restricting follow-up to a
common 2-year period to address potential sur-
vival bias due to differential follow-up duration
between treatment groups.

Furthermore, we applied a causal forest for the
same disability outcomes (CDW, PIRA, PIRMA)
to capture potential non-linear associations that
conventional proportional hazards models may
not detect. The forest was fitted on the unweighted
study population, in accordance with methodo-
logical recommendations, over a fixed 5-year time
horizon, and included the same baseline covari-
ates as the IPTW models. To further explore
effect modification, we applied a best linear pro-
jector (BLP) to the estimated conditional effects,
evaluating predefined subgroups by age at onset,
sex, clinical onset phenotype, disease duration,
baseline EDSS and prior treatment exposure.

All analyses were performed in R software (ver-
sion 2024.12.1 +563), and a two-sided p-value <
0.05 was considered statistically significant.

Results

Of the 117,419 people with multiple sclerosis
recorded in the MSBase registry, 447 were
included in the analysis. The study population
flow diagram is presented in Figure 1.

The median age at onset was 53.7years (IQR
51.6-57.7), and the median age at diagnosis was
55.6years (IQR 53.0-59.3). Median disease
duration was 2.5years (IQR 0.9-5.6). A total of
109 patients (24%) were treatment-naive, and
the median follow-up time was 6.9years (IQR
4.2-10.2). The cohort included 307 women
(68.7%). The median baseline EDSS was 3.5
(IQR 2.5-5.0), and the median number of previ-
ous DMTs was 2 (IQR 1-5).

Of the 447 eligible patients, 100 (22.4%) with
missing baseline covariates were excluded prior to
weighting, leaving 347 patients for the IPTW
analyses. Complete baseline characteristics of
both the weighted and unweighted cohorts are
summarised in Table 1.

Residual imbalance was mainly observed for con-
tinuous variables with potentially non-linear
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MSBase patients
N = 117,419

Exclusions:
- Missing birthdate (N = 1)
- Missing symptom onset date (N = 1,702)
- Missing MS diagnosis date (N = 6)

Remaining = 115,710

Number of total LOMS

N=7

,106

Exclusions:
- PP phenotype (N = 1,521)
- MS onset before 01-01-2000 (N = 451)
- Incomplete baseline EDSS (N = 2,006)
- < 2 EDSS assessments (N = 721)

Remaining = 2,407

Final number of LOMS
N = 2,407

LOMS treated with anti-CD20 LOMS treated with S1P
N =427 N =193

/

- Previous S1P (N = 94)

- Previous CD20 (N = 6)

Exclusions: Exclusions:
- Treatment < 6 months (N = 39) - Treatment < 6 months (N = 34)

Remaining = 294

Remaining = 153

Naive patients Switch patients
N =74 N =220

Naive patients Switch patients
N=35 N =218

Figure 1. Study population flow diagram. Selection of late-onset multiple sclerosis (LOMS] patients from the
MSBase registry and stratification by treatment group (anti-CD20 vs S1PRMs].

associations with treatment allocation (age at
diagnosis, disease duration and follow-up time).
To address this, spline terms were added for these
covariates in the propensity score model, as rec-
ommended for inverse probability weighting
analyses with continuous predictors. After refit-
ting, covariate balance improved markedly (all
SMD <0.10), except for disease duration
(SMD=0.12), which remained slightly unbal-
anced and was therefore included as an adjust-
ment covariate in the weighted outcome models.
Graphical representations of covariate balance
distributions further confirmed the quality of the
weighting process (Figure S1).

Outcomes analysis in the weighted cohort

The mean ARR was 0.05 (95% CI 0.02-0.14)
among patients treated with SIPRMs and 0.03
(95% CI 0.01-0.08) among those receiving anti-
CD20 therapies. In the negative binomial regres-
sion model, SIPRM treatment was not associated
with a significantly higher relapse rate compared

with anti-CD20 (IRR 1.62, 95% CI 0.85-3.07;
»=0.14).

Regarding disability outcomes, the adjusted mean
difference in EDSS change between groups
(S1IPRM vs anti-CD20) was —0.15 (95% CI
—0.37 to 0.06; p=0.16), indicating no significant
difference in disability progression. During fol-
low-up, 20 patients reached EDSS 4.0 and 18
reached EDSS 6.0. In Cox regression models,
S1PRM therapy was not associated with a signifi-
cantly different risk of reaching EDSS 4.0 (HR
0.66, 95% CI 0.26-1.66; p=0.38) or EDSS 6.0
(HR 0.52, 95% CI 0.19-1.41; p=0.19). Kaplan—
Meier curves showed no separation between
groups, with overlapping confidence intervals
throughout follow-up (Figures 2-3).

For CDW, 33 (15%) patients treated with anti-
CD20 therapies and 25 (20%) treated with
S1PRM experienced at least one event (median
time to first event: 18.0months in both groups).
In the Andersen—Gill model, SIPRM treatment
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Table 1. Baseline demographic and clinical characteristics of the study cohort.
Variables Overall cohort  Anti-CD20 S1PRM SMD SMD
unweighted weighted
Demographics
Age at onset, median (IQR) 53.7 (51.6-57.7) 54.8(51.8-58.1) 52.9(51.4-56.2) 0.171 0.056
Age at diagnosis, median (IQR) 55.6 (53.0-59.3) 56.3(53.2-59.4) 54.4(53.2-59.4) 0.196 0.111
Disease duration, median (IQR) 2.5 (0.9-5.6) 1.9 (0.6-5.0) 3.8 (1.5-6.4) 0.159 0.119
Female sex, n (%) 307 (68.7) 196 (66.7) 111 (72.5) 0.074 0.014
First clinical symptom, n (%)
Optic 77 (17.2) 54 (19.0) 23 (15.0) 0.040 0.022
Supratentorial 105 (23.5) 64 (21.8) 41(26.8) 0.054 0.010
Brainstem 104 (23.3) 56 (19.0) 48 (31.4) 0.111 0.004
Spinal cord 139 (31.1) 98 (33.3) 41 (26.8) 0.064 0.006
Clinical characteristics
EDSS at baseline, median (IQR) 3.5(2.5-5.0) 3.5(2.5-5.5) 3.0 (2.0-4.5) 0.320 0.017
ARR prior to treatment, median (IQR) 0 (0-1) 0 (0-1) 0 (0-1) 0.016 0.036
Previous DMTs, median (I1QR) 2 (1-5) 2 (0-4) 3(1-6) 0.040 0.017
Follow-up time, years, median (IQR) 6.9 (4.2-10.2) 5.8 (3.4-8.6) 9.1(6.6-12.2) 0.651 0.102
Visits per year, median (IQR) 1.9 (1.4-2.7) 1.8 (1.4-2.7) 2.1(1.3-3.1) 0.083 0.059
MRI per year, median (IQR) 0.5 (0-1.0) 0.6 (0-1.1) 0.5 (0-0.9) 0.058 0.037

ARR, Annualized Relapse Rate; DMTs, disease-modifying therapies; EDSS, Expanded Disability Status Scale; IPTW = inverse probability of
treatment weighting; IQR, Interquartile Range; LOMS = late-onset multiple sclerosis; MRI = magnetic resonance imaging; S1PRM, Sphingosine-1-
Phosphate Receptor Modulator(s); SMD, Standardized Mean Difference.

was not associated with a significantly different
risk compared with anti-CD20 (HR 1.12, 95%
CI 0.66-1.90; p=0.67). The mean cumulative
function (MCF) curves confirmed overlapping
trajectories (Figure 4).

For PIRA, 32 patients (15%) in the anti-CD20
group and 22 patients (18%) in the SIPRM
group experienced at least one event (median
time to first event: 19.4months in both groups).
S1PRM treatment was not associated with a sig-
nificantly different risk compared with anti-CD20
(HR 1.09, 95% CI 0.63-1.88; p=0.76), and
MUCEF curves were largely overlapping (Figure 5).

For PIRMA, 19 patients treated with anti-CD20
(8.6%) and 10 treated with SIPRM (7.9%) expe-
rienced at least one event (median time to first

event: 18.0 vs 26.7 months, respectively). SIPRM
therapy was not associated with a significantly dif-
ferent risk compared with anti-CD20 (HR 0.94,
95% CI 0.46-1.89; »p=0.85). MCF curves for
PIRMA were also overlapping (Figure 6).

The distribution of recurrent events, including
CDW, PIRA and PIRMA, is summarised in the
Supplemental Material (Figure S2).

Sensitivity analysis for the risk

of CDW, PIRA and PIRMA

In sensitivity analyses restricted to treatment-
naive patients, SIPRMs did not differ significantly
from anti-CD20 therapies: CDW (HR 1.42, 95%
CI0.66-3.04; p=0.37), PIRA (HR 1.38, 95% CI
0.61-3.09; p=0.44) and PIRMA (HR 1.28, 95%
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Figure 2. Kaplan-Meier curves for time to EDSS =4.0. The probability of remaining free from disability
progression (defined as a confirmed increase of EDSS to =4.0 sustained for =24 weeks) is shown for patients
initiating treatment with anti-CD20 monoclonal antibodies (red) versus S1PRM (blue). Shaded areas indicate
95% confidence intervals. Numbers at risk at yearly intervals are reported below the graph. Analyses were
performed in the inverse probability of treatment weighted (IPTW) population, and no statistically significant
difference between treatment groups was observed in the weighted Cox proportional hazards model adjusted

for baseline covariates.

EDSS, Expanded Disability Status Scale; IPTW, Inverse probability of treatment weighted

CI0.48-3.40; p=0.62), with corresponding MCF
curves shown in the Supplemental Material
(Figures S3-S5).

In sex-stratified analyses, no statistically signifi-
cant differences between SIPRM and anti-CD20
therapies were observed. Among women, hazard
ratios for SIPRM compared with anti-CD20
were 0.78 for CDW (95% CI10.43-1.43; p=0.42),
0.68 for PIRA (95% CI 0.35-1.30; p=0.24), and
0.62 for PIRMA (95% CI 0.28-1.39; p=0.25).
Among men, the corresponding hazard ratios
were 1.57 for CDW (95% CI 0.65-3.82; p=0.32),
1.58 for PIRA (95% CI 0.65-3.85; p=0.31), and
1.14 for PIRMA (95% CI 0.35-3.68; p=0.83).
Interaction tests did not demonstrate significant
sex-by-treatment effects. The corresponding
MUCFs by sex are presented in the Supplemental
Material (Figures S6-S8).

Sensitivity analyses with restricted follow-up

In sensitivity analyses restricted to a common
2-year follow-up period, no significant differences
between SIPRMs and anti-CD20 therapies were
observed for CDW (HR 0.94, 95% CI 0.46—
1.89), PIRA (HR 0.82, 95% CI 0.38-1.78), or
PIRMA (HR 0.50, 95% CI 0.16-1.53).

Safety outcomes

During follow-up, six severe infection events were
observed in six patients, all treated with anti-
CD20 therapies. Severe infections included two
(33.3%) cases of sepsis, one (16.7%) recurrent or
complicated urinary tract infection, one (16.7%)
herpes zoster, one (16.7%) opportunistic gastro-
intestinal infection and one (16.7%) prolonged
respiratory infection requiring multiple antibiotic
courses. No severe infections were observed
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Figure 3. Kaplan-Meier curves for time to EDSS =4.0. The probability of remaining free from disability progression (defined as a
confirmed increase of EDSS to =4.0 sustained for =24 weeks) is shown for patients initiating treatment with anti-CD20 monoclonal
antibodies (red) versus S1PRM (blue). Shaded areas indicate 95% confidence intervals. Numbers at risk at yearly intervals are
reported below the graph. Analyses were performed in the inverse probability of treatment weighted (IPTW) population, and no
statistically significant difference between treatment groups was observed in the weighted Cox proportional hazards model adjusted
for baseline covariates.
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Figure 4. Mean cumulative function of CDW. Mean cumulative function estimates for CDW events are shown for patients treated
with anti-CD20 therapies (red) and STPRM (blue). Shaded areas represent 95% confidence intervals. The MCF accounts for recurrent
events, allowing visualisation of the cumulative burden of disability worsening over time. Numbers below the x-axis indicate the
number of patients at risk in each treatment group at the corresponding time points. Analyses were performed in the inverse

probability of treatment weighted (IPTW) population.
CDW, confirmed disability worsening; MCF, mean cumulative function; STPRM, sphingosine-1- phosphate receptor modulators.
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Figure 5. Mean cumulative function of progression independent of relapse activity (PIRA). Mean cumulative function estimates

for PIRA events are shown for patients treated with anti-CD20 therapies (red) and S1PRM (blue). Shaded areas represent 95%
confidence intervals. The MCF framework accounts for recurrent events, providing an estimate of the cumulative burden of disability
progression independent of relapses over time. Numbers below the x-axis indicate the number of patients at risk in each treatment
group at the corresponding time points. Analyses were performed in the inverse probability of treatment weighted (IPTW) population.
MCF, mean cumulative function; PIRA, progression independent of relapse activity; STPRM, sphingosine-1-phosphate receptor modulators.

among patients treated with sphingosine-one-
phosphate receptor modulators.

In addition, 16 malignancy events were observed
in nine patients. Malignancies included five
(31.3%) breast cancers, one (6.3%) lung carci-
noma, one (6.3%) prostate carcinoma, one
(6.3%) cervical carcinoma, one (6.3%) bladder
cancer, one (6.3%) bowel carcinoma, one (6.3%)
lymphoma, one (6.3%) melanoma, one (6.3%)
lentigo maligna, and one (6.3%) carcinoma not
otherwise specified. Among these, 14 malignancy
events occurred in 7 patients treated with anti-
CD20 therapies, while 2 events occurred in 2
patients treated with sphingosine-1-phosphate
receptor modulators, both breast cancers.

Exploratory machine-learning analyses

In the causal forest analysis and BLP projections,
we observed signals favouring anti-CD20, partic-
ularly in patients with shorter disease duration
(=2years from diagnosis; CDW HR 0.965 (95%
CI 0.933-0.998), »p=0.039; PIRA HR 0.947

(95% CI 0.909-0.987), p=0.010), lower baseline
disability (EDSS<3; CDW HR 0.937 (95% CI
0.904-0.972), p=0.001; PIRA HR 0.891 (95%
CI 0.852-0.932), p<<0.001; PIRMA HR 0.958
(95% CI10.941-0.976), p<0.001), and earlier age
at onset (50-55years) compared with>55years
(CDW HR 0.917 (95% CI 0.891-0.943),
$<0.001; PIRA HR 0.904 (95% CI 0.873—
0.936), p<<0.001; PIRMA HR 0.984 (95% CI
0.970-0.998), p»=0.028). These findings are
hypothesis-generating and should be interpreted
with caution; full results are presented in Table 2
and Figure 7.

Discussion

In this large, real-world cohort of LOMS, we did
not observe significant differences in relapse or
disability outcomes between patients treated with
S1PRMs and those treated with anti-CD20 mon-
oclonal antibodies. These results are consistent
with previous real-world studies suggesting an
overall attenuation of DMT efficacy in older
patients,31:32
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MCF, mean cumulative function; IPTW, inverse probability of treatment weighted; PIRMA, progression independent of relapse activity with no MRI
activity; STPRM, sphingosine-1-phosphate receptor modulators.

A particularly relevant observation is that, among
treatment-naive patients, the direction and magni-
tude of treatment effects were similar to those
seen in the overall cohort, with no statistically sig-
nificant difference between anti-CD20 and
S1PRM therapies. However, treatment-naive sta-
tus should not be equated with early treatment
initiation. In our exploratory analyses, patients
who commenced therapy within 2years from
diagnosis—regardless of prior treatment expo-
sure—tended to derive greater benefit from anti-
CD20 therapies. This aligns with evidence from
randomised trials and large registries showing that
initiating high-efficacy treatments early, rather
than after switching, is associated with improved
long-term outcomes in younger populations (28—
30). Our findings suggest that this advantage may
be attenuated in LOMS, although the limited
number of events and follow-up duration in this
subgroup warrant cautious interpretation.33-35

Sex-stratified analyses also did not show clear treat-
ment differences. Neuropathological studies have
shown that men with MS tend to experience faster

neurodegeneration and greater grey matter atro-
phy, while women more often display stronger
inflammatory activity.3® However, these biological
differences have not been consistently associated
with divergent responses to disease-modifying ther-
apies, as systematic reviews of sex-stratified out-
comes have failed to demonstrate clear treatment
effects by sex.37 In our cohort, hazard ratios for dis-
ability outcomes diverged in direction, suggesting a
relative advantage of anti-CD20 therapies in men
and of SIPRM in women, but none of these results
reached statistical significance. Taken together,
these findings should be regarded as exploratory
and underline the need for dedicated sex-stratified
analyses in larger LOMS populations.

In addition to the IPTW analyses, the exploratory
causal forest and BLP indicated a favourable asso-
ciation of anti-CD20 therapies over SIPRMs across
all disability outcomes (CDW, PIRA, and PIRMA),
particularly driven by subgroups of patients with
earlier age at onset (50-55years compared with
>55years), shorter disease duration (<2years from
diagnosis), and lower baseline disability (EDSS < 3).
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Table 2. Best linear projector (BLP) estimates of treatment effect modification.

Endpoint Modifier HR (95% ClI) p-Value
CDW Naive 1.019 (0.981-1.059) 0.329
Female 0.981 (0.954-1.009) 0.181
Spinal onset 1.009 (0.978-1.042) 0.561
Brainstem onset 0.995 (0.960-1.032) 0.783
Disease duration <2years 0.965 (0.933-0.998) 0.039
Baseline EDSS <3 0.937 (0.904-0.972) 0.001
Previous DMT <2 1.030 (0.933-1.137) 0.555
Age at onset 50-55years 0.917 (0.891-0.943) 0.000
PIRA Naive 1.015 (0.969-1.064) 0.526
Female 0.972 (0.940-1.006) 0.108
Spinal onset 0.987 (0.950-1.026) 0.513
Brainstem onset 0.984 (0.941-1.029) 0.478
Disease duration <2years 0.947 (0.909-0.987) 0.010
Baseline EDSS <3 0.891(0.852-0.932) 0.000
Previous DMT <2 1.051 (0.931-1.186) 0.425
Age at onset 50-55years 0.904 (0.873-0.936) 0.000
PIRMA Naive 1.002 (0.982-1.022) 0.851
Female 0.989 (0.975-1.003) 0.123
Spinal onset 1.002 (0.986-1.019) 0.770
Brainstem onset 0.991 (0.973-1.010) 0.352
Disease duration <2years 0.987 (0.971-1.004) 0.146
Baseline EDSS <3 0.958 (0.941-0.976) 0.000
Previous DMT <2 1.027 (0.976-1.080) 0.303
Age at onset 50-55years 0.984 (0.970-0.998) 0.028

Hazard ratios (HR) with 95% confidence intervals (Cl) and p-values are reported for CDW, PIRA, and PIRMA. Values <1
indicate associations favoring anti-CD20 over STPRM. Bold values indicate statistically significant coefficients (p <0.05).

Given the limited sample size, low event rates, and
multiple subgroup dimensions explored, these find-
ings should be regarded as strictly hypothesis-gener-
ating and interpreted with caution.

Safety considerations are particularly important
in late-onset multiple sclerosis, as older patients

are generally more susceptible to treatment-
related adverse events due to immunosenescence,
comorbidities, and cumulative treatment expo-
sure.38-40 Anti-CD20 therapies have been consist-
ently associated with age- and exposure-dependent
risks of infections and hypogammaglobuline-
mia,*! as well as attenuated vaccine responses,*?
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CDW, confirmed disability worsening; MCF, mean cumulative function; PIRMA, progression independent of relapse activity
with no MRI activity; STPRM, sphingosine-1-phosphate receptor modulators.

whereas S1P receptor modulators are character-
ised by distinct safety concerns, including cardio-
vascular adverse events,*> macular oedema,** and
the risk of disease rebound following treatment
discontinuation.*> In the present registry-based
analysis, safety outcomes were assessed descrip-
tively. Severe infections and malignancies were
observed predominantly among patients treated
with anti-CD20 therapies, while fewer events were
recorded in patients receiving sphingosine-1-phos-
phate receptor modulators. However, given the
limited number of events, the heterogeneity of
reported outcomes, and the potential for under-
reporting inherent to real-world registries, no
causal inference or comparative risk assessment
can be drawn.

Several limitations should be acknowledged. The
most prominent limitation of this study is its lim-
ited statistical power, resulting from the relatively
small number of patients included in the weighted
analysis and the low number of clinical events,
particularly for disability outcomes and subgroup

analyses. Given that disability progression typi-
cally accrues slowly in older multiple sclerosis
populations, the study may have been underpow-
ered to detect modest but clinically meaningful
differences between treatment groups, with a sub-
stantial risk of type II error.

In addition, the classification of PIRMA relies on
consistent MRI surveillance; heterogeneity in
MRI availability and protocols across centres may
have led to misclassification of subclinical inflam-
matory activity and biased results toward null dif-
ferences between treatment groups.

Accordingly, the absence of statistically signifi-
cant differences should not be interpreted as evi-
dence of therapeutic equivalence, and clinically
relevant effects cannot be excluded, as reflected
by the wide confidence intervals around most
estimates. Despite careful covariate balancing
with IPTW and additional spline adjustments,
residual confounding cannot be excluded. In par-
ticular, treatment allocation in LOMS is likely
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influenced by unmeasured factors such as comor-
bidity burden, prior infection risk or malignancy
history, physician treatment preference, and local
prescribing policies, which are not fully captured
within the registry. In addition, the exclusion of
patients with missing baseline covariates may
have reduced generalizability by preferentially
retaining more closely monitored or less clinically
complex cases. These factors may have contrib-
uted to indication bias and should be considered
when interpreting the results. Lastly, safety out-
comes were reported descriptively only, and the
risk of underreporting and heterogeneity in
adverse event capture inherent to registry-based
data should be acknowledged.

Taken together, our findings indicate a possible
more favourable profile of anti-CD20 therapies
compared with SIPRM:s in specific subgroups of
LOMS, namely individuals with an age at onset
not exceeding 55 years, a shorter disease duration
(<2years from diagnosis), and lower baseline dis-
ability (EDSS < 3). By contrast, in patients with
later onset, longer disease duration or higher
baseline disability, the effectiveness of a high-effi-
cacy therapy such as anti-CD20 appears to con-
verge with that of moderate-efficacy treatments.

Collectively, these findings support the hypothe-
sis that anti-CD20 therapies may be most benefi-
cial when introduced early in carefully selected
patient populations. Prospective, age-stratified
clinical trials and biomarker-informed approaches
will be essential to validate these observations and
guide individualised therapeutic strategies in
LOMS.

Conclusion

In this real-world study of LOMS, we did not
observe statistically significant differences in
relapse or disability outcomes between anti-
CD20 therapies and S1P receptor modulators.
Exploratory analyses suggested potential hetero-
geneity of treatment effects, with signals favour-
ing anti-CD20 in selected subgroups (age at
onset<55years, disease duration=< 2years from
diagnosis, and baseline EDSS < 3); these findings
should be considered hypothesis-generating and
interpreted with caution. Given the limited sam-
ple size and low event rates, clinically meaningful
differences cannot be excluded. Overall, these
results highlight the need for individualised treat-
ment decisions in LOMS, and for prospective

studies integrating both effectiveness and safety
outcomes to guide therapy selection over the dis-
ease course.
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