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Abstract

Background

In multiple sclerosis (MS), temporal evolution of paramagnetic rim lesions (PRL)-associated
tissue damage, and its relationship to clinical disability, serum biomarkers, and treatment

response remain incompletely understood.
Material and Methods

This multicentre study combined cross-sectional and longitudinal analyses of data from 182
MS cases (68% relapsing, 64% females; median EDSS 2.5 [range 0-8]). MRI-matched serum
neurofilament light chain (sNfL) levels were measured and age corrected. PRL status was
assessed on 3-tesla 3D-EPI-phase and lesion T1-times on MP2RAGE-maps. Lesions were
classified as short-T1 (<1572ms) or long-T1 (=1572ms). Longitudinal (~2.5y) lesion T1-time
changes were analysed in a subset of pre/post anti-CD20 antibody treated (n=37) and untreated

(n=37) cases.
Results

Lesion-age assessment in 134 lesions (72 PRL) showed that long-T1 PRL were older than
short-T1 PRL (P = 0.015), with no differences in non-PRL. Adjusted analyses showed that
short-T1 PRL volume correlated with higher sNfL z-scores (P = 0.026), whereas long-T1 PRL
did not. Higher EDSS was associated with greater volume of long-T1 PRL (P = 0.003) but not
short-T1 PRL. Pre/post treatment analyses showed significant treatment-related T1 decrease
across different lesion subtypes, including short-T1 PRL (P < 0.01), whereas long-T1 PRL

showed no detectable treatment effect (P = 0.8).



Conclusion

PRL show substantial heterogeneity in terms of MRI-measured lesional tissue damage,
reflecting differences in the inflammatory/demyelinating and neurodegenerative processes
across lesion development stages. Short-T1 PRL, likely representing younger lesions, are
characterised by ongoing tissue damage and axonal degeneration, while long-T1 PRL correlate
with established clinical disability. Our pre/post anti-CD20 analyses suggest that timely
treatment of patients with short- T1 lesions might forestall future disability accrual in MS and

that T1 changes in such lesions might serve as a predictive biomarker for this effect.
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Research in Context

Evidence before this study

Paramagnetic rim lesions (PRL) are imaging markers of chronic active multiple sclerosis (MS)
lesions and are associated with greater tissue damage and less favourable clinical outcomes.
Previous histopathological and imaging studies suggest that quantitative T1 is sensitive to
differences in lesional tissue integrity and may therefore help characterize the heterogeneity
observed among PRL on magnetic resonance imaging (MRI). However, the origin of this
heterogeneity is poorly understood. In particular, it is unclear whether differences in tissue
integrity among PRL reflect distinct stages of lesion evolution and whether this heterogeneity

is associated with clinical disability and treatment response.

Added value of this study

This study addressed three critical questions regarding the pathophysiological heterogeneity of
PRL: (1) Is PRL heterogeneity linked to the temporal evolution of PRL? (2) Is PRL
heterogeneity associated with serum neurofilament light chain (sNfL) levels? (3) Is PRL
heterogeneity associated with differential treatment responses, and could this inform future

treatment studies?

We found that PRL heterogeneity was associated with lesion age, potentially reflecting
differences in inflammatory, demyelinating, and neurodegenerative processes across stages of
lesion development. Short-T1 PRL, which showed less accumulated tissue damage and likely
represented a younger lesion stage, were characterised by ongoing tissue damage and axonal
degeneration, as indicated by their association with higher sNfL levels. By contrast, long-T1
PRL, which showed greater accumulated tissue damage, were associated with established

clinical disability and accelerated brain ageing. Anti-CD20 pre-/post-treatment analyses further



suggested that T1 changes in short-T1 PRL might identify lesions responsive to treatment and

could inform future treatment studies.

Implications of all the available evidence

Our findings suggest that PRL exhibit substantial heterogeneity in terms of lesional tissue
damage, which is likely driven by differences in the inflammatory/demyelinating and
neurodegenerative processes across the different stages of lesion development. Short-T1 PRL
appear to represent lesions with ongoing tissue injury, whereas long-T1 PRL likely correspond
to chronic lesions characterised by established tissue damage. Integrating T1-based lesion
stratification with PRL assessment may improve patient stratification, by providing additional
information about lesion stage and tissue integrity. The observed changes after anti-CD20
treatment further support the evaluation of short-T1 PRLs as candidate biomarkers of

treatment-response in prospective studies.



Introduction

Focal smouldering inflammatory multiple sclerosis (MS) lesions, often seen as paramagnetic
rim lesions (PRL), have been associated with disease severity and progression.(1—4) PRL are
characterised by the presence of activated iron-laden microglia and macrophages at the lesion
edge, which corresponds to a paramagnetic rim on susceptibility-sensitive magnetic resonance
imaging (MRI).(5,6) PRL are considered a more destructive MS lesion type, highlighted by
impaired lesional and perilesional tissue microstructure and larger lesion volumes.(7-10)
However, recent studies suggest substantial T1-time heterogeneity within PRL, which has been
shown to be associated with worse clinical outcomes, disability accumulation over time, and
brain atrophy.(11,12) The origin of this heterogeneity remains unclear: whether it reflects the

temporal evolution of PRL or other pathophysiological mechanisms is still debated.

Soluble biomarkers studies have shown that the presence of PRL is associated with elevated
serum neurofilament light chain levels (sNfL), a biomarker of acute neuroaxonal damage.(13)
Whether this biomarker can further elucidate the heterogeneity of PRL remains therefore an
open question. Additionally, MS disease-modifying treatments (DMT) have shown at most a
limited effect on PRL rim persistence, volume, and lesion-associated tissue damage.(14—16)
This raises the question of whether PRL heterogeneity could serve as a stratification marker

for treatment selection.

In this study, we address three critical questions regarding the pathophysiological heterogeneity
of PRL: (1) Is PRL heterogeneity linked to the temporal evolution of PRL? (2) Is PRL
heterogeneity associated with serum NfL? (3) Is PRL heterogeneity associated with differential

treatment responses, and could this inform future treatment studies? By combining data from



two international centres using advanced MRI, clinical measures, and serum biomarkers, we

investigate the importance of PRL heterogeneity in MS.

Materials and methods

Ethics

Clinical, imaging, and laboratory data were collected under the institutional review board-
approved protocols from 2 academic research hospitals: Saint Luc University Hospitals
(Brussels, Belgium) and the NIH Clinical Center (Bethesda, Maryland, USA). These protocols

allowed exploratory analysis and pooling of collected data.

Study participants

Patient inclusion criteria for this retrospective analysis were: (1) age > 18 years; (2) diagnosis
of MS according to the current diagnostic criteria;(17) (3) availability of 3-tesla (3T) high-
resolution segmented echo-planar imaging (EPI) T2*-weighted(18) and magnetization
prepared 2 rapid gradient echo (MP2RAGE)(19) T1-weighted sequences in addition to
standard clinical MRI (see Imaging Protocol); and (4) matched clinical-MRI assessment at

baseline (Figure 1).

Clinical information, including Expanded Disability Status Scale (EDSS)(20) assessed by
experienced MS clinicians, and laboratory (peripheral blood) samples were collected at the
time of each MRI scan. Clinico-radiological relapse was defined as the presence of newly
appearing or contrast-enhancing MRI lesions and/or new neurological symptoms in the 90 days
preceding the baseline assessment. This was especially important for the sNfL analysis, where

studies showed an elevation of sNfL after clinical relapses with gadolinium (gad)-lesions for



up to 3 months post relapse.(21-23) Treatment was categorized as follows: untreated, low
efficacy drugs (glatiramer acetate, interferon), moderate efficacy drugs (dimethyl fumarate,
sphingosine-1-phosphate modulators, teriflunomide, cladribine), high efficacy drugs (anti-

CD20, natalizumab, alemtuzumab).

MRI acquisition and analysis

MRI studies were performed on two 3T MRI scanners: SIGNA (GE Health Care) at Saint Luc
University Hospital and Siemens Skyra at NIH. The imaging protocol at both centres included:
(1) submillimetre isotropic 3D T2*-weighted segmented EPI, providing both magnitude and
phase images, for PRL detection; (2) 3D T2-weighted fluid-attenuated inversion recovery
(FLAIR) for lesion segmentation; (3) 3D T1-weighted MP2RAGE providing T1 maps; and (4)
post-gad T1-weighted to detect acutely inflamed lesions. For Saint-Luc patients, a 3D
magnetization prepared rapid gradient echo (MPRAGE) sequence was acquired for brain
volume assessment. Details on MRI protocols can be found in Supplementary Material and

Methods.

Brain volumetrics were computed only for Saint-Luc patients, using FreeSurfer(24) on
MPRAGE, and were normalized to total intracranial volume. Brain age was calculated using
BrainageR, a widely used model in MS, as previously described,(25-27) and then
normalized.(28) Based on the corrected predicted brain age, the brain-predicted age difference
(brainPAD) was calculated, subtracting the chronological age from the brain-predicted age of
each subject.(29) Positive brainPAD values indicated accelerated brain aging, while negative

values suggest delayed brain aging.



PRL assessment

For each participant, the number of non-enhancing PRL was independently assessed at baseline
on unwrapped filtered-phase images by two experienced raters (M.A. and P.M. for NIH data
and A.S. and P.M. for Brussels data). In case of initial disagreement, a consensus was reached
by the two raters in a separate session. PRL were assessed following the North American
Imaging in Multiple Sclerosis (NAIMS) guidelines.(6) For lesion age and treatment analyses,

PRL status was assessed on all available follow-up MRI.

Lesion volumetric and microstructural analysis

Brain lesions were segmented using FLAMeS,(30) and an in-house algorithm was used to
separate individual lesions.(31) The resulting segmentation masks were then manually refined
by an experienced rater (A.S.) to obtain an accurate lesion segmentation. In case of lesion
confluency, lesions were split based on the T1 signal and rim topography on phase images. The
final masks were restricted to the FLAIR-defined lesion boundaries and did not include
surrounding periplaque tissue. Lesion volumes were calculated for each available MRI
timepoint and log-normalised. MP2RAGE images were registered to the 3D-FLAIR images
using ANTs,(32) and the lesion segmentations were subsequently rechecked. Mean lesional T1
times were calculated from T1 maps, and lesions were operationally categorized as short-T1
(mean T1 < 1572ms) or long-T1 (mean T1 > 1572ms) based on a previously described
threshold,(11) consistent with prior histopathological classifications of T1 lesion subtypes (see
also “Sensitivity Analysis: Histopathologically validated lesion classification” below).(33)
Lesion compartment volumetrics (total short-T1 and long-T1 lesion volumes, PRL, short-T1

PRL and long-T1 PRL volumes) were calculated for every case.
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Lesion-age analysis

Lesion-age analysis was available only for the Brussels cohort, for which longitudinal
(including whenever available historical clinical) MRI scans were available. Each baseline
analysed lesion was assessed for initial gad-enhancement on all previously available clinical
and study MRI scans. Lesion age was then calculated as the time between first gad-
enhancement and time of study MRI. For new lesions that appeared between two study MRIs,
the lesion age was estimated as half the time interval between the two MRI scans, as previously

described.(11) PRL status was assessed at each available MRI timepoint.

Serum Biomarkers

MRI-matched peripheral blood samples were collected for a subset of Brussels cases. sNfL
levels were measured using the Atellica Immunoassay System (Siemens Healthineers
Atellica® IM). All sNfL levels were z-score-corrected by age using a previously established

reference normalization.(34)

Sensitivity Analysis:  Histopathologically validated lesion

classification

A previously established, histopathologically validated MRI classification(33) categorized
lesions into three groups: short-T1 (predominantly remyelinated), mixed-T1 (partially de- and
remyelinated), and long-T1 (demyelinated). Consistent with our prior findings, which showed
a strong agreement between qualitative intensity-based and quantitative T1 relaxation time

classifications,(11) we divided lesions into three categories according to the 25" and 75™
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percentiles of the T1 distribution. This sensitivity (validation) analysis was performed for

regression models with NfL, EDSS, and BrainPAD as outcomes.

Treatment Analysis

Treatment analyses were performed using three cohorts: (1) untreated throughout the entire
observation period; (2) untreated at baseline and subsequently treated with anti-CD20 therapy
(rituximab, ocrelizumab, or ofatumumab); and (3) already receiving anti-CD20 therapy at study
inclusion. Cohorts 1-2 contributed to the “pre-/post-treatment analysis,” in which treatment
initiation always occurred after the baseline MRI. For the “post-treatment analysis,” cohorts 1-
3 were included, but only MRIs acquired under active treatment were considered, and the
untreated baseline MRI of cohort 2 was excluded. For the post-treatment analysis, time under
treatment at each MRI time point was calculated. All participants contributing untreated MRI
time points had received no disease-modifying therapy for at least six months before the first
untreated scan included in the analysis. Treatment effects were evaluated using mean T1 times

and log-normalized lesion volumes relative to untreated lesions.

Statistical analysis

All statistical analyses were performed using R.(35) Demographic, clinical, and MRI
differences were compared using univariable analysis including t-test, Mann-Whitney U-test,
Standardized Mean Difference (SMD), or chi-squared test, as appropriate. Lesion-age analysis
was performed using linear cross-sectional and longitudinal repeated-measures mixed models,
accounting for random effects at the subject and lesion level when applicable. Serum
biomarker, clinical score, and brain age associations were assessed using multivariable

regression models, with covariates selected based on statistically significant associations
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identified in univariable analyses. Because the different lesion-derived MRI measures (e.g.,
total PRL volume, long-T1 PRL volume, short-T1 PRL volume, and corresponding overall
tissue measures) reflect overlapping aspects of lesion pathology, they were analysed in separate
regression models. Continuous predictor variables were standardized (z-scored) prior to
regression analysis to facilitate comparison of effect sizes across different measurement scales.
Variable importance in random forest analyses was assessed using a conditional random forest
model.(36-39) This approach accounts for collinearity among predictors by applying
conditional permutation importance. Treatment effects were evaluated using linear mixed-
effects models for repeated measures, accounting for random intercepts at the participant and
lesion levels. Study centre and participant age were included as fixed effects to control for
potential confounding. Tukey-adjusted post-hoc comparisons were used to compare outcome
estimates between lesion types. A power analysis based on mixed-effects modelling was
conducted by varying the number of included cases and lesions, as well as the slope difference
between treatment arms, with 500 simulation runs per parameter combination. Given the
exploratory nature of the analyses, no adjustment for multiple comparisons was applied, and

p-values should be interpreted descriptively.

Role of Funders

This work was supported by the Intramural Program of NINDS of National Institutes of Health,
by the National Institutes of Health (ROINS082347 and RO1NS082347), by the Fund for
Scientific Research (FRS, FNRS; grant #40008331), by a Sanofi Investigator Initiated Trial
and by Fondation Charcot Stichting Research Fund 2023 and 2025. The funding sources had

no role in study design, data collection, data analyses, interpretation, or writing of report.
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Results

Of the total 182 participants (116 female, 64%) included in the study, 124 (68%) were labelled
as relapsing remitting MS (RRMS) at baseline. Mean age was 44 (SD 13) years with median

EDSS 2.5 [range O - 8]. Further clinical information can be found in Table 1.

PRL heterogeneity is associated with lesion age

Analysis of lesion age was restricted to a maximum of 4.5 years to avoid results driven by few
datapoints with longer lesion age. Lesion age assessment was available for a subset of 134
lesions (72 PRL, 54%) in 35 cases. The median follow-up duration for this subset was 1 year
(range O - 4.4). This lesion-age cohort did not differ from the full cohort in sex distribution or
disease phenotype (all P > 0.1, all SMD<0.3) but was significantly younger overall (36 (SD
10) vs. 44 (SD 13) years; P = 0.001, SMD=0.7). Repeated measures linear mixed-effect
modelling revealed an accelerated T1 increase in PRL after gad-resolution (Bagq pri=
29.4ms/yr, 95% CI [13.9, 44.9], P < 0.001), in addition to the increase seen in non-PRL (Byon.
prL= 38.7ms/yr, 95% CI [27.5,49.8], P < 0.0001; Figure 2A). No differences in lesion volume
evolution over time were found between PRL and non-PRL (P = 0.1), although both lesion
types showed a slight reduction of log-lesion volume over time. Full model coefficients are

provided in Supplementary Tables 1 and 2.

Due to the limited sample size, separate cross-sectional mixed-effects models were fitted for
PRL and non-PRL. In the non-PRL group, adjusted marginal means showed no significant
difference in lesion age between short-T1 lesions (1.62 years, 95% CI [1.26,1.93]) and long-
T1 lesions (2.05 years, 95% CI [1.38,2.71]), after accounting for patient age (P = 0.20, Figure

2B). Estimated marginal means adjusted for patient age showed that long-T1 PRL were older

14



(1.70 years, 95% CI [1.18,2.22]) than short-T1 PRL (1.43 years, 95% C1[0.93,1.93], P=0.015,

Figure 2C). Full model coefficients are provided in Supplementary Tables 3 and 4.

Soluble biomarkers and their association with PRL heterogeneity

In a subset of 125 cases, sNfL levels were measured and age-corrected (Figure 3). No
significant differences in age, sex, or disease phenotype were observed between the full cohort
and this NfL-cohort (all P > 0.05; all SMD<0.4). To assess the relative influence of known
clinical and imaging variables, such as sex, relapse activity, and total volume of gad-enhancing
lesions, treatment, and normalized brain volume on sNfL levels, we employed a random forest
regression model. Additionally, total PRL volume, short-T1 PRL volume, and long-T1 PRL
volume, as well as the total short-T1 and long-T1 lesion volume, were included as predictors
in the analysis. Conditional variable importance scores from the random forest model were
rescaled to set gad-enhancing lesion volume to 100%. On this relative scale, relapse activity
(94%), total PRL volume (42%), and short-T1 PRL volume (37%) showed the greatest

additional predictive contribution to sNfL levels.

Due to collinearity, five separate models were fitted for total PRL, long-T1 PRL, and short-T1
PRL volumes, as well as total short-T1 and long-T1 lesion volume, to ensure independent
estimation of their associations with sNfL z-scores. Across all models, clinical or radiological
relapse within the past 90 days was a consistent predictor of higher sNfL levels (P < 0.02), as
was total gad-enhancing lesion volume (P < 0.012). Among the lesion measures of interest,
higher total PRL volume (1SD = 741.4mm?, B = 0.15, 95% CI [0.01, 0.30], P = 0.032) and
higher total short-T1 PRL volume (1SD =406.2mm?, =0.16,95% CI [0.02, 0.30], P = 0.026)
were significantly associated with increased sNfLL z-scores, whereas long-T1 PRL, short-T1

lesion volume, and long-T1 lesion volume were not (P > 0.09). Treatment status, sex, and T2

15



lesion load (T2LL) were not significant covariates in either model. In-depth model results can

be found in Supplementary Table 5 and Supplementary Fig 2.

PRL heterogeneity is associated with clinical disability and

accelerated brain aging

Random forest regression was used to assess associations between MRI measures and EDSS,
including normalized brain volume, lesion compartment volumes, relapse activity, age, and
treatment as predictors. Conditional variable importance scores were rescaled to set normalized
brain volume to 100%. On this relative scale, age (73%), long-T1 PRL volume (32%), and
T2LL (27%) showed the next-strongest contributions. Detailed random forest results are
provided in the supplementary material. Due to collinearity between heterogeneity measures,
these findings were validated in five distinct regression models, including age, sex, treatment,
relapse activity, normalized brain volume, PRL, and general lesion heterogeneity measures as
covariates. In all models, being treated with very high efficacy drugs (P < 0.004) and brain
volume atrophy (P < 0.001) were associated with higher EDSS, with lesion-derived measures
showing additional associations. Both PRL volume (1 SD = 1347mm?, = 0.33, 95% CI1[0.05,
0.61], P = 0.021) and long-T1 PRL volume (1 SD = 695mm?, = 0.40, 95% CI [0.14, 0.67],
P =0.003) were associated with higher clinical disability, as was total long-T1 lesion volume
(1 SD=3963mm?, f=0.46,95% CI[0.18, 0.74], P = 0.002), while no associations were found
with short-T1 PRL (P = 0.2) or short-T1 lesion volume in general (P = 0.08). All regression

results can be found in Supplementary Table 7 and Supplementary Fig 1.

Similarly, higher brainPAD (i.e., positive gap between brain predicted and chronological age)
was associated with higher PRL volume (B = 0.47, 95% CI [0.09, 0.84], P = 0.014), long-T1

PRL volume (B =0.41, 95% CI[0.12, 0.71], P = 0.006), and long-T1 lesion volume (f = 0.40,
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95% CI [0.08, 0.71], P = 0.013). No significant associations were found for short-T1 PRL or
short-T1 lesion volumes (P = 0.12). Across models, higher chronological age (P < 0.026) and
treatment with very high-efficacy drugs (P < 0.003) were linked to higher brainPAD, whereas
higher normalized brain volume was consistently associated with lower brainPAD (P < 0.002;

Supplementary Table 8 and Supplementary Fig 3).

Sensitivity Analysis:  Histopathologically validated lesion
classification

A sensitivity analysis was performed to explore the associations between lesions groups,
divided in three categories as previously proposed,(33) with sNfL, EDSS, and brainPAD.
Lesions were classified according to mean T1 values as short-T1 (<1246 ms), mixed-T1 (>1246
to <1570 ms), and long-T1 (=1570 ms). When re-analysing the association between PRL
heterogeneity and sNfL, mixed-T1 PRL emerged as the main correlate of elevated sNfL (B =
0.26, P < 0.001), exceeding the contribution of total gad-enhancing lesion volume and acute
relapse. Other lesion categories, including short-T1 and long-T1 PRL, were not associated with
higher sNfL (Supplementary Table 6). In the EDSS analyses, both mixed-T1 and long-T1
lesions, irrespective of PRL status, were associated with higher EDSS scores (f = 0.40-0.45,
P <0.02). Within PRL specifically, only long-T1 PRL were associated with higher EDSS ( =
0.41, P = 0.003; Supplementary Table 8). For BrainPAD, all lesion heterogeneity measures
were associated with higher BrainPAD values (f = 2.1-2.3, P < 0.002), whereas among PRL,
only long-T1 PRL were associated with higher BrainPAD (B = 1.7, P = 0.008; Supplementary

Table 10).
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PRL heterogeneity as a potential treatment target

In the pre-/post-treatment analysis (subset of 62 participants; 25 treated, 40%), lesion-level
analyses were performed to compare anti-CD20-treated and untreated lesions. This treatment
analysis cohort was similar to the full cohort in terms of sex and phenotype distribution but
was slightly older (50 (SD 12) vs 44 (SD 13) years, P = 0.003, SMD=0.5). Participants
underwent a baseline MRI before starting treatment. A total of 287 lesions were analysed (162
treated, 56%) for a median follow-up duration of 1.35 years (range 0.61 - 2.6 years). Of the
287 lesions included in the analysis, 104 were classified as PRL (37%), with 66 lesions being
short-T1 (63%) and 38 long-T1 PRL (37%) at baseline. All PRL remained detectable
throughout the observation period, with no evidence of rim disappearance or fading. Mean age
for untreated cases was 50 (SD 13) years, while treated cases were slightly younger at 47 (SD
11) years (P = 0.042). For all treatment analyses, centre was included as a covariate to account
for differences in MRI acquisitions, while patient age was included to account for its potential

influence on longitudinal lesion changes.

Repeated-measures mixed models of all lesions, independent of lesion type, showed a
significant increase of T1 over time in lesions from untreated participants (Buntreated = 25.1ms/y,
95% CI [11.76, 38.4], P < 0.001), while lesions from treated participants showed a significant
decrease of T1 (Badd treated = -62.5ms/y, 95% CI [-80.1, -44.9], P < 0.0001). Baseline T1 was
higher in lesions from treated participants compared to lesions from untreated participants
(Badd_treatea = 133.6ms, 95% CI [32.6, 234.7], P = 0.01, Supplementary Table 11). In a separate
mixed-effects model examining longitudinal lesion volume, lesions from untreated participants
showed a slight increase of the average log-lesion volume (Buyreated = 0.08, 95% CI1[0.01, 0.15],

P =0.029), corresponding to an 8% increase in lesion volume (95% CI: 1-16%). No significant
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treatment-associated effect was observed on the average log-lesion volume over time (Badd treated

=-0.08, 95% CI [-0.17, 0.01], P = 0.1; Supplementary Table 12).

In a mixed-effects model adjusting for centre, age, lesion type, T1-status, and treatment, we
observed a significant four-way interaction between follow-up time, treatment, lesion type, and
T1-status (F(1, 244)=4.84, P = 0.029), indicating that longitudinal T1 changes were associated
with both lesion subtype (PRL / T1 status) and treatment. In non-PRL, lesions from untreated
participants showed an increase in T1 over time (Bghort-T1 non-prL = 22.3ms/y, 95% CI [7.5, 37.0];
Biong-T1 non-prL. = 37.6 ms/y, 95% CI [11.0, 104.2]), whereas lesions from treated participants
showed an average decrease in T1 (Bshort-T1 non-prL = —39.9 ms/y, 95% CI [-55.8, —24.0]; Biong-

T1 non-PRL = —38 ms/y, 95% CI [-126.1, 10.2]; Figure 4 B and D).

In PRL, short-T1 PRL showed a similar pattern with an average T1 decrease in lesions from
treated participants (untreated: Bgpore.t1 pr = 30.8 ms/y, 95% CI [-22.2, 83.7]; treated: Bshore.T1
prL = —43.9 ms/y, 95% CI [-62.7, -25.1]). However, long-T1 PRL lesions showed minimal T1
change regardless of their treatment status (untreated: Biong-11 pri. = —1.9 ms/y, 95% CI [-59.5,
55.7]; treated: Biong-T1 prL = 6.36 ms/y, 95% CI [-28.2, 40.9]; Figure 4C and E; Supplementary

Table 13).

Post-hoc simple-slope contrasts comparison recapitulated significant treatment effects in all
lesion categories except for long-T1 PRL. Significant differences between treated and
untreated T1 trajectories were observed in short-T1 non-PRL (A =-62.2 ms/y, 95% CI [40.5,
83.9], P < 0.0001), short-T1 PRL (AB =-74.7 ms/y, 95% CI [18.5, 130.8], P = 0.0094), and
long-T1 non-PRL (AP =-115.6 ms/y, 95% CI [33.0, 198.1], P = 0.009), while no significant
effect was detected in long-T1 PRL (AP = +8.28 ms/y, 95% CI [-75.5, 58.9], P = 0.8;

Supplementary Table 14).
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A second mixed-effects model evaluating treatment effect on the log-transformed lesion
volume (using the same predictors) revealed no significant four-way interaction (P = 0.3) and
no significant treatment-related interactions at lower levels, indicating that treatment effects on

lesion volume did not vary by PRL or T1 status (Supplementary Tables 15 and 16).

In the post-treatment analysis (including all cases with at least 1 post-treatment time point; see
“Treatment analysis” section of the methods), a total of 74 cases were included (37 treated,
50%), with a total of 333 lesions (120 PRL, 35.9%). Treated cases were younger than untreated
ones (mean 44 (SD 11) vs 50 (SD 13) years, respectively; P = 0.008). Median treatment
duration was 1.5 years (range 0.4 - 3.6 years). Results of these analyses were in line with those
of the pre-/post-treatment analysis showing a reduction of average lesion T1 times in lesions
from treated vs untreated patients (Badd treated = -77.52ms/y, 95% CI [-96.7, -58.4], P < 0.001),
as well as in PRL from treated vs untreated participants (Badd treated = -79.12ms/y, 95% CI [-
114.0, -44.3], P < 0.001). Finally, and in line with the pre-/post-treatment analysis, no
significant treatment effect on PRL volume was observed. Full model coefficients are provided

in Supplementary Tables 19 - 22.

Treatment Power Analysis

To complement the treatment analysis (pre-/post-treatment dataset), we performed a post-hoc
power analysis varying the number of included cases, lesions, and slope difference between
treatment arms (Supplementary Tables 11 and 18). Across the tested parameter ranges,
statistical power remained consistently high. Consistent with our treatment findings,
simulations indicated that a sample of 60 cases and approximately 200 lesions would provide
power of 85% to detect a slope difference of at least 30ms between untreated and treated

lesions, both across all lesions and within PRL. These results suggest that similar study designs
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would be well powered to detect differences of comparable magnitude. Detailed results of this

analysis are provided in Supplementary Figs 4 and 5 for reference.

Discussion

Chronic active MS lesions, identified as PRL on in vivo MRI, are being increasingly
recognized as key contributors to the diagnostic and prognostic assessment.(17) Yet, a
substantial heterogeneity exists in PRL-associated tissue damage,(7,11,12,33,40) which may

influence their clinical applicability.

In this study, we demonstrate that PRL exhibit substantial heterogeneity in terms of lesional
tissue damage, which is likely driven by differences in the inflammatory/demyelinating and
neurodegenerative processes across the different stages of lesion development (Figure 5).
Specifically, short-T1 PRL likely represent an earlier stage of lesion development,
characterised by younger lesion age and ongoing neuroaxonal damage, as reflected by higher
sNfL levels. In contrast, long-T1 PRL are characterised by already advanced tissue damage
and strongly correlate with established clinical disability and brain aging. These associations
suggest that short-T1 PRL (and mixed-T1 PRL in our sensitivity analyses) could represent an
active, transitional stage of PRL development, whereas long-T1 PRL may reflect chronic,
potentially irreversible, tissue damage. These findings are consistent with prior imaging and
histopathological studies demonstrating that increasing T1 values reflect greater structural
tissue damage.(33) Our preliminary treatment analyses suggest that timely treatment of
patients with short-T1 PRL, for example with CNS-penetrant immunomodulatory therapies,
might attenuate tissue damage accrual and thereby forestall future or possibly even reverse

disability accumulation in MS.
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Our lesion-age analyses further support this interpretation. Indeed, our findings suggest that
PRL undergo accelerated tissue damage accumulation over the ~4-year observational period.
This dynamic was further supported by the younger lesion age of short-T1 PRL vs long-T1
PRL, a lesion-age gap that could not be observed in non-PRL. This apparent discrepancy
between PRL and non-PRL might be explained by differences in their evolutional trajectories.
Indeed, short-T1 non-PRL lesions are likely to stay short-T1 over time, while PRL seem to
follow a more dynamic course characterised by faster tissue destruction and progression from
short-T1 to long-T1 stages. Consistently, short-T1 PRL cluster at younger lesion ages, whereas
short-T1 non-PRL are distributed across a wider range of lesion ages. Of note, lesion-volume
evolution did not significantly differ between PRL and non-PRL, indicating that these T1

changes were not accompanied by detectable differences in lesion size.

In line with previous results,(13) PRL showed associations with elevated sNfL levels, even
after adjusting for recent clinical or radiological relapse activity. Notably, short-T1 PRL
contributed significantly to this association, whereas long-T1 PRL did not. Interestingly, short-
T1 lesions in general were not associated with sNfL, highlighting the significant role of chronic
active (vs chronic inactive) lesions in explaining neuroaxonal damage in MS. These findings
were confirmed in our sensitivity analysis where only mixed-T1 (but not short-T1 or long-T1)
PRL, representing partially de-myelinated lesions,(33) were associated with elevated sNfL.
Considering that acute inflammation in MS leads to an active and relatively rapid increase in
sNfL levels, the observed association with short-T1 PRL highlights that this lesion subtype
represents an active stage of ongoing tissue injury and accumulating tissue damage. This aligns
with our /esion-age analysis, showing that tissue damage within PRL progressively increases
over time.(41,42) The absence of an association between long-T1 PRL and sNfL supports the
notion that, once PRL transition into a “more stable” chronic active stage (after about two

years), the chronic-active-inflammation-driven neuroaxonal damage substantially attenuates.
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As previously reported,(11,12) long-T1 PRL, potentially representing an older lesion stage,
were strongly associated with clinical disability and accelerated brain aging.(27) In contrast
with our sNfL findings — where short-T1 PRL were the main contributors — clinical disability
and brain aging appeared to be mainly associated with long-T1 lesions. This is not unexpected,
as “black holes” with long T1 times are known to be associated with worse clinical
disability.(12,43) These results further emphasize the clinical relevance of lesion-level
heterogeneity. Notably, compared to long-T1 lesions overall (i.e., irrespective of PRL status),
a smaller long-T1 PRL volume (average long-T1 PRL volume/case) was sufficient to show an

effect on EDSS.

Finally, our exploratory treatment analyses showed a potential effect of anti-CD20 drugs on
mean PRL T1 times. Consistent with previous studies,(14,44) treatment did not measurably
affect lesion volume or rim visibility; however, a differential effect on T1 time trajectories was
evident. Across non-PRL, independently of their T1 status, lesions from untreated participants
showed a clear reduction in T1 over time, whereas T1 increased in lesions from untreated
participants. A similar treatment-related decline was also present in short-T1, likely younger,
PRL. In contrast, long-T1 PRL showed virtually no change in T1 times, with no detectable
treatment-associated effect, suggesting that more advanced tissue damage within PRL may be
refractory to therapeutic modulation with peripherally acting anti-CD20 antibodies. A possible
explanation for these differences within PRL might be the degree of compartmentalization of
the inflammatory response (likely higher in long-T1 PRL)(45) and to different cellular profile
of the rim.(14,46,47) Given that PRL are strongly associated with neuroaxonal damage and
future disability progression,(3,14,48,49) attenuation of tissue damage accrual within PRL,
especially short-T1 PRL, may be of particular clinical relevance. In light of previous reports
showing limited treatment effects on lesion measures (especially lesion volume),(14,15,44,50)

assessing treatment responses through baseline measures of lesion heterogeneity may provide
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greater sensitivity. Our power analyses suggest that including about 60 cases would be
sufficient to detect a treatment effect on T1 times within PRL (even in the case of a more

modest 30ms slope difference between treated/untreated lesions).

A major limitation of this study is the relatively small sample size of our /esion-age analysis
and the resulting inability to adjust for potential confounding factors, particularly treatment.
However, the acquisition of longitudinal lesion-level data required for lesion age estimation
remains highly challenging, and such datasets are currently scarce. Given the observed anti-
CD20-related effects in short-T1 lesions, we cannot exclude the possibility that the longitudinal
evolution of these lesions may also be affected by other treatments. Collecting such
longitudinal data, especially from entirely untreated patients, remains challenging, as
individuals with PRL are generally more likely to receive second-line therapies.(51)
Furthermore, our lesion-age analysis is currently limited to a follow-up period of 4.5 years,
which does not capture the full life cycle of PRL, estimated to last a median of 7-10
years.(10,47,52) While our data support this developmental interpretation, it is important to
acknowledge that lesion age cannot always be determined with perfect precision. For
enhancing lesions, age is known from the time of first gadolinium enhancement, whereas
lesions appearing between two imaging sessions are assigned an estimated onset at the
midpoint between scans. As such, lesion age carries a certain degree of temporal uncertainty,
particularly for intervally developing lesions. PRL detectability is also influenced by
acquisition parameters of susceptibility-sensitive imaging, including echo time, spatial
resolution, and field strength, which may lead to underestimation of rim prevalence,
particularly in older or smaller lesions. Furthermore, slowly expanding lesion status was not
available in this study and could therefore not be considered in the interpretation of lesion-
volume trajectories. The cross-sectional design of our fluid biomarker and disability analyses

also restricts causal interpretation and limits insight into the longitudinal effects of short-T1
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and long-T1 PRL on disability accrual. Finally, our treatment analysis was exploratory and
restricted to a 2.5-year observation period. As such, it remains unclear whether the observed
attenuation of tissue damage accrual — particularly in short-T1 PRL — translates into long-
term reductions in disability progression. Furthermore, these findings may not generalize to
less active MS populations, such as patients with longstanding MS. In addition, subgroup
sample sizes, most notably for long-T1 non-PRL lesions, were limited, and findings in these
strata should therefore be interpreted with caution. Lastly, although quantitative T1 has been
associated with myelination levels in histopathological studies,(33) no additional myelin-
sensitive imaging was available in the present cohort. Therefore, short-, mixed- and long-T1
lesions should be interpreted as lesions reflecting differences in tissue integrity rather than

definitive myelination states.

Future longitudinal studies combining advanced quantitative MRI, histopathological
validation, and standardized treatment documentation will be essential to clarify the temporal
dynamics of PRL subtypes, their associations with future disability progression, and their

responsiveness to therapy.

In conclusion, PRL show distinct heterogeneity in terms of their quantitative T1 measures,
potentially reflecting different stages in lesion development. While long-T1 PRL appear to
represent a more advanced stage of chronic inflammatory activity with accumulated tissue
damage — associated with clinical disability and largely unresponsive to treatment — short-
T1 PRL may be of particular interest for future studies on disability progression and therapeutic

responsiveness.
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Figures Legends

Figure 1 - Inclusion Criteria Flow Chart
Figure 2 - Lesion-Age Analysis

(A) Longitudinal lesion behavior of PRL (blue) and non-PRL (orange) over lesion age. Lines
represent estimated slopes from a repeated-measures mixed-effects model with random
intercepts for participants and lesions. (B) Comparison of lesion age between short-T1 and
long-T1 non-PRL, based on a cross-sectional mixed-effects model with a random participant-
level intercept. (C) Comparison of lesion age between short-T1 and long-T1 PRL, based on a
cross-sectional mixed-effects model with a random participant-level intercept. (D) Examples
of a short-T1 PRL (lesion age 1.1yrs, mean T1=1421ms) and long-T1 PRL (lesion age 3.2yrs,

mean T1=1608ms) in a 26-year-old male with relapsing-remitting MS.
Figure 3 - Lesion volume distribution over different sNfL z-score groups

Bar plots indicate median and standard deviation, while the pie charts show mean lesional

measures per z-score group.
Figure 4 - Treatment Analysis

(A) Observed longitudinal T1 time trajectories for untreated (blue) and anti-CD20—treated
(yellow) lesions, stratified by lesion type. (B—E) Model-based predicted T1 time trajectories
derived from a repeated-measures mixed model with a significant four-way interaction
(Follow-up x Treatment x Lesion Type x T1 status). Panels show: B short-T1 non-PRL, C
short-T1 PRL, D long-T1 non-PRL, and E long-T1 PRL lesions, illustrating subgroup-specific

treatment effects.
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Figure 5 - Working hypothesis of the association of PRL heterogeneity, clinical disability,
neurofilament light chain, and treatment responsiveness.
Following closure of the blood-brain barrier, T1 times increase within PRL, reflecting
progressive tissue damage. This progression reflects ongoing demyelination and axonal
degeneration, leading to release of NfL, particularly during the early stages of lesion
development. In later stages, cumulative tissue injury is associated with greater clinical
disability. Responsiveness of PRL to anti-CD20 antibody therapy decreases with increasing
tissue T1, underscoring the importance of early therapeutic intervention during lesion

evolution.
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Table 1 - Demographic Data

Overall, NIH, Brussels,
N =182 N =204 N =162
Age (years) 4411 £12.72 50.00 +13.01 43.38+£12.53
Sex
Male 66 (36%) 7 (35%) 59 (36%)
Female 116 (64%) 13 (65%) 103 (64%)
Disease phenotype
RRMS 124 (68%) 10 (50%) 114 (70%)
PMS 58 (32%) 10 (50%) 48 (30%)
EDSS 2.50 (0.00 - 8.00) 3.50 (0.00 — 8.00) 2.00 (0.00 —7.00)

Norm. brain volume

0.74 (0.63 - 0.83)

T2 lesion load,

T2LL (mm3) 5,012 (150 — 45,998)
PRL count 1(0-84) 1 (0-10) 1(0-84)

Long-T1 PRL count | 0 (0—48) 0(0-5) 0(0-48)

Short-T1 PRL count | 0 (0 —36) 0(0-5) 0(0-36)

SNfL (Z-score) 0.22 (-1.70 - 3.89)

@ Mean + SD; (%); Median (Range)

Abbreviations: EDSS: Expanded Disability Status Scale, RRMS: Relapsing-remitting Multiple Sclerosis; MS:

Progressive Multiple Sclerosis; PRL: Paramagnetic rim lesions, sNfL: soluble neurofilament light chain, T2LL:




