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Abstract
Background and Objectives
Paramagnetic rim lesions (PRLs), visible on susceptibility-based imaging (SbI), reflect chronic 
active inflammation in multiple sclerosis (MS). In adult-onset MS, PRLs are associated with 
a more aggressive disease course.The objectives of this study were to assess the prevalence of 
PRLs in children with MS and to examine how baseline PRL count relates to clinical disability 
and brain tissue volume loss, both cross-sectionally and over short-term follow-up.

Methods
We retrospectively analyzed pediatric patients from 4 UK tertiary neuroimmunology centers who met 
the 2017 McDonald diagnostic criteria and had 3D T1-weighted, T2-weighted, fluid-attenuated in-
version recovery, and SbI MRI available. PRLs were identified per North American Imaging in MS 
criteria and anatomically classified. Brain volumes were segmented using Mindglide, with z-scores 
derived from NIH normative data. Associations between baseline PRL burden, clinical variables, and 
brain volumes were assessed using univariable and multivariable stepwise regression. Linear mixed-effects 
models evaluated the predictive value of baseline PRL burden on longitudinal brain volume changes.

Results
Fifty-four patients (mean age 14.0 ± 2.2 years; 75.9% female) were included. At least 1 PRL was 
seen in 74.1% of patients, with a median number of 2 PRLs (interquartile range [IQR] = 0–6), 
predominantly in periventricular regions, and accounting for 25% of total T2-weighted hyperin-
tense lesions. In multivariable Poisson regression, at baseline, shorter disease duration (incidence 
rate ratio [IRR] = 0.987, 95% CI 0.975–0.999, p = 0.035), and greater number (IRR 1.045, 95% CI 
1.035–1.054, p < 0.001) and volume (IRR 1.018, 95% CI 1.004–1.032, p = 0.012) of T2-
hyperintense lesions were associated with higher PRL count. Cross-sectionally, a higher PRL count 
was associated with lower cortical (β = −0.139, 95% CI −0.231 to −0.047, p = 0.016) and deep 
(β = −0.096, 95% CI −0.166 to −0.026, p = 0.032) gray matter volume z-scores. No significant 
association was observed between clinical disability and PRL count. In 45 patients followed up for 
a median 17 months (IQR 12–24), a higher baseline PRL count predicted greater deep gray matter 
volume loss over time (β = −0.020, 95% CI −0.034 to −0.006, p = 0.036).
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Discussion
PRLs are common in pediatric MS and are linked to greater lesion burden and gray matter atrophy. These findings suggest that 
PRLs are promising imaging biomarkers of more severe brain tissue damage although their ability to predict future disability 
requires confirmation in longer term studies.

Introduction
Pediatric-onset MS (POMS) is associated with a higher re-
lapse rate and rapid MRI lesion accrual early in the disease 
course. 1 Despite the better recovery from relapses 2 and lower 
short-term disability, POMS is associated with worse long-
term cognitive and physical disability compared with adult-
onset disease. 3 It is also linked to reduced brain growth, 
followed by atrophy, 4 although MRI-based brain volume 
measures remain limited to research settings.

In recent years, chronic active lesions have been recognized as 
in vivo biomarkers of smouldering inflammatory activity, 5 one 
of the main contributors to disability progression in MS. 6,7 

The umbrella term “chronic active lesions” includes both 
slowly evolving lesions and paramagnetic rim lesions (PRLs). 8 

While the identification of slowly evolving lesions requires at 
least 3 MRI time points and advanced image processing 
techniques, 9 PRLs can be detected from a single MRI acqui-
sition, making them a more accessible and clinically feasible 
biomarker for routine use, although the use of specific iron-
sensitive sequences may require longer acquisition time.

PRLs are characterized by a rim of activated microglia or mac-
rophages at the lesion edge, 10 identified using susceptibility-
based imaging (SbI). 11 PRLs can be detected in around 60% of 
patients with MS, with a lower prevalence in patients with 
relapsing-remitting MS (RRMS) compared with progressive 
MS. 7,12 In adult MS, the presence of PRLs has been associated 
with disability progression, particularly when 4 or more PRLs are 
identified. 13 Furthermore, emerging evidence suggested that 
PRLs may serve not only as prognostic indicators but also as 
potential diagnostic biomarkers. 14 Only few studies have been 
conducted in pediatric patients, showing the presence of at least
1 PRL in the 69%–92% of pediatric patients with MS, with 
a specificity for MS compared with myelin oligodendrocyte 
glycoprotein–associated diseases and other acquired de-
myelinating syndromes. 15-17

The aim of this study was to evaluate whether PRL count in 
POMS (1) correlates with clinical disability and brain tissue 
volume measures and (2) predicts longitudinal outcomes, as

reflected by changes in Expanded Disability Status Scale (EDSS) 
scores and brain tissue volume loss over follow-up time.

Methods
Standard Protocol Approvals, Registrations, 
and Patient Consents
This study was approved by the Great Ormond Street Hos-
pital Research and Development Department (reference: 
16NC10). Because the data analysis was retrospective and no 
additional information was gathered beyond what was nec-
essary for the standard medical care of the patients, informed 
written consent from participants was not required prior to 
their inclusion in the study.

Participants and Inclusion Criteria
This retrospective analysis included pediatric patients with 
MS from 4 tertiary pediatric neuroimmunology centers in the 
United Kingdom: Great Ormond Street Hospital for Chil-
dren, Evelina London Children’s Hospital, Birmingham 
Children Hospital, and Oxford University Trust. Inclusion 
criteria were as follows: (1) MS onset before age 18 years, (2) 
diagnosis of MS according to the 2017 diagnostic criteria 18 ; 
(3) brain MRI including 3D T1-weighted, T2-weighted, fluid-
attenuated inversion recovery (FLAIR), and susceptibility-
weighted imaging (SWI) or other SbI sequences.

Because imaging was performed in routine clinical practice, 
baseline was defined as each patient’s earliest scan meeting 
our inclusion criteria. To ensure that PRLs reflected chronic 
pathology rather than transient inflammation and to minimize 
the impact of acute phenomena (such as vasogenic edema) on 
brain volume measurements, we included only MRI scans 
performed at least 4 weeks after a clinical attack.

For longitudinal analyses, patients were required to have 
a follow-up MRI performed at least 6 months after their 
baseline scan, with no intervening relapses. While baseline 
SWI/SbI was mandatory for PRL detection, equivalent 
susceptibility-based sequences were not required on follow-
up; follow-up scans needed only the standard structural

Glossary
DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; FLAIR = fluid-attenuated inversion recovery; 
IQR = interquartile range; IRR = incidence rate ratio; MS = multiple sclerosis; POMS = pediatric-onset MS; PRL = 
paramagnetic rim lesion; SbI = susceptibility-based imaging; SWI = susceptibility-weighted imaging.
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sequences (3D T1-weighted, T2-weighted, and FLAIR) to 
assess volumetric change.

Data Collection
Clinical data, including demographics and disease character-
istics (i.e., age at onset, sex, treatment history, and EDSS score 
at the time of MRI), were retrospectively reviewed from 
patients’ electronic medical records. EDSS assessments in-
cluded in this study were conducted within 3 months of MRI 
acquisition, in the absence of an acute clinical relapse, and at 
least 4 weeks after any prior relapse.

MRI Acquisition
MRI scans were acquired as part of the routine clinical care in 
the National Health Service (NHS), using either 3T or 1.5T 
scanners, and included the following sequences: (1) 2D or 3D 
FLAIR and T2-weighted images for lesion detection and 
segmentation; (2) SWI—a high-resolution 3D gradient-echo 
sequence that combines magnitude images with high-pass-
filtered phase data—as well as other SbI techniques (e.g., T2*- 
weighted gradient-echo (GRE) magnitude, multiecho 3D 
GRE for R2* mapping, and unfiltered phase images); (3) 3D 
T1-weighted images for brain volume quantification; (4) 
postcontrast T1-weighted images to detect contrast-
enhancing lesions (whenever available). The MRI acquisi-
tion protocol is presented in eTable 1.

MRI Analysis
T2-hyperintense lesions were identified on T2-FLAIR images, 
and the presence of PRLs was assessed on coregistered SbI 
and related phase maps. The evaluation of PRLs was per-
formed by consensus of 2 raters blinded to the participant’s 
clinical data, following the North American Imaging in MS 
Cooperative guidelines. 19 PRLs were classified according to 
location as follows: periventricular (with 1 edge in contact 
with a ventricle), deep white matter, juxtacortical (with 1 edge 
in contact with the cortex), or other.

The 3D T1-weighted and FLAIR images were segmented 
using Mindglide, 20 to, respectively, obtain total intracranial 
volume, brain tissue -whole brain, white matter (WM), cor-
tical gray matter (GM), and deep GM- volumes, and T2 lesion 
volumes. Brain volumetric measures were normalized by di-
viding them by the total intracranial volume.

z-Score Computation
To overcome the difficulty of obtaining longitudinal MRI 
scans for normative brain volume modeling from pediatric 
healthy controls, we selected a group of 317 pediatric healthy 
children (HC) from an National Institute of Health (NIH)- 
funded MRI Study of Normal Brain Development (NIH HC) 
with longitudinal MRI assessments for brain volume quanti-
fication (median follow-up: 3.6, range = 0.9, 5.4 years). 21 The 
data from the NIH-funded MRI Study of Normal Brain De-
velopment were downloaded in August 2023. MRI data from 
all available healthy participants were initially retrieved, fol-
lowed by a quality check to assess motion and other artifacts.

Among the 317 NIH HC participants deemed suitable for 
analysis, 163 had 2 scans (with a median interval of 2 years 
between the first and second scan, ranging from 0.9 to 4.3 years) 
while 154 had 3 scans (with a median interval of 3.9 years be-
tween the first and third scan, ranging from 2.0 to 5.4 years).

To estimate age-specific and sex-specific brain and gray matter 
developmental trajectories, the following linear mixed-effects 
model was applied to the normalized whole brain and regional 
gray matter volumes of the healthy participants: 22

V ij = β 0 + b i0 + 
� 
β 1 + b i1 

� 
Age ij + β 2 Sex i + β 3 Age ij *Sex i + β 4 Age

2
ij + « ij

Here, V ij represents the volume of the whole brain or of 
a specific GM region for the participant i at the age j.

To estimate deviations from the expected maturation trajec-
tories of the different brain regions, we calculated z-scores for 
the whole brain and each brain tissue at every time point. As 
detailed in previous studies, 22,23 z-scores were computed by 
subtracting the mean and dividing by the SD, which was es-
timated from the variance-covariance matrix of the fixed 
effects and the residual variance of the random effects, using 
the age and sex of each participant.

Statistical Analysis
Pediatric patients with MS were grouped according to the 
presence of PRLs (PRLs + or PRLs-). Between-group 
comparisons of demographic, clinical, and MRI parameters 
were conducted using the Pearson χ 2 test, Mann-Whitney U test, 
2-sample t test, and linear models, as appropriate. Associations 
between PRL count and demographic, clinical, and MRI varia-
bles were examined using generalized linear models with 
a Poisson distribution and a log link function. To identify in-
dependent predictors of PRL count, a stepwise multivariable 
Poisson regression approach was applied, combining forward 
selection and backward elimination. At each step, variables were 
considered for inclusion or removal based on likelihood ratio 
tests, using a p value threshold of 0.15. 1 Multicollinearity was 
assessed using variance inflation factors. Model 
assumptions—such as the linearity of the log-transformed out-
come with respect to predictors, the absence of overdispersion, 
and the appropriateness of the specified link function—were 
evaluated using diagnostic plots and goodness-of-fit tests.

Linear regression models were used to examine the association 
between PRL count and both clinical disability and brain volume 
z-scores. To assess changes in clinical disability and brain tissue 
volumes over the follow-up period and their association with 
PRLs as a continuous variable, linear mixed-effects models were 
used including a random intercept for each patient. In both sets of 
models, age, sex, disease duration, disease-modifying treatment 
(DMT) (anti-CD20; other DMTs, namely interferon-β prepa-
rations and fingolimod; or no DMTs), and T2-hyperintense le-
sion volume were included as covariates.
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All statistical analyses were conducted using R version 4.4.1. 
Where appropriate, false discovery rate correction was applied 
to account for multiple comparisons. Statistical significance 
was defined as p < 0.05.

Data Availability
Any data not presented in the article will be made available on 
request to any senior (tenured) investigator.

Results
Cohort Demographics and Clinical and MRI 
Features at Baseline
A total of 54 patients fulfilled the inclusion criteria. The study 
flowchart summarizes cohort selection (Figure 1). Patients’ de-
mographics are summarized in Table 1. Forty-one patients were 
female (75.9%), and the mean age at the time of first SbI phase 
scan was 14.0 ± 2.2 years. The median disease duration was 
7 months (Interquartile range [IQR] 2–22).

Frequency and Localization of PRLs
Forty patients (74.1%) had at least 1 PRL. An example of 
PRL is shown in Figure 2. The median of PRLs per patient 
was 2 [IQR = 0–6], and the median T2 lesions per patient 
was 11 (IQR = 5.25–24.25); PRLs represented 24.1% of the 
total number of T2 lesions per patient. In addition, PRLs 
represented 25% (217/865) of the total number of T2 
lesions in all participants. PRLs were predominantly located 
in the periventricular area (n = 119), followed by the sub-
cortical area (n = 47), deep white matter (n = 41), and 
juxtacortical region (n = 8).

Association of Clinical and MRI Variables With 
PRL Count at Baseline
In univariable Poisson regression models, a higher number of 
PRLs was associated with greater T2-FLAIR lesion count [in-
cidence rate ratio (IRR) = 1.041, 95% CI 1.034–1.049, p < 0.001], 
total T2-FLAIR lesion volume (IRR 1.029, 95% CI 1.018–1.040, 
p < 0.001), and lower brain volume z-scores (IRR 0.909, 95% CI 
0.850–0.973, p = 0.006). A lower number of PRLs was associated 
with treatment with anti-CD20 (IRR = 0.640, 95% CI 
0.447–0.917, p = 0.015). Age and disease duration were not as-
sociated with PRL count.

Multivariable stepwise Poisson regression analysis showed 
that higher T2-FLAIR lesion count (IRR 1.045, 95% CI 
1.035–1.054, p < 0.001) and volume (IRR 1.018, 95% CI 
1.004–1.032, p = 0.012) were both independently associated 
with an increased number of PRLs. Shorter disease duration 
was associated with greater PRL count (IRR 0.987, 95% CI 
0.975–0.999, p = 0.035). Table 2 summarizes results from 
both univariate and multivariable analyses.

Association of PRLs With Clinical Disability and 
and Brain Tissue Volumes
No association was found between PRL count and EDSS 
scores. Among the 50 patients whose scans fulfilled the in-
clusion criteria for the brain volume analysis (4 patients were 
excluded because of artifacts), a higher PRL count was asso-
ciated with lower deep gray matter (β = −0.079, 95% 
CI −0.151 to −0.008, p = 0.029) and cortical gray matter 
(β = −0.128, 95% CI −0.216 to −0.040, p = 0.007) volume 
z-scores in linear regression models (eTable 2).

Changes Over Time in Clinical Disability and 
Brain Tissue Volumes
Forty-five patients had longitudinal clinical evaluation and MRI 
scans, with a median of 3 scans (IQR = 3–4) and a median 
interval of 17 months (IQR 12–24) between the first and last 
scan. No new T2-hyperintense lesions were detected on any 
follow-up scan. We did not observe any change in the EDSS 
score over follow-up time while we observed reductions in brain 
(β = −0.342, 95% CI −0.496 to −0.187, p < 0.001), deep gray 
matter (β = −0.127, 95% CI −0.219 to −0.035, p = 0.007), and 
cortical gray matter (β = −0.266, 95% CI −0.386 to −0.145, p < 
0.001) volume z-scores (Table 3).

Figure 1 Flowchart of Pediatric Multiple Sclerosis Cohort 
Selection

This flowchart illustrates the stepwise inclusion and exclusion of pediatric 
patients with multiple sclerosis (MS) in our study. Beginning with the initial 
pool of 128 screened patients (oval), those meeting our predefined inclusion 
criteria (n = 54) were retained while 74 were excluded for lack of suitable 
baseline imaging. After quality assurance of MRI scans, 50 patients 
remained for brain volume analysis and of these, 45 completed the required 
longitudinal follow-up interval.
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Relationship Between PRLs and Brain Tissue 
Volume Changes Over Time
A time × PRL count interaction was observed for deep gray 
matter volume z-score (β = −0.021, 95% CI −0.035 to −0.007, 
p = 0.003), indicating that higher PRL counts were associated 
with greater deep gray matter volume loss over time. No 
interactions were observed for clinical disability, cortical gray 
matter, white matter, or total brain volume (Table 3).

Discussion
In this multicenter cross-sectional study of 54 patients with 
POMS, we observed a high prevalence of PRLs, with 74.1% of 
patients showing at least 1 PRL (median: 2 per patient). This 
is notably higher than reported in adult cohorts and consistent 
with prior pediatric studies showing a prevalence of 69%– 
92%. 15-17 PRLs were predominantly periventricular and

accounted for 25% of all WM lesions, twice the proportion 
seen in adult MS. 12 Clinical and radiologic disease activity and 
shorter disease duration were independent predictors of PRL 
count. Higher PRL count was associated with lower cortical 
and deep gray matter volume at baseline and with more severe 
deep gray matter volume loss over time.

The higher PRL prevalence in our study compared with adult 
cohorts, together with the finding that shorter disease duration 
independently predicted higher PRL count, suggests that PRL 
formation is an early event in the disease course. This is further 
supported by their association with more severe inflammatory 
activity, reinforcing the notion that PRLs may reflect heightened 
inflammation in the early stages of MS. While these findings 
contrast with those reported in adult MS, where PRLs have been 
more commonly associated with progressive disease, 24,25 they 
shed new light on the potential significance of these lesions, 
which may represent early-stage lesions characterized by

Table 1 Demographic, Clinical, and MRI Characteristics of PRL-Positive vs PRL-Negative Pediatric Patients With MS at
Time of MRI

PRLs + PRLs- p Value

Number of patients 40 14

Mean age (SD) (y) 14 (13.75–16) 14 (12.25–15) 0.560

Sex (F:M) 30:10 11:3 0.999

Median disease duration (IQR) (mo) 7 (1–23.5) 8 (3.25–20.25) 0.823

Number of previous relapses (median, IQR) 1(1–2) 1 (1–2) 0.31

Number of patients on DMT (%) 16 (40) 6 (43) 0.998

Number of patients on anti-CD20 (%) 13 (81.3) 3 (50) 0.350

Median EDSS score (IQR) 1 (1–2) 1 (0–1.5) 0.787

Total number of WM lesions (median, IQR) 18 (7–27) 5.5 (2–7) <0.001

Mean T2-hyperintense lesion volume (SD) (mL) 6.4 (5.3) 9.4 (9.0) 0.094

Median number of PRLs (median, IQR) 4 (2–7.5) 0 (0)

Mean normalized brain volume z-score (SD) −2.74 (1.71) −2.21 (2.21) 0.284

Mean cortical gray matter volume z-score (SD) −2.68 (1.09) −2.27 (1.85) 0.170

Mean deep gray matter volume z-score (SD) −1.25 (1.20) −2.14 (1.97) 0.061

Mean white matter volume z-score (SD) −0.79 (1.93) −0.01 (2.85) 0.754

Longitudinal evaluation (n = 45) PRLs+ (n = 31) PRLs- (n = 14)

Delta EDSS score 0.00 ± 0.00 0.00 ± 0.00 NA

Delta lesion volume (SD) [ml] 0.21 ± 2.29 0.81 ± 3.62 0.951

Delta brain volume z-scores 0.04 ± 1.47 −0.30 ± 2.17 0.470

Delta cortical gray matter volume z-scores 0.14 ± 1.38 0.44 ± 0.97 0.166

Delta deep gray matter volume z-scores 0.08 ± 0.78 −0.01 ± 0.81 0.778

Delta white matter volume z-scores 0.05 ± 1.25 −0.43 ± 2.81 0.854

Abbreviations: EDSS = Expanded Disability Status Scale; F = female; IQR = interquartile range; M = male; MS = multiple sclerosis; PRL = paramagnetic rim lesion; 
SD = standard deviation; WM = white matter; NA = not available.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 13, Number 1 | January 2026
e200506(5)

http://neurology.org/nn


dynamic changes at their borders. Although we cannot de-
termine whether these lesions represent more destructive, 
chronic inflammatory lesions linked to neurodegeneration, 26 the 
observed associations with gray matter atrophy suggest that 
PRLs may play a contributory role in longer term disability.

Of interest, we observed an inverse relationship between anti-
CD20 therapy and PRL count. This finding supports the view 
that PRLs serve as markers of heightened inflammatory 
activity—given the well-known efficacy of anti-CD20 agents 
against acute inflammation 27,28 —and suggests that these 
treatments may also modulate the chronic evolution of in-
flammatory processes. However, the relatively limited number 
of patients receiving DMTs, and particularly anti-CD20 
therapies, in this cohort precluded a more detailed in-
vestigation of their specific impact on the PRL-driven 
inflammation-neurodegeneration axis.

We found cross-sectional associations between PRL count 
and cortical gray matter volume, supporting the hypothesis of 
shared pathogenic mechanisms underlying these changes. 
While the available SWI sequences did not permit direct vi-
sualization of chronic inflammatory changes within cortical or 
deep gray matter, the observed volume loss may reflect such 
underlying pathology. The well-established relationship be-
tween lesion burden and thalamic atrophy in pediatric MS 22,29 

suggests that PRLs, by virtue of their more destructive nature, 
could drive more severe antegrade and retrograde Wallerian 
degeneration, thereby contributing to greater gray matter

volume loss. Deep gray matter structures, particularly the 
thalamus, are highly interconnected and thus especially sus-
ceptible to secondary degeneration resulting from white 
matter injury. It is important to note that this association also 
persisted longitudinally, with higher PRL counts predicting 
more pronounced deep gray matter atrophy over time.

Despite the association between PRLs and more pronounced 
gray matter volume loss, we did not find any relationship 
between PRL count and EDSS scores. This aligns with prior 
pediatric MS studies reporting no association between high 
lesion load and early clinical disability, 30 potentially reflecting 
greater neuroplasticity or a delayed clinical manifestation of 
tissue damage in younger individuals. 31,32

Nonetheless, PRLs may still carry prognostic value. In adult 
MS, their presence has been linked to future disability pro-
gression, 24 suggesting that the more severe gray matter atro-
phy observed in patients with higher PRL counts could 
ultimately contribute to earlier or more significant disability 
over time. However, PRLs likely represent only one aspect of 
a broader pathogenic process; although not sufficient on their 
own to account for disability, they may serve as valuable 
markers of compartmentalized tissue inflammation and on-
going neurodegeneration, also during the earliest stages of 
disease.

This study has several limitations. First, the limited follow-up 
duration and the minimal disability, which is frequently

Figure 2 Paramagnetic Rim Lesions Detected by SWI Phase and SWI With Corresponding FLAIR Abnormalities

Panels A and D show SWI phase images (from 
a left-handed system) with white arrows in-
dicating paramagnetic rim lesions (PRLs), charac-
terized by hyperintense rims suggestive of iron-
laden macrophage accumulation. Panels B and E 
display corresponding SWI images, also high-
lighting the peripheral hypointensity of PRLs with 
white arrows. Panels C and F present the fluid-
attenuated inversion recovery (FLAIR) images, 
demonstrating hyperintense lesions at the same 
anatomical locations, consistent with chronic ac-
tive demyelinating pathology. SWI = susceptibility-
weighted imaging.
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observed in POMS, may have reduced our ability to detect 
significant changes in EDSS scores and brain tissue volumes. 
Second, the limited number of patients on DMTs constrained 
our capacity to investigate how these treatments influence 
PRL counts and their relationship with brain atrophy. Al-
though the lack of postcontrast sequences could have led to an 
overestimation of PRLs, thereby biasing our prevalence and 
burden metrics, we restricted our analysis to scans acquired 
during clinical stability (≥4 weeks after relapse), which should

largely attenuate this risk. Furthermore, owing to imaging 
artifacts, PRLs could not be reliably identified in infratentorial 
regions. Because the MRI scans were obtained during routine 
clinical care rather than through a controlled research pro-
tocol, there was no predefined interval from disease onset to 
the “baseline” scan. Instead, baseline was defined as the ear-
liest scan that met our inclusion criteria, which could have 
introduced variability in the disease stage at the time of 
baseline assessment. The lack of an internal healthy control 
group limited our ability to account for scanner-related or 
protocol-related variability across sites. Moreover, although 
each patient underwent MRI on the same scanner throughout 
the follow-up period, multiple scanners were used within each 
center, resulting in only a limited number of patients per 
scanner. This limited the feasibility and statistical stability of 
including scanner as a random effect in our models. However, 
this is unlikely to have introduced systematic bias into our 
findings, particularly given the use of a validated segmentation 
technique designed to ensure reliable results across varying 
MRI contrasts and resolutions. 2

Standard volumetric techniques were used to assess brain 
tissue integrity, but they may lack sensitivity to subtle or mi-
crostructural damage detectable with more advanced imaging 
modalities. 33 The absence of dedicated sequences, such as 
leptomeningeal contrast-enhanced FLAIR and multiecho 
SWI, also restricted our capacity to assess chronic in-
flammatory changes within the cortical gray matter, which 
may contribute to neurodegeneration in MS. 34

In this multicenter study involving a relatively large cohort 
of patients with pediatric-onset MS, we confirmed that 
PRLs are more frequently observed in children and ado-
lescents than in adults with MS, consistent with previous 
reports. Our findings also demonstrate that higher PRL 
counts correlate with greater inflammatory activity as 
proven by the association with T2-hyperintense lesion 
burden and more severe brain tissue loss, underlining their 
potential role as biomarkers of a more aggressive disease 
phenotype. By contrast, PRL count showed no association 
with current or short-term clinical disability, likely owing to

Table 3 Brain Tissue Volume Changes Over the Follow-Up Period and Their Association With Paramagnetic Rim Lesion
Count

Time Time*paramagnetic rim lesion count

β coef 95% CIs p Value β coef 95% CIs p Value

EDSS scores 0.000 0.000–0.000 1.000 0.000 0.000–0.000 1.000

Brain volume z-scores −0.342 −0.496 to −0.187 <0.001 −0.034 −0.070, 0.002 0.069

Deep gray matter volume z-scores −0.127 −0.219 to −0.035 0.007 −0.021 −0.035, −0.007 0.003

Cortical gray matter volume z-scores −0.266 −0.386 to −0.145 <0.001 −0.005 −0.033, 0.024 0.741

White matter volume z-scores −0.156 −0.381 to 0.069 0.177 −0.029 −0.082, 0.024 0.284

Abbreviations: coef = coefficient; EDSS = Expanded Disability Status Scale.

Table 2 Univariate Association With Paramagnetic Rim
Lesion Count and Independent Associations 
Identified Through Stepwise Multivariable 
Poisson Regression Analysis

Univariate Poisson regression analysis

IRR 95% CIs
FDR-adjusted 
p values

Age 1.034 0.951–1.124 0.432

Sex 1.116 0.791–1.575 0.531

Disease duration 0.996 0.985–1.006 0.401

Number of relapses 1.007 0.865–1.173 0.924

T2-hyperintense lesion count 1.041 1.034–1.049 <0.001

T2-hyperintense lesion volume 1.029 1.018–1.040 <0.001

Brain volume z-score 0.909 0.850–0.973 0.006

Treatment with anti-CD20 vs 
no DMTs

0.640 0.447–0.917 0.015

a Other DMTs vs no DMTs 0.876 0.583–1.315 0.523

Multivariable stepwise Poisson regression analysis

IRR 95% CIs p Value

Disease duration 0.987 0.975–0.999 0.035

T2-hyperintense lesion volume 1.018 1.004–1.032 0.012

T2-hyperintense lesion count 1.045 1.035–1.054 <0.001

Abbreviations: DMTs = disease-modifying treatments; EDSS = Expanded
Disability Status Scale; FDR = false discovery rate; IRR = incidence rate ratio.
a Other DMTs include any interferon-beta preparations and fingolimod.
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preserved neuroplasticity and the early disease stage in this 
population. Taken together, these findings support the 
hypothesis that PRLs reflect sites of chronic neuro-
inflammation and may contribute to neurodegeneration 
over time. While clinical sequelae may not yet be apparent 
in pediatric patients, the strong relationship with tissue 
injury highlights the potential prognostic value of PRLs.
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