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Introduction
Relapse-onset multiple sclerosis (MS) is character-
ised by the development of acute focal new lesions. 
While acute inflammation typically lasts weeks to a 
month, at pathology between 15% and 30% of lesions 
show evidence of chronic inflammatory activity, with 
such lesions termed chronic active or smouldering.1,2 
They show progressive tissue matrix damage in their 
cores and have rims of iron-laden activated microglia/
macrophages with myelin breakdown and reactive 
astrocytes.3,4 Chronic active lesions are seen in all 
phenotypes of MS and are thought to contribute to 

clinical progression independent of relapses through 
neuro-axonal damage.

On magnetic resonance imaging (MRI), the paramag-
netic properties of iron-enriched macrophages and 
microglia at the edge of lesions enable some chronic 
active lesions to be identified on SWI (termed para-
magnetic rim lesions, PRLs). Hypointense rims sur-
rounding lesions have been described in both relapsing 
and progressive MS using T2*-weighted or phase,5 
susceptibility-weighted imaging (SWI)6 as well as 
quantitative susceptibility mapping (QSM).7 It has 
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also been shown that some PRLs slowly expand over 
time more so than non-PRLs,8 despite other data 
reporting that shrinkage can also be seen in PRLs.9 In 
MS, PRLs are estimated to occur in about 40% of 
patients and on average make up ~10% of the overall 
lesion count.10 However, limited MRI sensitivity in 
detecting intracellular iron8 may suggest an underesti-
mation of the true number of such lesions. PRLs are 
specific for MS11 and having four PRLs is associated 
with greater motor and cognitive disability at an ear-
lier age,12 but it remains uncertain if they preferen-
tially accumulate in progressive MS.13,14

Chronic lesion activity can also be detected with 
slowly expanding lesions (SELs) using deformation-
based volumetric MRI. As with PRLs, SELs are seen 
in all MS phenotypes,15,16 appear more numerous with 
progressive (primary and secondary) progressive 
compared with relapsing-remitting MS,15 and have 
been associated with neurological and cognitive dis-
ability.17,18 SELs also represent a high fraction of the 
total lesion burden.18 SELs have a greater T1 hypoin-
tense volume than non-SELs,17,19 lower magnetisa-
tion transfer ratio (MTR),20 more abnormal diffusivity 
measures,21 and are more likely to become persistent 
black holes (PBH),22 suggesting greater neuro-axonal 
damage. While both represent chronic active lesions, 
it is unclear how SELs and PRLs are related, or have 
different associations with clinical outcomes.

In this work, we hypothesised that (1) lesions with par-
amagnetic rims would be more likely to expand and so 
would be classified as SELs; (2) both lesion types 
would be associated with a higher lesion volume and 
more abnormal brain-derived measures; and (3) that 
patients who had both PRLs and SELs would have a 
poorer clinical prognosis than those who did not.

We aimed to: (1) investigate the association between 
PRLs, identified on the baseline SWI, and SELs, 
computed using volumetric MRI, in relapse-onset 
MS; (2) evaluate their impact on other MS-specific 
markers (total lesion volume and brain-derived met-
rics); (3) evaluate groups defined by the presence or 
absence of PRLs and SELs; (4) assess the independ-
ent and combined contribution of PRLs and SELs to 
the evolution of disability.

Materials and methods

Participants, MRI acquisitions and clinical 
assessments
Participants, who had all given informed consent for 
use of their data, were retrospectively selected from 

an observational study conducted at Centre 
d’Esclerosis Multiple de Catalunya and Section of 
Neuroradiology, Vall d’Hebron Barcelona Hospital 
Campus. The study received approval from the local 
Ethical Commitees of Vall d’Hebron Barcelona 
Hospital Campus and the Queen Square MS Centre, 
University College London. The inclusion criteria 
were: (1) a confirmed diagnosis of relapsing-remit-
ting (RRMS) or clinically isolated syndrome (CIS) 
according to the revised 2017 McDonald criteria;23 
(2) availability of baseline SWI and fluid-attenuated 
inversion recovery (FLAIR) or T2-weighted scans; 
(3) at least three consecutive 3D magnetisation-pre-
pared rapid gradient-echo (MPRAGE) scans of ade-
quate image quality.

The scans were performed on a 3T system (Tim Trio; 
Siemens, Erlangen, Germany) using a 12-channel 
phased-array head coil, with the following acquisition 
parameters as previously described:6 (1) transverse 
fast FLAIR (TR = 9000 ms, TE = 87 ms, TI = 2500 ms, 
flip angle = 120°, voxel size = 0.49×0.49×3.0 mm3), 
(2) sagittal T1-weighted 3D MPRAGE (TR = 2300 ms, 
TE = 2.98 ms, TI = 900 ms, voxel size = 1.0×1.0× 
1.2 mm3) and (3) transverse SWI (TR = 33 ms, 
TE1 = 6.08 ms, TE2 = 24.6 ms, flip angle = 15°, voxel 
size = 0.65×0.65×3 mm).

At each MRI session, Expanded Disability Status 
Scale (EDSS)24 scores were assessed by experienced 
MS neurologists. Changes in EDSS scores were 
assessed between baseline and the last MRI session. 
Confirmed disability progression (CDP) was based on 
an EDSS change ⩾ 1.5 or ⩾ 1.0 when baseline EDSS 
score was 0 or > 0, respectively, as previously 
described,25 confirmed 6 months after the last MRI 
session.

Lesion and brain segmentation, SEL detection
Lesions were identified using the automated lesion 
prediction algorithm from the Lesion Segmentation 
Tool (LST),26 part of Statistical Parametric Mapping 
(SPM) software package, based on the analysis of 
baseline FLAIR images. The output of the LST seg-
mentation was manually quality-checked and, if 
needed, corrected using Jim v7.0 (Xinapse Systems, 
Aldwincle, UK) by experienced raters (AC & MC).

The 2D FLAIR images were resampled to 1 mm iso-
tropic space. The 3D-MPRAGE images were co-reg-
istered to the lesion masks.

SEL-derived metrics were obtained with the in-house 
algorithm:18 lesions seen on FLAIR over 10 mm3 
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were classified as SELs or non-SELs based on the 
presence or absence of detectable expansion (as meas-
ured by the Jacobian determinant) on T1-weighted 
images. To account for differences in the follow-up 
time intervals, the SEL pipeline incorporated a nor-
malisation step that computed the z-score of Jacobian. 
In previous work, we subdivided SELs into possible 
and definite categories, but here in our descriptive 
analyses we combined both into a single SEL cate-
gory, also referred to as SEL candidates.19 However, 
the models including the clinical variables were eval-
uated within all SEL sub-types.

For brain extraction, tissue segmentation and parcel-
lation, Geodesic Information Flows 27 was applied to 
T1-weighted volumetric scans, as previously 
described.28 Using these segmentations, we obtained 
the normalised brain volume (NBV), normalised cor-
tical grey matter (CGM) and normalised deep grey 
matter (DGM) volumes.

PRL detection on SWI
FLAIR and SWI images were rigidly aligned using 
NiftyReg, and each lesion within the lesion mask was 
identified with a unique identification number that 
was kept after transforming the masks to SWI space 
using nearest neighbour interpolation.28 The regis-
tered lesions were then assessed by two independent 
raters (AC and MC), using 3D Slicer, to identify PRLs 
(on SWI) and confirm the hyperintensity (on FLAIR). 
The criteria for the definition of a PRL were: (1) a 
partial or complete rim of hypointense signal relative 
to the lesion core and surrounding white matter; (2) 
correspondence to the lesion’s edge on FLAIR; (3) a 
rim visible on at least two consecutive slices. We 
excluded PRLs that did not correspond to lesion edges 
or to hypointense areas on the FLAIR, and care was 
also taken not to mistake veins and signals from the 
white/grey matter border for PRLs. The raters inde-
pendently marked 20 scans before the start of the 
study (Cohen’s Kappa = 0.87) and discussed why dif-
ferences had arisen. They then independently 
reviewed all the remaining cases, and in the case of 
any disagreements, it was adjudicated by two experi-
enced radiologists (AR and FB).

Statistical analysis
Analysis was performed with R and statistical signifi-
cance was reported at p < 0.05. Lesions were individ-
ually classified as a SEL or a non-SEL, and whether 
they were also a PRL, allowing the coincidence of 
SEL and PRL to be assessed at the lesion level. Lesion 
counts and volumes were also analysed for each 

subtype at the patient level, reporting median and 
range, or mean and standard deviation (SD). Lesion 
volumes were log-transformed to produce more 
normally distributed values. Associations between 
measures were initially assessed with Spearman 
(‘ρ’) correlation coefficients. Then, we performed 
Poisson and linear regressions, for the counts and 
the volumes, and checked the normality of the resid-
uals. A Chi-square test was used to assess the differ-
ences in the proportion of SEL and non-SEL lesions 
that were PRLs. Patients were stratified according 
to the following criteria: ⩾ 1 SEL and ⩾ 1 PRL 
(SEL + PRL +); ⩾ 1 SEL and 0 PRLs (SEL + PRL−); 
0 SELs (SEL−). Since the number of SEL− patients 
was small, the subsets with and without PRLs were 
not considered separately. Differences in those sub-
groups were assessed using linear regressions. The 
analyses were repeated separating the cohort into 
those with shorter (< 2 years) and longer (⩾ 2 years) 
follow-ups.

Mixed-effects regression models adjusted for age, 
gender, relapse rate, baseline total lesion volume, and 
treatment status (at the end of the study) were used to 
assess the relationship between the change in EDSS 
(dependent variable) and the MRI measures as inde-
pendent variables, i.e. counts and log-volumes of 
SELs (possible and definite) as observed over the 
study period and presence of PRLs at baseline or their 
co-occurrence. The interaction term between each 
metric and the time at follow-up was used, and the 
random effects included the subject identification 
number. Multiple logistic regressions adjusted for the 
same covariates were applied to investigate the risk of 
CDP explained by within-patient counts or log vol-
umes of SELs (possible or definite).

Results

Cohort demographics and clinical features
The demographical and clinical characteristics of the 
cohort are presented in Table 1. The median age at 
baseline was 34.4 years (range 14.1–64.9); the median 
disease duration was 0.4 years (range 0.1–16.6) and 
the majority of patients were female (69%). The 
median time to the last follow-up MRI scan was 
3.2 years (range 0.7–8.3 years). At baseline, 6 patients 
were classified as having had a CIS and 55 were 
relapsing-remitting (RRMS); at the last follow-up 6 
still had a CIS, 53 were RRMS and 2 converted to 
secondary-progressive multiple sclerosis (SPMS). 
The median EDSS at baseline was 1.5 (range 0–4.5), 
and the mean EDSS change was 0.16 (SD = 1.33). 14 
(23%) patients developed CDP by the end of the 
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study. At baseline, 16% of patients were receiving a 
disease-modifying treatment (DMT), while 84% had 
been treated with a DMT at the final follow-up.

The prevalence of SELs and PRLs at a patient 
level
Nearly all patients had at least one SEL (92%, n = 56), 
while slightly more than half had ⩾ 1 PRL (56%, 
n = 34). Table 2 shows that the majority of patients 
were SEL + PRL + (n = 31, 51%), followed by 
SEL + PRL− (n = 25, 41%) and finally, patients 

without SELs (SEL−, n = 5, 8%). None of the SELs, 
PRLs or brain volume measures was different 
between the group followed up for < 2 years (n = 15) 
compared to those followed up for ⩾ 2 years (n = 46) 
(Supplementary Table 1).

SELs and PRLs, and their co-localisation at a 
lesion level
Overall 1492 lesions were identified. Among those, 
616 were SELs (41%) and 876 were non-SEL (59%). 
On the baseline SWI, 80 PRLs were identified, 

Table 1. Clinical-demographic characteristics of the patients enrolled in the study.

Demographics and clinical features

Number of patients 61

Female, n (% over total) 42 (69 %)

Age at baseline, median (range), years 34.4 (14.1–64.9)

Disease duration, median (range), years 0.4 (0.1–16.6)

Time to intermediate scan, median (range), years 0.8 (0.4–6.4)

Time to final scan, median (range), in years 3.2 (0.7–8.3)

EDSS at baseline, median (range) 1.5 (0–4.5)

EDSS at final scan, median (range) 1.5 (0–5.5)

EDSS changea, mean (SD) 0.16 (1.33)

MS phenotype at baseline CIS = 6; RRMS = 55

MS phenotype at last follow-up CIS = 6; RRMS = 53; SPMS = 2

Number of relapses between baseline and final scan, median (range) 0 (0–7)

Time elapsed since the last relapse and the baseline scan, median (range), in days 114 (0–2783)

Number (%) of patients with CDP* 14 (23%)

Number (%) of patients treated at baseline 16 (26%)
Number (%) of patients treated at last follow-up
Number (%) treated with first line DMT
Number (%) treated with first and second line DMTs

51 (84%)
33 (54%)
18 (30%)

EDSS: Expanded Disability Status Scale; SD: standard deviation; MS: multiple sclerosis; CIS: clinically isolated syndrome; RRMS: 
relapsing-remitting multiple sclerosis; SPMS: secondary-progressive multiple sclerosis; CDP: confirmed disability progression; 
DMT: disease-modifying treatment.
aEDSS change calculated as the difference between EDSS at final scan and EDSS at baseline.
*CDP was defined by an EDSS change ⩾ 1.5 if baseline EDSS = 0 or EDSS change ⩾ 1.0 when baseline EDSS > 0, respectively, and 
confirmed at least > 6 months after the last scan.

Table 2. Patient subgroups according to SEL and PRLs.

Presence of SELs

 SEL+ (⩾1 SEL)
n = 56

SEL−
n = 5

Presence of PRLs PRL +
(⩾ 1 PRL)
n = 34

31 3

PRL−
n = 27

25 2

SEL: slowly expanding lesion; PRL: paramagnetic rim lesion.
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corresponding to 5% of the total lesions (Table 3). 43 
lesions were both SELs and PRLs, representing 54% 
(43/80) of all the PRLs and 7% (43/616) of all the 
SELs (Figure 1). The proportion of PRLs was higher 
among the SELs than among the non-SELs (7% vs. 
4%, p = 0.027). An example of a lesion that corre-
sponds to both a SEL and a PRL is shown in Figure 2.

Associations between SELs, PRLs and brain 
volume measures
The MRI characteristics of the cohort at the patient 
level are presented in Table 4. A positive correlation 
between SEL counts and SEL volumes, with baseline 
PRL counts was seen (ρ= 0.28, p = 0.03 and ρ= 0.29, 
p = 0.02, respectively). However, when we performed 
a partial correlation between these measures, taking 
into account the total lesion burden, no significant 
associations were found. There was a negative 

association between baseline BPF and SEL volumes 
(ρ = −0.48, p < 0.001), which was accounted for by 
an association with total lesion volumes in the partial 
correlations. No significant associations were found 
between SEL or PRL measures with the regional 
baseline brain volumes (CGM, DGM).

MRI measures in patient subgroups based on the 
presence of SEL and PRLs
Table 5 presents a descriptive analysis of MRI and 
clinical measures among patients classified as 
SEL + PRL +, SEL + PRL− and SEL−. Within the 
subgroups, SEL + PRL + patients had the highest 
total lesion counts (median 28, p = 0.001) and the 
highest total lesion volume (median 3.7 ml, 
p = 0.005). Consistent with this, in a multiple linear 
regression model, the SEL category was associated 
with total lesion volume (beta = 5.7 ml, 95% 

Table 3. Lesion-level analysis of frequency of SEL-derived lesions by PRL.

Lesion type PRL No PRLs Proportion PRL over lesions of the corresponding type

Total lesions (n = 1492) 80 1412 0.05

SEL (n = 616) 43 573 0.07
Non-SEL (n = 876) 37 839 0.04

PRL: paramagnetic rim lesion; SEL: slowly expanding lesion.

Figure 1. Stacked bar plot showing the total number of lesions classified as SEL or non-SEL, and the correspondent 
number of PRL within each subtype.
The figure, drawn with R, shows the counts of lesions divided between the SEL and the non-SEL categories, and the corresponding 
PRLs in each subtype. The proportion of PRLs was higher among the SELs than among the non-SELs (7% vs. 4%, p = 0.027).
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Figure 2. Example of a PRL at baseline and the correspondence to a SEL.
The images show from left to right: SWI at baseline (the top left rectangle shows a magnification of the paramagnetic rim lesion), 
FLAIR with lesion mask countered in red, Jacobian map superimposed indicating that the PRL corresponds to a SEL. The images are 
from a 45-year-old person with a CIS and the MRI was performed 4 months after onset. At baseline the EDSS was 0 and last follow-
up (~4 years) was 1.5. CIS: clinically isolated syndrome; EDSS: Expanded Disability Status Scale; PRL: paramagnetic rim lesion; 
FLAIR: fluid-attenuated inversion recovery; PRL: paramagnetic rim lesion; SWI: susceptibility-weighted imaging; SEL: slowly 
expanding lesion.

Table 4. Radiological measures: counts and volumes and brain-derived measures.

Radiological measures

Total lesion count at baseline (n), median [range] 20 [1–80]

SEL count (n), median [range] 5 [0–41]

non-SEL count (n), median [range] 10 [0–55]

PRL count at baseline (n), median [range] 1 [0–8]

PRL/total lesion count ratio, mean (SD) 0.05 (0.10)

SEL/total lesion count ratio, mean (SD) 0.41 (0.23)

Total lesion volume at baselinea, median [range], ml 2.2 [0.1–67.0]

Total SEL volume, median [range], ml 0.6 [0–65.3]

Non-SEL volume, median [range], ml 0.9 [0–27.1]

Total SEL/total lesion volume ratio, mean (SD) 0.39 (0.28)

PRL volume at baseline, median [range], ml 0.03 [0–1.0]

PRL/total lesion volume ratio, mean (SD) 0.05 (0.09)

Gadolinium-enhancing lesions at baseline, count (n), median [range] 0 [0–40]

New lesions at final session, count (n), median [range] 1 [0–24]

NBV volume at baseline, mean (SD), ml 1505.7 (75.1)

CGM volume at baseline, mean (SD), ml 839.9 (47.9)

DGM volume at baseline, mean (SD), ml 49.4 (3.7)
BPF at baseline, mean (SD) 0.77 (0.02)

SEL: slowly expanding lesion; PRL: paramagnetic rim lesion; SD: standard deviation; NBV: normalised brain volume; CGM: 
cortical grey matter; DGM: deep grey matter; BPF: brain parenchymal fraction.
All the measures are referred to the patient level.
aTotal lesion volume, and as consequence all the SEL-derived volumes (as subsets of the total volume) were based on the 
segmentation on the FLAIR image.
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confidence interval (CI) (0.8, 10.6), p = 0.025), but 
not baseline NBV or regional brain volumes. The 
percentages of pwMS who changed from untreated 
to treated from baseline to the end of the study were 
not different between the SEL + PRL + and the 
SEL + PRL− groups (Supplementary Table 2). 
PwMS who were free from relapses within the 
3 months before study entry (n = 41) did not reveal 
significant differences in the MRI measures (e.g. 
number of SELs and PRLs) compared to those with 
relapses in the previous 3 months (Supplementary 
Table 3). In addition, pwMS with ⩾ 5 gadolinium-
enhancing lesions had similar MRI characteristics to 
those with < 5 gadolinium-enhancing lesions 
(Supplementary Table 4).

The associations of SELs and PRLs with 
demographics
SEL counts were positively associated with the 
patients’ age at baseline (ρ= 0.37, p = 0.004) as well as 
the SEL volume (ρ= 0.36, p = 0.004). SEL lesion vol-
umes were higher in pwMS with longer disease dura-
tion (beta = 0.10, 95% CI (0.07, 0.14), p < 0.001) and 
who were older at baseline (beta = 3.0 95% CI (1.7, 
4.3), p < 0.001). PRL lesion count and volume were 
not associated with any of the demographic factors 
explored. No associations were found between gender 
and either SEL-derived or PRL measures.

SEL and PRL associations with EDSS progression
In mixed-effects regression models (see Supplementary 
Table 5), a greater EDSS increase over time was asso-
ciated with higher definite SEL counts (beta = 0.01/
year, 95% CI (0.001, 0.03), p = 0.045) and definite 
SEL volumes (beta = 0.01/year, 95% CI (0.001, 0.01), 
p = 0.044). When adjusted for age at baseline, sex and 
disease duration, treatment status, and baseline lesion 
counts and volumes, the total lesion counts and vol-
umes were also associated with EDSS progression. 
The presence of  ⩾ 1 PRL was associated with a 
greater increase in EDSS over time (beta = 0.15/year, 
95% CI (0.01, 0.30), p = 0.044) relative to pwMS 
without PRLs. The SEL + PRL + subgroup had 
greater increases in EDSS scores over time than 
SEL+ PRL− subgroup (SEL + PRL + beta = 0.15/
year, 95% CI (0.04, 0.27), p = 0.009 vs. SEL+ PRL− 
beta = −0.02/year 95% CI (−0.13, 0.08), p = 0.678). 
No differences were found between patients in the 
SEL + PRL + and SEL− subgroups (beta = −0.11/
year, 95% CI (−0.44, 0.22), p = 0.515) or between 
SEL + PRL− and SEL− (beta =-0.09/year, 95% CI 
(−0.42, 0.23) p = 0.575). When the model was restricted 
to the subgroup of subjects with < 5 gadolinium-
enhancing lesions, the results did not change. In addi-
tion, the exclusion of pwMS who experienced a 
relapse in the previous 3 months showed similar trends 
of EDSS increase for the SEL + PRL + groups in com-
parison to the SEL + PRL− (adjusted difference 

Table 5. Clinical-demographic and radiological characteristics in groups according to presence of SEL and PRLs.

SEL + PRL +
(n = 31)

SEL + PRL−
(n = 25)

SEL−
(n = 5)

p-value*

EDSS at baseline, median [range] 1.5 [0; 4.5] 1 [0; 3] 1 [0; 2] 0.187a

EDSS at final follow-up, median [range] 1.5 [1; 5.5] 1 [0; 5.5] 1 [1; 2] 0.106a

EDSS change, mean (SD) 0.27 (1.12) 0.06 (1.62) 0.00 (1.00) 0.806a

Age at baseline, median [range] 37.2 [17.7; 67.6] 34.2 [17.5; 47.4] 35.7 [23.5; 41.9] 0.325a

Disease duration, median [range] 0.2 [0.1–16.7] 0.4 [0.1–13.5] 0.3 [0.1; 0.3] 0.518a

Total lesion count, median [range] 28 [4–80] 9 [1–77] 5 [1–24] 0.006a

Non-SEL count, median [range] 15 [1–55] 5 [0–44] 5 [1–24] 0.029a

SEL count, median [range] 9 [1–41] 4 [1–39] 0 [0] 0.008a

Total lesion volume, median [range] 3.7 [0.5–66.9] 0.7 [0.02–6.0] 0.5 [0.1–27.1] 0.005a

Non-SEL volume, median [range] 2.1 [0.1–18.3] 0.4 [0–2.5] 0.5 [0.1–27.1] 0.020a

SEL volume, median [range] 1.2 [0.1–65.3] 0.2 [0.01–4.2] 0 [0] 0.007a

NBV, mean (SD) 1497.2 (83.4) 1512.4 (64.8) 1525.1 (77.9) 0.636a

CGM volume, mean (SD) 834.2 (55.8) 846.5 (38.6) 841.6 (39.6) 0.638a

DGM volume, mean (SD) 49.0 (4.2) 49.8 (3.0) 50.5 (3.8) 0.552a

BPF, mean (SD) 0.76 (0.02) 0.77 (0.01) 0.77 (0.02) 0.130a

SEL: slowly expanding lesion; PRL: paramagnetic rim lesion; EDSS: expanded disability status scale; SD: standard deviation; NBV: 
normalised brain volume; CGM: cortical grey matter; DGM: deep grey matter; BPF: brain parenchymal fraction.
aUnivariate linear regression.
*Bold indicates significant results (p-value <0.05).
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beta = 0.21, 95% CI (0.01, 0.43), p = 0.059). In the 
logistic model, predicting CDP, SEL and PRL counts 
and volumes were not statistically significant.

Discussion
In this work, we assessed the associations between 
MRI markers of the chronic active lesions in pwMS. 
We found a moderate association between slowly 
expanding lesions and SWI rim lesions, and that SELs 
outnumber PRLs by a factor of 10. In addition, this 
work suggests that the co-occurrence of both MRI 
markers is an adverse prognostic factor.

In our MS cohort, we found that 92% developed at 
least one SEL over a heterogeneous follow-up time 
(median 3, range 0.7–8.3 years), which was a higher 
percentage compared to previous studies.29,16 
However, the proportion of patients with at least one 
SEL was similarly high in patients with acute lesion 
activity (89% in Beynon et al.19). In our study, the 
SEL detection rate did not seem to be affected by the 
presence of patients with high inflammatory activity 
(n = 7 had ⩾  5 gadolinium-enhancing lesions). 
Alternative explanations include differences in the 
SEL detection technique or in the clinical characteris-
tics of the population. On the other hand, 56% had at 
least one PRLs at SWI, in line with previous reports.6,12 
Despite being early in their disease course, patients on 
average had 5 SELs (40% of the overall lesions), 
comparable to more heterogeneous MS phenotypes (4 
to 19.5 SELs per patient).15,18,30 By contrast, only a 
low number of baseline lesions were PRLs (80/1492, 
5%), suggesting that close to disease onset only a 
small subset are characterised by ring-like signal. A 
recent study evaluating up to 7 years after baseline has 
shown that PRLs can persist in progressive disease, 
and a half (50%) of them show a slow volume growth 
and exhibit more destructive MRI features, as assessed 
by prolonged T1 relaxation times.9 However, it was 
also suggested that, after a period of growth, PRLs 
stabilise with reduced susceptibility and rim attenua-
tion thereafter, and eventually some lose their rims.

This work indicates a moderate association between 
PRLs and SELs in recently diagnosed relapse-onset 
MS. Despite this, the proportion of PRLs that were 
also classified as SELs exceeded the proportion of 
PRLs classified as non-SELs. Moreover, the group of 
patients having both SELs and PRLs (SEL+ PRL+) 
had the highest lesion counts and volumes. On 7T 
MRI, an association between lesion expansion and 
PRLs was previously found.8 Newly developed PRLs 
have been shown to expand by ~30% in volume over 
3 years,8 while after 7–10 years on average 50% of 

PRLs expand by > 10% of their initial volume.9 
Despite the PRLs and SELs being associated in our 
work, their correlation appears to be mainly driven by 
the total lesion load, consistent with previous 
observations.9,12

This study found associations of lower BPF with 
higher SEL volumes, suggesting a potential link 
between chronic inflammation and global neuro-
axonal damage. However, no clear differences in 
brain volume measures were found between the 
SEL+ PRL+ and other subgroups, which may be due 
to the short disease duration of the present cohort.

From a clinical perspective, our results suggest that 
there is an association between SELs, higher age at 
baseline and longer disease duration, which are well-
known predictors for a worse clinical outcome in 
MS.31,32 The presence of SEL and PRLs in combina-
tion predicted clinical disability, as measured by the 
EDSS, suggesting that as additive factors they might 
be involved in the perpetuation of inflammation and 
reduced remyelination. The early deposition of para-
magnetic materials within PRLs could indicate a spe-
cific adverse pathogenetic process, such as a more 
aggressive macrophages-microglia profile,33 favour-
ing expansion and conversion to SEL.

This work has several limitations. First of all, the 
MRI scans were retrospectively collected, thus 
increasing the heterogeneity of the cohort. In addi-
tion, the acquisitions of the SWI images were in 2D, 
which could impact the visualisation of PRLs. 
However, the use of 3D T1-weighted images for the 
SEL computation ensured a superior spatial resolu-
tion. Second, the short period of observation for this 
cohort could have impacted the accuracy of SEL 
detection. Third, the criteria for SEL definition and 
pipeline used differ between centres, thus making 
comparisons across studies difficult. Due to the high 
prevalence of SELs within the cohort, an assessment 
of patients based on the presence or absence of SELs 
alone could be of limited clinical value. From the 
distribution of the SEL counts observed, a cut-off of 
four SELs may be worth considering in future stud-
ies. This study was also limited by having a baseline 
SWI scan only and the temporal evolution of PRLs 
could not be assessed or compared with SELs. Other 
studies, however, have not found a large change in 
the proportion of PRL over time.9 The relationship 
between contrast enhancement, SELs and PRLs, was 
not assessed. However, when we excluded the group 
of pwMS with an outlier gadolinium lesion count or 
relapse activity in the last 3 months, the results of the 
models assessed remained materially unchanged. As 
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a recently diagnosed MS cohort, they had a limited 
disability progression, and only a small minority 
converted to a secondary-progressive form. As a 
result, the models assessing disability had small 
effect sizes or were borderline significant. Finally, 
assessing the effects of treatment exposure was not 
an objective of the study, due to the relatively small 
sample size. However, the percentages of patients 
who changed treatment over the course were similar 
and the treatment status at the end of the study was 
not significantly associated with the EDSS, which 
suggests that for our sample treatment was unlikely 
to have had a substantial effect on the group differ-
ences observed.

In conclusion, this study suggests that SELs are a 
common finding and a subset of them can coincide 
with PRLs. Despite a modest association of PRLs and 
SELs, their combination, in association with an over-
all increase in lesion burden, could be of prognostic 
relevance as a predictor of MS severity early in the 
disease course.
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