
Real-world detection of paramagnetic rim lesions and their association with 
disease burden in multiple sclerosis

Olavi Misin a,b,c,d , Anni Piispanen c, Markus Matilainen a,b,c,d, Riitta Parkkola e,  
Mikko Nyman e, Teija Sainio f, Jussi Hirvonen e, Laura Airas a,b,c,d,*

a Turku PET Centre, Turku University Hospital, University of Turku, and Åbo Akademi University, Turku, Finland
b Neurocenter, Turku University Hospital, Turku, Finland
c Clinical Neurosciences, University of Turku, Turku, Finland
d InFLAMES Research Flagship, University of Turku, Turku, Finland
e Department of Radiology, Turku University Hospital, University of Turku, Turku, Finland
f Department of Medical Physics, Turku University Hospital, University of Turku, Turku, Finland

A R T I C L E  I N F O

Keywords:
Paramagnetic rim lesions
Multiple Sclerosis
Susceptibility weighted imaging

A B S T R A C T

Background: Paramagnetic rim lesions (PRLs) are an emerging MRI biomarker in multiple sclerosis (MS). On 
susceptibility-sensitive MRI, PRLs are characterized by a paramagnetic shift at the lesion rim corresponding to 
iron-laden macrophages and microglia, and PRL detection can hence be viewed as a proxy for lesion-associated 
smoldering inflammation in MS brain. The aim of this study was to identify PRLs in a standard university hospital 
setting to explore the associations between PRL burden and MS-related clinical and paraclinical parameters.
Methods: We retrospectively reviewed all 3T brain MRI studies performed as part of MS patient management at a 
tertiary university hospital in Finland between September 2021 and December 2023. PRLs were visually iden
tified on filtered phase images from susceptibility-weighted imaging (SWI) sequences. Brain volumetric data 
were extracted from post-contrast 3D T1-weighted images using an automated quantification tool (cNeuro® 
cMRI). Clinical and laboratory variables were obtained by manual chart review from electronic medical records.
Results: The final cohort included 206 patients. 34% of patients had at least one PRL (the PRL1+ group). The 
median number of PRLs in the PRL1+ group was 2 and the maximum number was 11. Within the PRL1+ group, 
PRL count correlated positively with Expanded Disability Status Scale (EDSS), Multiple Sclerosis Severity Score 
(MSSS) and T2 lesion volume. Patients with PRLs had significantly smaller thalami compared to those without 
PRLs.
Discussion: Our real-world data reinforce evidence that PRLs are linked to more severe disease and demonstrate 
that PRL identification using manufacturer-reconstructed SWI filtered phase images provides a feasible imaging 
parameter to assess progression-associated pathology in MS in a standard clinical setting.

1. Introduction

Paramagnetic rim lesions (PRLs) are an emerging MRI biomarker of 
multiple sclerosis (MS) representing chronic, low-grade intra
parenchymal brain inflammation. (Absinta et al., 2021) Histopatholog
ically, the paramagnetic rims correspond to iron-laden phagocytes at the 
border of chronic active MS lesions. (Kuhlmann et al., 2017) PRLs are 
highly specific for MS, (Maggi et al., 2020; Hemond et al., 2025) are 
associated with greater neurological disability, (Absinta et al., 2019) 
and predict later disease progression. (Reeves et al., 2024) The seminal 
studies describing PRLs were performed in high-level research institutes 

using research-dedicated MRI scanners. (Dal-Bianco et al., 2017; Absinta 
et al., 2016) The significance of the utilization of this biomarker in 
clinical practice was recently solidified as PRLs were included in the 
2024 revisions of the McDonald diagnostic criteria for MS. (Montalban 
et al., 2025) Furthermore, being an imaging proxy for lesion-associated 
smoldering inflammation, PRL detection may have significance in 
determining who benefits best from microglia-targeting pro
gression-slowing treatments, such as BTK inhibitors. (Oh et al., 2025) 
These developments accentuate the need to detect PRLs reliably and 
practically for MS diagnostics and care in standard clinical settings.

To explore the PRL-detection achievability in a clinical setting, we 
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identified PRLs in routine 3T MRI images obtained for MS diagnostics 
and/or follow-up of the patients using manufacturer-reconstructed SWI 
filtered phase images. We explored the associations between PRL burden 
and patients’ clinical and paraclinical parameters.

2. Materials and methods

2.1. Patients

We retrospectively screened all brain MRI studies that were per
formed using our routine MS-protocol in Turku University Hospital 
(Tyks) between 1.9.2021 and 31.12.2023. We only included 3T scans 
with a 3D SWI-sequence, and patients with clinically definite MS. 
Exclusion criteria were neurological diseases other than MS, age under 
18 years, and insufficient MRI data. Three separate MRI scanners were 
eligible, but one was excluded, as it provided only 5 patients in total. In 
case of multiple eligible scans from one patient, the earliest one was 
chosen.

Clinical data were obtained by manual chart review from electronic 
medical records. This data included neurological disability ratings 
(Expanded Disability Status Scale, EDSS), disease subtype, diagnosis 
date of MS, onset date of MS symptoms, data from the diagnostic lumbar 
puncture (total protein concentration, IgG-Index and number of oligo
clonal bands), number of enhancing T1 lesions on the diagnostic MRI, 
and disease-modifying therapy use. EDSS, disease subtype, and class of 
disease-modifying therapy were recorded at the time of the MR imaging 
for PRLs. The presence of enhancing lesions on T1-weighted images on 
diagnostic MRI was based on the original radiological report.

2.2. Image acquisition

The final cohort included two different 3T MRI scanners: Signa 
Premier, General Electric Healthcare (Wisconsin, USA), and Magnetom 
Skyra Fit, Siemens Healthineers (Erlangen, Germany). The scanners had 
84 and 122 patients, respectively. 21-channel and 20-channel head and 
neck coils were used, respectively. SWIs were generated automatically 
by the scanner software provided by the manufacturer. A consistent 
acquisition protocol for MS patients were used with both scanners. The 
exact imaging parameters can be found in supplementary Tables 1 and 2.

2.3. Image analysis

Manufacturer-reconstructed SWI filtered phase images and FLAIR 
images were examined side by side using the Philips Vue PACS (Picture 
Archiving and Communication System) deployed at Turku University 
Hospital. Paramagnetic rim lesions were identified on filtered phase 
images by an experienced rater (OM) blinded to clinical data. The recent 
North American Imaging in MS Cooperative (NAIMS) consensus criteria 
(Bagnato et al., 2024) were used in defining a PRL. A conservative 
approach was used with ambiguous cases, defining them as negative for 
PRL.

2.4. Quantitative MRI analysis

Brain parenchymal volume, cortical volume, ventricular volume and 
deep gray matter volumes were extracted from post-contrast 3D T1 MR 
images and white matter lesion volumes were extracted from 3D FLAIR 
MR images using cNeuro® cMRI quantification tool (Combinostics Ltd, 
Tampere, Finland). (Lötjönen et al., 2010; Koikkalainen et al., 2016) All 
volumes were normalized for age, sex, and head size. The cNeuro® tool 
is CE marked and is in clinical use at Turku University Hospital.

2.5. Statistical analyses

Statistical analyses were conducted using R (version 4.5.0). All tests 
were two-tailed and a p-value < 0.05 was considered significant in all 

analyses. As most of the data was non-normally distributed, non- 
parametric statistics were used in basic analyses. Group comparisons 
were done with Wilcoxon signed-rank test and correlational analyses 
were conducted using the Spearman rank correlations. Contingency 
tables were tested with Fisher’s exact test for class variables.

To adjust the comparisons for disease duration, all analyses were 
further modelled using linear (continuous outcomes), logistic (binary 
outcomes) or ordinal (ordinal outcomes) regression. If the model as
sumptions were not fulfilled (using e.g. Shapiro-Wilk’s normality test of 
residuals, Cook’s distance or QQ plot, and specifically in ordinal 
regression proportional odds assumption), variable transformations 
were used. These included log(EDSS+2) as the EDSS outcome, log(vol
ume +1) as the ventricular and T2 lesion volume outcomes, or square 
root or power of two transformation of the disease duration. If the 
transformations were not enough, the results were confirmed using a 
removal of an outlier as the sensitivity analysis, or a robust regression.

A forward-type stepwise linear regression model was constructed to 
explore the best variables predicting EDSS values. PRL count, T2 lesion 
volume, brain parenchymal volume, ventricular volume, thalamic vol
ume and age were considered as potential predictors. The model 
building began with a model without any variables, and in each step, the 
most suitable of the aforementioned variables according to the Akaike 
Information Criterion (AIC) was added to the model. This was continued 
until no additional variable improved the model. After the final model 
with the lowest AIC value was established, the model was checked for its 
assumptions (e.g., linearity of the residuals, multicollinearity and 
influential values).

To examine whether the relationship between PRL group and age 
varies by scanner type, age was modeled as a function of PRL group, 
scanner type, and their interaction using ANOVA.

3. Results

3.1. Clinical and laboratory associations with PRL-presence

Characteristics of the study population are summarized in Table 1. A 
total of 206 MS patients were included in the final cohort. The overall 
patient-level prevalence of PRLs was 34%. Among patients with at least 
one PRL (the PRL1+ group) the median number of PRLs was 2 and the 
maximum number was 11. Patients in the PRL1+ group were signifi
cantly younger and had a shorter disease duration (Table 1 and Fig. 1) 
compared to patients with no PRLs (the PRL0 group). The PRL1+ group 
had somewhat fewer females, 64% vs. 77%, but this difference was not 
statistically significant. Representative examples of PRL findings for the 
two MRI scanners are shown in Fig. 2.

PRL1+ and PRL0 groups did not differ significantly in terms of dis
ease subtype (relapsing remitting vs progressive), class of disease- 
modifying therapy or the presence of enhancing T1 lesions at the time 
of MS diagnosis. Likewise, the PRL groups did not differ significantly in 
terms of EDSS or MSSS, even when adjusting for disease duration.

Data on cerebrospinal fluid (CSF) at MS diagnosis were available for 
168 patients (Table 1). PRL1+ and PRL0 groups did not differ signifi
cantly in terms of CSF total protein content, IgG index, or rates of pos
itive oligoclonality defined as ≥ 2 oligoclonal bands. There was 
considerable variation in time between the CSF analysis and the studied 
MRI. The PRL1+ group had significantly shorter disease durations.

3.2. Quantitative MRI associations with PRL-presence

The PRL1+ group had significantly lower thalamic volumes 
compared to patients negative for PRLs (Table 1). When adjusting for 
disease duration, the differences in brain parenchymal volume, ven
tricular volume, and T2 lesion volume also became significant (Table 1).

Data on T1-enchancing lesions at MS diagnosis were available for 
150 patients. The PRL1+ group had somewhat more enhancing lesions, 
47% vs. 30%, but this difference was not significant, and adjusting for 
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disease duration further diluted the difference.
PRL groups showed a similar lesion distribution between MRI scan

ners. Likewise, age distributions in PRL groups did not depend on the 
MRI scanner (ANOVA, p-value of the interaction 0.40).

3.3. Clinical and quantitative MRI associations with PRL-number

Among PRL-positive patients, PRL count correlated positively with 
EDSS, MSSS and T2 lesion volume (Table 2 and Fig. 3). Negative cor
relations were seen with brain parenchymal volume and thalamic vol
ume. We sought to explore these correlations further using a stepwise 
linear regression model with EDSS as the outcome. PRL count, T2 lesion 
volume, brain parenchymal volume, ventricular volume, thalamic vol
ume and age were considered as potential predictors. All parameters 
except thalamic and ventricular volumes remained in the final model 
(Supplementary Table 3). While PRL count was not the strongest pre
dictor, it improved the model significantly.

When exploring the results using three PRL-groups (0, 1-3 and 4+) 
(Maggi et al., 2020; Absinta et al., 2019), it was noted that 52 patients 
(25%) had 1-3 PRLs and 18 patients (9%) had 4+ PRLs (Supplementary 
Table 4). The PRL4+ group had significantly higher EDSS and signifi
cantly lower thalamic and brain parenchymal volumes (Fig. 4).

4. Discussion

Our study demonstrates the feasibility of PRL detection in a standard 
university hospital setting. We used 3T MRI scans obtained during 
routine diagnostic evaluation or follow-up of MS patients at our clinic. 
The PRLs were visually identified on filtered phase images from 
susceptibility-weighted imaging (SWI) sequences which were generated 
automatically by the scanner software provided by the manufacturer. 
Importantly, our cohort of 206 patients with clinically definite MS of 
variable severities and disease durations provides a robust sample for a 
retrospective analysis.

PRLs are highly specific for MS and if detected, can improve diag
nostic accuracy. (Maggi et al., 2020; Hemond et al., 2025) Hence, PRL 
detection was recently incorporated into the MS diagnostic criteria, 
which increases the importance of their straighforward detection in a 
standard clinical setting. (Montalban et al., 2025) Furthermore, PRLs 
can contribute to the assessment of the presence of smoldering inflam
mation in MS brain. This has increasing significance in the advent of the 
availability of smoldering inflammation-reducing treatments aiming to 
slow down MS disease progression. (Oh et al., 2025) The prognostic 
value of PRLs for later disease progression has been firmly established 
(Reeves et al., 2024; Blindenbacher et al., 2020; Cagol et al., 2024; 
Altokhis et al., 2022) and correlations between PRL count and EDSS in a 
cross-sectional setting have been reported. (Liu et al., 2025; Skattebøl 
et al., 2025) We found no difference in EDSS or MSSS between the 
PRL1+ and PRL0 groups, but we did observe positive correlations be
tween EDSS and MSSS scores with the PRL counts among the PRL1+
group. PRLs have been extensively linked with higher gray matter at
rophy and higher T2 lesion volume. (Reeves et al., 2024; Kazimuddin 
et al., 2025; Reeves et al., 2024) Similarly, our patients with PRLs had 
higher T2 lesion loads and lower volumes of thalamus and whole brain 
parenchyma.

Recent evidence suggests that PRLs represent a relatively early 
feature of lesion evolution (Klistorner et al., 2025) and they may fade 
away slowly with age. (Absinta et al., 2021; Dal-Bianco et al., 2021) This 
highlights the importance of early susceptibility-sensitive imaging in 
MS, as early imaging maximizes PRL detection and enables timely 
therapeutic intervention for aggressive or progressive MS disease.

Gadolinium-enhancing T1 lesions at MS diagnosis, similar to the CSF 

Table 1 
Summarized demographic, clinical, laboratory, and MRI characteristics of the 
cohort. P-values were adjusted for disease duration. All MRI volumes are 
normalized values. MRI scanner 1: Siemens Magnetom Skyra Fit. MRI scanner 2: 
GE Signa Premier.

Whole 
cohort

PRL 0 PRL 
1+

p-value p-value, 
adjusted

Demographic and 
clinical data

​ ​ ​ ​ ​

N (% total) 206 136 
(66)

70 (34) ​ ​

Age, years, mean ± SD 45 ± 12 47 ±
12

42 ±
10

<0.001 ​

Disease duration, years, 
mean ± SD

13 ±
9.5

15 ±
10

10 ±
7.3

<0.001 ​

Sex, female, No. (%) 150 
(73)

105 
(77)

45 (64) 0.068 0.11a

RRMS / PMS, No. 186 / 20 121 / 
15

65 / 5 0.46 0.92a

EDSS, median (IQR) 2.0 (1.0 
- 3.5)

2.0 
(1.0 - 
3.5)

2.0 
(1.1 - 
3.0)

0.44 0.37b,e

MSSS, median (IQR) 2.3 (1.0 
- 3.9)

2.1 
(1.0 - 
3.8)

2.9 
(1.0 - 
4.1)

0.21 -

High efficacy DMT, No. 
(%)

107 
(52)

71 (52) 36 (51) 1 0.47c

Moderate efficacy 
DMT, No. (%)

73 (35) 48 (35) 25 (36) ​ ​

No DMT at assesment, 
No. (%)

26 (13) 17 (13) 9 (13) ​ ​

CSF at MS diagnosis ​ ​ ​ ​ ​
CSF data available, No. 

(%)
168 
(82)

110 
(81)

58 (83) 0.85 ​

Time between CSF and 
MRI, 
years, mean ± SD

9.9 ±
7.1

11 ±
7.4

8.0 ±
6.1

0.028 -

Total protein, mg/L, 
mean ± SD

379 ±
146

381 ±
143

375 ±
154

0.33 0.94b,f

IgG index, mean ± SD 1.0 ±
0.57

1.0 ±
0.57

1.1 ±
0.58

0.12 0.17b,f

Oligoclonal bands ≥ 2, 
No. (%)

141 
(84)

89 (81) 52 (90) 0.36 0.81a,g

T1Cþ lesions at MS 
diagnosis

​ ​ ​ ​ ​

T1C+ data available, 
No. (%)

150 
(73)

99 (73) 51 (73) 1 ​

Gadolinium-enhancing 
lesions ≥ 1 at MS 
diagnosis, No. (%)

54 (36) 30 (30) 24 (47) 0.050 0.11a,h

MRI volumes ​ ​ ​ ​ ​
MRI scanner, 1 vs 2, No. 

(%)
122 / 84 81 / 55 41 / 29 1 ​

Brain parenchymal 
volume, mean ± SD

1096 ±
49

1101 
± 46

1088 
± 53

0.10 0.0048b,i

Cortical volume, mL, 
mean ± SD

539 ±
23

540 ±
24

537 ±
23

0.28 0.083d

Ventricular volume, 
mL, mean ± SD

50 ± 24 48 ±
22

54 ±
28

0.16 0.032b,j

Thalamic volume, mL, 
mean ± SD

14 ±
1.5

15 ±
1.4

14 ±
1.7

0.048 0.001b,k

T2 lesion volume, mL, 
mean ± SD

9.3 ±
11

9.1 ±
12

9.8 ±
9.3

0.094 0.001b,j,k

PRL: paramagnetic rim lesions; RRMS: relapsing remitting multiple sclerosis; 
PMS: progressive multiple sclerosis; EDSS: Expanded Disability Status Scale; 
MSSS: Multiple Sclerosis Severity Score; DMT: disease modifying treatment; 
CSF: cerebrospinal fluid; MRI: magnetic resonance imaging. High efficacy DMT: 
anti-CD20 monoclonal antibodies, natalizumab, alemtuzumab, caldribine or 
fingolimod. Moderarate efficacy DMT: any other DMT.
Unadjusted p-values are from Welch’s t-test (variables with mean ± SD), Wil
coxon rank-sum test (variables with median, IQR) or Fisher’s exact test (vari
ables with counts and proportions).
a) p-value from logistic regression, b) p-value from linear regression, c) p-value 
from ordinal regression, d) p-value from robust linear regression, e) log(edss+ 2) 
as an outcome, f) non-significance confirmed with robust regression g) square 
root of disease duration as the adjusting variable, h) disease duration squared as 

the adjusting variable, i) significance confirmed using robust linear regression, j) 
log(volume +1) as an outcome, k) significance confirmed with sensitivity 
analysis (removal of an outlier).
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Fig. 1. Box plots depicting age and disease duration between the PRL groups. Patients with ≥ 1 PRLs were significantly younger and had a significantly shorter 
disease duration (A & B).

Fig. 2. PRL findings from the two MRI scanners in the cohort. A & B: a PRL on filtered phase (A) and FLAIR (B) images from MRI scanner 1 (Siemens Magnetom Skyra 
Fit). C & D: a PRL on filtered phase (C) and FLAIR (D) images from MRI scanner 2 (GE Signa Premier).
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albumin quotient, reflect increased blood-brain barrier permeability at 
disease onset. (Uher et al., 2016; Gaitán et al., 2011) Approximately 
18-44% of gadolinium-enhancing lesions develop a paramagnetic rim 
(Zhang et al., 2019; Wenzel et al., 2022; Al Gburi et al., 2025) and key 
predictors for this conversion include larger intial enhancing lesion size 
and a centripetal enhancement pattern. (Al Gburi et al., 2025; Absinta 
et al., 2013) Our patiens with PRLs were somewhat more likely to have 
enhancing lesions at MS diagnosis, but adjustment for disease duration 
at the time of PRL detection abrogated this difference. In a similar 
setting, Wittayer et al. also found no significant differences in initial 
enhancement rates between PRL groups. (Wittayer et al., 2023) Simi
larly, we did not observe an increased CSF albumin quotient (Hemond 
et al., 2022) or on increased total CSF protein concentration (Wittayer 
et al., 2023; Hemond et al., 2022) at the time of diagnosis among the 
PRL1+ cohort. This may be explained by the wide variation in the in
terval between lumbar puncture and PRL assessment in our data set (9.9 
± 7.1 years, mean ± SD).

The Turku University Hospital serves a catchment area of a 

population of 500 000 and our basic MS care represents well any 
functions carried out at a standard tertiary MS center. (Marrie et al., 
2022) Being an academic hospital in a geographic area of high MS 
prevalence, our hospital has however taken several extra measures to 
improve the quality of MS diagnostics and MS care. These measures are 
run solely by hospital employee-based operations in the neurology 
department and radiology department and are covered financially by 
hospital management. An MS register was integrated to the electronic 
patient record system in year 2014 with yearly recording of EDSS scores 
and real-time recording of MS-related therapies. (Ahvenjärvi et al., 
2025) Quantitative evaluation of MRI images obtained for diagnostics 
and follow-up of MS patients in the clinic was enabled in 2020 following 
collaboration with Combinostics, Tampere, Finland, a company 
providing an automated quantification tool for brain volumetric data for 
all MS patients treated at our hospital. (Lötjönen et al., 2010) Finally, 
since September 2021 SWI sequences have been included in the MRI 
acquisition protocol for MS diagnostics and follow-up. Various 
susceptibility-sensitive sequences can be used for PRL detection (Martire 
et al., 2022), but none of them are as established and widely used in 
clinical practice as SWI. (Rubin et al., 2022) These follow-up elements 
provide valuable real-world quantitative data for clinical and radiolog
ical evaluation of our MS patients and thus facilitate and improve the 
quality of their clinical and radiological follow-up.

The overall patient-level prevalence of PRLs in this study (34%) was 
slightly lower compared to that reported by a recent meta-analysis 
(41%). (Kwong et al., 2021) This may reflect the conservative 
approach chosen to defining a PRL and the limitations of our SWI 
filtered phase compared to research imaging protocols. In accordance to 
previous studies, we demonstrate a strong association of younger age, 
shorter disease duration and elements of more aggressive disease with 
PRL presence. (Reeves et al., 2024; Klistorner et al., 2025; Pinto et al., 
2022).

5. Conclusion

Our findings support the use of manufacturer-reconstructed SWI 
filtered phase images for PRL identification in a clinical setting, thereby 
bridging the gap between research project-based PRL-detection and 

Table 2 
Correlations of PRL count with clinical and radiological parameters among PRL- 
positive patients (n = 70).

Spearman’s ρ 95% CI p-value

Demographic and clinical data ​ ​ ​
Age 0.026 -0.21 – 0.26 0.83
Disease duration 0.18 -0.053 – 0.40 0.13
EDSS 0.31 0.075 – 0.50 0.010
MSSS 0.24 0.002 – 0.45 0.048
CSF at MS diagnosis ​ ​ ​
Total protein, mg/L, mean ± SD 0.079 -0.20 – 0.34 0.57
IgG index, mean ± SD 0.088 -0.17 – 0.34 0.51
MRI volumes ​ ​ ​
Brain parenchymal volume -0.37 -0.56 - -0.15 0.001
Cortical volume -0.14 -0.36 – 0.10 0.26
Ventricular volume 0.22 -0.02 – 0.43 0.073
Thalamic volume -0.52 -0.67 - -0.32 <0.001
T2 lesion volume 0.54 0.35 – 0.69 <0.001

PRL: paramagnetic rim lesions; EDSS: Expanded Disability Status Scale; MSSS: 
Multiple Sclerosis Severity Score; CSF: cerebrospinal fluid; MRI: magnetic 
resonance imaging.

Fig. 3. Correlations of PRL count with EDSS and MSSS among PRL-positive patients. PRL: paramagnetic rim lesions; EDSS: Expanded Disability Status Scale; MSSS: 
Multiple Sclerosis Severity Score.
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Fig. 4. Box plots depicting clinical and radiological parameters between three PRL groups. Patients with 4+ PRLs had significantly higher EDSS (C) and significantly 
lower volumes of brain parenchyma (E) and thalamus (F). P-values are adjusted using Holm multiple comparison correction.
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everyday clinical practice. Our results corroborate previous evidence 
linking PRLs with more aggressive clinical and radiological features, as 
well as their higher prevalence in early MS. PRLs represent a chronic 
lesion-associated manifestation of smoldering inflammation, and their 
detection in the clinical setting may prove highly valuable for individ
ualized treatment efforts targeting smoldering inflammation with the 
aim to slow down MS progression.
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