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Introduction
Multiple sclerosis (MS) is a chronic inflammatory 
and neurodegenerative disease of the central nervous 
system, where timely diagnosis and early initiation of 
disease-modifying treatments are crucial for favora-
ble clinical outcomes.1 To enhance the specificity of 
McDonald 2017 MS criteria,2 novel magnetic reso-
nance imaging (MRI) biomarkers have been recently 
explored.3 Among those, paramagnetic rim lesions 
(PRL)4 have shown high diagnostic specificity for 
MS in multicenter studies,5–8 improving accuracy 
when combined with existing criteria or with other 
imaging biomarkers, including the central vein sign 
(CVS) and cortical lesions.5,8–10 In the recently pre-
sented revised McDonald criteria,11 PRL are set to be 

introduced into clinical practice, in certain situations, 
as an additional paraclinical feature, thereby enhanc-
ing diagnostic specificity and reducing time to MS 
diagnosis.

PRL are also predictive of disease severity and disa-
bility progression independent of clinical relapses 
(PIRA),12–17 as they reflect compartmentalized 
chronic inflammation in MS—a process currently 
lacking of effective treatments.18 For this reason, PRL 
are being explored as outcome measures in clinical 
trials [e.g. NCT04025554, NCT04742400, 
NCT03222973, NCT03523858], with experts antici-
pating their use in clinical practice to guide treatment 
decisions.
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Abstract
Background: Paramagnetic rim lesions (PRL) are valuable for diagnosing and prognosing multiple scle-
rosis (MS) and detectable at 7T and 3T MRI. For translation into clinical practice, it is essential assessing 
their visibility on 1.5T clinical scanners.
Objective: To evaluate the reliability of detecting PRL using commercially available susceptibility-
weighted imaging (SWI) at 1.5 versus 3T MRI.
Methods: SWI images were obtained in 20 people with MS at 1.5T and 3T MRI, with an average scan 
interval of 1.1 years. Only stable, non-enhancing lesions visible on both scans were analyzed. PRL at 
3T were identified by two expert raters using NAIMS PRL criteria and used as a reference. Four raters, 
blinded to 3T results, assessed PRL at 1.5T. Discrepancies were resolved by consensus.
Results: PRL were identified in 16 of 20 patients. At 3T, 95 PRL were identified by consensus (mean 5 
PRL per patient, range 0–30). Blinded to 3T scans, 82% of PRL were visible at 1.5T (78 of 95 PRL). Inter-
rater reliability was “almost perfect” for both 1.5 and 3T scans. Raters accurately classified all patients as 
having ⩾1PRL or not at 1.5T.
Conclusion: The majority of PRL are detectable at 1.5T without significantly reducing the specificity of 
PRL identification or increasing the detection of pseudo-PRL. This may facilitate their clinical use in MS 
diagnosis and prognosis.
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However, the widespread implementation of PRL 
detection is hindered by limited access to high-field 
MRI (3T or 7T), uncertainties regarding optimal MRI 
protocols, and the need for standardized PRL identifi-
cation and rater agreement. The recent NAIMS con-
sensus19 provides detailed guidelines for PRL 
assessment and reporting on MRI. While PRLs can be 
visualized at 7T and 3T,20 and even at 1.5T MRI,21 
comparative studies using the PRL NAIMS criteria19 
across different field strengths are lacking. Prior 
research has confirmed the comparability of 7T and 
3T MRI for PRL detection,20 enabling their use in 
multicenter studies and trials. Nevertheless, it is 
essential to assess PRL visibility on the more com-
monly available 1.5T MR scanners before their wide-
spread adoption in daily clinical practice.

This study aimed to evaluate the reliability of detect-
ing PRLs at 1.5T versus 3T MRI using susceptibility-
weighted imaging in a cohort of 20 people living with 
MS.

Materials and methods

Participants
From March 2022 to June 2024, we prospectively 
recruited for 3T MR imaging 20 adult people living 
with MS (mean age 41 years, range 23–58; female 
68%) that were under regular clinical and radiological 
follow-up at the Multiple Sclerosis Center, IRCCS 
San Raffaele Hospital in Milan (Italy). Seventeen 
patients had a relapsing-remitting, while three had a 
progressive course of disease. MS diagnosis was 
made by expert neurologists according to McDonald 
Criteria 2017.2 Median EDSS score was 2.0 (range 
0–5.0) and average disease duration was 9 years 
(range 0.5–24 years). After enrollment, a retrospec-
tive evaluation of 1.5T MRI images acquired for clin-
ical purposes, and closest to the 3T MRI acquisition, 
was performed for all patients. Imaging and clinical 
data were collected under institutional review board-
approved protocols. Demographic and clinical data 
are fully detailed in Table 1.

MR imaging acquisition
Participants underwent two MR imaging acquisitions, 
one on a Philips Ingenia Ambition X 1.5T MR imag-
ing scanner (equipped with a 16-channel head coil) 
and one on Philips Ingenia 3T CX MR imaging scan-
ner (equipped with a 32-channel head coil). The order 
of acquisition was random, with the first acquisition 
being performed on the 1.5T MR scanner in 15 out of 
20 patients. On average, the time lapse between scans 

was 1.1 years (median 0.7 years, range 4 days to 
4.5 years).

The 3T MR imaging protocol included:

-  Whole-brain 3D T2 FLAIR (TR = 4800 ms; 
TE = 373 ms; acquisition time = 5:50 minutes; 
number of sagittal slices: 180; acquisition voxel 
size: 1 × 1 × 1 mm3; reconstructed voxel size: 
0.94 × 0.94 × 1 mm3).

-  Whole-brain 3D susceptibility-weighted imag-
ing (SWI) providing T2*-magnitude and 
unwrapped filtered phase contrasts (TR = 31 ms; 
TE = 7.2 ms; flip angle = 17°; acquisition 
time = 6:04 minutes; number of axial slices: 260; 
acquisition voxel size: 0.6 × 0.6 × 1 mm3; 
reconstruction voxel size: 0.45 × 0.45 × 
0.5 mm3).

The 1.5T MR imaging protocol included:

-  Whole-brain 3D T2 FLAIR (TR = 4800 ms; 
TE = 295 ms; acquisition time = 5:31 minutes; 
number of sagittal slices: 321; acquisition voxel 
size: 1.15 × 1.15 × 1.15 mm3; reconstructed 
voxel size: 1 × 1 × 0.57 mm3).

-  Whole-brain 3D susceptibility-weighted imag-
ing (SWI) providing T2*-magnitude and 
unwrapped filtered phase contrasts (TR = 51 ms; 
TE = 12 ms; flip angle = 20°; acquisition 
time = 6:06 minutes; number of axial slices: 130; 
acquisition voxel size: 1 × 1 × 2 mm3; recon-
structed voxel size: 0.3 × 0.3 × 1 mm3).

To replicate real-life radiological assessments, phase 
image unwrapping and filtering for both 3T and 1.5T 
SWI images were performed directly on the scanner 
using the Philips-provided phase reconstruction 
processing.

Other MRI sequences such as pre-contrast and post-
contrast T1 spin-echo (for 1.5T MRI acquisition only) 
were evaluated to exclude gadolinium enhancing 
lesions from the study. Pre-contrast 3D T1-weighted 
MPRAGE sequence were available only for 3T MRI 
acquisition.

MR imaging analysis
After anonymization, image visualization and analy-
sis implemented MIPAV (https://mipav.cit.nih.gov/), 
Horos software (https://horosproject.org/) and the 
institutional radiological viewer XERO (https://xero.
ihsr.dom/). To closely simulate real-life radiological 
assessments typically performed in non-specialized 
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centers, we analyzed SWI-phase images directly pro-
cessed by the MRI scanner and assessed white matter 
lesions on T2-FLAIR and SWI-phase images plane 
by plane. According to NAIMS PRL consensus crite-
ria,19 we classified a white matter lesion as PRL when 
having the following imaging features:

-A discrete rim with paramagnetic properties on 
susceptibility-weighted MRI sequence that is con-
tinuous through at least 2/3 of the outer edge of the 
WM portion of the lesion.
-The rim colocalizes with the edge of all or part of 
a lesion core that is hyperintense on T2-FLAIR 
images.
-The rim (or part of it) is discernible on two orthog-
onal planes.

Only non-enhancing lesions visible on both scans 
were evaluated for PRL identification. Given the lack 
of standards and recommendations regarding infraten-
torial PRL, only supratentorial PRL were evaluated in 
this study. Following the PRL NAIMS criteria,19 con-
fluent lesions were not excluded from the analysis 

and the PRL count was based on the clear identifica-
tion of sublesional areas surrounded by paramagnetic 
rims.

Overall, the PRL assessment included four raters: 
three MS-specialized neurologists (M.A., S.B., P.M.) 
with years of experience in MS imaging, including 
PRL identification, as well as a resident in neurology 
(M.S.M.) who underwent a dedicated training of 
2 years in PRL identification.

PRL assessment at 3T MRI. For this study, PRL 
detected on SWI-phase image at 3T MRI were con-
sidered the gold-standard for comparison with 1.5T 
assessment. For each case, two raters (M.A. and 
M.S.M.) simultaneously analyzed whole-brain 
T2-FLAIR and SWI-phase images and recorded the 
presence and location of PRL by consensus.

PRL assessment at 1.5T MRI. Blinded to the 3T MRI, 
PRL assessment at 1.5T MRI was performed by a 
total of four raters using two different approaches as 
follows.

Table 1. Demographic and clinical characteristics of the cohort (at the time of the first scan).

Subject Age Sex Clinical 
phenotype

EDSS Disease 
duration 
(years)

Treatment Time lapse 
between 
scans 
(years)

3T PRL 
count by 
consensus

1 23 F RR 1.5 1 Natalizumab 0.7 3

2 51 F RR 3.0 6 Untreated 0.4 1

3 40 F RR 1.5 23 Glatiramer Acetate 0.8 1

4 48 M SP 3.5 11 Fingolimod 0.7 2

5 53 M SP 5.0 8 Azathioprine 0.1 3

6 44 F RR 0 1 Dimethyl Fumarate 0.4 1

7 48 F RR 1.5 15 Fingolimod 0.3 1

8 58 F RR 1.5 11 Fingolimod 0.7 0

9 27 F RR 0 1 Ocrelizumab 1.2 1

10 34 M RR 1.0 7 Cladribine 4.5 6

11 25 M RR 3.0 7 untreated (post-HSCT) 2.5 30

12 27 F RR 1.0 5 Ofatumumab 0.2 0

13 58 M SP 3.0 3 Siponimod 1.5 20

14 34 F RR 3.0 0.5 Dimethyl fumarate 0.4 0

15 42 F RR 2.0 20 Dimethyl fumarate 0.1 1

16 48 M RR 2.5 24 Dimethyl fumarate 0.3 1

17 36 F RR 1.5 3 Alemtuzumab 3.1 3

18 32 F RR 1.0 2 Ocrelizumab 1.9 0

19 52 F RR 1.5 3 Ofatumumab 1.8 21
20a 39 F RR 1.0 1.5 Natalizumab 1.5 2

RR: relapsing MS; SP: secondary progressive MS; HSCT: hematopoietic stem cell transplantation.
aCase excluded due to motion artifacts in one scan.
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(1)  PRL assessment screening 1.5T whole-brain 
MR images. In the first analysis, for each sub-
ject, two raters (M.A. and M.S.M.) indepen-
dently evaluated T2-FLAIR and SWI-phase 
images, recording the presence and location of 
PRL. To minimize recall bias, the rating of 
1.5T and 3T images was conducted by the two 
raters with a minimum interval of 6 months 
between analyses. Interrater agreement was 
calculated. Disagreements were then resolved 
by re-analysis of the images, and a final con-
sensus was reached. After consensus, discrep-
ancies between PRL assessment at 1.5T versus 
3T (gold standard) were retrospectively inves-
tigated and discussed.

(2)  Lesion selection-based 1.5T PRL assessment. 
For each subject, five discrete randomly selected 
chronic supratentorial white matter lesions were 
marked with an arrow on screenshots of the 1.5T 
T2-FLAIR and SWI-phase single-slice images 
and subsequently evaluated by two other inde-
pendent investigators (P.M. and S.B.). Each 
lesion was assigned a binary code (0 = no PRL, 
1 = PRL). Interrater reliability was calculated. 
After 1 month, the two raters (P.M. and S.B.) 
repeated the same evaluation, blinded to their 
prior results, to assess intrarater reliability. 
Discrepancies between PRL assessment at 1.5T 
and 3T (considered the gold standard) were ret-
rospectively investigated and discussed.

Statistical analysis
Interrater and intrarater agreement were computed 
using Cohen’s kappa (k).

Results
A total of 516 supratentorial MS lesions were identi-
fied and assessed for PRL status. Among these lesions, 
52% were periventricular, 21% were juxtacortical/
leukocortical, and 27% were located in the deep white 
matter. Two lesions showing gadolinium enhance-
ment on post-contrast T1-weighted images at 1.5T 
were excluded. The 1.5T images of one patient were 
excluded for motion artifacts.

PRL assessment at 3T MRI (gold standard of this 
study)
By consensus agreement, 95 of 516 lesions (18.4%) 
were identified as PRL on 3T SWI-phase images. 
Only 39 of 95 PRL (39%) were also visible on SWI-
magnitude images.

Of the 95 PRL, 47% were located in periventricular 
white matter, corresponding to 17% of the total 
T2-FLAIR lesions in this location. A total of 13% of 
PRL were located in juxtacortical/leukocortical areas, 
representing 11% of the total T2-FLAIR lesions in 
that region. The remaining 40% of PRL were located 
in the deep white matter/centrum semiovale, account-
ing for 27% of the total T2-FLAIR lesions in this 
area; 16 of 20 patients had at least 1 PRL (Table 1). 
The median number of PRL per patient was 1 (aver-
age 5, range 0–30) (Table 1).

PRL assessment screening on whole-brain 1.5T 
MR images
By consensus agreement, 78 of 516 lesions (14.3%) 
were judged PRL on 1.5T SWI-phase images (blinded 
to the 3T MRI results). The interrater reliability was 
“almost perfect,” with a Cohen k of 0.851 (Table 2). 
At the patient level, both raters properly classified MS 
cases as either having no PRL (4 of 19 patients) or at 
least 1 PRL (15 of 19 patients).

Lesion selection-based 1.5T PRL assessment
Of the 100 selected lesions, 50 were identified as PRL 
on 1.5T SWI-phase images. The intrarater and inter-
rater agreement results are provided in Table 2. The 
reliability between each rater and the consensus 
agreement was rated as perfect/almost perfect, with 
Cohen k ranging from 0.97 to 1.00.

Lesion rim assessment at 3T versus 1.5T MRI and 
analysis of disagreement
At 1.5T MRI, the raters identified 82% (78 out of 95) 
of the PRL identified at 3T MRI. Examples of PRL at 
1.5T and 3T MRI are shown in Figure 1(a) and (b).

Discrepancies between 1.5T and 3T were observed in 
17 lesions and were further discussed:

-   Four lesions were classified as PRL on 3T MRI 
but as “nodular” (having homogeneous hypoin-
tensity on SWI-phase images) on 1.5T MRI. 
These “false negative” PRL are likely due to the 
lower magnetic strength and voxel resolution of 
the 1.5T SWI images (Figure 2(a)).

-   Two lesions were recorded as PRL on 3T MRI 
but were PRL-negative on 1.5T MRI. This dis-
crepancy is likely due to the lesions’ spatial 
proximity to draining venule-rich regions such 
as the ventricles, which complicate the visuali-
zation of paramagnetic rims (Figure 2(b)).
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Table 2. Raters agreement.

Cohen’s k Percentage of 
agreement

Agreement

PRL 3T vs. 1.5T

 3T vs. 1.5T consensus 0.875
(CI 95% = 0.811–0.939)

97% Almost perfect

PRL assessment screening 1.5T whole-brain MR images
(rater 1: msm; rater 2: ma)

 Interrater 0.851
(CI 95% = 0.780–0.923)

96% Almost perfect

Lesion selection-based 1.5T PRL assessment
(rater 1: pm; rater 2: sb)

 Interrater 0.97
(CI 95% = 0.873–1.00)

97% Almost perfect

 Intrarater (rater 1) 0.84
(CI 95% = 0.733–0.946)

92% Almost perfect

 Intrarater (rater 2) 1.00
(CI 95% = 1.00–1.00)

100% Perfect

  Each rater vs consensus 
(rater 1)

0.97
(CI 95% = 0.873–1.00)

97% Almost perfect

  Each rater vs consensus 
(rater 2)

1.00
(CI 95% = 1.00–1.00)

100% Perfect

Figure 1. Concordant PRL at 1.5T and 3T MRI. (a) Axial 3D FLAIR and SWI phase images from subject #7 (Table 1) 
showing a comparable visualization of a periventricular PRL at different magnetic fields. The time lapse between scans 
was 0.3 years. (b) Axial 3D FLAIR and SWI phase images from subject #11 (Table 1) showing a leukocortical PRL at 
both 1.5T and 3T. The time lapse between scans was 2.5 years. For both cases, PRL magnification is shown in the insets 
at both 1.5 and 3T MRI. In both cases, a clear distinction between the hypointense phase rim and the isointense core of 
the lesion can be noticed.
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- The remaining 11 lesions identified as PRL on 3T 
MRI but not on 1.5T MRI, appeared confluent at 
1.5T MRI. The higher resolution of 3T MRI enabled 
the identification of a discrete rim. A representative 
example of this issue is shown in Figure 3.

Discussion
Imaging biomarkers, such as PRLs and CVS, offer 
high specificity for MS, as they are rarely found in 
other CNS diseases that clinically or radiologically 
mimic MS.5,6,8,22 The imminent introduction of these 
biomarkers in the revised MS diagnostic criteria11 is 
expected to reinforce diagnostic accuracy. However, 
the reliability of susceptibility-based sequences avail-
able in clinical MRI scanners, as well as the applica-
bility of NAIMS practical guidelines19 for PRL 
detection, remain unknown.

In this study, we aimed to standardize the approach 
and minimize detection bias by applying the NAIMS 
criteria for PRL identification on both 1.5T and 3T 
MRI scans. To evaluate the suitability of these criteria 
across different magnetic field strengths, we employed 
two methods for comparative PRL analysis. The first 

method aimed to simulate a “real-world” clinical 
assessment, in which a whole-brain scan (including 
T2-FLAIR and SWI-phase images) was provided, and 
PRL were carefully and actively searched for. The sec-
ond approach involved providing investigators with 
preselected and marked lesions for focused lesion rat-
ing, which helped reduce potential confounders that 
could arise in whole-brain scan analysis.

In both analyses, intra- and interrater agreement was 
nearly perfect, demonstrating the high reliability of 
PRL detection at 1.5T MRI when raters are trained in 
their identification. Our results surpassed the perfor-
mance of previous comparative reliability studies at 
different magnetic field strengths.20,21 One possible 
explanation for this improvement is the application of 
consensus guidelines, which standardized PRL detec-
tion and thus enhanced interrater agreement even at 
lower magnetic field strengths. In addition, the raters’ 
increased experience in PRL research likely improved 
their rating accuracy over the past years.

By comparing and discussing 1.5T versus 3T imaging 
assessments, several relevant observations emerged 
regarding PRL visualization at lower magnetic field 

Figure 2. Discordant PRL at 1.5T versus 3T MRI. (a) Axial 3D FLAIR and SWI phase images from subject #11 (Table 
1) showing a small white matter lesion (red arrow) classified as PRL at 3T MRI, but as hypointense nodular at 1.5T MRI. 
The time lapse between scans was 2.5 years. The central vein (blue arrow) is also more visible at 3T. (b) Axial 3D FLAIR 
and SWI phase images from subject #5 (Table 1). The occipital horn of the lateral ventricle, periventricular draining 
venules, and the optic radiation make difficult the PRL detection at 1.5T. The time lapse between scans was 0.1 year. For 
both cases, PRL magnification is shown in the insets at both 1.5 and 3T MRI.
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strengths: (1) submillimetric in-plane voxel resolu-
tion of the SWI-phase image is critical for PRL visu-
alization at any magnetic field strength, including at 
1.5T; (2) homogeneously susceptibility-hypointense 
lesions (referred to as “nodular”) can create classifi-
cation challenges at 1.5T (an example is shown in 
Figure 2(a)); (3) raters should exercise caution in 
areas with dense venular vasculature, such as the 
periventricular regions, as these areas are prone to 
paramagnetic rim misclassification due to susceptibil-
ity artifacts (Figure 2(b)); and (4) confluent lesions, 
which are common in progressive and older patients, 
may affect PRL counting, particularly at 1.5T MRI.

These classification issues could lead to false-nega-
tive PRL identification. However, the analysis did not 
reveal any false-positive PRL ratings. In the new 
revised diagnostic criteria,11 under certain circum-
stances, the detection of a single PRL can contribute 
to increasing the likehood of a diagnosis of MS. 
Importantly, our results provide reassurance that the 
introduction of PRL into the revised diagnostic crite-
ria, when applied using 1.5T MRI, will not compro-
mise diagnostic accuracy.

Recent advancements in machine learning (ML) and 
deep learning (DL) have led to the development of 
tools for detecting PRL on MRI in a semi- or fully 
automated manner.23–26 However, these methods pri-
marily rely on training datasets from 3T MRI, which 
might limit their applicability in routine clinical prac-
tice. Recognizing the reliability of lower magnetic 
field strengths, such as 1.5T, is essential for develop-
ing cost-effective MRI protocols and artificial intelli-
gence (AI)-based automated detection tools that are 
accessible and practical across a wider range of clini-
cal settings. The implementation of AI methods could 
not only standardize PRL detection across different 
centers but also simplify MRI interpretation for both 
neurologists and neuroradiologists. Furthermore, 
AI-driven approaches can broaden training cohorts, 
enhance the detection capabilities of ML/DL models, 
and improve the accuracy of PRL identification, 
thereby supporting their integration into routine diag-
nostic workflows.

A potential limitation of our study is the relatively 
small number of lesions analyzed, along with the time 
interval between the 1.5T and 3T MRI scans, which 

Figure 3. Discordant PRL count at 1.5T versus 3T MRI due to confluent lesions. (a) Axial 3D FLAIR and 3D T1 
MPRAGE images from subject #13 (Table 1) show a lesion in the periventricular white matter of the right parietal lobe. 
(b) On 3T axial SWI-phase images, the paramagnetic rim allows for the identification of two distinct PRLs. In contrast, 
on 1.5T axial SWI-phase images, the interface between the two lesions appears indistinct, leading to the classification of 
the lesions as a single PRL. Magnified images are shown in the insets along with the corresponding lesion masks.
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varied from 4 days to as long as 4.5 years (median 
time lapse 0.7 years, Table 1). The fading and disap-
pearance of the paramagnetic rim have been observed 
in a subset of PRLs with longer follow-up periods 
(7–10 years).27,28 Therefore, any differences in PRL 
detection are more likely attributable to the magnetic 
field strengths and SWI voxel resolution, rather than 
variability in the lesion dynamics themselves. 
Furthermore, although this was not the primary focus 
of our study, it is noteworthy that the two-thirds of the 
patients in this cohort had PRL, exceeding the preva-
lence reported in prior studies.6 A potential explana-
tion is the limited size of our cohort, which does not 
permit statistical inference of PRL prevalence to the 
general MS population.

In conclusion, our study demonstrates the high relia-
bility of detecting PRLs on commercially available 
susceptibility-weighted sequences at 1.5T MRI in 
MS, with strong interrater and intrarater agreement. 
The NAIMS criteria for PRL detection are practical 
and maintain excellent consistency across raters and 
different magnetic field strengths. Overall, these find-
ings suggest that PRL identification could soon 
become an integral part of clinical practice, aiding cli-
nicians in both the diagnostic process and the prog-
nostic assessment of the disease.
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