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Abstract

BACKGROUND.—Multiple sclerosis (MS) is characterized by both acute and chronic intrathecal
inflammation. A subset of MS lesions show paramagnetic rims on susceptibility-weighted MRI
sequences, reflecting iron accumulation in microglia. These paramagnetic rim lesions have been
proposed as a marker of compartmentalized smoldering disease. Paramagnetic rim lesions have
been shown at 7 T and, more recently, at 3 T. As susceptibility effects are weaker at lower field
strength, it remains unclear if paramagnetic rim lesions are visible at 1.5 T.

OBJECTIVE.—The purpose of our study was to compare visualization of paramagnetic rim
lesions using susceptibility-weighted imaging at 1.5-T and 3-T MRI in patients with MS.

METHODS.—This retrospective study included nine patients (five women, four men; mean age,
46.8 years) with MS who underwent both 1.5-T and 3-T MRI using a comparable susceptibility-
weighted angiography (SWAN) sequence from the same manufacturer. Lesions measuring greater
than 3 mm were annotated. Two reviewers independently assessed images at each field strength
in separate sessions and classified the annotated lesions as isointense, diffusely paramagnetic, or
paramagnetic rim lesions. Discrepancies were discussed at consensus sessions including a third
reviewer. Agreement was assessed using kappa coefficients.

RESULTS.—Based on the 3-T consensus readings, 115 of 140 annotated lesions (82%)

were isointense lesions, 16 (11%) were diffusely paramagnetic lesions, and nine (6%) were
paramagnetic rim lesions; based on the 1.5-T consensus readings, 115 (82%) were isointense
lesions, 14 (10%) were diffusely paramagnetic lesions, and 11 (8%) were paramagnetic rim
lesions. The mean lesion diameter was 11.9 mm for paramagnetic rim lesions versus 6.4 mm for
diffusely paramagnetic lesions (p=.006) and 7.8 mm for isointense lesions (p = .003). Interrater
agreement for lesion classification as a paramagnetic rim lesion was substantial at 1.5 T (x = 0.65)
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and 3 T (x = 0.70). Agreement for paramagnetic rim lesions was also substantial between the
consensus readings at the two field strengths (x = 0.79).

CONCLUSION.—We show comparable identification of paramagnetic rim lesions at 1.5-T and
3-T MRI with substantial interrater agreement at both field strengths and substantial consensus
agreement between the field strengths.

CLINICAL IMPACT.—Paramagnetic rim lesions may be an emerging marker of chronic
neuroinflammation in MS. Their visibility at 1.5 T supports the translational potential of
paramagnetic rim lesion identification to more widespread clinical settings, where 1.5-T scanners
are prevalent.

Keywords

1.5T; 3 T; chronic active lesion; filtered phase; iron rim lesion; multiple sclerosis; paramagnetic
rim lesion; susceptibility-weighted imaging; T2*

Multiple sclerosis (MS) is typically characterized by recurrent episodes of immune-mediated
CNS demyelination. Patients also commonly experience concurrent neurodegeneration,
characterized indirectly as accelerated brain and spinal cord tissue loss compared with
age-matched healthy populations. The mechanism of this neurodegenerative process is likely
multifactorial and at least in part relates to chronic compartmentalized CNS inflammation
[1, 2]. Although gadolinium enhancement serves as a reliable marker of acute (i.e., active)
lesions, imaging detection of smoldering lesions remains challenging.

Susceptibility-weighted imaging has been shown to reveal novel characteristics of MS
lesions, including the presence of a paramagnetic rim in a small subset of lesions [3, 4].
These lesions, described as “paramagnetic rim lesions” or as “iron rim lesions,” have been
extensively characterized on 7-T MRI [5, 6]. MRI at 7 T is well suited for this investigation
because of the field strength’s very high signal-to-noise ratio and sensitivity for detecting
tissue susceptibility. Additional studies have reported that paramagnetic rim lesions
correspond histopathologically with iron-enriched microglia and macrophages that express
inflammatory markers [6—10]. Further recent studies have characterized paramagnetic rim
lesions at 3-T MR, reporting clinical associations of paramagnetic rim lesions with greater
neurologic disability [11] and with lower normalized brain volumes, and have described

a propensity toward expansion of the affected lesion by approximately 2% annually [12].
Given these properties, paramagnetic rim lesions are considered to represent chronic active
lesions [4, 12-14], potentially serving as an important new marker of smoldering disease
pathology in MS.

Susceptibility-induced signal loss is less prominent on MRI at lower field strengths. Thus,
it may be anticipated that paramagnetic rim lesions would be less well visualized at 1.5 T
than at 3 T, and indeed, effective visualization of paramagnetic rim lesions at 1.5 T has not
been established. Because many MRI scanners used in clinical practice operate at 1.5 T,
the widespread clinical translational utility of paramagnetic rim lesion depends to a large
degree on whether these lesions can be reliably visualized at that field strength. To our
knowledge, paramagnetic rim lesions have not been systematically compared between 1.5
T and 3 T in the same patients. Thus, in this study, we aimed to compare the visualization
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of paramagnetic rim lesions using susceptibility-weighted imaging at 1.5-T and 3-T MRl in
patients with MS.

This retrospective study was reviewed and approved by the University of Massachusetts
ethics board. Data collection, storage, and access were in accordance with HIPAA. Patients
were identified by search of institutional research databases of patients participating in
various investigations of demyelinating disorders, most of which are ongoing prospective
observational studies. Most patients had provided written informed consent as part of the
prospective studies; the requirement for written informed consent for purposes of this
investigation was waived for patients in one of three protocols.

The study included a convenience sample of patients who underwent MRI examinations
with susceptibility-weighted imaging at both 1.5 T and 3 T. A search of the research
databases identified 583 patients who had undergone MRI including susceptibility-weighted
imaging at both field strengths as part of separate studies. Patients were then excluded

for the following reasons: lack of MRI with susceptibility-weighted imaging protocol at
both 1.5 T and 3 T (n=568), diagnosis other than MS (7= 2), severe motion artifact on
susceptibility-weighted imaging or FLAIR imaging (7= 1), no cerebral MS lesions on MRI
measuring greater than 3 mm in maximal diameter (/7= 2), and severe confluent lesion (n

= 1). The diagnoses of MS had been established clinically according to 2017 McDonald
criteria [15] by neurologists (hon-authors) with subspecialty training in neuroimmunology.
These exclusions resulted in a final study sample of nine patients (five women, four men;
mean age, 46.8 £ 13.2 [SD] years). For the included patients, clinical data were extracted
from the electronic medical record, including patient demographics, MS clinical phenotype,
disease duration, treatment history, and neurologic disability as assessed using the expanded
disability status scale [16].

MRI Acquisition

Patients underwent brain MRI at both 1.5 T and 3 T. Both examinations were performed
using a susceptibility-weighted angiography (SWAN, GE Healthcare) sequence, which is
based on a multiecho gradient-recalled echo (GRE) acquisition with a so-called “out-of-the-
box” implementation (i.e., no modification of vendor-supplied parameters).

The 1.5-T examinations were performed using a Signa Artist scanner (GE Healthcare).

The 1.5-T scanner was located in a hospital setting, and all patients were inpatients at the
time of 1.5-T imaging. The 1.5-T protocol included a 3D SWAN sequence (TR, minimum
value of ~ 80 milliseconds; TE, 50 milliseconds; flip angle, 25°; echo-train length, 10; slice
thickness, 3 mm; slice overlap, 1.5 mm; frequency phase, 320/256; reconstructed voxel size,
0.47 x 0.47 x 3 mm; acquisition time, 4 minutes 40 seconds) and a 2D axial fast spin-echo
T2-weighted FLAIR sequence (TR/TE, 9000/140; inversion time, 2379 milliseconds; flip
angle, 160°; slice thickness, 5 mm; interslice gap, 0.5 mm; frequency phase, 320/200;
reconstructed voxel size, 0.94 x 0.94 x 5 mm; acquisition time, 3 minutes 46 seconds).
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The 3-T examinations were performed using a Signa Pioneer scanner (GE Healthcare) that
was located in an outpatient facility. The 3-T protocol included a 3D SWAN sequence (TR,
minimum value of ~ 42 milliseconds; TE, minimum value of ~ 24 milliseconds; flip angle,
15°; echo-train length, 9; slice thickness, 3 mm; slice overlap, 1.5 mm; frequency/phase,
320/224; reconstructed voxel size, 0.47 x 0.47 x 3 mm; acquisition time, 2 minutes 27
seconds) and a 2D axial fast spin-echo T2-weighted FLAIR sequence (TR/TE, 9000/140;
inversion time, 2250 milliseconds; flip angle, 160°; slice thickness, 4 mm; no interslice time,
3 minutes 42 seconds). 0.86 x 0.86 x 4 mm; acquisition time, 3 minutes 42 seconds).

The 3D SWAN and FLAIR sequences were performed without IV contrast material at both
field strengths. The routine protocols at both field strengths also included contrast-enhanced
T1-weighted images obtained after IV administration of gadolinium-based contrast material
(gadoterate meglumine).

Image Analysis

The MRI acquisitions were reconstructed using manufacturer software on the scanner

and exported in DICOM format. The susceptibility-weighted acquisition automatically
underwent post-processing with a proprietary reconstruction algorithm to generate SWAN
images (reflecting a combination of magnitude and phase data) and axial filtered-

phase SWAN images (right-hand convention; paramagnetism indicated by hypointensity).
The images were then converted to NIfTI format using dem2niix software (version
1.0.20201102, Chris Rorden, Neuroimaging Tools & Resources Collaboratory) [17]. ITK-
SNAP software (version 3.8, P. Yushkevich and G. Guido) was used to perform rigid
coregistration of the filtered-phase SWAN and FLAIR images across both 1.5-T and 3-T
acquisitions for each patient (6 &7, mutual information criteria) [18].

A single investigator (C.C.H., a neurologist with subspecialty training in neuroimmunology
and 5 years of postgraduate experience in neuroimaging of MS) reviewed the FLAIR images
at both 1.5 T and 3 T. The investigator identified and marked all MS lesions identified at

3 T that measured greater than 3 mm in largest diameter; these labels were automatically
propagated across the coregistered filtered-phase SWAN images at both field strengths

[15]. Confluent lesion complexes were marked when the complexes could be visualized as
distinctly identifiable lesions that were perpendicularly oriented.

At least 1 week after completion of the lesion marking, two investigators (C.C.H. and
S.K.D., a neuroradiologist with 15 years of posttraining experience) independently reviewed
images for each patient, aware of the lesions marked for evaluation. The 18 examinations
(nine 1.5-T examinations and nine 3-T examinations) were reviewed in random order.
While blinded to field strength for each examination, the raters reviewed the FLAIR and
filtered-phase SWAN images. The images were reviewed using a standardized contrast level
during these sessions without adjustment by the raters.

Using the FLAIR images, the raters classified the location of each marked lesion as follows:
subcortical, deep white, or deep gray matter; periventricular area; leukocortical area; or
infratentorial area. Using the filtered-phase SWAN images, the raters also classified each
lesion as an isointense lesion, a diffusely paramagnetic (i.e., diffusely hypointense) lesion, or
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a paramagnetic rim lesion (Fig. 1). Lesions were classified as paramagnetic rim lesions

if exhibiting a distinct hypointense rim on filtered-phase SWAN images that involved

at least 50% of the lesion’s visualized rim on FLAIR images as well as an isointense
(relative to normal-appearing white matter) central area. Raters also recorded whether
susceptibility artifact grossly obscured lesions on filtered-phase SWAN images. One rater
(S.K.D.) recorded lesion size as the largest axial lesion diameter on FLAIR images.

Six weeks later, one investigator (C.C.H.), blinded to the interpretations in the earlier
sessions, repeated the analysis at 3 T to assess intrarater reliability. During this session,

the investigator recorded two additional characteristics recorded for each lesion on filtered-
phase SWAN images: the presence or absence of a hypointense “dot” or dots [11, 19, 20]
(classified as present if one dot was observed) and the presence or absence of a centrally
appearing vein or veins (if observed, classified as a single vein or multiple veins) [21].

After these review sessions, the results were unblinded, and lesions with interrater
discrepancies were reviewed jointly by the two earlier investigators to establish consensus
based on discussion for all features that both raters had assessed. The raters adjusted the
image contrast freely during this consensus review. During the consensus review, the raters
also reevaluated lesions classified as paramagnetic rim lesions at only one field strength
even if both of the first two raters classified the lesion as not a paramagnetic rim lesion
during the initial review. If uncertainty remained regarding potential lesion classification
as a paramagnetic rim lesion, then an additional reviewer (D.S.R., a neurologist and
neuroradiologist with 20 years of experience) was consulted for final determination of
lesion classification. During the consensus sessions, one rater (C.C.H.) recorded qualitative
reasons for discrepancies between raters and between field strengths as well as qualitative
approaches for obtaining consensus, when applicable.

Lesions deemed to be grossly obscured by susceptibility artifact at either field strength at
consensus interpretation were excluded from further analysis. In addition, after completion
of all previously described analyses, one of the investigators (C.C.H.) reviewed postcontrast
T1-weighted images while unblinded to other sequences and the clinical imaging reports

to assess lesions for contrast enhancement. Lesions that showed enhancement on contrast-
enhanced T1-weighted images at either field strength were also excluded from further
analysis because these lesions may exhibit transient paramagnetic rims that do not
necessarily indicate the presence of chronic neuroinflammation [22]. If a lesion was
excluded from analysis due to susceptibility artifact or enhancement, other nonenhancing
lesions in that patient remained in the analysis.

Statistical Analysis

Results were summarized using descriptive statistics. Cohen kappa coefficients for the

two raters’ classifications of lesions were calculated using both two unweighted categories
(paramagnetic rim lesions vs non—paramagnetic rim lesions) and three unweighted
categories (isointense lesions vs diffusely paramagnetic lesions vs paramagnetic rim
lesions). Kappa coefficients were classified as follows [23]: poor agreement, less than 0.00;
slight, 0.00-0.20; fair, 0.21-0.40; moderate, 0.41-0.60; substantial, 0.61-0.80; and almost
perfect, 0.81-1.00. Consensus classifications were compared between field strengths. Mean
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lesion diameters, based on the size measurements at 3 T, were compared between lesion
types using two-tailed unpaired ftests. Lesion classifications were stratified by field strength
and MS type. Sources of discrepancy were qualitatively summarized, and p values less than
.05 were considered statistically significant. Statistical analyses were performed using an
online calculator (Prism, GraphPad Software).

Cohort Description

The characteristics of the nine patients in the study cohort are summarized in Table 1. Five
patients had the relapsing remitting phenotype of MS, and four patients had the primary or
secondary progressive phenotype of MS. The mean disease duration at the time of MRI was
12.6 £ 15.3 years. The 1.5-T MRI examination was performed first in six patients, and the 3-
T MRI examination was performed first in three patients. The mean time difference between
the 1.5-T and 3-T MRI scans was 7.3 + 0.5 months (range, 2-18 months). Patients were
receiving disease-modifying therapy at the time of MRI for six of the first examinations

and seven of the second examinations. Contrast-enhanced imaging was performed for all
nine examinations at 1.5 T and for six of the nine examinations at 3 T. For the three 3-T
examinations performed without contrast material administration, one was performed before
1.5-T MRI, and two were performed after 1.5-T MRI.

Lesion Analysis

In the nine patients, a total of 146 MS lesions measuring greater than 3 mm were identified
on FLAIR images. Six lesions were excluded from analysis due to being grossly obscured
by susceptibility artifact (n=5) or due to gadolinium enhancement (n= 1, observed at

1.5 T), resulting in inclusion of 140 lesions in the analysis. The locations of these 140
lesions were as follows: 54 (39%) were in subcortical, deep white, or deep gray matter;

51 (36%), periventricular; 32 (23%), leukocortical; and three (2%), infratentorial. Lesion
characteristics on filtered-phase SWAN images included a hypointense dot or dots (3 T, 7=
10 [7%]; 1.5 T, n=7 [5%)]), a single centrally appearing vein (3T, n=29 [21%]; 1.5 T, n=
22 [16%]), and multiple centrally appearing veins (3 T, n=9 [6%]; 1.5 T, n= 6 [4%)]).

Based on lesion categorization from the 3-T consensus readings of filtered-phase SWAN
images, 115 (82%) lesions were isointense lesions, 16 (11%) were diffusely paramagnetic
lesions, and nine (6%) were paramagnetic rim lesions. Based on the 1.5-T consensus
readings, 115 (82%) lesions were isointense lesions, 14 (10%) were diffusely paramagnetic
lesions, and 11 (8%) were paramagnetic rim lesions. A lesion classified as a paramagnetic
rim lesion at both 1.5 T and 3 T is shown in Figure 2. The nine paramagnetic rim lesions

at 3-T consensus were observed in five (56%) patients (four patients with a progressive
phenotype and one with a relapsing remitting phenotype). Table 2 provides further details
of the stratification of lesion classifications by field strength and MS type. The mean lesion
diameter, as measured on FLAIR imaging, was significantly greater for paramagnetic rim
lesions (11.9 mm) than isointense lesions (7.8 mm; p=.003) and diffusely paramagnetic
lesions (6.4 mm; p=.006). Mean diameter was not significantly different between isointense
lesions and diffusely paramagnetic lesions (p = .13).
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Inter- and Intrarater Agreement

Inter- and intrarater agreement for the classification of lesions as paramagnetic rim lesion
versus non—paramagnetic rim lesion at both 1.5 T and 3 T was substantial or almost perfect
(Table 3). For example, interrater agreement, expressed as kappa, was 0.65 at 1.5 T and

0.70 at 3 T. When assessing agreement among three categories (isointense lesion, diffusely
paramagnetic lesion, paramagnetic rim lesion), inter- and intrarater agreement remained
substantial or almost perfect at both field strengths (i.e., x =0.69 at 1.5 T and 0.66 at 3 T;
Table 4). Percent agreements in the various assessments of rater agreement ranged from 89%
to 98%.

Assessment of Intra- and Interrater Discordances

The classification of lesions as a paramagnetic rim lesion was discordant between the
initial two reviewers for 10 lesions (six discrepant classifications at 1.5 T; four discrepant
classifications at 3 T). The reasons for interrater discrepancy identified at consensus
discussion included (multiple reasons possible if individual cases): vascular complexity
(contributed in 6/10 lesions), poor signal or contrast (5/10 lesions), small lesion size (2/10
lesions), and potential distortion from artifact-susceptible location (e.g., proximity to bone-
tissue or air-tissue interface) (2/10 lesions). The classification of lesions as a paramagnetic
rim lesion was discordant on the intrarater analysis at 3 T for five lesions, three of which
were not identified by either rater on the earlier 3-T interpretation session. The reasons for
intrarater discrepancy included the following: faint signal in the rim (3/5), heterogeneous
partial rim (1/5), and vascular complexity (1/5).

The classification of lesions as isointense versus diffusely heterogeneous was discordant
between the initial two reviewers for 19 lesions (eight discrepant classifications at 1.5 T;
11 discrepant classifications at 3 T). At consensus discussion, all 19 discrepancies were
attributed at least in part to heterogeneous paramagnetic content within the lesion. This
heterogeneity was attributed to the presence of vessels in four lesions and to possible
distortion near an artifact-susceptible region in two lesions and was of an unknown cause in
13 lesions. To attain consensus, the raters applied a more stringent definition of a diffusely
paramagnetic lesion—namely, that at least 75% of the lesion’s area showed paramagnetic
signal. Figure S1 (available in the online supplement) shows an example of a lesion with
discordant classification between raters as isointense or diffusely heterogeneous; in that
lesion (Fig. S1), the heterogeneous paramagnetic content was in part due to paramagnetic
signal within the optic radiations.

Assessment of Discordances Between 1.5Tand 3 T

Agreement between 1.5 T and 3 T in terms of consensus lesion classifications, expressed as
kappa, was 0.79 for classification as a paramagnetic rim lesion versus a non—paramagnetic
rim lesion and was 0.70 for classification as an isointense lesion, diffusely paramagnetic
lesion, or paramagnetic rim lesion. Table 5 provides a cross-tabulation of consensus lesion
classifications at 1.5 T and 3 T. One lesion was classified as a paramagnetic rim lesion

at 3 T but not at 1.5 T; three lesions were classified as paramagnetic rim lesionsat 1.5 T
but not at 3 T. At consensus discussion, the lesion classified as a paramagnetic rim lesion
only at 3 T was thought to relate to a combination of an incomplete rim and the lesion
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being part of a confluent complex (Fig. 3). This patient underwent 3-T MRI 14 months after
1.5-T MRI. The reasons for classifying lesions as paramagnetic rim lesions only at 1.5 T
included the following: circular-appearing vessel configuration leading to possible erroneous
classification at 1.5 T (two lesions, with intervals between MRI examinations of 5 and 18
months) (Fig. S2, available in the online supplement) and possible lesion evolution over time
(one lesion; interval between examinations of 18 months).

During the consensus review, two additional lesions were classified as a paramagnetic rim
lesion despite neither rater classifying the lesion as a paramagnetic rim lesion at initial
review. These classifications occurred once the lesions were reevaluated in conjunction with
the third rater and with awareness that the lesions had been classified as paramagnetic

rim lesions at the other field strength. One lesion, with an MRI interval of 2 months, had
initially been classified as a paramagnetic rim lesion only at 3 T but on consensus review
was observed to exhibit a faint paramagnetic rim at 1.5 T as well (Fig. S3A, available in
the online supplement). The other lesion, with an MRI interval of 14 months, had initially
been classified as a paramagnetic rim lesion only at 1.5 T but on consensus review was
observed to exhibit a paramagnetic rim that had been obscured by lesion heterogeneity and
susceptibility artifact from prominent vasculature (Fig. S3B).

Discussion

The paramagnetic rim lesion may be an important emerging MRI marker of ongoing low-
grade intrathecal inflammation in MS. In this study, we show comparable identification of
paramagnetic rim lesions at 1.5-T and 3-T MRI with substantial interrater agreement at

both field strengths and substantial consensus agreement between the field strengths. This
comparable identification between field strengths is an unexpected finding and supports the
feasibility of adoption of a paramagnetic rim lesion as a potential marker on widely available
1.5-T MRI platforms, while substantiating the need for establishment of clear criteria for
paramagnetic rim lesion discrimination.

We identified paramagnetic rim lesions using the 3D SWAN sequence. Other manufacturers
offer similar susceptibility-weighted sequences, including SWI from Siemens Healthineers
and SWIp from Philips Healthcare, which also use multiecho GRE acquisition to

derive filtered-phase SWAN images with high signal-to-noise ratio. Our unmodified
implementation of the SWAN sequence yielded natively high resolution in the axial plane
(reconstructed 0.47 x 0.47 mm) but relatively thick slices of 3 mm, producing anisotropic
voxels with 1.5-mm overlap. Our observed interrater agreement for paramagnetic rim lesions
at 3 T is similar to prior studies. One group found an interrater agreement, measured as
intraclass correlation coefficient, of 0.84 [20] using the SWI sequence at 3 T with 0.65 x
0.65 x 3.0 mm voxels. Additionally, Absinta et al. [4] reported a kappa coefficient of 0.86
at 3 T, and Maggi et al. [24] reported a kappa coefficient of 0.79 in a multicenter cohort

at 3 T using an echoplanar imaging (EPI)-based filtered-phase T2*-weighted protocol.

We observed a kappa coefficient of 0.79 for the consensus classification of lesions as
paramagnetic rim lesions between 1.5 T and 3 T, which is similar to a kappa coefficient of
0.78 between 3 T and 7 T reported by Absinta et al. [4]. In general, differences in lesion
categorization between field strengths could relate to acquisition parameters (EPI vs GRE),

AJR Am J Roentgenol. Author manuscript; available in PMC 2022 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hemond et al.

Page 9

use of isotropic versus anisotropic voxels, voxel resolution, lesion selection method, criteria
for paramagnetic rim lesion identification, and reduced susceptibility contrast at lower field
strengths.

Our work is not the first to identify paramagnetic rim lesions at 1.5 T; an earlier study
described paramagnetic rims in 5% (7/141) of MS lesions in a group of 14 patients
scanned at 1.5 T using a voxel size of 1.0 x 1.0 x 2.0 mm [3], which is comparable

to our classification of 8% (11/140) of lesions as paramagnetic rim lesions at 1.5 T. Our
classification of 6% of lesions as paramagnetic rim lesions at 3 T also falls within the range
of previously reported frequencies at 3 T, from 4.6% (28/611 lesions in 66 patients with
early MS; GRE-SWIl at 1 x 1 x 1 mm) [11] to 19.9% (127/636 lesions in 112 patients with
clinically isolated syndrome; GRE-SWI at 0.65 x 0.65 x 3.0 mm) [20].

The reported frequency of paramagnetic rim lesions at 7 T has varied as well, including
frequencies of 4.2% (8/191 lesions in nine patients; SWI at 0.23 x 0.23 x 2.0 mm) [5], 14%
(55/396 lesions in 17 patients; GRE-T2* phase imaging at 0.2 x 0.2 x 1 mm) [6], 15%
(28/183 lesions in 10 patients; SWI at 0.3 x 0.3 x 1.2 mm) [14], and 54% in the study by
Dal-Bianco et al. [14] when excluding lesions with confluent characteristics. This variation
in frequency across studies at a single field strength likely relates to a range of technical and
qualitative factors, including differences in the sequences used.

The lesions that we describe as paramagnetic rim lesions have also been described as

iron rim lesions or chronic active lesions. Whereas the term “paramagnetic rim lesion” is

a purely descriptive term, these alternate terms connote these lesions’ likely composition
and functional properties. However, phase contrast, as shown on the filtered-phase SWAN
images, reflects more than just the presence of iron but, rather, is affected by a combination
of local tissue susceptibility properties that can include loss of diamagnetic myelin, changes
in paramagnetic deoxyhemoglobin, and the presence of free radicals [22]. Although likely
dominated by the superparamagnetic effects of iron, phase images cannot reliably quantify
iron concentration [25] because phase signal also depends on field strength and TE. Indeed,
by doubling the TE at a lower field strength, the phase can remain constant just as it would
at a higher field strength albeit at the expense of reduced signal [3].

Although interrater agreement was substantial, discrepancies were observed at both

field strengths. The most common reasons for discordant interrater classifications of
paramagnetic rim lesions included vascular complexity and poor signal or contrast.
Although not assessed by our study, part of a paramagnetic rim lesion rim may be
particularly prone to be mistaken for a prominent vessel in regions with a high density

of medullary veins, such as in the periventricular area; the paramagnetic rim lesion rim

may also be difficult to detect in areas that are particularly sensitive to bulk susceptibility
artifacts, such as the orbitofrontal cortex and anterior temporal lobes. Additional challenges
in paramagnetic rim lesion identification included confluent lesions and paramagnetic

rim lesions with partial rims. Finally, intrarater agreement was decreased by variable
detection of faint lesions, suggesting a limitation from the rater’s subjective (and potentially
variable) threshold for deeming a lesion to be a paramagnetic rim lesion. These sources of
ambiguity in paramagnetic rim lesion classification convey the need for optimized consensus
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definitions and protocols. Absinta et al. [4] provided similar observations for inter- and
intrarater agreement in paramagnetic rim lesion classification and recommended dedicated
neuroimaging training before assessment of this imaging feature.

We did not observe detection of a greater total number of paramagnetic rim lesions at 3

T than at 1.5 T, as might have been anticipated. However, consensus discussion suggested
that the paramagnetic rim lesion visualized only at 3 T was likely a true paramagnetic rim
lesion that was missed at 1.5 T due to decreased signal. On the other hand, paramagnetic rim
lesions identified only at 1.5 T were thought to likely represent false-positive paramagnetic
rim lesions at 1.5 T related to vascular complexity in two cases and to temporal evolution
of the lesion in a third case. Alternatively, although paramagnetic rim lesions have been
previously shown to be stable over a period of months to years, it is possible that the
variation between field strengths may have been related in part to dynamic evolution of
lesions. This potential evolution of paramagnetic rim lesions is an area of ongoing research
that may be particularly relevant for the patient in our study with an interval between MRI
examinations of 18 months (patient 6 in Table 1).

Another challenge inherent to the SWAN sequence used in the current study is its
anisotropic voxel size (reconstructed 0.47 x 0.47 x 3 mm), which may limit visualization
of the entire lesion in the axial plane. The relatively thick slices can contribute to false-
negatives by capturing only the peripheral edge of a small paramagnetic rim lesion, resulting
in a heterogeneous appearance without a distinct rim and ultimate classification as a
diffusely paramagnetic lesion. This situation may be addressed through a clear a priori
definition for a diffusely paramagnetic lesion in addition to a definition for a paramagnetic
rim lesion. In the post hoc consensus, we chose greater than 75% paramagnetic content

as a threshold for diffusely paramagnetic lesions. Although not considered in the present
investigation, an alternative lesion classification of heterogeneously paramagnetic may
have been simpler than the classification of diffusely paramagnetic and may have reduced
subjectivity. Lesion classification as diffusely paramagnetic should ultimately be grounded
on biologic significance, highlighting the need for additional research exploring histologic-
imaging classification of variable paramagnetic lesion content.

The clinical implications of this study remain preliminary. Evidence for the prognostic and
diagnostic utility of the MRI finding of paramagnetic rim lesions are emerging and currently
lack widespread replication, especially on different MRI platforms and field strengths.
Although we did not systematically assess the time required to evaluate and categorize
lesions, from a practical standpoint, we estimate that interpreting the susceptibility features
of each MS lesion would add several minutes of radiologist time for examinations with
multiple lesions.

The limitations of this study include the small sample size and possible selection bias.
Examinations were performed using a susceptibility-weighted sequence from a single
vendor; results may differ using other sequences for paramagnetic rim lesion assessment.

In addition, patients were inpatients at the time of 1.5-T MRI and thus were likely
experiencing acute neurologic issues. This risk is partially mitigated by the exclusion from
the analysis of the one gadolinium-enhancing lesion. Another limitation is the interval of 2—
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18 months between the two MRI examinations in each patient. Although most paramagnetic
rim lesions have been shown to be stable on that time scale [6, 9], a component of

dynamic susceptibility might have influenced the comparisons between field strengths, as
previously noted. Indeed, recent work has shown that paramagnetic rim lesions often fade
over the course of many years [9, 13]. We also did not explore a possible association of
disease-modifying treatments and the appearance of paramagnetic rim lesions. Finally, an
external reference standard for the presence of paramagnetic rim lesions was not available.
Thus, although we compared paramagnetic rim lesion classification between field strengths,
sensitivity and specificity cannot be determined.

Conclusion

In patients with MS evaluated by MRI using susceptibility-weighted acquisitions,
paramagnetic rim lesions are visible on 1.5-T MRI, and detection of these lesions on 1.5-T
MRI compares favorably to 3-T MRI. These results support the translational potential of
paramagnetic rim lesion identification to more widespread clinical settings where 1.5-T
scanners are prevalent. The findings have additional relevance for large phase Il clinical
trials, which are increasingly enrolling participants from low- and middle-income countries
that may have older lower-field-strength MRI hardware. Although the paramagnetic rim
lesions identified in this study are likely to be similar to those previously described at 7 T
using other susceptibility-weighted methods, further histopathologic and clinical validation
is needed to determine the biologic relevance of the lesions identified using our protocol at
lower field strengths.
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HIGHLIGHTS
Key Finding

. Of 140 lesions in nine patients with MS, 11 lesions at 1.5 T and nine
lesions at 3 T were classified as paramagnetic rim lesions. Agreement for
paramagnetic rim lesions was substantial at 1.5 T (x = 0.65) and 3 T (x =

0.70) and between consensus readings at the two field strengths (x = 0.79).

Importance

. This study represents an important step in establishing the translational
potential of paramagnetic rim lesions at 1.5 T as a marker of chronic CNS
inflammation in MS.
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Fig. 1—.

E)?amples of three lesion classifications based on paramagnetic characteristics.

A and B, Axial filtered-phase susceptibility-weighted angiography (SWAN, GE Healthcare)
(A) and FLAIR (B) images obtained at 3-T MRI in 49-year-old man (patient 1 in Table 1)
with relapsing remitting multiple sclerosis show three lesion classifications in this study:
isointense lesion (dotted arrows), which is flanked by prominent medullary veins; diffusely
paramagnetic lesion (dashed arrows); and paramagnetic rim lesion with partial rim (sofid
arrows).
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Fig. 2—.

Pagramagnetic rim lesions detected at 1.5-T and 3-T MRI in 28-year-old woman (patient 3

in Table 1) with multiple sclerosis. Both MRI examinations included susceptibility-weighted
angiography (SWAN, GE Healthcare) sequence; 1.5-T MRI was performed 2 months before
3-T MRI.

A-D, Paramagnetic rim lesion 1 (solid arrows, A and C) is shown on 1.5-T (A and B) and
3-T (C and D) axial filtered-phase SWAN (A and C) and FLAIR (B and D) images. Lesion
1 shows central vein at both field strengths. Dashed arrows in A and C depict FLAIR lesion
with isointense signal on filtered-phase SWAN images; in this latter lesion, orientation of
medullary veins on 1.5-T image (A) could result in this lesion being misinterpreted as
paramagnetic rim lesion. E-H, Paramagnetic rim lesion 2 (arrows, E and G) is shown on
1.5-T (E and F) and 3-T (G and H) axial filtered-phase SWAN (E and G) and FLAIR (F and
H) images.
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C

Fig. 3—.

Pagramagnetic rim lesion that is more visible at 3 T compared with at 1.5 T. Axial filtered-
phase susceptibility-weighted angiography (SWAN, GE Healthcare) and FLAIR images in
64-year-old man (patient 4 in Table 1) with multiple sclerosis show lesion with discordant
classification between field strengths.

A and B, Lesion (arrows) was classified as isointense lesion on 1.5-T filtered-phase SWAN
(A) and 1.5-T FLAIR (B) images. Features contributing to lesion not being classified as
paramagnetic rim lesion at 1.5 T include incomplete rim and FLAIR lesion being part of
confluent complex.

AJR Am J Roentgenol. Author manuscript; available in PMC 2022 August 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hemond et al.

Page 17

C and D, Lesion was classified as paramagnetic rim lesion on 3-T filtered-phase SWAN (C)
and 3-T FLAIR (D) images.
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