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ABSTRACT

BACKGROUND AND PURPOSE: MS lesions exhibit varying degrees of axonal and myelin damage. A comprehensive description of
lesion phenotypes could contribute to an improved radiologic evaluation of smoldering inflammation and remyelination processes.
This study aimed to identify in vivo distinct MS lesion types using quantitative susceptibility mapping and susceptibility mapping—
weighted imaging and to characterize them through Tl-relaxometry, myelin mapping, and diffusion MR imaging. The spatial distribu-
tion of lesion phenotypes in relation to ventricular CSF was investigated.

MATERIALS AND METHODS: MS lesions of 53 individuals were categorized into iso- or hypointense lesions, hyperintense lesions,
and paramagnetic rim lesions, on the basis of their appearance on quantitative susceptibility mapping alone, according to published
criteria, and with the additional support of susceptibility mapping—weighted imaging. Susceptibility values, Tl-relaxation times, mye-
lin and free water fractions, intracellular volume fraction, and the orientation dispersion index were compared among lesion pheno-
types. The distance of the geometric center of each lesion from the ventricular CSF was calculated.

RESULTS: Eight hundred ninety-six MS lesions underwent the categorization process using quantitative susceptibility mapping and
susceptibility mapping—weighted imaging. The novel use of susceptibility mapping—weighted images, which revealed additional mi-
crovasculature details, led us to re-allocate several lesions to different categories, resulting in a 35.6% decrease in the number of
paramagnetic rim lesions, a 22.5% decrease in hyperintense lesions, and a 17.2% increase in iso- or hypointense lesions, with respect
to the categorization based on quantitative susceptibility mapping only. The outcome of the categorization based on the joint use
of quantitative susceptibility mapping and susceptibility mapping—weighted imaging was that 44.4% of lesions were iso- or hypoin-
tense lesions, 47.9% were hyperintense lesions, and 7.7% were paramagnetic rim lesions. A worsening gradient was observed from
iso- or hypointense lesions to hyperintense lesions to paramagnetic rim lesions in Tl-relaxation times, myelin water fraction, free
water fraction, and intracellular volume fraction. Paramagnetic rim lesions were located closer to ventricular CSF than iso- or hypo-
intense lesions. The volume of hyperintense lesions was associated with a more severe disease course.

CONCLUSIONS: Quantitative susceptibility mapping and susceptibility mapping—weighted imaging allow in vivo classification of MS
lesions into different phenotypes, characterized by different levels of axonal and myelin loss and spatial distribution. Hyperintense
lesions and paramagnetic rim lesions, which have the most severe microstructural damage, were more often observed in the peri-
ventricular WM and were associated with a more severe disease course.

ABBREVIATIONS: ARMSS = Age-Related MS Severity Score; EDSS = Expanded Disability Status Scale; FWF = free water fraction; HC = healthy control;
HYPER = hyperintense lesions; ISO-HYPO = iso- or hypointense lesions; ICVF = intracellular volume fraction; MWF = myelin water fraction; ODI = orientation
dispersion index; PRL = paramagnetic rim lesion; QSM = quantitative susceptibility mapping; SMWI = susceptibility mapping—weighted imaging

Multiple sclerosis is a chronic inflammatory demyelinating
neurodegenerative disease of the CNS characterized by the
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occurrence of multifocal and widespread brain and spinal cord
lesions. After the acute inflammatory demyelinating phase, MS
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SUMMARY

PREVIOUS LITERATURE: Quantitative susceptibility mapping has been proposed for lesion characterization in multiple sclerosis.

Iso- and hypointense lesions in QSM have been linked to remyelinated lesions, while paramagnetic rim lesions may serve as bio-

markers for chronic active lesions. To date, the characterization of hyperintense lesions without a rim pattern is incomplete. As

veins can prevent accurate characterization of lesions in QSM, susceptibility mapping—weighted imaging may be used for opti-

mal visualization of vessels within or adjacent to MS lesions. Last, a detrimental effect of CSF has been proposed as a pathoge-

netic mechanism in MS.

KEY FINDINGS: SMWI significantly improved vein visualization, leading to several lesion reclassifications with respect to the use
of QSM only. ISO-HYPO lesions had the least severe structural damage, while PRLs and HYPER lesions showed the worst degree

of damage, correlated with greater disability, and were located more closely to the ventricles.

KNOWLEDGE ADVANCEMENT: MS lesion assessment based on the combined use of QSM and SMWI may improve lesion phe-
notyping. HYPER lesions exhibit characteristics of severe structural damage and may contribute to patient disability, which war-

rants further investigation.

lesions can follow diverse trajectories across time, including reso-
lution of inflammation, persistence of microglia-induced neuro-
inflammation, irreversible demyelination, or efficient myelin
repair. Kuhlmann et al' have proposed a classification of MS
lesions as active, chronically active, and inactive lesions, with or
without ongoing demyelination. Yet, determinants driving the
evolution of MS lesions remain unknown. According to the “sur-
face-in” pathologic hypothesis,” the ventricular and peripheral
CSF entails microstructural damage involving, respectively, the
periventricular lesional and extra-lesional WM™* and the outer
layer of cortical GM.” Particularly, a periventricular gradient of
neuroinflammation likely mediated by the innate immune sys-
tem has been demonstrated.®

Quantitative MR imaging has the potential to disentangle the
heterogeneity of MS lesions in vivo, which is important for treat-
ment and monitoring. Quantitative susceptibility mapping
(QSM)” has recently emerged as a valuable technique to catego-
rize MS lesions because it may reflect the level of demyelination
and inflammation. In a combined MR imaging-histopathologic
study, iso- and hypointense QSM lesions exhibited 100% specific-
ity for remyelinated lesions,® while 95% of lesions with a QSM
hyperintense rim (called paramagnetic rim lesions [PRLs]) corre-
sponded to chronically active lesions. Conversely, QSM hyperintense
lesions without a rim pattern demonstrated more heterogeneity and
lack of a proper characterization. Therefore, providing a multi-
parametric description of QSM phenotypes (hypo-, iso-, and
hyperintense lesions with and without a rim) within the same
cohort of patients could contribute to a more in-depth characteri-
zation of the patient’s specific disease stage beyond the clinical
status and an improved radiologic monitoring, particularly of
smoldering inflammation and remyelination.

PRLs constitute from 2.3% to 41.0% of the MS lesions accord-
ing to a recent meta-analysis.” Different factors may contribute to
the variation observed, such as the MS phenotype, disease dura-
tion, or clinical severity of the cohorts included. Nevertheless,
some of this variability may be a result of methodologic dispar-
ities in the definition of PRLs,'® as well as of lesion misclassifica-
tion using solely QSM which, for example, may not consistently
discern the hyperintense signal due to the presence of vessels in

proximity to the lesions. This issue is particularly relevant in vein-
rich brain areas, like the periventricular regions, where most of the
MS lesions are located. This aspect has been addressed in the most
recent consensus statement on the definition of PRLs, cautioning
about the potential resemblance of veins running alongside rims
to rims themselves.'® Susceptibility mapping-weighted imaging
(SMWI) is an MR imaging technique with superb vascular con-
trast and with significantly reduced artifacts ascribable to the non-
local properties of phase images compared with conventional
SWL'' Consequently, SMWT could be a valuable tool for optimal
visualization of vessels within or bordering MS lesions, improving
the assessment of PRLs and hyperintense lesions on QSM.

The objective of this study was twofold. First, we aimed to
characterize WM MS lesions on the basis of QSM and SMWI in-
tensity patterns and assess their tissue microstructure using a quan-

213 myelin,® and diffusion imaging

titative T1-relaxation time,
maps.'* Alterations in tissue T1-relaxation are attributable to vary-
ing concentrations of water, proteins, and paramagnetic substan-
ces, in particular iron. In the context of MS lesions, it has been
proposed that longer T1 values correlate with demyelination and
axonal loss, while shorter values are suggestive of partial or com-
plete remyelination."”® Of note, a direct correlation between T1-
relaxation times and the QSM signal pattern has not yet been dem-
onstrated. Higher myelin water fraction (MWF) values are associ-
ated with higher tissue myelin content, while higher free water
fraction (FWF) values are commonly related to increased tissue
water content, such as in edema and inflammation.'> By means of
diffusion imaging, lower intracellular volume fraction (ICVF) and
higher orientation dispersion index (ODI) values have been related
to loss of coherence of axonal fibers, demyelination, and micro-
structural neuronal damage. The second aim of this study was to
investigate the spatial distribution of distinct WM MS lesion types
in relationship to the proximity to ventricular CSF and to assess
their association with disability and disease severity.

MATERIALS AND METHODS

Study Population and Design

We prospectively collected cross-sectional data from 53 patients
with MS and 24 healthy controls (HCs) at our MS center. All
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932 supratentorial WM lesions were
segmented in FLAIR and visualized
on QSM

36 lesions were excluded for:

Presence of artifacts (15)

* Basal ganglia location (5)

Qsm <| E

896 lesions were assessed using
QSM and divided into 3 groups
(ISO-HYPO, HYPER and PRLs)
according to the degree and the
spatial localization of the QSM signal

Confluent lesions (16)

sMwI
SMWI was used to exclude the
presence of blood vessels in each
lesion of the HYPER and PRLs groups. ::>
Misjudged hyperintensity signal on
QSM lead to lesion exclusion or
relocation in a different group
Final

classification{ }

ISO-HYPO lesions (375, 44.4%)
HYPER lesions (404, 47.9%)
PRLs (65, 7.7%)

52 lesions were excluded
because large amount of lesion
volume were occupied by blood
vessels

36 lesions were relocated from
PRLs to HYPER group

55 lesions were relocated from
HYPER to ISO-HYPO group

FIG 1. Flow chart of the MS lesions evaluation based on QSM and
SMWI! visualization.

participants were 18years of age or older. Inclusion criteria for
patients with MS were the following: 1) 18 years of age or older;
2) diagnosis of relapsing-remitting MS or secondary-progressive
MS according to the 2017 McDonald criteria; 3) absence of clini-
cal relapse, MR imaging activity, and steroid treatment in the last
6 months. Exclusion criteria were the following: 1) the presence
of other neurologic comorbidities, and 2) contraindications to
MR imaging. For all included patients, disease- and treatment-
related data were collected. All subjects were scanned with a
3T MR imaging scanner (Magnetom Prisma; Siemens) using
a 64-channel head/neck coil. The MR imaging protocol
included the following:

e 3D FLAIR (TR/TE/TI = 5000/393/1800 ms, field of view =
256 mm, matrix size = 320, interpolated resolution = 0.4 X
0.4 x1 mm3), used for lesion segmentation

o MP2RAGE'® research application (TR/TE/TI1/TI2 = 5000/
2.9/700/2500 ms, resolution = 1 mm isotropic, 4.6 X accelerated
with compressed sensing) used for T1-weighted structural imag-
ing, brain tissue segmentation, and quantitative T1 mapping

o Multiecho gradient-spin-echo'” (GRASE) research applica-
tion (TR = 1000 ms, 32 TE between 10.36 and 331.52 ms,
transversal acquisition with resolution = 1.8 x 1.8 x 1.8 mm>,
controlled aliasing in parallel imaging results in higher accelera-
tion (CAIPIRINHA) 3 x 2%, used for myelin mapping and
computation of intra-/extra-axonal T2 values

e Segmented 3D EPI'® (TR/TE = 64/35 ms, resolution = 0.65
mm isotropic), used for QSM and SMWI

o Multishell diffusion MRI'**° with b-values = 300 s/mm?® (3
directions), 700 s/mm? (7 directions), 1000 s/mm? (16 direc-
tions), 2000 s/mm? (29 directions), and 3000 s/mm? (46 direc-
tions), and 7 measurements of b-value = 0 s/mm? interspersed
throughout the acquisition, followed by 7 measurements of
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b-value = 0 s/mm” with reversed phase-encoding (TR/TE =
4600/75 ms, resolution = 1.8 mm isotropic), used for tissue
microstructure characterization.

This study was approved by the local ethics committee, and
written consent was obtained from all subjects.

MR Imaging Data Processing and Analyses

The processing and analysis flow chart of this study is graphically
represented in Fig 1 and follows the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) guidelines.*'

MS Lesion Classification Using Susceptibility Imaging
T2-hyperintense and T1-hypointense lesions were segmented on
FLAIR and T1-weighted images, respectively, using a semiauto-
mated segmentation technique based on user-supervised local
thresholding (SinLab; Siena Imaging; https://sinlab-rhb.sienaimaging.
com/). Lesions <0.03 mL were excluded from further analyses. QSM
images were computed from 3D EPI using a custom set of codes in
Matlab (MathWorks) using STI Suite routines (https://people.eecs.
berkeley.edu/~chunlei liu/software.html) for image phase-unwrap-
ping,”* background phase removal,”® and dipole deconvolution.**
Quantitative susceptibility values obtained via this pipeline are im-
plicitly referenced to the whole-brain mask.”®> SMWI was obtained
by merging the EPI signal-intensity images and quantitative suscepti-
bility maps according to a previously documented pipeline** with pa-
rameters Xy, = 1part per million and m = 4. FLAIR images were
registered to the corresponding EPI magnitude images using the
FMRIB Linear Image Registration Tool (FLIRT; http://www.fmrib.
oxacuk/),”® and the derived transformations were combined to
register MS WM lesion masks to the QSM/SMWTI space. On the ba-
sis of QSM images, we excluded lesions with the following features:
1) lesions in regions with obvious susceptibility artifacts (ie, the orbi-
tofrontal region or close to the temporal poles) and infratentorial
lesions, whose visualization is unclear in QSM;'° 2) lesions involving
the basal ganglia, which are intrinsically hyperintense on QSM; and
3) confluent lesions showing multiple inhomogeneous patterns of
QSM signal, impeding a clear-cut classification. Using both QSM
and SMWI, 2 independently trained professionals with >5 years of
experience in MS neuroimaging (F.T. and G.B.) visually classified the
MS lesions. In case of disagreement between the 2 raters, a consensus
was reached in a second evaluation.

The QSM signal was used to classify WM lesions as hyperin-
tense versus nonhyperintense. The latter includes both isointense
lesions and hypointense lesions on QSM (ISO-HYPO), which
showed a susceptibility not greater than that of surrounding nor-
mal-appearing WM. Hyperintense lesions, which showed higher
susceptibility than the surrounding normal-appearing WM, were
subsequently divided into 2 subgroups, according to their hyperin-
tensity pattern: 1) PRLs, characterized by the presence of a hyper-
intense rim with respect to the center; and 2) hyperintense lesions
(HYPER), characterized by a diffuse (either homogeneous or inho-
mogeneous) distribution of hyperintensity within the whole lesion.
To better visualize veins, which are a potential confound for lesion
classification due to their hyperintense appearance in QSM, we vis-
ually inspected SMWI to exclude the presence of blood vessels in
QSM-hyperintense lesions. Lesions in which the confounding
effect of blood vessels was not ruled out by SMWI inspection were
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FIG 2. Examples of different MS lesion phenotypes. A, B, and C, MS lesions (black arrow) on

then coregistered to the standard
Montreal Neurological Institute 152
(MNI152) space using a combination
of affine (FSL FLIRT) and nonlinear
(FSL ENIRT; https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FNIRT)
tions.”® The transformations were then
applied to bring the subject’s QSM to
MNI152 space using nearest-neighbor

transforma-

interpolation.”® The QSM reference
template was finally obtained by voxel-
wise averaging of the coregistered HC’s
QSM data. The susceptibility values in
patients’ lesions were compared ROI-
wise with the corresponding suscepti-
bility values in the HC template core-
gistered to the individual MS patient, as
follows:

QSMiesion = meaniciesion [QSMpatient(Voxeli)
— QSMcs(voxel;)],

where voxel; indicates the voxels of the
lesion, QSMutiens and QSMpyc; are the
QSM maps of the patient in his or her
original space and the QSM reference
template coregistered to the patient’s
space, respectively. To validate lesion
classification on the basis of visual
assessment, we extracted and compared
the QSM signal from each MS lesion
subcategory.

FLAIR (upper image) and on QSM (lower image) classified, respectively, in HYPER, ISO-HYPO, and

PRLs groups. D and E, MS lesions (white arrows) on FLAIR (left), QSM (center), and SMWI (right),
which were relocated, respectively, from PRLs to HYPER and from HYPER to ISO-HYPO groups;
particularly in D, the hyperintense rim on QSM was determined to be composed of 2 veins (visi-
ble as hypointense signal in SMWI). E, The hyperintensity on QSM located at the center of the

lesion was a central vein, as shown on SMWI.

excluded from further analyses. Figures 1 and 2 summarize our
MS lesion classification approach.

Quantitative MR Imaging

Susceptibility Imaging. Magnetic susceptibility can assume a rela-
tively broad range of physiologic values across the brain,”’
because the measured magnetic susceptibility values depend on
the different physiologic local concentrations of magnetic com-
pounds in tissues (above all, diamagnetic myelin and paramag-
netic iron) and on the orientation of the principal fiber tracts.*®
Therefore, rather than studying the raw QSM values in lesions,
we evaluated the difference between the QSM values in each
lesion and the corresponding values observed in the same region
of a reference template based on the QSM data of the 24 HCs (16
women; mean age, 38 [SD, 13] years), acquired with the same pa-
rameters as those used for the patients with MS. Each HC’s EPI
T2*-weighted signal-intensity image was rigidly coregistered to
the respective T1-weighted scan using FSL FLIRT, which was

Myelin Imaging. Multiecho GRASE
images were processed using the multi-
component-T2-toolbox (https://github.
com/ejcanalesr/multicomponent-T2-
toolbox). First, the images were cor-
rected for Gibbs ringing and B;-
induced field inhomogeneities as previously described.'> Then
MWEF and FWF maps were generated.”

Diffusion Imaging. Diffusion MR images were first denoised
using the Marchenko-Pastur principal component analysis algo-
rithm available in MRtrix3 (https://www.mrtrix.org/).30 Then,
they were corrected for movement artifacts and susceptibility-
induced distortions using FSL commands topup (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/topup/TopupUsersGuide) and eddy
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy/UsersGuide).>" B, field
inhomogeneity correction was applied to all the diffusion MRI
volumes via the ANTs N4 algorithm (http://stnava.github.io/
ANTSs/).*® To fit the neurite orientation dispersion and den-
sity imaging (NODDI) model,”> we used the Accelerated
Microstructural Imaging via Convex Optimization (AMICO) soft-
ware (https://pypi.org/project/dmri-amico/),”* and both ICVF and
the ODI were obtained.
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Table 1: Demographic and clinical features

demographic and disease-related char-

Patients with MS Healthy Controls P acteristics. Mean age and disease dura-

(n=53) (n=24) Value tion were 43.64 (SD, 12.58) years and

Female (No)) (%) 34 (64.2%) 16 (66.7%) 830 9.91(SD, 10.56) years, respectively. The
el o) OO BIEDDBI S ey EDS was 20 (unge, 0-70)
Mean disease duration (yr) 9.91(SD, 10.56) NA NA The mean ARMSS was 3.9 (SD, 2.32).
EDSS (median) (range) 2.0 (0-7.0) NA NA Nine patients (17%) were not receiving
ARMSS (mean) (SD) 3.99 (SD, 2.32) NA NA any disease-modifying therapy, 10 patients
T:\Tst;‘:”at No) (%) 5 (7%) NA NA (19%) were treated with low-efficacy
Low—eﬁl;lcF;);y DMT ZNo.) (%) 10 (19‘;,) NA NA disease-modifying therapy, and - the
High-efficacy DMT (No.) (%) 34 (64%) NA NA remaining 34 (64%) were on high-effi-

Note:—RRMS indicates relapsing-remitting MS; NA, not applicable; DMT, disease-modifying therapy.

T1-Relaxometry. Quantitative T1-relaxation maps were produced
directly on the scanner from the MP2RAGE scan.”

MS Lesion Localization

The 3D Euclidean distance of each lesion center from the ven-
tricular CSF was calculated, and distance maps were obtained
using the FSL “distancemap” command as previously described,
to investigate the proximity of different MS lesion phenotypes
to the ventricles.

Statistical Analysis

Lesion-wise statistical analyses were performed using SPSS
(Version 28; IBM). Two-sided P values < .05 were considered
significant. Descriptive results were reported as mean (SD) or
median with interquartile range. The Shapiro-Wilk test and vis-
ual inspection of the histograms were performed to evaluate vari-
able distributions. To compare the differences in quantitative
measures and the distance from the ventricles among the different
types of MS lesions, we conducted an ANOVA with Bonferroni
post hoc comparisons, controlling for age, sex, and lesion volume
as confounding factors. To account for the lack of statistical inde-
pendence among results for MS lesions in the same patient, we
incorporated an anonymized subject identification as a control
variable. ANOVA was used to assess differences in MS lesion phe-
notype volume among MS phenotypes and between men and
women, including the total lesion volume as a confounding factor.
Pearson correlation analyses were performed to assess the associa-
tions among age, Expanded Disability Status Scale (EDSS), and the
Age-Related MS Severity Score (ARMSS) with the volume of the
different QSM lesion phenotypes. The following variables were
used as confounding factors: for age, the total lesion volume, sex,
and MS phenotypes; for EDSS, the total lesion volume, sex, age
and MS phenotypes; for ARMSS, the total lesion volume, sex and
MS phenotypes.

Data Availability
Data may be provided to interested researchers on request to the
corresponding author, after clearance from the ethics committee.

RESULTS

Demographic and Clinical Features

Of the 53 patients with MS, 34 (64.2%) were women, and 40
(75.5%) had relapsing-remitting MS. Table 1 reports the main
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cacy disease-modifying therapy. HCs
were 24 (of which, 16 were women)
with a mean age of 38.12 (SD, 13.2)
years. No significant differences were found in age and sex
between patients with MS and HCs.

MS Lesion Classification

No new MS lesions were observed compared with the most
recent clinical MR imaging examination available before study
entry. A total of 932 supratentorial WM lesions were examined
using QSM and SMWTI (Figs 1 and 2). Thirty-six lesions (3.8%)
were excluded because of artifactual distortion (15 lesions), basal
ganglia involvement (5 lesions), and confluent shape with a heter-
ogeneous intensity pattern, which would not allow a proper clas-
sification (16 lesions). The remaining 896 lesions were first
individually assessed and divided into 3 groups on the basis of
the QSM signal: 320 ISO-HYPO, 475 HYPER, and 101 PRLs.
SMWI was used to exclude lesions in which the presence of blood
vessels in the lesion was a confounding element. A total of 52
lesions (5.8% of the total, all belonging to the HYPER group)
were excluded due to the prominence of blood vessels within the
lesion. Furthermore, after SMWI inspection, 55 lesions of the
remaining HYPER group were assigned to the ISO-HYPO
group because their inhomogeneous hyperintense signal was
actually imputable to vessels. Similarly, 36 lesions (35.6% of the
PRLs) shifted from PRLs to the HYPER group because the
hyperintense rim was ascribable to the presence of vessels.
Examples of the SMWI reclassification are shown in Fig 2. The
final classification consisted of

e ISO-HYPO lesions, 375/844 (44.4%)
e HYPER lesions, 404/844 (47.9%)
e PRLs, 65/844 (7.7%).

In summary, the adoption of SMWTI to support the allocation
of lesions to appropriate categories resulted in a 35.6% decrease
in the number of PRLs, a 22.5% decrease of HYPER, and a 17.2%
increase in the number of ISO-HYPO, with respect to the catego-
rization based on QSM only. In total, of the 896 lesions that were
examined using QSM and SMWTI, 135 lesions (15.1%) required a
second evaluation to reach a consensus between the raters.

Quantitative analysis of the QSM signal confirmed that ISO-
HYPO had significantly lower QSM values compared with
HYPER and PRLs (P <.001 for both comparisons). HYPER and
PRLs showed similar, though heterogeneous, QSM values
(P=.567). ISO-HYPOs values were significantly smaller than
those in HYPER and PRLs (P <.001 for both comparisons)



Table 2: Comparison of lesion volume and quantitative MR imaging values of the 3 lesion phenotypes

ISO-HYPO HYPER PRL ISO-HYPO vs ISO-HYPO vs HYPER vs PRL
(Mean) (SD) (Mean) (SD) (Mean) (SD) HYPER (P Value) PRL (P Value) (P Value)
Lesion volume (uL) 31144 (1069.32)  820.93 (1733.99)  955.35 (891.77) <.001* <.001° 455
ICVF 0.47 (0.09) 0.42 (0.08) 0.41(0.08) <007 <001 188
oDl 0.23 (0.07) 0.21(0.06) 0.22 (0.05) .060 .506 703
FWF 0.03 (0.03) 0.04 (0.05) 0.07 (0.07) .006" <.001® <.001°
MWF 0.075(0.035)  0.068 (0.03]) 0.062 (0.030) 016 022° 336
Tl-relaxometry (ms) 1027.05 (13135) 107718 (157.63) 118143 (157.01) 001 <007 <.00P
QSM values (ppb) -9.10 (23.7) 9.06 (25.1) 7.75 (23.5) <.001° <.001® 567
Distance from 14.6 (9.8) 125(9.7) 10.5 (7.4) 059 018° 177
ventricular CSF (mm)
Note:—ppb indicates parts per billion.
* Statistically significant.
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FIG 3. Quantitative MR imaging metrics of myelin and axonal loss in different MS lesion phenotypes. Comparisons were performed using
ANOVA with Bonferroni post hoc comparisons, controlling for age, sex, lesion volume, and subject identification as confounding factors. T1-

relaxation times are expressed in milliseconds. **P < .05; ****p < .001.

(Table 2). No differences in lesion volumes were observed
between HYPER and PRLs.

Microstructural Characterization and Localization of
Different MS Lesion Phenotypes

Figure 3 and Table 2 illustrate the results of the quantitative
MR imaging analyses for the 3 lesion phenotypes. A worsening

gradient ISO-HYPO—HYPER—PRLs in the T1l-relaxation
time was detected, with longer T1 times observed in PRLs
compared with the other lesion groups (P <.001 in comparison
with both ISO-HYPO and HYPER). The same continuum was
observed for FWF values, with a significantly higher FWF in
PRLs with respect to the other lesion groups (P <.001 for both
comparisons). Accordingly, the MWF was reduced in PRLs and
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Table 3: Pearson correlation among age, EDSS, and ARMSS with the volume of the differ-

ent MS lesion phenotypes

and QSM in identifying remyelinated
lesions in the same cohort of patients.

ISO-HYPO HYPER PRL HYPER + PRL The mutual validation of these techni-

r P Value r P Value r P Value r P Value ques is of great importance because it
Age 0.045 763 —0.060 689 —0.015 920 —0.082 583 opens the possibility of adopting isoin-
EDSS  —0180 232 0282 057  —0160  .289 0228 127 tense lesions in T1 and QSM as a bio-
ARMSS  —0.268 .079 0.382 O11° —0.167 277 0.342 .023°

marker for remyelination in future

*Statistically significant.

HYPER compared with ISO-HYPO (P < .016 comparing
HYPER with ISO-HYPO and P <.022 comparing PRLs with
ISO-HYPO). The ICVF was significantly reduced in HYPER and
PRLs compared with ISO-HYPO (P <.001 for both groups of
comparisons). No differences were found in MWF and ICVF val-
ues comparing PRLs and HYPER (respectively P = .336 and
P=.188). Furthermore, no differences were observed in ODI
among the 3 lesion phenotypes.

Table 2 also reports the mean distance from the ventricular
CSF of each lesion phenotype. ISO-HYPO were located farther
away from the ventricles than PRLs (P = .018), which were the
type of MS lesions closest to the ventricles.

Associations with Clinical Outcomes

As shown in Table 3, no correlations were observed among the
volumes of ISO-HYPO, HYPER and PRLs, age and EDSS. No dif-
ferences were noted among MS phenotypes or between men and
women. A significant positive correlation was found between a
worse ARMSS and higher HYPER volume (P=.011, r=0.382)
as well as between a worse ARMSS and the combined volume of
HYPER and PRLs (P=.023, r=0.342). Finally, a trend between
a better ARMSS and higher ISO-HYPO volume was observed
(P=.079, r = —0.268).

DISCUSSION

In this study, we classified MS lesions on the basis of QSM and
SMWI and characterized them using T1-relaxometry, diffusion
imaging, and myelin mapping. The 3 types of MS lesions (ISO-
HYPO, HYPER, and PRL) were characterized by increasing
degrees of axonal and myelin damage assessed with multimodal
quantitative MR imaging. The use of SMWI enabled avoiding mis-
classification of MS lesions as HYPER and/or PRL because of the
presence of veins, thus providing a more robust classification of
MS lesions based on the QSM signal arising from the lesion itself.
Our data confirm and extend the results from the pivotal study of
Rahmanzadeh et al,® showing that PRLs have the lowest MWF and
ICVF, supporting in vivo evidence that proinflammatory microglia
contribute to ongoing demyelination and axonal loss. In this study,
we combined T1-relaxometry and QSM, showing that PRLs also
have longer Tl-relaxation times, suggesting irreversible tissue
damage, supporting recent findings.'”> We also observed that
lesions with iso-/hypointense QSM, proposed as a biomarker of
remyelinated lesions,® are characterized by significantly shorter
T1-relaxation times than all other MS lesions. This finding is in
line with data from Kolb et al,'> who found that a shorter T1-relax-
ation time was strongly related to a higher remyelination degree at
postmortem histology. To the best of our knowledge, this is the
first study showing a direct relationship between T1-relaxometry
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studies investigating in vivo the remyeli-
nating potential of novel drugs.

We confirm that a broad spectrum of hyperintensity patterns
in MS lesions exists, encompassing a continuum that spans
from a uniform pattern to diffuse inhomogeneous signal and
scattered hyperintensities.”® The underlying biologic rationale
behind these diverse hyperintensity patterns remains uncertain.
It is plausible that a substantial number of lesions classified as
QSM-hyperintense might feature intricate vasculature, particu-
larly in vein-rich regions like the periventricular areas. In this
study, 55 lesions were initially classified as HYPER using QSM
only and were finally classified as ISO-HYPO after examination
of the corresponding SMWI, which allowed a better visualiza-
tion of veins. Similarly, 36 lesions initially categorized as PRLs
were ultimately reclassified as HYPER after inspection with
SMWI. This finding is particularly intriguing because it suggests
that 35.6% of the lesions initially classified as PRLs based on
QSM visual inspection were later determined not to be PRLs af-
ter a meticulous evaluation of vessel presence. These findings
might provide an explanation for the substantial variations
observed in the frequencies of PRLs and other MS lesion pheno-
types in prior studies, which used diverse MR imaging sequen-
ces and processing methods.

Our results underscore the necessity for a meticulous exami-
nation of veins when identifying PRLs and HYPER, particularly
in the periventricular regions where numerous medullary veins
are present. While there has been a recent attempt to establish a
consensus for identifying PRLs," the validation and standardiza-
tion of MR imaging protocols for characterizing other MS lesion
phenotypes remain incomplete. For example, the pathologic role
of HYPER has not been completely described. In our study,
HYPER showed a certain degree of microstructural damage and
demyelination, and both ICVF and MWF could not distinguish
them from PRLs unlike T1-relaxation time and FWF. Most inter-
esting, we found that HYPER volume as well as the combined
volume of HYPER+PRLs were associated with worse disease se-
verity, as calculated with the ARMSS. Indeed, inhomogeneous,
diffuse HYPER might mirror the presence of widespread inflam-
mation or derive from the confluence of plaques with different
degrees of inflammation or represent lesions with scattered foci
of activated microglia not yet organized in a peripheral rim. This
hypothesis is supported by the results of a recent PET/MR imag-
ing study using ['*F]-DPA-714,%” which revealed that more than
one-half of MS lesions contain an inflammatory smoldering com-
ponent (a frequency notably higher than solely attributed to
PRLs). Similarly, Rahmanzadeh et al® found that 20% of all QSM-
hyperintense lesions are chronically active at postmortem evalua-
tion. Our quantitative MR imaging analyses support the idea that
some HYPER might exhibit a diffuse inflammatory component,
driving ongoing demyelination and tissue loss.



Several PET/MR imaging studies have indicated that lesions
closer to the ventricles exhibit more inflammation and have a
lower likelihood of remyelination compared with deep WM
lesions.>>** Similarly, normal-appearing WM closer to the ven-
tricles shows higher T1 values.* Here, we showed that PRLs were
closer than ISO-HYPO to the ventricular CSF, supporting the hy-
pothesis that the ventricular CSF might promote chronic inflam-
mation within WM MS lesions, impairing efficient remyelination.
Recently, a novel class of chronically active lesions, namely juxta-
cortical rim lesions, has been described.* Juxtacortical rim lesions
have not been shown to have a clear relation with WM PRLs and
might be closely linked to MS cortical pathology. Further studies
are needed to elucidate if juxtacortical rim lesions are an expression
of the detrimental activity of the peripheral subarachnoid CSF or if
they are consequent to an alternative pathogenic mechanism.

One should consider the limitations of this study. Its cross-
sectional design impedes the assessment of the evolution of the
different lesion classes with time, and it is possible that the 3
lesion phenotypes are indeed representative of a dynamic con-
tinuum, with one phenotype evolving into another, which will
be investigated in future studies. Moreover, the size of this
patient cohort with mild clinical severity and diverse disease
duration could have an influence on the observed correla-
tions. Furthermore, the possible impact of different lesion
phenotypes on the patient’s degree of disability across time can-
not be investigated without a longitudinal observation. For
instance, in our study, the sum of HYPER and PRL volumes was
associated with increased disability. This result was primarily
driven by the number of lesions belonging to the HYPER class,
but the limited number of PRLs may have influenced the lack of
statistically significant correlation with clinical disability at the
time of the MR imaging examination. The impact of PRLs might
be better assessed with longitudinal observations. The absence of
a direct pathologic correlation with imaging findings is another
further limitation of this study.

CONCLUSIONS

Using a combined QSM and SMWI approach, we identified 3
classes of MS lesions, characterized by varying degrees of myelin
and axonal loss. SMWI greatly improved lesion classification,
allowing precise visualization of veins bordering or crossing the
WM lesions. Using complementary quantitative MR imaging
contrasts, we confirmed that PRLs are characterized by the most
severe microstructural damage and myelin loss. On the contrary,
ISO-HYPO show the highest MWF and shortest T1-relaxation
time and ICVF, indicating lesions with less severe structural dam-
age. Our in vivo results corroborate recent postmortem studies
that demonstrated the association between ISO-HYPO and
remyelination. Inflamed, demyelinated PRLs were more likely
located close to the ventricles, while ISO-HYPO were more likely
to occur in the deep WM, corroborating a surface-in theory in
MS pathology and the possible presence of CSF toxic activity.
The in vivo identification of the MS lesion heterogeneity could
guide patients’ stratification and prognosis.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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