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Abstract

Background: Dramatic improvements in visualization of cortical (especially subpial) MS lesions
allow assessment of impact on clinical course.

Objective: Characterize cortical lesions by 7-tesla T,*-/T1-weighted MRI; determine
relationship with other MS pathology and contribution to disability.

Methods: 64 adults with MS (45 relapsing-remitting/19 progressive) underwent 3T brain/spine
MRI, 7T brain MRI, and clinical testing.

Results: Cortical lesions were found in 94% (progressive: median 56/range 2—203; relapsing-
remitting: 15/0-168; p=0.004). Lesion distribution across 50 cortical regions was nonuniform
(p=0.006), with highest lesion burden in supplementary motor cortex and highest prevalence in
superior frontal gyrus. Leukocortical and white matter lesion volumes were strongly correlated
(r=0.58, p<0.0001), while subpial and white matter lesion volumes were moderately correlated
(r=0.30, p=0.002). Leukocortical (p=0.02) but not subpial lesions (p=0.40) correlated with
paramagnetic-rim lesions; both were correlated with spinal cord lesions (p=0.01). Cortical lesion
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volume (total and subtypes) were correlated with expanded disability status scale, 25-foot timed
walk, 9-hole peg test, and symbol digit modality test scores.

Conclusion: Cortical lesions are highly prevalent and are associated with disability and
progressive disease. Subpial lesion burden is not strongly correlated with white matter lesions,
suggesting differences in inflammation and repair mechanisms.
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Introduction

In MS, cortical lesions are common and often extensive on postmortem pathology,1=3 but
until recently have been difficult to visualize by MRI. Understanding their impact on disease
course and relationship with other aspects of MS is therefore limited. Of particular interest
are subpial lesions, which touch the pial surface of the brain and may form via a distinct
mechanism, related to meningeal inflammation,3-6 and thus may contribute independently
to disability and respond differently to disease-modifying therapy. However, even advanced
MRI methods at 1.5 or 3 tesla (T) are insensitive to subpial lesions.”®

Recently, 7T Ty- or To*-weighted (w) methods have been used to study cortical lesions

in small cohorts.19-15 We have demonstrated that combined use of ultra-high-resolution,
optimized Tqw and To*w 7T images greatly improves visualization of cortical, including
subpial, lesions.18 These methods also allow for better distinction between leukocortical and
subpial lesions.

Here we apply this methodology to determine the extent and location of cortical
demyelination in a cohort of 64 adults with MS. Given the potential differences in
myelination, inflammation, and repair mechanisms in different CNS tissue compartments,
we explore whether subpial lesions are associated with pathology in these compartments,
including white matter lesions, chronic active lesions, spinal cord lesions, and
leptomeningeal enhancement (LME). We also address whether and how different lesion
types contribute to disability.

Materials and methods

Clinical cohort

Participants enrolled in our institutional review board-approved MS natural history study
provided written, informed consent. We built a prospective subcohort of MS patients!’
who were =18 years old and without 7T MRI contraindication. For the purpose of future
longitudinal studies examining the relationship between cortical lesion formation and
disability accumulation, we prospectively enrolled participants with stable white matter and
spinal cord lesions by 3T MRI in the year prior to enrollment (“stable” MS), including

36 with relapsing remitting MS (RRMS) and 19 with progressive MS (PMS; 15 secondary
progressive (SPMS) and 4 primary progressive (PPMS)). We also enrolled 9 participants
with RRMS who had at least one new or contrast-enhancing white matter lesion in the year
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prior to enrollment (“active” MS). Clinical history and physical exam were obtained by

MS clinicians and included expanded disability status scale (EDSS), paced auditory symbol
addition test (PASAT), symbol digit modality test (SDMT, paper based), 25-foot timed walk
(25TW), and 9-hole peg test (QHPT). The 25TW and 9HPT were performed at both the 3T
and 7T MRI visits, and results were averaged. Multiple sclerosis severity score (MSSS) was
calculated based on EDSS and disease duration.18

MRI acquisition

Each participant underwent 3T brain and cervicothoracic spine and 7T brain MRI. Median
interval between 3T and 7T MRI was 9 weeks (range 1-34). 3T brain scans included

axial 2D proton density (PD)/T,w, sagittal 3D magnetization prepared 2 rapid gradient
echo (MP2RAGE), and sagittal 3D Tow fluid attenuated inversion recovery (FLAIR) before
and after administration of gadobutrol. Spine scans included sagittal 2D short-T1 inversion
recovery (STIR) and sagittal 3D T,w gradient-recalled echo (GRE), sagittal 3D MP2RAGE
of the cervical spine, and axial 3D MP2RAGE of the thoracic spine. 7T brain scans included
axial 3D MP2RAGE (0.5mm isometric, acquired four times per scan session), sagittal 3D
segmented To*w echo-planar imaging (EPI) (0.5mm isometric, acquired in two partially
overlapping volumes for full brain coverage), and axial 2D T,*w multi-echo GRE (0.5mm
isometric, acquired in three partially overlapping volumes for near full supratentorial brain
coverage) (Supplementary Table 1). MP2RAGE data were processed into uniform denoised
images (hereafter T;w MP2RAGE) and T, maps using manufacturer-provided software.

Image processing and analysis

The 7T Tqw and T1 map MP2RAGE repetitions were coregistered and median T1w and
T1 map images were generated, as described previously.1® The 7T T,*w GRE magnitude
images were averaged across echo times, and the averaged GRE images and the T,*w EPI
images were linearly registered (FMRIB’s Linear Image Registration Tool, FLIRT1: 20)
to the 7T Tqw MP2RAGE median images. 3T images were processed and registered as
described previously.?!

Cortical lesions were manually segmented using median 7T T,w and T; map MP2RAGE,
To*w GRE, and To*w EPI images using Display (https://github.com/BIC-MNI/Display,
Montreal Neurological Institute). Use of both To*w GRE and EPI sequences allowed for
assessment of cortical lesions even in cases in which not all To*w GRE volumes were
acquired or in which one of the sets of To*w images was motion-degraded. Cortical lesions
were segmented independently by two raters (ESB and JM), followed by consensus review.
Lesions were categorized as leukocortical (type 1, involving cortex and white matter),
intracortical (type 2, confined to the cortex and not touching the pial surface of the brain)
and subpial (type 3, involving the cortex exclusively and touching the pial surface, and type
4, involving cortex and the white matter and touching the pial surface).? Cortical lesions
were hypointense on T;w MP2RAGE images and/or hyperintense on To*w images and were
seen on at least two consecutive axial slices. Cortical lesion volumes and median T4 within
lesions, including the white matter portion of leukocortical lesions, were calculated.
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Supplementary methods describe spinal cord, white matter, and chronic active white matter
(phase rim, PRL) lesion segmentation, brain volume and spinal cord area measurements, and
LME assessment.

Cortical segmentation

3T and 7T T1w images were linearly registered in MNI space (FLIRT), followed by white
matter lesion filling. 7T whole-brain segmentation used spatially localized atlas network
tiles (SLANT).22 Segmentation output was transformed to native 7T space to determine
volume and median T, of each of 100 cortical regions (50 per hemisphere) and volume of
each cortical lesion within the cortical regions. Cortical regions were grouped by lobe and
function (Supplementary Table 2).

Statistical analysis

Results

Generalized linear models (GLM) determined the relationship of MRI measures and disease
phenotype (relapsing-remitting versus progressive), adjusting for age and sex. For cortical
and spinal cord lesion counts, a negative binomial distribution and log-link function were
used. For cortical and white matter lesion volumes, volumes were log-transformed.

A mixed-effects model was used to determine the relationship between cortical lesions and
regional cortical volume.

Pearson partial correlation coefficients evaluated the association between cortical lesion
burden, PRL number, and spinal cord lesion number, with adjustment for age, sex, and white
matter lesion volume following Box-Cox transformation of MRI variables.

Linear regression was used to determine the relationship between MRI variables (cortical
lesion total and subtype volumes, white matter lesion volume, spinal cord lesion number,
normalized brain volume) and disability measures, following Box-Cox transformation of
MRI and disability variables. Two sets of covariates were used: (1) age; and (2) age, white
matter lesion volume, and spinal cord lesion burden. Sex was not associated with MRI or
disability variables so was not included as a covariate.

Statistical significance was set at p<0.05. P values for relationships between MRI and
disability variables were adjusted for false discovery rate. See supplementary methods for
additional details.

Cortical lesions are more frequent in progressive MS

64 individuals with MS, including 45 with RRMS, 15 with SPMS, and 4 with PPMS,
underwent clinical evaluation, 3T brain and spinal cord MRI, and 7T brain MRI (Table

1). Intraclass correlation coefficient between the two cortical lesion raters was 0.91 (95%
confidence interval (Cl) 0.85-0.94) for total cortical lesions, 0.95 (CI 0.91-0.97) for subpial
lesions, and 0.93 (CI 0.88-0.95) for leukocortical lesions. 94% of individuals (60/64) had at
least one cortical lesion, and 86% (55/64) had at least one subpial lesion (Fig. 1).
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For the purpose of future longitudinal studies assessing the dynamics of cortical lesions,
the cohort was enriched for individuals with stable white matter lesions in the year prior

to enrollment. There was no difference in age, disease duration, or disability measures
between individuals with stable versus active relapsing MS (Supplementary Table 3). There
were no differences in cortical lesion burden, white matter lesion volume, or brain volumes
between these two groups. Thus, the stable versus active categorization was not considered
in subsequent analyses presented here.

Cortical lesion number was higher in progressive (median 56, interquartile range (IQR)

91, range 2-203) than relapsing MS (median 15, IQR 28, range 0-168, p=0.004). Lesion
number was higher for all cortical lesion subtypes in progressive versus relapsing MS (Table
2, Fig. 11-K), as was white matter lesion volume. Spinal cord lesion number was also
higher in progressive MS. After adjustment for age and sex, total cortical lesion number
(p=0.0024), leukocortical lesion number (p=0.006) and volume (p=0.02), subpial lesion
number (p=0.04), and spinal cord lesion number (p<0.0001) were higher in progressive

MS; intracortical lesion number and white matter and cortical (except leukocortical) lesion
volumes were not.

To determine whether individuals without high cortical lesion burden might have other
explanations for a progressive MS disease course, we examined the 5/19 individuals with
progressive MS (all SPMS) for whom cortical lesion number was below the median for the
entire cohort. These individuals did not differ from the remaining progressive MS cohort

in age, disease duration, white matter lesion volume, spinal cord lesion number, brain
volume, spinal cord area, average cortical lesion Ty, or any of the disability measures.
However, spinal cord lesion number was in the top quartile for the cohort for 2/5 individuals,
and white matter lesion volume was in the top quartile of the cohort for one additional
individual.

Cortical lesions form in hotspots

The average percentage of cortex occupied by cortical lesions was highest in the parietal
lobe, followed by frontal, occipital, and temporal lobes, and insula. The trend was similar for
subpial lesions. In the frontal and occipital lobes, percentage of cortex occupied by lesions
was higher in individuals with progressive versus relapsing disease (Fig. 2A, Supplementary
Table 4).

Since cortical lesions were sparsely distributed over the 50 cortical regions, we calculated
the total cortical lesion volume in each region and divided it by the volume of the region
summed across the entire cohort, giving the percentage of each region occupied by cortical
lesions. Cortical lesions were not uniformly distributed (median 0.18%, IQR 0.21%, range
0-0.48%, Kolmogorov-Smirnov test for uniformity p=0.006) (Fig. 2B). The relative volumes
of leukocortical, intracortical, and subpial lesions in each region were also variable (median
percentage leukocortical 24%, IQR 20%, range 0-100%, p<0.0007). At the extremes,
subpial lesions accounted for =90% of the cortical lesion volume in the cuneus, triangular
part of the inferior frontal gyrus, middle cingulate gyrus, posterior cingulate gyrus, and
transverse temporal gyrus, while the region with the highest percentage of leukocortical
lesions by volume (84%) was the temporal pole. The percentage of individuals with lesions
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in each region was also highly variable (median 30%, IQR 30%, p=0.004), ranging from
75% of people with at least one cortical lesion in the superior frontal gyrus to 3% of people
with at least one lesion in the subcallosal area (Supplementary Fig. 1).

We compared cortical lesion number in individuals with relapsing versus progressive disease
in each cortical region in which at least 20 individuals had at least one lesion (22/50
regions). Lesion number was higher in progressive MS in the cuneus, middle occipital gyrus,
and precentral gyrus (Supplementary Table 5).

Cortical lesion morphology and appearance are heterogeneous

Relative frequency of cortical lesion subtypes varied across the cohort (Fig. 11). The
percentage of cortical lesions that were subpial did not differ between individuals with
relapsing versus progressive MS (mean 53%, standard deviation 29% versus 48 + 24%,
p=0.50), nor did it correlate with disability measures (EDSS, 25TW, 9HPT, PASAT, SDMT).
We also observed differences in position of lesions with respect to the cortex-white matter
junction. At the extremes, some individuals had predominantly juxtacortical lesions, with
few other white matter or cortical lesions (Fig. 3A), whereas others had predominantly
subpial lesions (Fig. 3B). Leukocortical lesions were also variable in appearance, with some
being similarly hypointense on T{w images in both the cortical and white matter portions
of the lesion (Fig. 3C), whereas others were more hypointense in the white matter portion
of the lesion (Fig. 3D). We also observed lesions that appeared to primarily involve the
juxtacortical U-fibers (Fig. 3E).

Leukocortical lesions are associated with total and chronic active white matter lesions

White matter lesion volume correlated strongly with leukocortical lesion volume, compared
to moderate correlations with intracortical and subpial lesion volume (Fig. 4A, B, E).
Cortical lesion number was higher in individuals with >3 white matter PRL versus those
with 1-3 PRL versus those with no PRL (Fig. 4C, Supplementary Table 6). Results were
similar for cortical lesion volume. Leukocortical and intracortical but not subpial lesion
number were also higher in individuals with more PRL. After adjusting for age, sex, and
white matter lesion volume, there was a significant association between PRL number and
total cortical lesions and leukocortical lesions, but not with intracortical or subpial lesions.

Cortical lesion burden is not associated with leptomeningeal enhancement

16/58 individuals (27%) had at least one focus of LME. Cortical lesion number was not
different in individuals with LME versus without (Fig. 4D, Supplementary Table 7), nor
were there differences in cortical lesion volume, subtype number or volume, or white matter
lesion volume. There was no correlation between LME number and cortical lesion number,
cortical lesion volume, or white matter lesion volume. We examined the location of each of
the 23 identified foci of LME. One focus of LME was adjacent to a subpial lesion. For an
additional four foci, a cortical lesion (in two cases leukocortical and in two cases subpial)
was located within the same sulcus as the LME. The remaining 18 foci of LME were not
located near a cortical lesion.
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Cortical lesion burden is not associated with brain volume

Except for a weak correlation between subpial lesion and white matter volume (r=—0.25,
p=0.047), volume of total cortical lesions or cortical lesion subtypes did not correlate with
total brain volume, total gray matter volume, cortical gray matter volume, white matter
volume, or cortical thickness (Fig. 4E). There was also no relationship between cortical
lesion volume in a given cortical region and the volume of that region (slope estimate 0.011,
p=0.30).

Cortical lesion burden is associated with spinal cord lesion number but not area

Spinal cord lesion number was correlated with cortical lesion number and volume
(Supplementary Table 8). A similar association was observed for each cortical lesion
subtype. After adjusting for age, sex, and white matter lesion volume, the relationship
between spinal cord and cortical lesions remained significant for total cortical lesions and
for each cortical lesion subtype. There was no correlation between cortical lesion number or
volume and spinal cord cross-sectional area.

Cortical lesion volume correlates with physical and cognitive disability

Total and subtype cortical lesion volumes correlated with EDSS, 25TW, 9HPT, and MSSS.
There was no correlation between cortical lesion volume and PASAT, a cognitive test, but
there was a correlation between cortical lesion volume and SDMT, which in the written
form used here tests both cognitive and physical disability. White matter lesion volume

was correlated with all tested disability measures (Fig. 4E). After adjusting for age, there
was a significant relationship between cortical lesion volume and EDSS, 25TW, and SDMT
(Supplementary Table 9). After adjusting for age, white matter lesion volume, and spinal
cord lesion number, there were no significant associations between cortical lesion volume
and disability measures.

We also assessed the association of cortical lesion volume in different functional areas
with physical and cognitive disability (Supplementary Table 2). For cortical lesions and
subtypes, associations with each disability measure were similar across functional areas
(Supplementary Fig 2).

Cortical lesion T, values

Median T, was highest for leukocortical lesions, followed by type 4 subpial lesions,
intracortical lesions, and type 3 subpial lesions (Supplementary Table 10). There was no
difference in median cortical lesion Tq per individual between relapsing and progressive MS
for any cortical lesion subtype. There was no association between median T4 and lesion
number within cortical regions.

Discussion

We characterized cortical lesion frequency and location and found that some cortical regions
are especially susceptible to cortical lesions. We also found that subpial lesions are not
strongly correlated with total or chronic active white matter lesions but are associated with
spinal cord lesions. Neither leukocortical nor subpial lesions are associated with LME.
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All subtypes of cortical lesions are more common in progressive MS, and cortical lesion
volumes are correlated with measures of disability.

Relative to prior studies evaluating cortical lesions with 7T MRI, our cohort is almost twice
as large,11: 12, 14 hopefully improving generalizability of our results. Previous 7T studies
used either MPRAGE (with =0.7mm isotropic resolution) or To*w images to evaluate
cortical lesions, whereas we used a more sensitive Tqw sequence (MP2RAGE), at higher
resolution (0.5mm) and with combination of multiple acquisitions, together with To*w
images. Our interrater reliability was high compared to prior studies,1: 23 likely due to the
improved visibility of cortical lesions on our images and the ability to verify subtle lesions
on a second image type.

Our mapping of cortical lesions to cortical regions demonstrates nonuniform distribution

of cortical lesions across the cortex, with some hotspots for cortical lesion formation. Our
7T scans often incompletely cover the lower temporal and occipital lobes, so our analysis
likely underestimates the frequency of lesions in those regions. However, there are clear
differences in lesion frequency even within well-imaged regions. Of the five cortical regions
with the highest relative demyelination, two (supplementary motor cortex and precentral
gyrus) are key for motor function. The other three (planum temporale, supramarginal gyrus,
and opercular part of the inferior frontal gyrus) are all implicated in receptive language.
While motor dysfunction is clearly important and prevalent in MS, some studies have also
demonstrated language deficits.24 25 Further investigation will be needed to understand

if cortical lesions contribute to language dysfunction. In addition to the differences in

total cortical lesion volume by cortical region, there are also differences in lesion subtype
distribution. In some regions, most cortical lesions are subpial, whereas in other regions
most cortical lesions are leukocortical. This may be due to differences in accessibility of
inflammatory cells and mediators to those regions, or to intrinsic differences in the cortical
tissues themselves, such as myelination patterns, glial phenotypes, and neuronal activity,
which can regulate myelination in the developing cortex.26

Despite the relatively high sensitivity of our imaging methods, the percentage of cortex
occupied by cortical lesions (median 0.16% in the frontal lobe) is very low compared to

a previous systematic survey of 20 postmortem brains, in which a mean of 26.5% of the
cortex was demyelinated.2 The relative contributions of MRI sensitivity versus differences in
patient characteristics to this discrepancy are uncertain. Further MRI-pathology correlation
studies will be needed to understand the true sensitivity of our methods and the extent of
cortical demyelination in a contemporary MS population.

Given differences in myelination, inflammation, and repair between the cortex and other
CNS tissue compartments,3: 26-28 as well as hypothesized differences in the source of
inflammation in subpial lesions vs other types of MS lesions,* 629 we sought to understand
the relationships between subpial lesions and white matter and spinal cord lesions. We

find that subpial lesion volume correlates only moderately with white matter lesion volume
and that subpial lesions, unlike leukocortical lesions, are not associated with chronic active
white matter lesions. These findings, in combination with our observations that there are
often stark differences in lesion intensity in the cortical versus white matter portions
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of leukocortical lesions as well as lesions that stop abruptly at the cortex-white matter
junction (on either side), suggest differences in inflammatory or repair mechanisms, or in
susceptibility to damage, in cortex and white matter. This is consistent with postmortem
pathology studies demonstrating few inflammatory cells in chronic cortical lesions, even in
leukocortical lesions in which there are macrophages/microglia in the white matter portion
of the lesion.27: 30. 31 Fyrther studies will be required to better understand the relationship
between chronic meningeal inflammation overlying subpial lesions* 8 and chronic white
matter inflammation.

We observe a significant association between spinal cord lesions and both leukocortical and
subpial lesions, even after adjusting for white matter lesions, consistent with observations

of cases in which there is high cortical and spinal cord lesion burden but low white matter
lesion burden,32 and suggesting a potential shared mechanism of lesion formation, perhaps
related to proximity to the meninges. Longitudinal and mechanistic studies will be important
for understanding how lesion repair and growth differ in cortex versus white matter and
spinal cord.

Despite the evidence that meningeal inflammation leads to cortical demyelination, we find
a lack of association between cortical lesions and LME. Although the frequency of LME,
assessed using 3T images, is lower than in recent 7T studies,33: 34 we and others have
observed that cortical lesions are much more frequent than LME, and LME is rarely found
in close proximity to cortical lesions. Prior radiological-pathological correlation showed
evidence of meningeal inflammation in areas of LME,3® however our findings suggest a
non-straightforward relationship between LME and the meningeal inflammatory aggregates
often observed overlying subpial lesions in pathology studies.

We did not find an association between cortical lesion volume and cortical volume or
thickness, either globally or within individual cortical regions. While studies at 3T have
demonstrated an association between juxtacortical/cortical lesions and cortical thinning, a
recent 7T study found no difference in cortical thickness between people with high versus
low cortical lesion burden.36-38 Given the variability in cortical volume and thickness across
individuals, longitudinal studies examining changes in cortical volume over time will be
necessary to better understand how cortical lesions contribute to cortical atrophy.

On average, people with progressive MS had more cortical lesions, but several individuals

in our cohort with SPMS had few cortical lesions, not all of whom had high white matter or
spinal cord lesion burden. Thus, it may be that either severe lesion burden in any one of the
CNS tissue types or the sum of damage to the CNS is important in determining progression.
Alternatively, one or a few lesions in a particularly eloguent region may trigger disability or
progressive symptoms. Longitudinal studies will be necessary to understand when cortical
lesions form and whether their formation early in disease leads to disability progression later
on or whether, as several studies have suggested, cortical lesion formation continues during
progressive phases of the disease.12 39

While each cortical lesion subtype was associated with multiple measures of disability, there
were no significant associations between cortical lesion volume and disability measures after

Mult Scler. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Beck et al.

Page 10

adjusting for age, white matter lesions, and spinal cord lesions. This finding highlights that,
despite potential tissue-specific mechanisms of lesion formation and repair, it is difficult

to tease out whether and how different lesion types contribute independently to disability.
Larger, longitudinal studies will also be needed to fully understand these relationships,
which may in turn help determine which aspects of MS pathology should be targeted for
treatment in which patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cortical lesions are present in most adultswith MS and are more frequent in
progressive MS.

Cortical lesions (arrows) were identified on T4 and T,*w images and categorized as
leukocortical (A, E), intracortical (B, F), or subpial (C, D, G, H). (I) Total cortical lesion
number and relative number of different cortical lesion subtypes (after grouping together
both subpial lesion types) varied widely among participants. Leukocortical, intracortical,
subpial, and total cortical lesion number (J), as well as white matter lesion volume (K), were
higher in progressive versus relapsing MS.
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T1w MP2RAGE: T weighted magnetization prepared 2 rapid gradient echoes. To*w GRE:
To* weighted gradient-recalled echo. RRMS: relapsing remitting multiple sclerosis. SPMS:
secondary progressive multiple sclerosis. PPMS: primary progressive multiple sclerosis.
PMS: progressive multiple sclerosis.
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Figure 2. Cortical lesionsare distributed unevenly across the brain but are more frequent in
most anatomic regionsin progressive M S.

(A) The average percentage of cortex occupied by cortical lesions was higher in progressive
MS in the frontal and occipital lobes. (B) Cortical lesions were not distributed equally across
50 different regions. Subpial lesions were more frequent in some cortical regions, whereas
leukocortical lesions predominately affected other cortical regions.

RRMS: relapsing remitting multiple sclerosis. PMS: progressive multiple sclerosis.
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ACgG: anterior cingulate gyrus, Ains: anterior insula, AnG: angular gyrus, AOrG: anterior
orbital gyrus, BF: basal forebrain, Calc: calcarine cortex, CO: central operculum, Cun:
cuneus, Ent: entorhinal area, FO: frontal operculum, FRP: frontal pole, FuG: fusiform gyrus,
Gre: gyrus rectus, 10G: inferior occipital gyrus, ITG: inferior temporal gyrus, LiG: lingual
gyrus, LOrG: lateral orbital gyrus, MCgG: middle cingulate gyrus, MFC: medial frontal
cortex, MFG: middle frontal gyrus, MOG: middle occipital gyrus, MOrG: medial orbital
gyrus, MPoG: postcentral gyrus medial segment, MPrG: precentral gyrus medial segment,
MSFG: superior frontal gyrus medial segment, MTG: middle temporal gyrus, OCP: occipital
pole, OFuG: occipital fusiform gyrus, OplFG: opercular part of the inferior frontal gyrus,
OrIFG: orbital part of the inferior frontal gyrus, PCgG: posterior cingulate gyrus, PCu:
precuneus, PHG: parahippocampal gyrus, Pins: posterior insula, PO: parietal operculum,
PoG: postcentral gyrus, POrG: posterior orbital gyrus, PP: planum polare, PrG: precentral
gyrus, PT: planum temporale, SCA: subcallosal area, SFG: superior frontal gyrus, SMC:
supplementary motor cortex, SMG: supramarginal gyrus, SOG: superior occipital gyrus,
SPL: superior parietal lobule, STG: superior temporal gyrus, TMP: temporal pole, TrIFG:
triangular part of the inferior frontal gyrus, TTG: transverse temporal gyrus.
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Figure 3. Cortical lesion morphology is heter ogeneous.
(A) Example of an individual with many juxtacortical lesions but few other white matter

or cortical lesions, as seen on a representative T;w MP2RAGE image. (B) Example of an
individual with many subpial lesions but few other cortical or white matter lesions, as seen
on a representative To*w image. (C, G) Example of a leukocortical lesion with similar
signal change in the cortex and white matter portions of the lesion. (D, H) Example of a
leukocortical lesion with marked signal change in the white matter portion of the lesion but
more subtle signal change in the cortex, especially on T;w images. (E, I) Example of a
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lesion involving the juxtacortical U-fibers but relatively sparing the cortex. (F, J) Example of
a subpial lesion that stops abruptly at the cortex-white matter border.

Tiw MP2RAGE: T1 weighted magnetization prepared 2 rapid gradient echo. T,*w GRE:
To* weighted gradient-recalled echo.
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Figure 4. Cortical lesion burden is associated with white matter
paramagnetic rim lesions, and disability measures, but not with
brain volume.

lesion volume, white matter
leptomeningeal enhancement or

White matter lesion volume is associated with leukocortical lesion volume (A) and subpial

lesion volume (B). (C) Total cortical lesion and leukocortical
subpial lesion number, are higher in individuals with white m

lesion number, but not
atter PRL. (D) There is no

difference in cortical lesion number in individuals with versus without LME. (E) Volume

of total cortical lesions and cortical lesion subtypes are correl
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disability tested but not with brain volume, cortical volume, white matter volume, or cortical
thickness. In general, the strongest associations are with SDMT.

PRL: paramagnetic rim lesion. LME: leptomeningeal enhancement. CL: cortical lesion. LC:
leukocortical. IC: intracortical. SP: subpial. WM: white matter. GM: gray matter. EDSS:
expanded disability status scale. 25TW: 25-foot timed walk. 9HPT: 9-hole peg test. PASAT:
paced auditory symbol addition test. SDMT: symbol digit modality test. MSSS: multiple
sclerosis severity scale. *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. P values for
correlations between MRI measures and disability measures are adjusted for false discovery
rate.
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Table 1.
Demographics and disease characteristics
RRMS, n=45 PMS, n=19 P value
Female (%) 28 (62) 12 (63) >0.997
Age (vears)” 46 +10 (29-69) | 58+ 10 (44-77) | <0.00016
Disease duration (years)? 10+8(0-32) 25+11(7-42) | <0.0001%
Disease modifying therapy, n (%)
None 10 (22) 3(16)

Interferon 6 (13) 2(11)

Glatiramer acetate | 2 (4) 1(5)

Dimethyl fumarate | 14 (31) 4(21)

Fingolimod 3(7)

Teriflunomide 1(5)

Anti-CD20 2(4) 8 (42)

Daclizumab 4(9)

Alemtuzumab 1(2)

Natalizumab 3(7)
Disability

epss’ 15,1(0-6.5) 6,2(2-7.5) <0.0001"

25TW time (sec)® | 5028 13.7+116 <0.0001%

9HPT time (sec)® [ 196+39 38.9+17.8 <0.0001°

SOMTE 58+ 11 34+13 <0.0001°

PASAT® 537 42214 <0.0001°

a -
Mean + standard deviation (range).

b .
Median, interquartile range (range).

C, .
Mean + standard deviation.
a.. .,
Fisher’s exact test.
e
T-test.

fMann-Whitney test.
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RRMS: relapsing remitting multiple sclerosis (MS). PMS: progressive MS. EDSS: expanded disability status scale. 25TW: 25-foot timed walk.

9HPT: 9-hole peg test. SDMT: symbol digit modality test. PASAT: paced auditory serial addition test. IQR: interquartile range.
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Table 2.

MRI measures in relapsing versus progressive multiple sclerosis cases.

P value
RRMS, n=45 PMS, n=19
Adj for age and sx®

Total cortical lesions ?

Lesion number 15, 28 (0-168) 56, 91 (2-203) 0.004¢ | 0.0024

Lesion volume (uL) 384,907 (0-9888) | 1268, 3298 (32-8918) | .21¢ | 0.14
Leukocortical lesions ?

Lesion number 5, 12 (0-66) 27,36 (1-49) 0.0008¢ | 0.006

Lesion volume (uL) 102, 230 (0-2818) | 553, 948 (11-1698) 0.003¢ | 0.020

Intracortical lesions @

Lesion number 1,2(0-17) 3,7(0-10) 0.006¢ | 0.10

Lesion volume (L) 4, 8 (0-65) 9,27 (0-71) 0.035¢ | 0.18
Subpial lesions ?

Lesion number 6, 16 (0-142) 19, 47 (0-159) 0.008¢ | 0.043

Lesion volume (L) 209, 719 (0-9660) | 760, 1900 (0-8015) 0033 | 050
White matter lesion volume (ml) @ | 5.7,8.8 (05-50.8) [ 15.6,21.3 (1.6-63.1) | 0.0006° | 0.09
Brain volume ? 1512+ 98 1433 + 69 0003 | 017
Gray matter volume b 820+103 75981 0.0207 | 0.95
Cortical volume? 644 + 82 594 + 65 00257 | 096
White matter volume ? 692 + 68 67357 0317 | 005
Spinal cord lesion number 2 4,7 (0-16) 11,7 (1-19) 0.0007¢ | <0.0001

a . .. .
Median, interquartile range (range).
b o
Mean + standard deviation.
C .
Mann-Whitney test.
d
T-test.

e . .
Generalized linear model.
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