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Contribution of new and chronic cortical
lesions to disability accrual in multiple sclerosis
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Cortical lesions are common in multiple sclerosis and are associated with disability and progressive disease. We asked whether cortical
lesions continue to form in people with stable white matter lesions and whether the association of cortical lesions with worsening dis-
ability relates to pre-existing or new cortical lesions.

Fifty adults with multiple sclerosis and no new white matter lesions in the year prior to enrolment (33 relapsing-remitting and 17
progressive) and a comparison group of nine adults who had formed at least one new white matter lesion in the year prior to enrolment
(active relapsing-remitting) were evaluated annually with 7 tesla (T) brain MRI and 3T brain and spine MRI for 2 years, with clinical
assessments for 3 years. Cortical lesions and paramagnetic rim lesions were identified on 7T images.

Seven total cortical lesions formed in 3/30 individuals in the stable relapsing-remitting group (median 0, range 0-5), four total cor-
tical lesions formed in 4/17 individuals in the progressive group (median 0, range 0-1), and 16 cortical lesions formed in 5/9 indivi-
duals in the active relapsing-remitting group (median 1, range 0-10, stable relapsing-remitting versus progressive versus active
relapsing-remitting P =0.006). New cortical lesions were not associated with greater change in any individual disability measure
or in a composite measure of disability worsening (worsening Expanded Disability Status Scale or 9-hole peg test or 25-foot timed
walk). Individuals with at least three paramagnetic rim lesions had a greater increase in cortical lesion volume over time (median
16 pl, range —61 to 215 versus median 1 pl, range —24 to 184, P =0.007), but change in lesion volume was not associated with dis-
ability change. Baseline cortical lesion volume was higher in people with worsening disability (median 1010 pl, range 13-9888 versus
median 267 pl, range 0-3539, P = 0.001, adjusted for age and sex) and in individuals with relapsing-remitting multiple sclerosis who
subsequently transitioned to secondary progressive multiple sclerosis (median 2183 pl, range 270-9888 versus median 321 pl, range
0-6392 in those who remained relapsing-remitting, P = 0.01, adjusted for age and sex). Baseline white matter lesion volume was not
associated with worsening disability or transition from relapsing-remitting to secondary progressive multiple sclerosis.

Cortical lesion formation is rare in people with stable white matter lesions, even in those with worsening disability. Cortical but not
white matter lesion burden predicts disability worsening, suggesting that disability progression is related to long-term effects of cor-
tical lesions that form early in the disease, rather than to ongoing cortical lesion formation.
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Do cortical lesions explain progression independent
of relapse activity in multiple sclerosis?
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e New cortical lesions were rare in people with stable white
matter lesions and did not explain worsening disability

e Baseline cortical, but not white matter, lesion burden was
higher in people with subsequent worsening disability

Introduction

In multiple sclerosis, there can be gradual accrual of disabil-
ity over time, often in the absence of new white matter or
spinal cord lesions. This accrual of disability may be related
to long-term effects of focal demyelination that occurs early
in the disease, persistent inflammation either diffusely or
within pre-existing lesions, and/or ongoing focal demyelin-
ation that is not detected on standard MRI, including in
the cerebral cortex.'*

Cortical multiple sclerosis lesions are associated with dis-
ability and progression, possibly to a greater extent than
white matter lesions.>® Cortical lesions, and in particular

subpial cortical lesions, which involve the superficial cortical
layers, have been hypothesized to form via a partially distinct
mechanism from other multiple sclerosis lesions that is re-
lated to inflammation in the overlying meninges.”” Despite
their acknowledged prevalence on histopathologic studies,
where a median of 14% of the cortex is demyelinated, % '*
cortical lesions have until recently been difficult to visualize
on in vivo MRI This has limited our understanding of
when they develop and how they contribute to disability.
Specifically, it is unclear whether the association between
cortical lesions and progression is due to a persistent and
long-term effect of cortical lesions that form early in the dis-
ease course or to ongoing cortical lesion formation in later
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stages of the disease. Intriguingly, recent studies have indi-
cated that cortical lesion formation may be higher in progres-
sive multiple sclerosis than in relapsing-remitting multiple
sclerosis,"*'* in contrast to white matter lesion formation,
the vast majority of which occurs in the relapsing phase of
the disease.

Limited data exist, however, on whether cortical lesions,
detected with sensitive 7 tesla (T) MRI methods, continue
to form in people on moderate and high-efficacy disease-
modifying therapies and if so whether new cortical lesions
contribute to ongoing accrual of disability. The formation
of new cortical lesions in people with stable white matter le-
sions could have important implications for treatment.

In this study, we followed three groups longitudinally peo-
ple in whom new white matter lesions had formed in the year
prior to their enrolment (active relapsing-remitting multiple
sclerosis), people with relapsing-remitting multiple sclerosis
with stable white matter lesions in the year prior to enrol-
ment (stable relapsing-remitting multiple sclerosis) and peo-
ple with progressive multiple sclerosis with stable white
matter lesions in the year prior to enrolment with the goal
of determining whether cortical lesions continue to form in
people with stable white matter lesions and whether the as-
sociation of cortical lesions with worsening disability is re-
lated to pre-existing or new cortical lesions.

Materials and methods

Participants enrolled in an institutional review board-
approved multiple sclerosis natural history study at the
National Institutes of Health provided written, informed
consent. We built a prospective subcohort of multiple scler-
osis patients who were >18 years old and without 7T MRI
contraindication. Between May 2017 and November 2018,
we prospectively enrolled individuals with stable white mat-
ter and spinal cord lesions by 3T MRI in the year prior to en-
rolment (stable multiple sclerosis), including 36 with
relapsing-remitting multiple sclerosis and 19 with progres-
sive multiple sclerosis (15 secondary progressive multiple
sclerosis and four primary progressive multiple sclerosis).
For comparison, we also enrolled nine individuals with
relapsing-remitting multiple sclerosis who had at least one
new or contrast-enhancing white matter lesion in the year
prior to enrolment (active multiple sclerosis). As we did
not have any data on the rate of cortical lesion accumulation
using our more sensitive 7T techniques at the time the study
was initiated, the sample size was driven by recruitment
feasibility in our centre, and we prioritized recruiting partici-
pants with radiographically stable multiple sclerosis.
Participants were evaluated annually. For the first 2 years,
study visits included a clinical history and physical exam,
Expanded Disability Status Scale (EDSS), Paced Auditory
Symbol Addition Test (PASAT), Symbol Digit Modalities
Test (SDMT, paper based), 25-foot timed walk (25FTW),
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9-hole peg test (9HPT), a 7T brain MRI and a 3T brain
and spinal cord MRIL If 3- and 7T visits were obtained
more than 1 day apart, the 25FTW and 9HPT were per-
formed at both visits, and results were averaged. After the
first 2 years, participants were followed annually with the
same clinical testing for one additional year. Clinical relapses
were determined based on chart review by a multiple scler-
osis specialist.

All 3T scans were acquired on a single Magnetom Skyra scan-
ner (Siemens, FErlangen, Germany), equipped with a
32-channel head coil, used when imaging only the brain,
and a 20-channel head-neck coil when imaging the brain
and spine in a single session (see Supplementary Table 1 for
full sequence parameters). 3T brain scans included axial 2D
proton density/Tow (0.34-mm in-plane resolution, 3-mm
slice thickness), sagittal 3D magnetization prepared 2 rapid
acquisition gradient echo (MP2RAGE, 1-mm isometric)
and sagittal 3D T,w fluid-attenuated inversion recovery
(1-mm isometric) before and after administration of gadobu-
trol (unless contraindicated or refused by the participant).
Several upgrades to the MP2R AGE version on the 3T scanner
occurred in the first year of the study, after which there were
no further changes in the MP2RAGE version. There were no
changes to the sequence parameters with these upgrades.
Spinal cord scans included sagittal 2D short-tau inversion re-
covery (STIR, 0.5 mm in plane, 1.4-mm slice thickness) and
sagittal 3D T;-weighted (T;w) gradient-recalled echo
(GRE, 1-mm isometric), sagittal 3D MP2RAGE of the cer-
vical spine (1 mm isometric) and axial 3D MP2RAGE of
the thoracic spine (0.8 mm in plane, 4-mm slice thickness).

All 7T brain scans were performed on a 7T whole-body re-
search system (Siemens) equipped with a single-channel
transmit, 32-channel phased array receive head coil (see
Supplementary Table 1 for full sequence parameters). A soft-
ware upgrade (B17 to E12) was performed prior to the final
five Year 2 scans. 7T scans included axial 3D MP2RAGE
(0.5-mm isometric, acquired four times per scan session), sa-
gittal 3D MP2RAGE (0.7-mm isometric) and sagittal 3D seg-
mented T, *-weighted (T,*w) echo-planar imaging (0.5-mm
isometric, acquired in two partially overlapping volumes for
full brain coverage). At the baseline and Year 1 time points,
axial 2D T,*w multi-echo GRE was also acquired. At Year 2
time point, for 30 scans (all scans acquired after April 2020),
an axial 3D T, *w multi-echo GRE with navigator-based B,
and motion correction was acquired in place of the 2D T,*w
multi-echo GRE, as we found that this sequence improved
image quality.'>'® Both types of T>*w GRE scans were
0.5-mm isometric and acquired in three partially overlapping
volumes for near full supratentorial brain coverage.
MP2RAGE data were processed into uniform denoised
images (hereafter Tyw MP2RAGE) and T; maps using
manufacturer-provided software. 7T images did not fully
cover the inferior temporal and occipital lobes.
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The median interval between 3- and 7T MRI was 27 days
[interquartile range (IQR) 61, range 1-294].

The 7T 0.5-mm Tyw and T{ map MP2RAGE repetitions
were co-registered, and median Tyw and T{ map images
were generated, as described previously.'” The 7T T,*w
GRE magnitude images were averaged across echo times,
and within each time point, the averaged GRE images and
the T,*w echo-planar imaging images were linearly regis-
tered (FMRIB’s Linear Image Registration Tool,
FLIRT"®'?) to the 7T Tyw MP2RAGE median images. For
the Year 1 and Year 2 time points, 7T Ty MP2RAGE median
images were then registered to the baseline Tyw MP2RAGE
(Analysis of Functional Neurolmages, AFNI, 3DAllineate*"),
and the transformation matrix was applied to the T,*w echo-
planar imaging and GRE magnitude images. Weighted sinc in-
terpolation was used to reduce smoothing artefacts and pre-
serve image consistency across time points. Subtraction
images were generated between registered T; map images at
each time point.

Baseline 3T images were processed and registered as
described previously.?* For follow-up time points, fluid-
attenuated inversion recovery images were registered to
Tyw MP2RAGE (FLIRT), followed by registration of all
fluid-attenuated inversion recovery and Tyw MP2RAGE to
the baseline Tyw MP2RAGE (AFNI, 3DAllineate).

Cortical lesions were manually segmented on baseline
images using median 7T Tyw and T; map MP2RAGE,
T,*w GRE and T,*w echo-planar imaging images by two in-
dependent raters (J.M., 19 years of experience in multiple
sclerosis neuroimaging, and E.S.B., 3 years of experience)
for each case followed by a consensus review by both raters,
as previously described.?® Lesions were categorized as leuko-
cortical (Type 1, involving the cortex and white matter), in-
tracortical (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 the cortex and the white matter and touch-
ing the pial surface).'” Cortical lesions were hypointense on
Tyw MP2RAGE images and/or hyperintense on T,*w
images and were seen on at least two consecutive axial slices.
Cortical lesion volumes and median T; within lesions, in-
cluding the white matter portion of leukocortical lesions,
were calculated.

For each subsequent time point, MP2RAGE and T,*w
images were evaluated for the presence of new cortical le-
sions compared with the baseline scan. One rater (either
S.F. or W.A.M., each with 1 year of experience in multiple
sclerosis neuroimaging) evaluated each case for new cortical
lesions. E.S.B. then reviewed and confirmed any new lesions
identified by the first rater and reviewed the images for any
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additional new lesions. Cortical lesions that were visible at
Year 1 or 2 and whose presence at earlier time points was po-
tentially obscured by motion were not segmented. In add-
ition, the mask for each cortical lesion present at baseline
was evaluated and adjusted at each time point for both im-
perfect registration and changes in lesion size. The change
in volume of each cortical lesion was calculated. The total
change in cortical lesion volume and percentage change in
cortical lesion volume for each participant was calculated,
considering all lesions present at baseline.

White matter lesions were segmented on baseline 3T
images as previously described.?* Baseline white matter le-
sion masks were adjusted using registered Year 2 T{w
MP2RAGE and fluid-attenuated inversion recovery images,
and new lesions were identified and segmented.
Longitudinal 7T MP2RAGE images were also assessed for
new white matter lesions. Occasionally, small, new white
matter lesions were identified only on 7T images but were
seen in retrospect on 3T images. Once identified on 7T
images, these new lesions were segmented on the corre-
sponding 3T images.

Baseline 7T T,*w GRE phase images were processed as
previously described** and evaluated for the presence of su-
pratentorial chronic active, or paramagnetic rim, lesions (de-
fined as having a hypointense rim with internal isointensity
relative to extralesional white matter) independently by
E.S.B. and S.F., followed by a consensus review. Seven of
the participants were not evaluated for paramagnetic rim le-
sions due to motion degradation or incomplete brain cover-
age of phase images.

Spinal cord lesions were identified by two independent raters
followed by a consensus review using sagittal STIR and
MP2RAGE images of the cervical spinal cord and sagittal
STIR and axial MP2RAGE images of the thoracic spinal
cord at baseline and Year 2.

Brain tissue segmentation was performed on baseline
0.7-mm Tyw MP2RAGE images, which were available for
48 participants. White matter lesion masks generated using
3T images were registered to 7T space (Advanced
Normalization Tools),>> and lesion filling was performed
using FMRIB Software Library.”® Whole brain, cortex, white
matter and deep grey matter volumes were extracted using
SynthSeg.”” Baseline brain volumes were normalized using
the MNI152 intracranial volume (https:/nist.mni.mcgill.ca/
icbm-152lin/).

Comparisons between stable relapsing-remitting multiple
sclerosis and progressive multiple sclerosis and between peo-
ple with stable versus new lesions were performed using
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t-tests, Fisher’s exact test and Mann—-Whitney tests as
appropriate.

Comparisons between active relapsing-remitting multiple
sclerosis, stable relapsing-remitting multiple sclerosis and
progressive multiple sclerosis were performed using
Kruskal-Wallis tests and one-way ANOVA as appropriate.

To investigate the relationship between MRI measures
and subsequent disability change, we first performed
Box-Cox transformation of changes in disability measures
and lesion counts and volumes and then calculated partial
correlation coefficients, adjusting for age and sex, with
5000 nonparametric bootstrapping iterations to increase
analysis robustness.”**’

Comparisons between people with progression of disabil-
ity, defined as an increase in EDSS of >1.0 for baseline EDSS
<6.0 or >0.5 for baseline EDSS >6.0 or 20% increase
in 25FTW or 20% increase in 9HPT, versus stable
disability and between people who transitioned from
relapsing-remitting multiple sclerosis to secondary progres-
sive multiple sclerosis versus those who remained
relapsing-remitting multiple sclerosis were performed using
a multivariable general linear model adjusted for age and
sex. Box-Cox transformation of lesion counts and volumes
was performed prior to running these models.

Adjustment for multiple comparisons was performed
using the Benjamini and Hochberg procedure.’® Statistical
analyses were performed on IBM SPSS Statistics, version
26 (IBM Corp., Armonk, NY, USA).

Results

Sixty-four individuals with multiple sclerosis, including nine
active relapsing-remitting multiple sclerosis, 36 stable
relapsing-remitting multiple sclerosis and 19 progressive
multiple sclerosis (15 secondary progressive multiple scler-
osis and four primary progressive multiple sclerosis), under-
went baseline clinical evaluation, 3T brain and spinal cord
MRI and 7T brain MRI. The results of the baseline analyses
have been previously described®?; 59/64 participants (92%)
returned for at least one 7T follow-up visit [nine active
relapsing-remitting multiple sclerosis, 33 stable relapsing-
remitting multiple sclerosis and 17 progressive multiple
sclerosis (14secondary progressive multiple sclerosis and
three primary progressive multiple sclerosis)] (Table 1).
Mean + SD total 7T follow-up was 2 +0.5 years and did
not differ between groups (P =0.77).

Twelve individuals formed at least one new cortical lesion,
including 5/9 (56%) active relapsing-remitting multiple
sclerosis, 3/33 (9%) stable relapsing-remitting multiple
sclerosis and 4/17 (24%) progressive multiple sclerosis
(P=0.008, stable relapsing-remitting versus progressive
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multiple sclerosis P =0.21). A total of 16 new cortical lesions
formed in the active relapsing-remitting multiple sclerosis
group (median 1 per participant, IQR 2, range 0-10), seven
in the stable relapsing-remitting multiple sclerosis group
(median 0, IQR 0, range 0-5) and four in the progressive
multiple sclerosis group (median 0, IQR 1, range 0-1) (P =
0.006, stable relapsing-remitting versus progressive multiple
sclerosis P =0.88) (Fig. 1; Table 2). There was no difference
in the subtypes of new cortical lesions (leukocortical, intra-
cortical and subpial) between the three groups (P =0.87).

Individuals with new cortical lesions did not differ from
those with no new cortical lesions with respect to age, sex, dis-
ease duration or baseline cortical lesion burden (Table 3).
Disease-modifying therapy (categorized as none, injectable,
oral, infusion or changed during the study) did not differ be-
tween people with new versus no new cortical lesions. Three
out of nine people on infusion therapies formed one new cor-
tical lesion each. Two people were on ocrelizumab: one re-
ceived their first dose ~1 year before the baseline MRI and
the other received their first dose 8 months before the baseline
MRI; neither had any interruptions in treatment. One person
was on natalizumab for over 1 year before the baseline MRI
and did not have any known interruptions in treatment.
There was no difference in change in any of the disability mea-
sures or in overall disability progression (defined as an in-
crease in EDSS of >1.0 for baseline EDSS <6.0 or >0.5 for
baseline EDSS >6.0 or 20% increase in 25FTW or 20% in-
crease in 9HPT) in people with new versus no new cortical le-
sions (mean clinical follow-up time 2.8 + 0.7 years).

Nineteen individuals formed a total of 96 new white mat-
ter lesions, including 9/9 (100%) active relapsing-remitting
multiple sclerosis, 8/33 (24%) stable relapsing-remitting
multiple sclerosis and 2/17 (12%) progressive multiple scler-
osis (P <0.0001, stable relapsing-remitting versus progres-
sive multiple sclerosis P =0.46) (Fig. 1; Table 2). There
were no differences in age, sex, disease duration, baseline
white matter lesion volume, disease-modifying therapy or
change in disability between people with new versus no
new white matter lesions. One out of nine people on infusion
therapies (ocrelizumab) formed a new white matter lesion;
this individual’s first dose of ocrelizumab was 2 months be-
fore their baseline MRI. There was no difference in change
in any of the disability measures or in overall disability pro-
gression in people with new versus no new white matter le-
sions (Table 3).

Six out of 12 people (50%) with new cortical lesions also
formed new white matter lesions, while 13/47 (27 %) of peo-
ple without new cortical lesions formed new white matter le-
sions (P =0.17). There was no difference in the subtypes of
cortical lesions that formed in people with versus without
new white matter lesions (P =0.69). Three white matter le-
sions in three individuals expanded into the cortex during
the 7T follow-up period. No intracortical or subpial lesions
expanded into the white matter.

New spinal cord lesions were rare (10 total new lesions
in four individuals) and did not differ between groups
(Table 2).
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Table | Baseline cohort characteristics
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Active

P-value stable
relapsing-remitting

Stable Progressive multiple sclerosis

relapsing-remitting relapsing-remitting multiple sclerosis versus progressive
multiple sclerosis (n =9) multiple sclerosis (n =33) (n=17) multiple sclerosis
Female® 6, 67% 22, 67% 11, 65% >0.99°
Age (years)© 4610 4511 57+9 0.0005%*
Disease duration® I1+9 11+8 23+ 11 <0.0001%*
7T follow-up time (years)® 1.9+07 20+04 1.9+0.6 0.40¢
Clinical follow-up time (years)© 24+09 3.0+06 26+07 0.07¢
Disability measures
EDSS® 1.0, 1.5 (0-6.5) 1.5, 1.0 (0-5.0) 6.0, 3.0 (2.0-7.5) <0.0001"*
25FTW*S 6.4+6.0 47+1.0 139+ 11.9 <0.0001 %
9HPT® 20.0 + 6.3 19.3+3.1 378+179 <0.00014*
PASAT® 49+6 53+7 43+12 0.0004%*
SDMT* 6l +16 58+ 10 35+ 14 <0.000 | 4
Treatment®
None 5, 56% 4, 12% 2, 12% 0.628
Injectable 2,22% 6, 18% 3, 18%
Oral 1, 11% 15, 34% 5,29%
Infusion 1, 11% 8, 24% 7,41%
MRI measures
Cortical lesions®
Total cortical lesion number 18, 71 (0-168) 15,22 (0-113) 58, 100 (2-212) 0.006"*
Total cortical lesion volume (pl) 530, 1488 (0-9888) 375, 903 (0-6392) 1268, 3310 (32-8918) 0.04°
Leukocortical lesion number 3,10 (0-17) 5, 12 (0-67) 29, 37 (1-49) 0.008"*
Leukocortical lesion volume (ul) 48, 165 (0-214) 122, 368 (0-2818) 553, 950 (11-1709) 0.02%*
Intracortical lesion number 1,7 (0-20) 1,2 (0-7) 4, 8 (0-10) 0.004"*
Intracortical lesion volume (ul) 3, 26 (0-65) 4, 8 (0-34) 11,30 (0-71) 0.02"*
Subpial lesion number 17, 49 (0-142) 5, 10 (0-93) 21, 52 (0-168) 0.007"*
Subpial lesion volume (ul) 287, 1426 (0-9660) 143, 429 (0-5233) 505, 2403 (0-8015) 0.02"*
White matter lesion volume (ml)® 4.2, 8.0 (1.8-26.5) 6.5, 7.9 (0.9-49.9) 13,21 (1.6-63.1) 0.01%*
Spinal cord lesion number® 4, 6 (0-10) 5,7 (0-13) 9.5, 7 (1-19) 0.004"*
Normalized brain volume (ml)*
Whole brain 1494 + 62 1490 + 38 1433+ 15 0.026%*
Deep grey matter 72+7 70+5 63+7 0.023¢
Cortex 663 +27 660 + 19 648 +21 0.189¢
White matter 571 +28 566 + 21 5364 +33 0.029%*

Active relapsing-remitting multiple sclerosis was defined as the presence of a new or enhancing lesion on MRI in the year prior to enrolment in the study. Raw scores are used for all
disability measures. Injectable: glatiramer acetate and interferons. Oral: dimethyl fumarate, fingolimod and teriflunomide. Infusion: daclizumab, natalizumab, ocrelizumab, rituximab.
25FTW, 25-foot timed walk; 9HPT: 9-hole peg test; EDSS, Expanded Disability Status scale; PASAT: Paced Auditory Serial Addition Test. *n, %. ®Fisher’s exact test. “Mean + SD. %t-test.
°Median, interquartile range (range). Mann—Whitney test. EChi-square test. "Significant after adjusting for false discovery rate.

Four individuals had a total of six relapses during the
follow-up period. Two individuals were in the active
relapsing-remitting multiple sclerosis group, and both had
new lesions in the white matter, spinal cord and cortex.
Two individuals with clinical relapses were in the stable
relapsing-remitting multiple sclerosis group; neither of these
individuals had new lesions in the brain or spinal cord. None
of the four had overall disability progression (composite
measure of EDSS, 9HPT and 25FTW), and none transitioned
from relapsing-remitting multiple sclerosis to secondary pro-
gressive multiple sclerosis.

While most cortical lesions were hypointense on T{w images
and hyperintense on T,*w images, we observed that 35% of

the new cortical lesions, while hypointense on T;w images,
were hypointense or isointense on T,*w images. In contrast,
only 10% of new white matter lesions were isointense or hy-
pointense on T,*w images (P =0.01) (Fig. 2).

We examined change in cortical lesion size in two ways:
(i) the percentage of lesions that enlarged or shrank over
the 7T follow-up period, defined as an increase or decrease
in volume of at least 15% respectively, and (ii) absolute
and percentage change in total cortical lesion volume, con-
sidering only lesions present at baseline.
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Figure | New cortical lesion formation is rare in people with stable white matter lesions. New cortical and white matter lesion
formation was frequent (56 and 100%, respectively) in people with active relapsing-remitting multiple sclerosis (defined as having at least one new
or enhancing white matter lesion in the year prior to enrolment) but was infrequent in people with radiographically stable relapsing-remitting
multiple sclerosis (9% for cortical lesions, 24% for white matter lesions) or progressive multiple sclerosis (24% and 17%) (P = 0.008 for cortical
lesions, P < 0.0001 for white matter lesions, chi-square test). New cortical lesion formation was not related to baseline cortical lesion number
(median baseline cortical lesion number |6 versus median 20 for those without new cortical lesions, P = 0.97, Mann—Whitney test). Baseline
cortical lesions are represented by grey bars; each bar represents a single participant. PPMS, primary progressive multiple sclerosis; RRMS,
relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis.

Of 2365 total cortical lesions present on images from at
least two time points, 1963 (83%) were stable in size, 301
(13%) enlarged and 86 (4%) shrank. Leukocortical and in-
tracortical lesions changed in size more frequently (14% of
leukocortical lesions enlarged, 7% shrank, 15% of intracor-
tical lesions enlarged and 3% shrank) compared with subpial
lesions (12% enlarged and 2% shrank) (P < 0.0001). There
was no difference in the percentage of cortical lesions that
were enlarging between the active relapsing-remitting mul-
tiple sclerosis, stable relapsing-remitting multiple sclerosis
and progressive multiple sclerosis groups (Table 2).

The median change in total cortical lesion volume was 8 pl,
IQR 47, range —61 to 215. There was no difference in the ab-
solute or percentage change in total cortical lesion volume be-
tween the active relapsing-remitting multiple sclerosis, stable
relapsing-remitting multiple sclerosis and progressive mul-
tiple sclerosis groups (Table 2). There was also no difference
in white matter lesion volume change between the groups.

We compared change in cortical and white matter lesion
volume between individuals with less than three paramag-
netic rim lesions (7 =21) and individuals with at least three
paramagnetic rim lesions (7 =235) on the baseline 7T scan.
There was no difference in change in white matter lesion vol-
ume between the two groups (median 14 pl, IQR 42, range
—134 to 1816 versus median 43 pl, IQR 173, range —2238
to 2031, P=0.08). Change in total cortical lesion volume
(median 1 pl, IQR 21, range —24 to 184 versus median
16 pl, IQR 64, range —61 to 215, P =0.007) and change in
subpial lesion volume (median 6 pl, IQR 21, range —4 to
176 versus median 23 pl, IQR 37, range —4 to 184, P=

0.02) were higher in the group with at least three paramag-
netic rim lesions (Supplementary Table 2).

To determine the association between baseline cortical lesion
burden and subsequent change in disability, we considered
all available time points at which there was clinical follow-
up. Meanclinical follow-up time was 2.8 +0.7 vyears.
There was no difference in clinical follow-up time between
active relapsing-remitting multiple sclerosis, stable relaps-
ing-remitting multiple sclerosis and progressive multiple
sclerosis (P =0.07).

Baseline total cortical lesion volume was correlated with per-
cent change in 9HPT (r = 0.69, P < 0.001, adjusted for age and
sex, significant after adjusting for multiple comparisons) and
25FTW (r=0.49, P < 0.001). Baseline leukocortical, intracor-
tical and subpial lesion volume were each associated with per-
cent change in 9HPT and percent change in 25FTW. Baseline
cortical lesion volume was not correlated with change in
EDSS, PASAT or SDMT. Baseline white matter lesion volume
was correlated with percent change in 25FTW (r=0.45, P <
0.001) and PASAT (r=-0.38, P < 0.01). Baseline normalized
brain volume was associated with change in PASAT (r = 0.46,
P <0.01) but not with changes in other disability measures.
Baseline spinal cord lesion number was not correlated with
change in any of the individual disability measures (Table 4).
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We also determined whether baseline lesion burden was
associated with overall progression of disability, defined as
an increase in EDSS of >1.0 for baseline EDSS <6.0 or >0.5
for baseline EDSS >6.0 or 20% increase in 25FTW or 20%
increase in 9HPT. Baseline cortical lesion volume was higher
in people with subsequent progression of disability (median
1010 pl, IQR 3162, range 13-9888) than in those without
(median 267 pl, IQR 854, range 0-3539, B 0.809,
P=0.001, adjusted for age and sex) (Fig. 3; Table 35).
Baseline volume was also higher in people with progression
disability for each of the cortical lesion subtypes. In contrast,
baseline white matter lesion volume did not differ between
people with subsequent progression of disability (median
10.4 ml, IQR 14.2, range 1.5-63.1) versus those without
(median 6.5 ml, IQR 12.0, range 0.9-50.8, B 0.206,
P =0.42). There was also no difference in baseline spinal
cord lesion number or baseline normalized brain volume
between people with progression of disability versus those
without (Fig. 3; Table 3).

Change in subpial lesion volume was higher in people with
progression of disability (B 0.196, P = 0.003). Change in to-
tal cortical lesion volume, percentage of enlarging cortical le-
sions and change in white matter lesion volume did not differ
between people with progression of disability versus those
without (Supplementary Table 3). Change in cortical lesion
volume, percentage of enlarging cortical lesions and change
in white matter lesion volume were not associated with
change in individual disability measures (Supplementary
Table 4).

Six out of 42 individuals with relapsing-remitting multiple
sclerosis at baseline had transitioned to secondary progressive
multiple sclerosis by the time of the final clinical follow-up, as
determined clinically by the evaluating neurologist. At baseline,
individuals who subsequently transitioned to secondary pro-
gressive multiple sclerosis had higher total cortical lesion vol-
ume (median 2183 pl, IQR 3673, range 270-9888 versus
median 321 pl, IQR 832, range 0-6392, B 0.873, P = 0.01, ad-
justed for age and sex) and subpial lesion volume (median
1489 pl, IQR 3850, range 143-9660 versus median 119 pl,
IQR 372, range 0-5233, B 1.047, P =0.003) than those who
remained relapsing-remitting multiple sclerosis. There was no
difference in leukocortical lesion volume, white matter lesion
volume or spinal cord lesion number between those who tran-
sitioned from relapsing-remitting multiple sclerosis to second-
ary progressive multiple sclerosis versus those who remained
relapsing-remitting, nor did baseline brain volume differ be-
tween the groups (Fig. 3; Supplementary Table 5).

P-value (stable
relapsing-remitting multiple
sclerosis versus progressive

multiple sclerosis)
0.21¢
0.88'
>0.99°
0.14f
>0.99'
0.52f
0.46'
>0.99°
0.38'
>0.99'
0.95
0.54'
>0.99'

multiple sclerosis versus stable
relapsing-remitting multiple sclerosis

0.008>*
0.006°*
0.020°
0.25¢
0.43¢
0.80°

<0.0001>*

<0.0001**

<0.0001*
0.68°

>0.99¢
0.10°
0.10°

P-value (active relapsing-remitting
versus progressive multiple sclerosis)

Significant after adjusting for false discovery rate.

4 (24%)

4,0, 1 (0-1)
0, I (0-19.25)
2 (17%)
3,0,0 (0-2)
0,0 (0-14)
41,80 (2458 to 1816)
04, 1 (=9.0 to 2.9)
0 (0%)
0,0, 0 (0-0)

1.5, 4.4 (=7.5 t0 20.7)
8, 22 (0-40)

Progressive multiple
sclerosis (n=17)

"Mean + SD. ™

(n=33)

3 (9%)

7,0, 0 (0-5)
8 (24%)
2 (6%)

6,0,0 (0-5)

27,0, 1 (0-9)
0, 8 (0-498)
19, 103 (2238 to 523)

0.5, 1.2 (- 14.1 to 4.2)

0,0 (0-51)
8.1,33.7 (—60.6 to 121.8) 22.1,82.6 (—27.0 to 215.3)

Stable
relapsing-remitting
multiple sclerosis
1.2, 6.8 (—4.7 to 27.6)

9, 26 (0-100)

Active
relapsing-remitting
(n=9)

9 (100%)

66,2, 12 (1-31)

multiple sclerosis
9, 192 (=713 to 2031)

0.3, 3.6 (~38.9 to 7.7)

1, 20 (0-100)

7.8,59.0 (~0.4 to 183.5)
2 (22%)
4,0,1(0-2)

5 (56%)
16, 1,2 (0-10)

3.5, 67.75 (0-484.4)
3.4,4.9 (=0.1 to 57.3)
87, 358 (0-675)

Discussion

We characterized cortical lesions longitudinally in a cohort
of individuals with multiple sclerosis, most of whom had
not formed new white matter lesions in the year prior to en-
rolment in the study. We found that cortical lesion formation
was rare in this population, was not higher in progressive
versus relapsing multiple sclerosis and was not associated

Number of individuals with new lesions®

Number of individuals with new lesions®
New lesion number®

Number of individuals with new lesions®
New lesion number?

New lesion number®
Change in lesion volume (pl)®
% change in lesion volume®

Change in lesion volume (pl)®
Spinal cord lesions

% change in lesion volume®

% enlarging lesions

New lesion volume (ul)®
White matter lesions

New lesion volume (ul)®

Cortical lesions

Active relapsing-remitting multiple sclerosis was defined as the presence of a new or enhancing lesion on MRI in the year prior to enrolment in the study. *n (%). °Chi-square test. Fisher’s exact test. “Total, median,

interquartile range (range). *Kruskal-Wallis test. ‘Mann-Whitney test. 8Median, interquartile range (range).

Table 2 Longitudinal MRI changes by multiple sclerosis phenotype
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Table 3 Characteristics of individuals with new versus stable lesions
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Cortical lesions

White matter lesions

New lesions

No new lesions

New lesions

No new lesions

(n=12) (n=47) P-value (n=19) (n=40) P-value

Age (years)® 48+ 11 49+ 11 0.92° 47+ 10 50+ 12 0.32°
Female® 10 (83%) 29 (62%) 0.19¢ 14 (74%) 25 (63%) 0.56¢
Disease duration (years)® 1311 1511 0.71° 12+ 10 1511 0.22°
Baseline lesions

Cortical lesion number® 16, 48 (2—-102) 20, 53 (0-212) 0.97' 24,52 (0-212) 16, 52 (0-177) 0.37°

Cortical lesion volume (ul)® 445, 1072 (23-3702) 384, 2059 (0-9888) 0.99 782, 1960 (0-9888) 367, 1231 (0-5159)  0.43°

White matter lesion volume (ml)® 72,117 (1.8-329) 84, 10.2 (0.9-63.1) 0.92 5.3,85(1.8-26.5) 85, 14.2 (0.9-62.2) 0.22
Treatment“®

None 2 (17%) 4(9%) 0.10" 3 (16%) 3 (8%) 0.42"

Injectable 3 (25%) 5(11%) 2 (11%) 6 (15%)

Oral 0 (0%) 14 (30%) 4 (21%) 10 (25%)

Infusion 3 (25%) 6 (13%) I (5%) 8 (20%)

Switch 4 (33%) 18 (38%) 9 (47%) 13 (33%)
Change in disability

Change in EDSS® 0,05(—1.0t00.5) 0, 1.0(—1.0to 4.0 0.43 0,1.0(—1.0t02.0) 0, 1.0(—1.0to4.0) 0.27f

25FTW % change® 18 +38 23 + 51 0.75° 8+18 28+ 56 0.11°

9HPT % change® 18+37 15+32 0.78° 10 +23 18 +36 0.40°

PASAT % change® 5+10 -1+ 14 0.19° 2+10 —1+13 0.49°

SDMT % change® -3+13 l+17 0.50° 3+20 -2+13 0.37°

Overall disability progression® 3 (25%) 23 (49%) 0.20¢ 5 (26%) 22 (55%) 0.05¢

Transition from relapsing-remitting 0 (0%) 5 (15%) 0.56¢ 3 (18%) 2 (8%) 0.38¢

multiple sclerosis to secondary
progressive multiple sclerosis®

25FTW, 25-foot timed walk; 9HPT, 9-hole peg test; EDSS, Expanded Disability Status Scale; PASAT, Paced Auditory Serial Addition Test; SDMT, Symbol Digit Modalities Test. *Mean +
SD. Pt-test. “n (%). “Fisher’s exact test. *Median, interquartile range (range). ‘Mann—Whitney test. élnjectable: glatiramer acetate and interferons; oral: dimethyl fumarate, fingolimod and
teriflunomide; infusion: daclizumab, natalizumab, ocrelizumab and rituximab. "Chi-square test. 'In hand with greater worsening. /Overall disability progression defined as an increase in
EDSS of >1.0 for baseline EDSS <6.0 or >0.5 for baseline EDSS >6.0 or 20% increase in 25FTW or 20% increase in 9HPT.

with worsening of disability over time. Importantly, how-
ever, baseline cortical lesion burden, but not white matter
or spinal cord lesion burden, was higher in people who had
subsequent worsening of motor disability and in people
who transitioned from relapsing to secondary progressive
multiple sclerosis.

Cortical lesion formation in this study was lower than
what has previously been reported,®'-*? especially in the par-
ticipants who had stable white matter lesions prior to enroll-
ment. Also in contrast to prior studies,'>'* we did not find a
higher rate of cortical lesion formation in progressive mul-
tiple sclerosis. Enrollment in these studies occurred between
2009 and 2019, and participants were on lower efficacy
treatments than the participants here, of whom 37/59
(63%) were on oral or infusion disease-modifying therapies.
Limited observation has previously demonstrated lower
rates of cortical lesion formation in people on disease-
modifying therapy.’**° However, these studies were done
using 1.5-T double inversion recovery MRI, which has
poor sensitivity for cortical, and in particular subpial, le-
sions.>® Dedicated prospective studies will be needed to
test the effects of modern disease-modifying therapies on cor-
tical lesion formation. It is possible that despite evident dif-
ferences in mechanisms of cortical and white matter lesion
formation within the central nervous system, peripheral im-
mune mediators targeted by disease-modifying therapies
may be shared. The lower rate of cortical lesion formation

in this cohort could also be due to the purposeful recruitment
of individuals with stable white matter lesions, resulting in a
cohort that was older (mean 49 years) than in prior studies
and for the most part had longstanding disease (mean 14
years). We did not find differences in baseline demographic,
clinical or MRI measures in individuals with new versus no
new cortical lesions; however, this may be due to the very
small number of individuals with new cortical lesions.

We also evaluated change in cortical lesion size over time
and found that the majority of cortical lesions were stable
over the 2-year follow-up. However, we did find that some le-
sions increased in size and that overall change in cortical le-
sion volume, excluding new lesions, was higher in people
with at least three paramagnetic rim lesions. Unlike in chronic
active white matter lesions, activated microglia/macrophages
within chronic cortical lesions are rare.”>3”3? Instead,
chronicinflammation in cortical, and in particular subpial, le-
sions may be related to overlying meningeal inflammation.
Our data are consistent with a potential shared mechanism
underlying inflammation in chronic active white matter le-
sions and cortical lesions.

Interestingly, we observed several juxtacortical lesions
that expanded into the cortex during the follow-up period,
whereas we did not observe any intracortical or subpial le-
sions expand into the white matter. There are very few pub-
lished longitudinal studies at high enough resolution to
capture lesion expansion, although Sethi et al."* did observe
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Figure 2 Appearance of new cortical lesions differs from the appearance of chronic cortical lesions. (A) A subpial lesion that was
new on the Year 2 MRl appears hypointense on Ty*w GRE. (B) A leukocortical lesion that was present at baseline is initially hyperintense on Ty*w
GRE with a band of hypointensity at the cortex-white matter junction. This lesion expands over time and becomes more hypointense on T w
MP2RAGE, while at the same time, the hypointense band on T,*w GRE disappears. (C) A subpial lesion that was new on Year | MRl initially
appears isointense on T,*w GRE and then becomes more hyperintense at Year 2. (D) A white matter lesion in the same individual as (C) was new
on Year 2 MRl and is hyperintense on T,*w GRE. Lesions are denoted with arrows. MP2RAGE, magnetization prepared 2 rapid acquisition
gradient echo; Ty*w GRE, T,*-weighted gradient-recalled echo.

Table 4 Association between baseline MRl measures and longitudinal change in disability

Change in EDSS % change 25FTW % change 9HPT® % change PASAT % change SDMT

b,k b,k

Total cortical lesion number —-0.015 0516 0.639 —-0.038 -0.014
Total cortical lesion volume 0.020 0.488>"" 0.686>™" -0.130 —0.050
Leukocortical lesion number —0.100 0.436>™" 0.437>™" -0.302°" —0.009
Leukocortical lesion volume 0.028 0.516>™ 0.461°5™ —-0.372>" 0.049
Intracortical lesion number 0.017 0.310>" 0.508>" 0.000 —-0.225
Intracortical lesion volume 0.044 0.270>" 0.540>"" -0.038 —-0.235
Subpial lesion number 0.011 0.505>" 0.636> 0.104 -0.015
Subpial lesion volume 0.023 0.416>" 0.651>™" 0.049 -0.093
White matter lesion volume —0.099 0.450>"" 0.123 —0.382%™ —0.031
Spinal cord lesion number —0.003 0.121 0.100 —0.109 0.207
Normalized brain volume —0.065 -0.122 0.285 0.456>" -0.057
Normalized deep grey matter volume —0.160 —0.355°" -0.122 0.408>" —0.190
Normalized cortical volume 0.114 0.246 0.455%" 0.281 0.001
Normalized white matter volume 0.092 —0.156 0.189 0.438>" 0.080

EDSS: Expanded Disability Status Scale. 25FTW: 25-foot timed walk. 9HPT: 9-hole peg test. PASAT: Paced Auditory Serial Addition Test. SDMT: Symbol Digit Modalities Test. *In hand

with greater worsening. Partial correlations, adjusted for age and sex. "Significant after adjusting for false discovery rate. "P<0.05. "P<0.0l. P <0.00I.

the expansion of lesions from the cortex into the white mat- follow-up and study of individuals with higher rates of
ter. It is possible that differences in the cortical and white new cortical lesion formation, as lesion growth may be max-
matter microenvironments may lead to differences in lesion imal soon after lesion formation, may be required to answer

expansion into the cortex versus white matter. Longer this question.
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Figure 3 People with worsening disability and transition from relapsing to progressive multiple sclerosis have higher cortical
lesion burden at baseline. (A) Individuals with progression of disability during the study (‘Prog’, defined as an increase in EDSS of >1.0 for
baseline EDSS <6.0 or >0.5 for baseline EDSS >6.0 or 20% increase in 25FTW or 20% increase in 9HPT) had higher baseline cortical lesion volume
and subpial lesion volume, but no difference in baseline white matter lesion volume, spinal cord lesion number or normalized brain volume,
compared to people without progression of disability (‘No prog’). Similar results were observed when comparing individuals who transitioned
from relapsing-remitting to secondary progressive multiple sclerosis with those who remained relapsing-remitting (B). Comparisons were
performed using a multivariable general linear model adjusted for age and sex. RR, relapsing-remitting; SP, secondary progressive. *P < 0.05;

**P <0.01.

Our finding that cortical lesion burden predicts disability
progression and transition from relapsing to secondary pro-
gressive multiple sclerosis is in agreement with prior studies, in-
cluding at least one prior 7T study.'****%*! The lack of new
cortical lesions in this older cohort with longstanding disease,
combined with the association between baseline cortical lesion
burden and 2-year disability worsening, suggests that, at least
in the current era, cortical lesions form early in disease'***
and then may exert long-term effects on disability.

Despite the consistent finding in cross-sectional studies
that cortical lesions are associated with cognitive disabil-
ity,>>%23% we found more consistent correlations of cor-
tical lesion burden with subsequent changes in motor
disability than with cognitive disability change. Most prior
studies have focused on the relationship between cortical le-
sions and subsequent physical disability worsening, as mea-
sured by EDSS,'*%? and there are very limited prior data on
the relationship between cortical lesions and worsening cog-
nitive disability.*® One possible explanation for the lack of

correlation between cortical lesions and subsequent change
in SDMT or PASAT in this study is that there was relatively
little change in performance in these tests over the follow-up
period (Table 3). Larger, longer-term studies will be needed
to determine whether cortical lesions exert their effect on
cognition at the time of lesion formation versus leading to
long-term changes in cognition.

One potential limitation of this study is that there were
changes to scanner software versions on both the 3- and 7T
scanners during the study as well as a switch partway through
Year 2 to amotion and By-corrected version of the T>*w GRE
sequence. Because of significant differences in image contrast
on 3T MP2RAGE images acquired with different WIP se-
quences, which we found affected tissue segmentation and
brain volume calculations, we used baseline 7T MP2RAGE
images for brain volume calculations. For longitudinal cor-
tical lesion assessment, we were careful not to count as
‘new’ any cortical lesion that was clearly seen on the motion-
corrected T, *w GRE images but could have been obscured by
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Table 5 Baseline MRI measures in people with progression

E. S. Beck et al.

of disability versus stable disability

Progression of disability®

Age (years)© 50+9

Cortical lesions?
Total cortical lesion number 32, 87 (2-212)
Total cortical lesion volume (pl) 1010, 3162 (13-9888)
Leukocortical lesion number 12, 26 (0-49)
Leukocortical lesion volume (pl) 262, 921 (0-1709)
Intracortical lesion number 2, 6 (0-10)
Intracortical lesion volume (pul) 8,23 (0-71)
Subpial lesion number 16, 50 (0—-168)

285, 2038 (0-9660)
10.4, 14.2 (1.5-63.1)

Subpial lesion volume (pl)
White matter lesion volume (ml)©

Spinal cord lesion number? 7,55 (0-13)
Normalized brain volume (ml)®

Whole brain 1468 + 45

Deep grey matter 67+7

Cortex 659+ 16

White matter 560 + 26

No progression of disability BP P-value®
48+ 13 - 0.43
14, 24 (0-142) 0.673 0.008*
267, 854 (0-3539) 0.809 0.001*
5, 12 (0-67) 0.454 0.07
85, 236 (0-2818) 0.591 0.02*
I, 3 (0-20) 0.441 0.08
2, 8 (0-65) 0.525 0.04*
6, 14 (0-114) 0.702 0.006*
209, 496 (0-3131) 0.777 0.002*
6.5, 12.0 (0.9-50.8) 0.206 0.42
4,8 (0-19) 0.305 0.24
1479 + 56 —0.035 0.59
69+6 -0.217 0.19
656 +24 0.343 0.13
558 + 31 0.091 0.97

?Overall disability progression defined as an increase in Expanded Disability Status Scale (EDSS) of > 1.0 for baseline EDSS <6.0 or >0.5 for baseline EDSS >6.0 or 20% increase in 25
foot timed walk or 20% increase in 9-hole peg test. ®Multivariable general linear model adjusted for age and sex. “Mean + SD. “Median, interquartile range (range). *Signiﬁcant after

adjusting for false discovery rate.

artefact on images from the earlier time points. This occurred
rarely, and we did not observe a difference in new cortical le-
sion count between time points with versus without motion
correction, but it is possible that there was a slight under-
counting of new cortical lesions. Limited coverage of the in-
ferior temporal and occipital lobes at all time points may
also have limited cortical lesion detection in these regions.

This study is also limited by cohort size, which, although
larger than most 7T studies in multiple sclerosis to date, lim-
its our ability to identify factors associated with cortical le-
sion formation. This is an important question for future
studies, as cortical and white matter lesion burden are not
well correlated and the factors determining which patients
develop cortical versus white matter lesions are unclear.

If confirmed, our results have important implications for
clinical care and research. They suggest that it is necessary to
stop cortical lesion formation early in the disease and provide
some support for the possibility that existing disease-modifying
therapies may offer at least partial control. The association we
find between cortical lesion burden and subsequent worsening
of disability may be useful for prognostication and for selecting
participants for clinical trials in progressive multiple sclerosis
who are likely to worsen over a relatively short follow-up
and might benefit most from treatment.

Supplementary material

Supplementary material is available at Brain Communications
online.
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