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Abstract

Background: Retinal atrophy in multiple sclerosis (MS) measured by optical coherence
tomography (OCT) correlates with demyelinating lesions and brain atrophy, but its relationship
with cortical lesions (CLs) and meningeal inflammation is not well known.

Objectives: To evaluate the relationship of retinal layer atrophy with leptomeningeal
enhancement (LME) and CLs in MS as visualized on 7 Tesla (7T) MRI.

Methods: Forty participants with MS underwent 7T MRI of the brain and OCT. Partial
correlation and mixed effects regression evaluated relationships between MRI and OCT findings.

Results: All participants had CLs and 32 (80%) participants had LME on post-contrast MRI.
Ganglion cell/inner plexiform layer (GCIPL) thickness correlated with total CL volume (r=—0.45,
p < 0.01). Participants with LME at baseline had thinner mMRNFL (p = 0.01) and GCIPL (p

< 0.01). Atrophy in various retinal layers were faster in those with certain patterns of LME.

For example, mRNFL declined -1.113 [-1.974, —0.252] um/year faster in those with spread/fill
pattern LME foci at baseline compared to those without (p=0.01).

Conclusion: This study associates MRI findings of LME and cortical pathology with thinning of
retinal layers as measured by OCT, suggesting a common link between meningeal inflammation,
CLs, and retinal atrophy in MS.

Keywords

7 Tesla; MRI; multiple sclerosis; leptomeningeal enhancement; meningeal inflammation; retinal
atrophy; optical coherence tomography

Corresponding Author: Daniel M. Harrison, MD., 110 South Paca Street, Baltimore, Maryland, 21204,
dharrison@som.umyaryland.edu.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mizell et al.

Page 2

Introduction

Methods

The importance of cortical and meningeal pathology to the disease processes of multiple
sclerosis (MS) is increasingly recognized. Cortical pathology is common and comprises
both cortical atrophy and distinct cortical lesions (CLs). CLs tend to be less inflammatory
than white matter lesions (WMLs) 1+ 2 and are implicated in worsening disability and
cognition.3: 4 The presence of cortical pathology appears to be particularly prominent in the
progressive phase of MS, especially with regard to the subpial CL subtypes.* 5

Lymphoid aggregates in the leptomeninges are found within 40-50% of patients with
secondary progressive MS (SPMS) and subpial CLs are found in close proximity to
leptomeningeal inflammation at autopsy.®=8 Leptomeningeal contrast enhancement (LME)
is suggested as an imaging surrogate of meningeal inflammation in MS, and its presence is
associated with progressive cortical atrophy.® 10 Although multiple imaging studies confirm
relationships between LME and reduced cortical volume and/or thickness,%-11 it remains
unclear from /n vivo work if meningeal inflammation directly contributes to focal CL
development, or is part of the general inflammatory response that leads to widespread
neuronal loss and subsequent atrophy. Recent work imaging LME on 7 Tesla (7T) MRI has
shown conflicting results, with one study showing no relationship between LME and CLs!
and another showing a strong relationship between these imaging findings.1?

Integration of optical coherence tomography (OCT) into imaging studies evaluating the
broader CNS consequences of meningeal inflammation and cortical pathology may help
shed further light on this process. Evaluations of the optic nerve and retina by OCT
provide an opportunity for direct evaluations of the consequence of neurologic disorders
on unmyelinated components of the CNS. Patients with MS have ongoing retinal atrophy
that correlates with brain atrophy and can be used to predict long-term disability.13: 14

We sought to evaluate retinal layer thicknesses derived from OCT in MS patients in
comparison to MRI evaluations of LME and cortical pathology, with the underlying
hypothesis that meningeal inflammation is not just associated with local focal lesion
development, but represents a pathobiological marker that is associated with widespread
neuronal loss in MS. To better accomplish, we utilized 7T MRI, given the known marked
increase in sensitivity to both CLs and LME at ultra-high field.15 16

Protocols and Consents

Participants

Research protocols were approved by the Institutional Review Boards at the Johns Hopkins
University School of Medicine, the Kennedy Krieger Institute, and the University of
Maryland School of Medicine. Prior to collection of data, patients read and signed an
informed consent document.

Data for this analysis was taken from a prospective observational study in which participants
undergo annual study visits for clinical data collection, disability scales, 7T MRI, and OCT.
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Data from this study and additional cohort and protocol details can be found in multiple
prior publications.1: 16. 17 |nclusion criteria include: ages 18 to 65 and a diagnosis of
relapsing remitting (RRMS), SPMS, or primary progressive MS (PPMS) according to the
2010 McDonald Criteria, 18 with exclusion for contraindications to MRI or gadolinium.
Subjects were chosen for cross-sectional analyses if baseline MRI and OCT images were
available and of sufficient quality for review and for longitudinal analyses if OCT images
were available from > 1 annual study visit.

MRI Protocol

MRI of the brain was performed on a 7T Philips Achieva scanner. Detailed hardware
information and acquisition parameters for magnetization prepared 2 rapid acquisition
gradient echo (MP2RAGE) and magnetization prepared fluid attenuated inversion recovery
(MPFLAIR) images are found in the MRI appendix (Supplemental). MP2RAGE and
MPFLAIR images were acquired both before and after contrast administration.

MRI Processing and Analysis

MRI processing utilized Medical Image Processing, Analysis, and Visualization (MIPAV)
version 7.2, (http://mipav.cit.nih.gov), Java Image Science Toolkit (JIST) version 3.0,
(https://www.nitrc.org/projects/jist), FMRIB Software Library (FSL; Oxford University),
and MatLab (Mathworks). MP2RAGE was processed for a T1-weighted (T1-w) image and
T1 map.1® Generation of a denoised T1-w image was performed by multiplying the second
inversion-time image in the MP2RAGE acquisition (after inhomogeneity correction) and the
corresponding T1-w image. MPFLAIR images were registered to the denoised T1-w image,
which was also used for skull stripping. WML identification and brain segmentation were
performed as described in Spini et al.1’

The method for identification of CLs on MP2RAGE images (Figure 1) is described in
previous publications.11: 20 Briefly, regions of cortical hypointensity were delineated on the
T1-weighted (T1-w) MP2RAGE image and MPFLAIR was used for confirmation. These
lesions were further classified into leukocortical, intracortical, or subpial.l: 3 Lesions noted
in hippocampal GM were classified as hippocampal CLs. Hand-drawn masks of the CLs
were created with semi-automated region-growing paint tools in MIPAV.

Our methods for identification and classification of foci of LME on 7T MRI (Figure 1)

have previously been described in detail.11: 16 Briefly, subtraction MPFLAIR images (post-
contrast minus pre-contrast) were reviewed alongside post-contrast MPFLAIR images and
hyperintensities on post-contrast images only, found in the subarachnoid space, and were
classified as LME. LME foci were classified as “nodular” (restricted to one small, spherical
shaped region) or “spread/fill” (amorphous in shape, spread into the subarachnoid space
and/or filling a sulcus). Spread/fill foci were further subdivided into those found within sulci
(“spread/fill-sulcal™), between a gyrus and the dura (“spread/fill-gyral”), and surrounding
brainstem or cerebellar structures (“spread/fill-infratentorial”).
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OCT Protocol and Data Processing/Analysis

Retinal imaging used spectral domain optical coherence tomography (SD-OCT, Spectralis,
Heidelberg Engineering, Heidelberg, Germany). Peripapillary retinal nerve fiber layer
(pRNFL) scans were obtained with the RNFL protocol, with an automatic real time (ART)
of =60, using a 12.0° diameter circle centered on the head of the optic nerve. Macular scans
were performed using a macular volume protocol, with a 20x20° field centered over the
fovea, an ART of =16, and a signal-to-noise ratio of at least 25 dB.2! Segmentation of the
macular retinal nerve fiber layer (NRNFL), ganglion cell/inner plexiform layer (GCIPL),
inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), inner
photoreceptor segment (IS), and outer photoreceptor segment (OS) was performed utilizing
a validated, automated segmentation algorithm, as described previously.22 Average macular
thickness (AMT), a thickness measure of all retinal layers, was also measured. Average
thicknesses were calculated within an annulus centered on the fovea, with an internal
diameter of 1mm and an external diameter of 5mm. OCT methods and results are reported
in agreement with consensus APOSTEL recommendations and scans were excluded if
OSCAR-IB criteria were not met.21: 23

Statistical Analysis

Results

Statistical calculations were performed using Stata 10.0 IC (StataCorp, College Station, TX,
USA) and SAS version 9.4 (Cary, NC, USA). Raw volumes are reported for segmented brain
structure volumes, but volumes normalized to intracranial volume were used for statistical
comparisons. All OCT analyses utilized average values between the left and right eyes and
were adjusted for confounding variables of optic neuritis history, age, sex, and use of disease
modifying treatment for MS. Relationships between continuous variables were assessed by
partial correlation testing. Simple group comparisons were performed with t-test or rank
sum testing. A more robust comparison between participants with and without LME (both at
baseline and longitudinal) was performed via linear mixed effects regression, using all data
points, where participants were treated as a random variable, and predictors included time,
LME, interaction between time and LME, and confounding variables. When possible, actual
p values and/or confidence intervals are reported, or statistical significance is stratified into
analyses that met thresholds of p < 0.05 or p < 0.01.

Forty participants with MS were included, 35 of whom had > 1 visit available for
longitudinal analyses. (Table 1). Twenty-six participants (65%) were female and 14 (35%)
were male. Their mean age was 47.1 (SD 10.6) years and their mean disease duration was
12.0 (SD 8.7) years. Most of the participants had RRMS (75%) and most were on disease
modifying therapy at the time of the baseline visit (67.5%). No contrast-enhancing WMLs
were seen in any subject. Most participants had never experienced optic neuritis (72.5%).

Thirty-two (80%) participants had at least one focus of LME (Tables 1 and 2), with a median
of 3.5 foci per subject (range 0 — 14). Participants with LME were older and less likely

to have a diagnosis of PPMS (Table 1). Nodular foci were seen in 11 (28%) subjects and
spread/fill foci were seen in 30 (75%) participants. Baseline cerebral and retinal imaging

Mult Scler. Author manuscript; available in PMC 2022 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mizell et al.

Page 5

findings are illustrated in Table 2. All participants had CLs, with a median count of 34
(range of 9-87) per subject. No difference was seen in the number or volume of CLs in
those with or without LME. However, the total number of intracortical CLs was higher (6
(0-14)) in those with LME than without (3 (0-8), p=0.03). Hippocampal CL lesion count
and volume was also significantly elevated in the LME + group. GCIPL and IS thicknesses
and AMT were also significantly reduced in those with LME compared to those without.

Correlation between the retinal layer thicknesses and structural volumes, CL counts/
volumes, and the number of foci of LME are shown in Table 3. INL thickness correlated
with the number of spread/fill LME foci (p=-0.35, p=0.03) and ONL thickness correlated
with spread/fill-sulcal count (r=—0.34, p=0.04). GCIPL thickness correlated with WML
volume (r= —0.33, p<0.05). GCIPL had a stronger correlation, however, with total CL
volume (r=-0.45, p < 0.01). GCIPL thickness and AMT both correlated with leukocortical
lesion volume and GCIPL correlated with subpial lesion volume (r=—0.34, p=0.04).

The results of group comparisons for baseline retinal layer thicknesses in those with/without
LME in a mixed models regression adjusted for covariates is shown in Table 4 and Figure

2. Baseline MRNFL was —4.598 um thinner [-7.847, —1.349] in subjects with LME versus
those without (p=0.01). A similar relationship was seen for GCIPL (-8.118 pm [-14.155,
2.081] thinner, p < 0.01) and AMT (-15.073 pm [-28.607, —1.540] thinner, p = 0.03) in
those with LME. Baseline INL was —2.618 [-5.166, —0.071] um thinner (p = 0.04) in
participants with spread/fill LME foci at baseline. The presence of spread/fill-gyral LME at
baseline was associated with baseline INL thickness that was —2.625 [-4.797, —0.452] pm
thinner (p = 0.02) and OS thickness that was —1.786 [-3.411, —0.160] um thinner (p = 0.03).

Longitudinal decline in layer thickness was seen for mRNFL, INL, IS, and OS in this cohort
(Table 4), with the fastest decline seen for mRNFL (—0.910 pm/year [-1.295, 0.529], p

< 0.01). Unexpectedly, GCIPL increased in this cohort over time (0.559 um/year [0.036,
1.082], p = 0.04). The rate of decline in mRNFL was —1.113 [ -1.974, —0.252] um/year
faster in those with spread/fill LME foci at baseline compared to those without (p=0.01;
Figure 3). Similarly, 1S declined —0.538 [-0.946, —0.130] um/year faster in those with
spread/fill LME at baseline compared to those without (p = 0.01). The presence of spread/
fill-sulcal LME at baseline was associated with faster decline in mMRNFL and OPL thickness
(Figure 4), while the presence of spread/fill-gyral or spread/fill-infratentorial foci were not
associated with any faster rates of thinning. INL thickness declined at a slower rate in

those with spread/fill foci (1.409 [0.306, 2.513] pm/year slower) than the rate seen in those
without (-1.506 um/year [-2.454, —0.558], p < 0.01).

Discussion

The purpose of this study was to examine the relationship between meningeal inflammation,
widespread neuronal loss, and focal lesion development by evaluating the interrelationship
of LME and CLs with retinal layer thicknesses. Our results support a relationship between
these complex aspects of MS pathology. These findings are in line with histopathologic data
suggesting that leptomeningeal inflammation may be associated with initiation of local CL
development and widespread neuronal degeneration.® Although LME was more commonly
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seen in older subjects in this cohort, the relationship between retinal thinning and LME was
independent of age and multiple other co-variates in mixed models regression, confirming a
likely true biologic association.

We found baseline GCIPL thickness was reduced in patients with LME and GCIPL
thickness inversely correlated with subpial and leukocortical CL volumes. These
relationships may reflect global inflammation and neurodegeneration, though the case

for implicating meningeal inflammation as a mediator of widespread retinal and cortical
GM pathology, including subpial lesions, can be made. Subpial lesions are the most
common CL found at autopsy and they do not originate in perivenular regions like
WMLs.! Pathologically, meningeal B-cell follicles are found near subpial cortical lesions
and appear to contribute to the progressive phenotype.” Meningeal lymphoid aggregates
emit inflammatory cytokines that are involved in blood brain barrier breakdown, function
as chemo-attractants for immune cells, and mediate organization of secondary lymphoid
tissue.24 Gradients of neuronal loss and demyelination are found emanating from meningeal
follicles and imaging data shows a similar gradient of cortical thinning emanating from
regions of LME.8: 25 Animal models of this process confirm the development of subpial
cortical demyelination and neurodegeneration after introduction of inflammatory cytokines
into the subarachnoid space.28 Further, the frequent location of subpial lesions in deep sulci
suggest stagnant CSF as a mediator of local neuronal damage and demyelination. As the
entire optic nerve is enveloped by meninges and bathed in CSF and significantly slower
flow velocities are present in diseased optic nerves when compared to healthy controls,2” we
suggest that meningeal inflammation could be a mediator not only of the development of
cortical GM pathology, but also optic nerve demyelination and retinal neurodegeneration —
thus explaining the findings of our study.

In addition to finding a relationship between GCIPL thickness and LME, baseline GCIPL
thickness inversely correlated with total CL and WML volume. Previous work shows that
rates of GCIPL thinning are related to both whole brain and GM atrophy, seem to replicate
global neurodegeneration, and are more robustly associated with progressive disease.?8 Our
findings also replicate prior work demonstrating a relationship between GCIPL thinning and
CL burden.2® The relationship seen in this study between GCIPL thinning and CL burden is
further supportive of a direct link between cerebral GM pathology and GCIPL thinning and
is suggestive of a common pathway for cerebral neuronal loss and retinal ganglion cell loss.

Our findings of thinner mRNFL in those with LME at baseline and faster decline in
mRNFL thickness in those with any type of LME or spread/fill type LME at baseline
are also of particular interest. Thinning of the mRNFL is reported in patients with MS
with and without a history of optic neuritis.3% The RNFL of the macula represents the
axons of retinal ganglion cells located in the GCIPL and can be damaged as part of the
global neurodegeneration process in MS and locally via retrograde trans-synaptic axonal
degeneration in optic neuritis or subclinical lesions.3!

It is unclear why our data did not show any direct relationship between pRNFL and CLs
or LME. pRNFL thinning occurs in patients with MS even in the absence of a history of
ON and is thought to be due to subclinical loss of axons. Rates of change in pRNFL are
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faster earlier in the disease process and slow with longer MS duration.32 In our study, the
mean disease duration was 12.0 years, which is typically after the pRNFL has decreased.
Thus, the lack of correlations could be due to a ‘basement effect’ in pRNFL thinning.

Also, reproducibility of pRNFL can be diminished in the setting of decreased signal and
insufficient resolution, and this may have contributed to our lack of correlation in the setting
of a small sample size. Similar noise in measurement could also be responsible for the
unusual finding of increasing GCIPL thickness in the cohort over time. Progressive decline
of this measure over time is a relatively consistent finding in most studies of retinal atrophy
in MS.13. 28 The expected declines seen in other layers (i.e. nNRNFL) and the AMT seen in
this study suggest that this is not indicative of a flaw in the OCT methods used. Rather, this
may be an anomaly influenced by clinical/demographic factors of the subjects evaluated in
this relatively small cohort. Confirmation of this work on a larger scale will be necessary
both to replicate our findings for scientific validity and to investigate further the source of
this finding.

Our findings in the INL do pose some questions, as the values of INL thickness were smaller
in those with spread/fill LME foci at baseline, but faster declines in INL thickness were seen
in those without LME. Historically, the INL has held an inconsistent place in MS pathology,
as INL swelling has been associated with in vivo inflammatory disease activity, 33 but both
INL and ONL thinning is seen at higher rates in MS, especially in those with progressive
subtypes.28

Although we were able to identify a link between LME and retinal thinning in this study,

a similar relationship between LME and CLs has been more difficult to demonstrate. In
recent, similar studies, comparison in CL burden between those with and without LME
either showed no difference!? or a four-fold increase.12 This cohort, which overlaps with
our previous report, 11 confirmed prior findings of an association of hippocampal CLs and
LME, but no relationship with overall CL burden. The inconsistent results in varying reports
underlies difficulties in fully resolving CLs on MRI. CL burden on 7T MRI is quite protocol
dependent2C and subpial lesions are even underestimated when using 9T magnets.20: 34
Given technological limitations in MRI, OCT represents an attractive tool to further evaluate
the effect of meningeal inflammation on gray matter/neuronal pathology.

Similar to previous 7T studies, 1 12. 16 our sample size is small, which limits the ability to
find subtle relationships and for widespread applicability of the findings. Future work using
7T MRI should concentrate on multi-site data acquisition with unified protocols to work
past this limitation. The small number of progressive MS subjects in this cohort inhibits
any statistical comparison between progressive or relapsing forms of MS, which could be
beneficial in gaining a greater understanding of the differences in the disease processes of
MS subtypes. Such a comparison is of future interest, as the strongest relationships between
meningeal inflammation and cortical demyelination and between LME and CLs seems to
occur in SPMS.7: 10
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Conclusion

This study provides support for a relationship between MRI findings of cortical pathology
and LME and thinning of retinal layers as measured by OCT. Given prior data relating these
imaging biomarkers to histopathology, our data may suggest that meningeal inflammation
may be a common link resulting in widespread demyelination, neuronal loss, and axonal
degeneration throughout the CNS and the retina. These findings should spur further work
for replication and later evaluation of the use of OCT as an outcome measure in therapeutic
trials targeting meningeal inflammation.
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MS Journal Appendix for MRl methodology

Hardware

Field strength 7 Tesla
Manufacturer Philips
Model Achieva
Coil type Head

(e.g. head, surface)

Number of coil channels | Volume transmit, 32 channel receive

Other Dielectric padding used to improve image homogeneity
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Acquisition sequence

Type MPFLAIR
(e.9. FLAIR, DIR, DTI, fMRI)

Acquisition time 10:48
Orientation axial
Alignment AP

(e.g. anterior commissure/poster commissure line)

\Voxel size 0.7mm isotropic

TR 8000ms

TE 400ms

TI 2077ms

Flip angle 90 degrees

NEX n/a

Field of view 220 x 200 x 168

Matrix size 316 x 251

Parallel imaging Yes | No
If used, parallel imaging method: SENSE

(e.g. SENSE, GRAPPA)

Cardiac gating Yes | No
If used, cardiac gating method:

(e.g. PPU or ECG)

Contrast enhancement Yes | No

If used, provide name of contrast agent, dose and timing of scan
post-contrast administration

Gadoteridol (Prohance), 0.1mmol/kg, ~20 minutes

Other parameters:

Acquisition sequence

Type MP2RAGE
(e.g. FLAIR, DIR, DTI, fMRI)

Acquisition time 9:46
Orientation sagittal
Alignment AP

(e.g. anterior commissure/poster commissure line)

\Voxel size 0.7mm x 0.688mm x 0.688mm
TR TRvolume = 8.25s TRTFE = 6.9ms
TE 1.97ms
Tl Tl =1s
Tl,=3.3s
Flip angle FA; =5°
FA,=5°
NEX nla
Field of view 220 x 220 x 144.2
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Acquisition sequence

Matrix size 316 x 316

Parallel imaging Yes | No

If used, parallel imaging method: SENSE
(e.g. SENSE, GRAPPA)

Cardiac gating Yes | No

If used, cardiac gating method:
(e.g. PPU or ECG)

Contrast enhancement Yes | No

If used, provide name of contrast agent, dose and timing of scan Gadoteridol (Prohance), 0.1mmol/kg, ~10minutes
post-contrast administration

Other parameters:
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Figure 1: Leptomeningeal enhancement and cortical lesions.
Shown are examples of leptomeningeal enhancement (LME, yellow arrows) as visualized

on 7T MPFLAIR and cortical lesions (red arrows) as visualized on T1-w images from 7T
MP2RAGE (E - H). Four patterns of LME were noted: (A) nodular, (B) spread/fill-sulcal,
(C) spread/fill-gyral, and (D) spread/fill-infratentorial. Four types of cortical lesion were also
identified: (E) leukocortical, (F) intracortical, (G) subpial, and (H) hippocampal.
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Figure 2: Distribution of baseline retinal layer thicknesses in those with/without leptomeningeal
enhancement.

Boxplots showing distribution of values for baseline retinal layer thicknesses in the study
cohort. LME: leptomenigneal enhancement; pRNFL: peripapillary retinal nerve fiber layer;
mRNFL: macular retinal nerve fiber layer; GCIPL: ganglion cell layer + inner plexiform
layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; IS:
inner segment; OS: outer segment; AMT: average macular thickness.
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Figure 3: Longitudinal change in retinal layer thicknesses in those with and without spread/fill

pattern leptomeningeal enhancement.

Spaghetti plots showing individual subject trajectories for retinal layer thicknesses.
Thickened lines with arrows showing slope as determined by mixed models regression.
Participants without spread/fill pattern leptomeningeal enhancement shown in yellow;

those with shown in green. t: p < 0.05 for difference in baseline retinal layer thickness

for those with spread/fill leptomeningeal enhancement compared to those without. *:
difference in slope for those with spread/fill leptomeningeal enhancement compared to those
without. LME: leptomenigneal enhancement; pRNFL: peripapillary retinal nerve fiber layer;
mRNFL: macular retinal nerve fiber layer; GCIPL: ganglion cell layer + inner plexiform
layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; IS:
inner segment; OS: outer segment; AMT: average macular thickness.
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Figure 4: Longitudinal change in retinal layer thicknesses in those with and without spread/
fill-sulcal pattern leptomeningeal enhancement.

Spaghetti plots showing individual subject trajectories for retinal layer thicknesses.
Thickened lines with arrows showing slope as determined by mixed effects regression.

Participants without spread/fill pattern leptomeningeal enhancement shown in yellow; those
with shown in green. t: p < 0.05 for difference in baseline retinal layer thickness for those
with spread/fill leptomeningeal enhancement compared to those without. *: p < 0.05 for
difference in slope for those with spread/fill leptomeningeal enhancement compared to those

without.
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Table 1:

Demographics and clinical characteristics of study population.

Characteristic All Subjects (n=40) | LME + Subjects (n =32) | LME - Subjects (n = 8)

Age (years), mean (SD) 47.1 (10.6) 49.1 (1.6) 39.1 (4.6) *

Female (%) 26 (65.0%) 10 (31.3%) 4 (50.0%)

Ethnicity

« Not Hispanic/Latino 30 (75.0%) 23 (71.9%) 7 (87.5%)

* Hispanic/Latino ! (2'50@ ! (3'10?) 0 (0.00?)

* Unknown/Refused to Answer 9(22.5%) 8 (25.0%) 1(12.5%)

Race

e American 0 (0.0%) 0 (0.0%) 0 (0.0%)
Indian/Alaskan Native 0 (0.0%) 0 (0.0%) 0 (0.0%)

e Asian 0 (0.0%) 0 (0.0%) 0 (0.0%)

« Native Hawaiian/Pacific Islander 2 (5.0%) 1(3.1%) 1(12.5%)

« Black/African-American 30 (75.0%) 24 (75.0%) 6 (75.0%)

*  White 0 (0.0%) 0 (0.0%) 0 (0.0%)

* More than one 2 (5.0%) 2 (6.3%) 0 (0.0%)

e Other 6 (15.0%) 5 (15.6%) 1 (12.5%)

* Unknown/Refused to Answer

MS Subtype .

+ RRMS (%) 30 (75.0%) 25 (78.3%) 5 (62.5%)

e SPMS (%) 5 (12.5%) 5 (15.6%) 0 .

* PPMS (%) 5 (12.5%) 2 (6.25%) 3(37.5%)

MS treatment name

* No Treatment 13 (32.5%) 10 (30.3%) 3 (42.9%)

« Interferon-beta 3 (7.5%) 1(3.0%) 2 (28.6%)

« Glatiramer acetate 6 (15.0%) 6 (18.2%) 0

« Natalizumab 3 (7.5%) 3(9.1%) 0

¢ Teriflunomide 1(2.5%) 1(3.3%) 0

* Fingolimod 5 (12.5%) 5 (15.2%) 0

« Dimethyl fumarate 9 (22.5%) 7 (21.2%) 2 (28.6%)

EDSS Score, median (Range) 3(1-6.5) 3(1-6.5) 2.25(1-6)

Disease Duration (years), mean (SD) 12.0 (8.7) 13.2(1.6) 7.3(1.8)

Number of relapses in prior year 13 (32.5%) 11 (34.4%) 2 (25.0%)

Previous optic neuritis (n (%)) 11 (27.5%) 10 (31.3%) 1(12.5%)

Time period of follow up (years), median (range) 1.2(0-4.7) 1.2(0-2.8) 1.1(0-4.7)

Page 16

*

: p < 0.05 for difference between subjects with leptomeningeal enhancement (LME +) and those without (LME =), by t-test or rank sum, as
appropriate. SD: standard deviation; MS: multiple sclerosis; RRMS; relapsing-remitting multiple sclerosis; SPMS: secondary progressive multiple
sclerosis; PPMS: primary progressive multiple sclerosis; EDSS: Expanded Disability Status Scale
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