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1. Introduction

Multiple sclerosis (MS) is an immune-mediated chronic disease of the central nervous system
(CNS), pathologically characterized by inflammation, demyelination and neurodegeneration, and
with great variability in the clinical course of individual subjects.

Histopathological examinations of MS brains indicated that cortical demyelinating lesions
are potential biomarkers of MS progression. Since cortical lesions appeared topographically
related to focal meningeal inflammation in some pathological studies, it has been hypothesized
that cortical demyelination in MS may be driven by organized meningeal inflammation through
the activation of microglia, accompanied by a decreasing gradient of demyelination away from
the pial surface (Magliozzi et al, Brain 2007; Ann Neurol 2010).

Histopathological evidence that the cortex can be the site of inflammatory demyelinating
lesions near the time of MS onset (Lucchinetti et al, New Engl J Med 2011) further supports the
existence of an early pathological process that primarily targets the cortex, independently from
white matter (WM).

Although largely undetected on conventional magnetic resonance imaging (MRI) scans,
cortical lesions have been imaged in vivo with improved sensitivity and spatial specificity at
ultra high-field 7 Tesla (T) MRI. We developed a reproducible surface-based analysis for
mapping cortical T>* relaxation rates (quantitative- T,* or q-T»*) as a function of cortical depth
from ultra high-resolution gradient echo 7 T MRI scans. This technique has proved useful for
studying the laminar architecture of the cortex in vivo, and for characterizing cortical
pathological abnormalities in MS associated with changes in cortical myelin and/or iron
concentration.

The purpose of this project is to evaluate inflammation and structural tissue changes in the
cortex of patients with relapsing-remitting (RR) MS by combining advanced MR studies at 7 T
MRI, to measure cortical lesions and diffuse subpial pathology, with positron emission
tomography (PET) using the 18kDa translocator protein (TSPO)-targeting radioligand [''C]-
PBR28 to directly quantify microglia activation. Activated microglia/macrophages upregulate
expression of the TSPO, which can be imaged in vivo by selective PET-TSPO radioligands, of
which ''C-PK 11195 is the best known. ''C-PBR28 is a second-generation TSPO PET tracer
with ~80 times more specific binding than ''C-PK 1119520, and good reproducibility. In
experimental studies inflammation-induced microglial activation determined ''C-PBR28 signal
increase, confirmed pathologically to mainly result from microglia binding22

The overall working hypothesis is that patients with MS will show areas of cortical
inflammation, topographically associated with the presence of structural cortical abnormalities
(lesions) and neurodegeneration (cortical tissue loss), as suggested by post-mortem
examinations. The ability to quantify in vivo MR tissue changes at different cortical depths from
the pial surface, across the whole cortical mantle, and to couple these measurements with
assessment of neuroinflammation, can provide insights on the biological basis of cortical
degeneration in MS. This, in turn, could help to predict aggressive forms of the disease that can
be susceptible to earlier and more specific therapies.

The in vivo study of the inflammatory and degenerative components of cortical disease in
MS can have major implications for diagnosing, and understanding the pathogenesis of disease
progression in MS.



N

03NN B W~

—_ = = = = e = e = = \©
O ION WL W= O

. Keywords

. Multiple sclerosis (MS)

. Relapsing-remitting (RR)

. Cortical lesions

. 7 Tesla magnetic resonance imaging (7T MRI)
. White matter (WM) lesions

. Normal appearing white matter (NAWM)

. Positron emission tomography

.''C-PBR28

. Microglia

. Macrophages

. Inflammation

. Standard uptake values (SUV)

. Normalized standard uptake values (SUVR)
. Volume of distribution (VT)

. Volume of distribution ratio (DVR)

. Expanded disability status scale (EDSS)

. Thalamus

. Deep gray matter (DGM)

. Cognition



3. Accomplishments.

Main objectives

The major goals of the project were: 1) to assess in patients with MS microglia activation in the
cortex, as measured by ''C-PBR28 binding, and its association with subpial pathology and
cortical lesions; ii) to determine in MS subjects the relationship between cortical inflammation,
as measured by cortical ''C-PBR28 binding, disability and cognitive performance.

Specific accomplishments

We consented and enrolled in the study 20 RRMS subjects, which were then genotyped for the
Alal47Thr polymorphism in the TSPO gene. Only high- and mixed-affinity binders (HAB,
MAB) underwent subsequent study procedures. Seven age-matched healthy controls (HC) were
also consented and included in the study for 7 T MRI protocols.

Fourteen RRMS subjects have completed all study procedures, which include 90 min MR-PET
after injection of ''C-PBR28, 7 Tesla T2* imaging for cortical lesion segmentation, clinical
assessment of neurological disability (EDSS, 9-hole peg test, ambulation index) and cognitive
functions (information processing speed, memory, executive function).

One patient was excluded because resulted as low-affinity binder, one subject withdrew from
the study, one was later excluded because it resulted that the patient was assuming
benzodiazepines that interfere ''C-PBR28 uptake, 2 RRMS subjects need to complete the study.
Given that the targeted enrollment has not been completed yet, the main aims of the study have
been assessed in 12 RR MS cases, which have also been compared to 15 subjects with a more
advanced stage of the disease, namely secondary-progressive (SPMS), recruited as part of
another study funded by the MS National Society. The results reported below are thus obtained
from a cohort of 27 MS subjects (12 RRMS and 15 SPMS) and 14 age and affinity matched HC.

Methods

All subjects underwent a 90-minutes ''C-PBR28 MR-PET scan on a Siemens simultaneous MR-
PET system, BrainPET, a brain PET scanner operating in the bore of a 3T whole-body MR
system equipped with an 8-channel head coil. The spatial resolution of the BrainPET (<3 mm in
the center of the field of view) is superior to that of any other whole-body PET scanner, because
of the smaller size of scintillator crystals and of the scanner diameter, which minimizes the non-
colinearity effect. Within one week from MR-PET, 24 MS subjects underwent 7T MRI on a
Siemens scanner using a 32-channel head coil. Three subjects were excluded due to the presence
of implants not approved for 7T. The 7T protocol included acquisition of 2D-fast low-angle shot-
T2* spoiled single- and/or multi-echo images covering the supratentorial brain (0.33%0.33x1
mm® voxels, 25% gap) for cortical lesions segmentation and quantitative T2* assessment as
previously detailed (Mainero et al, Brain 2015).

In all subjects, ''C-PBR28 binding was assessed across brain regions (cortex, cortical lesions,
white matter lesions, deep gray matter, normal appearing white matter) using standardized
uptake values (SUV). To account for global signal differences across subjects, SUV maps were
normalized by a pseudo-reference region (SUVR) with mean SUV in MS around the mean of
SUV in HC. In 15 MS and 11 controls, we also quantified ''C-PBR28 volumes of distribution
(VT) using a two-tissue compartment model with a metabolite-corrected arterial plasma curve as
the input function. To account for 1) global signal differences across subjects and ii) inter-subject
variability in the input function, VT were normalized by the same pseudo-reference region



(DVR) used for SUV. No significant differences in VT were found between MS subjects and
HC in the pseudo-reference region. Statistics was performed using the R Statistics software
(v2.3). Demographics and conventional MR metrics were compared in MS vs controls using
Mann-Whitney-U-test. Linear regression models were used to: 1) compare, in MS vs controls,
SUVR and DVR across gray matter, GM, (cortical lesions, whole cortex, deep GM) and white
matter, WM, (lesions and NAWM); ii) investigate in MS the relationship between SUVR and
clinical (EDSS, cognitive scores), and structural MRI (cortical thickness, subcortical volume-
fractions) metrics; 1i1) determine the relationship between SUVR and DVR. Age and TSPO
affinity were included as covariates of no interest when appropriate. A correction for multiple
comparisons was performed using the Holm method with a significance threshold of p<0.05 for
each subset of analyses.

Results related to Aim1

TSPO levels in gray matter:

Relative to HC, MS cases showed increased ''C-PBR28 SUVR in the whole cortex (23%) and in
deep GM structures including thalamus (50%), hippocampus (28%) and basal ganglia (26%).
Twenty MS subjects (SPMS=12, RRMS=8) had visible cortical lesions on 7T scans. In 2 patients
no cortical lesions could be detected, while in 2 participants 7T images were discarded due to
gross motion artifacts. Relative to controls’ cortex, ''C-PBR28 SUVR were increased by 28% in
intracortical lesions and by 24% in leukocortical lesions.

The ''C-PBR28 DVR were significantly increased in MS (n=15) relative to controls (n=11) in
the whole cortex (30%), thalamus (44%), hippocampus (25%), and basal ganglia (19%). Cortical
lesions DVR were also significantly increased (29%) relative to controls’ cortex in MS patients
(n=9). Due to the small number of cases with both cortical lesions and blood data, cortical
lesions DVR were assessed by grouping intracortical and leukocortical lesions.

TSPO levels in white matter:

Higher TSPO levels were found in MS NAWM relative to controls WM with a 20% increase in
SUVR, and a 29% increase in DVR. For WM lesions, we found a modest increase (7%) in ''C-
PBR28 SUVR, while higher TSPO levels could be detected in "'C-PBR28 DVR (15%).

TSPO levels in RRMS and SPMS:

Corrected p-values and effect size for comparisons of ''C-PBR28 SUVR and DVR in each MS
subgroup relative to controls are reported in Table 1. RRMS showed significant ''C-PBR28
increases in intracortical lesions and whole cortex. SUVR were also increased in thalamus, and
hippocampus by ~29-22% though at an uncorrected significance level. SPMS showed
significantly increased SUVR and DVR in the whole cortex (28%, 32%), cortical lesions
(ranging from 24% to 36%), thalamus (64%, 58%), hippocampus (33%, 30%), and basal ganglia
(34%, 25%). SUVR and DVR were increased by 27% and 32% in NAWM. Increased ''C-
PBR28 uptake in WM lesions was significant only for DVR (21%)).



Table 1. Corrected p-values, effect size (Cohen’s d) and standard errors for comparisons by
linear regression (covarying for age and binding affinity) of ''C-PBR28 uptake across different
brain tissue compartments in MS subjects vs controls.

MS vs Controls SPMS vs Controls RRMS vs Controls

SE SE p- SE
p-value ES* p-value ES* value ES*
SUVR (n=27vs 14) (n=15vs 14) (n=12vs 14)

Cortex  0.007 0.9 0.06 0.0l 1.3 008 0.1 0.8 0.07
NAWM  0.02 0.9 0.07 0.0l 1.3 008 05 0.5 0.07
WML 0.4 0.3 0.07 0.2 0.6 008 09 0.1 0.07
ICL 0.007 14 0.06 0.0l 1.6 0.09 0.04 1.4 0.08
LCL 0.02 1.1 0.07 0.02 1.2 008 0.1 1.1 0.1
Thal 0.008 1.2 0.1 0.002 1.7 0.2 0.3 09 0.1
Hipp 0.006 1.3 0.06 0.003 1.6 0.09 0.1 1.1 0.07
BG 0.02 1.0 0.06 0.0l 1.3 009 0.3 0.8 0.07

DVR (n=15vs 11) (n=10vs 11) (n=5vs11)

Cortex  0.0007 1.5 0.07 0.005 1.7 0.09 0.03 1.5 0.07
NAWM  0.001 1.5 0.07 0.004 16 0.09 0.1 1.3 0.09
WML 0.05 0.9 0.07 0.05 1.1 0.08 1 0.3 0.06
cL? 0.02 1.5 0.1 0,03 3.1 0.1 0.03 1.5 0.07
Thal 0.005 1.3 0.1 0.004 19 0.1 0.7 0.8 0.1
Hipp 0.04 1.1 0.1 0.05 1.2 0.1 1 0.8 0.07
BG 0.02 1.1 0.07 0.02 14 007 0.9 0.5 0.06

" The effect size was computed by adjusting the calculation of the pooled standard deviation with
weights for the sample size.

*SPMS, n = 6; RRMS, n = 3.

MS= multiple sclerosis; RRMS= relapsing-remitting MS; SPMS= secondary-progressive MS;
normal appearing white matter (NAWM); WML= white matter lesions; ES= effect size; SE=
standard error; ICL= intracortical lesions; LCL= leukocortical lesions; CL= cortical lesions;
Thal= thalamus; Hipp= hippocampus; BG= basal ganglia; SUVR normalized standardized
uptake values; DVR= normalized volume of distribution ratios.

Association between SUVR and DVR throughout the brain:

In all 15 MS subjects (7 with high- and 8 with mixed-affinity binding) and in 11 HC (5 with
high- and 6 with mixed-affinity binding) with blood data there was a positive correlation
between SUVR and DVR across all brain tissue compartments.

Association between cortical demyelination as a function of cortical depth and microglia
activation:

In MS cortical demyelination, as measured by quantivative T2* (q-T2*) at 7T is accompanied by
increased cortical microglia activation as measured by ''C-PBR28 uptake.
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Fig 1. Overlay of the general linear model significance maps (p<0.05 corrected), showing
in MS subjects clusters of increased q-T2* relative to healthy controls (HC). In all of these
clusters clusters ''C-PBR28 SUVR were significantly higher in patients relative to HC
(p<0.05 by linear regression).

MS patients showed relative to HC several cortical clusters of increased q-T2*
(indicative of myelin and iron loss) In patients, ""C-PBR28 SUVR extracted from
clusters of increased g-T2* were significantly higher relative to HC (p<0.05).

. Quantitative q-T2* increase in MS relative to controls

Left Right
Depth from Lateral MediaI Lateral Medial
pial surface

Results related to Aim?2

Surface-based analysis of the association between cortical ''C-PBR28 binding and clinical
outcome measures:

A surface based analysis with %eneral linear modeling was used to assess vertex-wise across the
entire cortex: i) differences in ''C-PBR28 SUVR between MS and HC, ii) the relationship in MS
between ''C-PBR28 SUVR and clinical scores (EDSS, cognitive scores). Binding affinity, age,
and cortical thickness at the vertex level were used as covariates of no interest. Correction for
multiple comparisons was performed using Monte-Carlo simulation with 10,000 iterations and a
significance level of p<0.05. Localization of significant cortical clusters was performed using the
Desikan-Killiany atlas in FreeSurfer.

The cortical surface-based analysis revealed several clusters of increased ''C-PBR28 SUVR in
both hemispheres in the entire MS cohort vs controls (Fig 2). The increase in ''C-PBR28 cortical
uptake was diffuse in SPMS, while more localized in RRMS.

Negative correlations were detected between information processing speed and memory function
and ''C-PBR28 uptake in widespread fronto-parietal, temporal and occipital regions, and right
cingulate cortex (Fig 3).



No vertex-wise associations were found with executive function or EDSS.

Fig 2. Increased cortical "C-PBR28 uptake in SPMS and RRMS relative to controls.
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RRMS vs Controls

p < 0.05 corrected for multiple comparison, adjusting for age, binding genotype and CT

Fig 3. Cortical areas where increased ''C-PBR28 cortical correlates with decreased
memory and information processing speed function in MS.

Information Processing

Correlation with clinical and structural MRI data

In the MS cohort, EDSS correlated positively with increased ''C-PBR28 SUVR in the whole
cortex, and deep GM (p<0.05 corrected). A positive association was also found with 11C-PBR28
uptake in the NAWM and WM lesions (p<0.05 corrected).

Impaired memory function scores were associated with increased TSPO levels in the thalamus.
We also found that Symbol Digit Modalities Test z-scores (a measure of information processing
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speed) negatively correlated with ''C-PBR28 SUVR in thalamus, hippocampus and NAWM
(p<0.05 corrected). There was no association between '' C-PBR28 uptake and executive function.
In all patients and in each MS subgroup, cortical thinning was associated with increased TSPO
levels in the thalamus (p<0.05 corrected, covarying for age, binding affinity). In SPMS only,
cortical thinning also correlated with neuroinflammation in the cortex and NAWM, though at an
uncorrected significance level.

Conclusion

Relative to controls, MS subjects exhibited abnormally high ''C-PBR28 binding across the brain,
the greatest increases being in cortex and cortical lesions, deep GM, and NAWM. MS WM
lesions showed relatively modest TSPO increases. With the exception of cortical lesions, where
TSPO expression was similar, ''©-PBR28 uptake across the brain was greater in SPMS than in
RRMS.

In MS, increased ''C-PBR28 binding in cortex, deep GM, and NAWM correlated with
neurological disability and impaired cognitive performance; cortical demyelination correlated
with increased cortical TSPO levels.

4. Impact

A) In MS, neuroinflammation is present in the cortex, cortical lesions, deep GM, and NAWM,
and closely linked to poor clinical outcome and, at least partly, to neurodegeneration.

B) Distinct inflammatory-mediated factors may underlie accumulation of cortical and WM
lesions.

C) Quantification of TSPO levels in MS could prove a sensitive tool for evaluating in vivo the
inflammatory component of GM pathology, particularly in cortical lesions.

D) Microglia could constitute a potential target for monitoring disease course, especially in the
compartmentalized inflammation in the cortex, and the effects of therapies.

E) Our findings could guide longitudinal evaluations in larger MS cohorts to definitely establish
the role of neuroinflammation in disease pathogenesis and progression.

5. Changes/Problems

There are no changes in the SOW or study objectives.
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The neuroinflammatory component of gray matter pathology in multiple sclerosis
by in vivo combined 11C-PBR28 MR-PET and 7T imaging
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Montreal, QC, Canada, *Department of Neurology, Massachusetts General Hospital, Boston, MA, United States, ®Beth Israel
Deaconess Medical Center, Boston, MA, United States, ®University of California, San Diego, CA, United States

Synopsis

In multiple sclerosis (MS) histopathological investigations implicated neuroinflammation through microglia and/or macrophages activation in the
pathogenesis of cortical and subcortical diffuse damage. By combining 11C-PBR28 positron emission tomography (PET) imaging with anatomical 7T and 3T
MRI, we investigated the presence and correlates of neuroinflammation in cortex and gray matter of subjects with MS. We found that neuroinflammation
was present in thalamus, hippocampus, basal ganglia as well as cortex, particularly cortical lesions, and associated with structural damage, increased
neurological disability and impaired information processing speed. Our data indicate that neuroinflammation is closely associated with neurodegeneration.

Purpose

Diffuse degeneration of cortical and deep gray matter (DGM) structures is thought to play a major role in determining disease progression in multiple sclerosis
(MS) [1,2]. The pathophysiological mechanisms leading to diffuse cortical and DGM degeneration in MS are still unknown. Histopathological investigations
implicated neuroinflammation through microglia and/or macrophages activation in the pathogenesis of cortical and subcortical diffuse damage [3]. Activated
microglia and macrophages upregulate the expression of the 18kDa translocator protein (TSPO), which can be detected in vivo by 11C-PBR28 positron emission
tomography (PET) imaging [4]. Here, in a heterogenous MS cohort, we combined 11C-PBR28 imaging on a high resolution, integrated human MR-PET system with
ultra high resolution 7 Tesla (7T) MRI to i) investigate the presence of activated microglia and macrophages throughout the cortex and DGM, ii) assess their
relation with neurodegeneration, iii) and with measures of neurological disability (Expanded Disability Status Scale, EDSS) and information processing speed
(Symbol Digit Modalities Test, SDMT) frequently affected in MS.

Methods

Eighteen MS subjects (11 secondary progressive, SP, and 7 relapsing remitting, RR; mean+SD age=49+11 years; median, range EDSS=6.5, 2-7.5) and 12 age- and
TSPO affinity binding (as assessed by the Ala147Thr TSPO polymorphism [5]) matched healthy controls (HC) underwent 90-minutes of 11C-PBR28 MR-PET
(Siemens BrainPET). Anatomical 3T MR scans were simultaneously acquired for: a) cortical surface reconstruction, cortical thickness (CT) measurement, using
FreeSurfer b) DGM segmentation (thalamus, hippocampus and basal ganglia), volume estimation, using FIRST-FSL ¢) MR-PET image registration (Figure1).
Standardized uptake value (SUV) maps were created for 60-90-minute PET frame (1.25 mm isotropic voxels) and normalized (SUVR), to take into account global
differences across subjects, to a pseudo-reference region with SUV levels similar in HC and MS. Seventeen patients underwent 7T (Siemens, 32-channel head coil)
acquisitions of T2* gradient-echo sequences (0.33x0.33x1mm3) to segment intra-cortical (IC) and leukocortical (LC) lesions (Figure1). Five patients, however, were
excluded due to motion artifacts, 4 patients had no cortical lesions (CL). Lesional, whole cortex and DGM masks were co-registered to 11C-PBR28 maps to extract
SUVRs. In HC, SUVRs were obtained from cortex and DGM. Linear regression models were used to compare, in MS vs HC, SUVRs across GM (CL, whole cortex,
DGM), as well as CT and DGM volumes, and to assess in MS the relationship between SUVRs, CT, DGM atrophy, and clinical metrics (EDSS, SDMT). Age, gender,
TSPO affinity and intracranial volume were included as regressors when appropriate with a significant threshold of p<0.05 (we denote as p*, the p-value
corrected for multiple comparisons and as p the uncorrected p-value). Using Freesurfer, a general linear model (GLM) was run on a vertex-by-vertex basis across
the whole cortex (p*<0.05, corrected for multiple comparisons) to assess: i) differences in 11C-PBR28 SUVRs in MS vs HC ii) the relationship in MS between
11C-PBR28 SUVRs and clinical scores. Prior to GLM statistics, each individual SUVR map was coregistered to cortical surfaces, sampled at mid-cortical distance,
smoothed along the surface with a 10 mm full-width at half maximum Gaussian kernel, and normalized to a common template surface. TSPO affinity and CT at
the vertex level were used as nuisance factors.

Results

Relative to controls, MS subjects had increased 11C-PBR28 SUVRs in thalamus (~50%, p*=0.01), hippocampus (~40%, p*=0.002), basal ganglia (22%, p*=0.01).
Increased 11C-PBR28 uptake was also observed in whole cortex (~18%, p*=0.01), and even more in CL (~36%, p*=0.01), with similar SUVRs between LCL and ICL
(Figure2). Patients had decreased mean CT (MS=(2.3+0.1)mm, HC=(2.3+0.1) mm, p=0.05) and thalamic volume (MS=(8252+2280)mm3, HC=(9574+1284)mm3,
p=0.006) than HC. Cortical thinning correlated with higher SUVRs in thalamus (p=0.02), hippocampus (p=0.03) and cortex (p=0.03). The cortical surface-based
analysis disclosed a cluster of increased 11C-PBR28 uptake in MS vs HC in the middle temporal cortex of the right hemisphere, extending to the inferior temporal
cortex (Figure3). Negative correlations were detected between SDMT scores and 11C-PBR28 uptake in the superior frontal and middle temporal cortex of both
hemispheres,in the right transverse temporal and frontal cortex, and left lateral occipital and precentral cortex (Table 1, Figure3). Impaired SDMT scores were
also associated with subcortical GM glial activationin thalamus (p=0.03) and hippocampus (p=0.02) Neurological disability (EDSS) correlated with increased11C-
PBR28uptake in thalamus (p=0.02), basal ganglia (p=0.04), and whole cortex (p=0.05), though no regional cortical associations were found at the vertex-wise GLM
analysis.

Conclusion
Our data indicate that neuroinflammation in MS, likely mediated by activated microglia, is a diffuse process throughout cortex, particularly cortical lesions, and
DGM and it is closely linked to neurodegeneration and poor clinical outcome.
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Figures

Figure 1. Increased 11C-PBR28 uptake
topographically associated with the presence of
a leukocortical lesion on the 3T image and on the
co-registered 7T T2* image of a 40 years old
female, SPMS patient.

Figure 2. Mean SUVR values in controls (HC) and
patients (MS). a) Whole cortex and cortical
lesions and b) DGM; Bars indicate group
averages for HAB=High Affinity Binder,
MAB=Mixed Affinity Binder. (*) P < 0.05, by linear
regression and corrected for multiple
comparison.

Figure 3. FreeSurfer surface-based analysis of
11C-PBR28 uptake. a) Regions where SUVR was
increased (p*<0.05, corrected) in subjects with
MS compared to HC, correcting for age and PBR
affinity (Right Hemisphere). (b-c) Regions where
11C-PBR28 uptake correlates negatively (p<0.05,
corrected) with SDMT scores.Right hemisphere
(b) and left hemisphere (c).

TABLE 1. Correlation between cortical 11C-PBR28
SUVR uptake and SDMT: Regions where cortical
11C-PBR28 SUVR uptake in patients with MS
correlated negatively with SDMT scores on
surface-based analysis. CWP = cluster-wise
probability.
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Text: Background: Neuropathological studies of multiple sclerosis (MS) suggest that microglia

activation plays a key role in cortical lesions (CL) pathogenesis, and that the innate immune
system-mediated inflammatory events underlying the development of MS pathology are dissociated
in cortex and white matter (WM).

Goals: To investigate, using 7T MRI and magnetic resonance-positron emission tomography
(MR-PET) imaging with 11C-PBR28, the in vivo pathological and clinical relevance of microglia
activation in lesioned and non-lesioned tissue in cortex and WM in secondary-progressive and
relapsing-remitting MS (SPMS, RRMS).

Methods: Thirteen SPMS and 9 RRMS patients, and 14 age- and translocator protein (TSPO)
affinity matched healthy controls (HC) underwent 11C-PBR28 MR-PET imaging. Anatomical MR
scans were acquired for FreeSurfer reconstruction. 11C-PBR28 binding was measured in all cases
using normalized 60-90 minutes standardized uptake values (SUVR), in 14 MS and 11 HC also with
volume of distribution ratios (VTR). MS WM and cortical lesions (CL, in 12 MS) were segmented on

7T To* scans. 11C-PBR28 SUVR and VTR were extracted in lesions, whole cortex, normal-
appearing WM (NAWM). MS cognitive function was assessed using a modified version of the
Minimal Assessment of Cognitive Function in MS and by averaging z-scores from individual tests.
Linear regression was used to compare 11C-PBR28 uptake between groups, and assess the
relation with clinical metrics. Age, gender, TSPO affinity were included as regressors.

Results: Relative to HC, all MS exhibited abnormally increased 11C-PBR28 SUVR in CL (SUVR:
27%, p=0.001), whole cortex (SUVR: 22%, p=0.002; VTR: 31%, p=0.0001), and NAWM (22%,
p=0.008; VTR: 29%, p=0.008). 11C-PBR28 uptake in MS WM lesions was modestly increased vs
HC (SUVR: 10%; VTR: 17%, p=0.06). Twenty-seven CL were identified in RRMS, 223 in SPMS
with a ~21% (p=0.01) and a ~32% (p=0.007) increase in SUVR, respectively, relative to HC cortex.
Microglia activation, relative to HC, was greater in SPMS than in RRMS in NAWM (p=0.004).
Reduced cognitive function correlated with increased SUVR in NAWM (p=0.02) and CL (p=0.05).
Worsening of EDSS was related to increased NAWM PBR uptake (p=0.04).

Conclusions: Distinct microglia-mediated events may underlie cortical and WM pathology.
Quantification of microglia activation is a sensitive tool for evaluating in vivo the inflammatory
component of cortical pathology at all disease stages.
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Neuroinflammation and cortical demyelination in multiple sclerosis and their

contribution to cognition: a 11C-PBR28 MR-PET and quantitative 7T imaging
study.
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Background: Cortical demyelination contributes to cognitive decline in multiple sclerosis (MS), but
the underlying pathophysiological mechanisms are still unknown. Histopathological examinations
suggested that cortical demyelination in MS might develop following meningeal inflammation
accompanied by cortical microglia activation.

Aim: To assess, using quantitative T2* (q-T2*) at 7T and 11C-PBR28 MR-PET: 1) whether MS
cortical demyelination is characterized by the presence of microglial pathology 2) the relative
contribution of cortical demyelination and cortical microglia activation to decreased information
processing speed.

Methods: Sixteen MS patients (mean age: 50 + 10 years) and 12 age- and translocator protein
affinity binding matched healthy controls (HC) underwent 11C-PBR28 MR-PET. Anatomical MR
scans were acquired for FreeSurfer cortical surface reconstruction. Normalized 60-90 minute
standardized uptake value (SUVR) maps (1.25 mm isotropic voxels) were registered to cortical
surfaces and sampled at 50% depth from the pial surface. Subjects also underwent multi-echo T2*
imaging at 7T (0.33x0.33x1 mm3) for intracortical laminar assessment of g-T2* at 25%, 50% and
75% depth from the pial surface. A general linear model was used to assess vertex-wise in the
cortex i) differences between MS and HC in g-T2* at each cortical depth ii) the relationship, in MS,
between Symbol Digit Modalities Test (SDMT) and cortical g-T2* at all 3 depths and 11c-pBR28 at
50% depth. Finally, in clusters showing significant g-T2* differences in MS vs HC, the corresponding
11Cc-PBR28 SUVR were extracted and compared between the groups using multi-linear regression.
Age and PBR affinity were included as nuisance regressors (p< 0.05 corrected for multiple
comparison).

Results: MS patients showed relative to HC several cortical clusters of increased g-T2* (indicative
of myelin and iron loss) in juxtameningeal cortical layers (25% depth) and deeper cortical laminae
(50%, 75% depth). Clusters with increased g-T2* in patients also had significantly higher
11Cc-PBR28 SUVR relative to HC (p< 0.05). In patients, increase in cortical g-T2* at 25%, 50% and
75% depth and in cortical 11C-PBR28 SUVR at 50% depth negatively correlated with SDMT scores
in widespread frontal, parietal, temporal and occipital regions.

Conclusions: MS cortical demyelination is accompanied by increased microglia activation. Both
pathological processes contribute to decreased information processing speed.
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Beyond focal cortical lesions in MS

An in vivo quantitative and spatial imaging study at 7T

ABSTRACT

Objectives: Using quantitative T2* 7-tesla (7T) MRI as a marker of demyelination and iron loss, we
investigated, in patients with relapsing-remitting multiple sclerosis (RRMS) and secondary pro-
gressive multiple sclerosis (SPMS), spatial and tissue intrinsic characteristics of cortical lesion(s)
(CL) types, and structural integrity of perilesional normal-appearing cortical gray matter (NACGM)
as a function of distance from lesions.

Methods: Patients with MS (18 RRMS, 11 SPMS), showing at least 2 CL, underwent 7T T2
imaging to obtain (1) magnitude images for segmenting focal intracortical lesion(s) (ICL) and
leukocortical lesion(s) (LCL), and (2) cortical T2* maps. Anatomical scans were collected at 3T
for cortical surface reconstruction using FreeSurfer. Seventeen age-matched healthy partici-
pants served as controls.

Results: ICL were predominantly located in sulci of frontal, parietal, and cingulate cortex; LCL dis-
tribution was more random. In MS, T2* was higher in both ICL and LCL, indicating myelin and iron
loss, than in NACGM (p < 0.00003) irrespective of CL subtype and MS phenotype. T2* was
increased in perilesional cortex, tapering away from CL toward NACGM, the wider changes being
for LCL in SPMS. NACGM T2* was higher in SPMS relative to RRMS (p = 0.006) and healthy
cortex (p = 0.02).

Conclusions: CL had the same degree of demyelination and iron loss regardless of lesion subtype
and disease stage. Cortical damage expanded beyond visible CL, close to lesions in RRMS, and
more diffusely in SPMS. Evaluation of NACGM integrity, beyond focal CL, could represent a sur-
rogate marker of MS progression. Neurology® 2015;85:1702-1709

GLOSSARY

CL = cortical lesion(s); DIR = double inversion recovery; EDSS = Expanded Disability Status Scale; FLASH = fast low-angle
shot; GM = gray matter; GRE = gradient echo; ICL = intracortical lesion(s); LCL = leukocortical lesion(s); MEMPR =
magnetization-prepared rapid acquisition with multiple gradient echoes; MS = multiple sclerosis; NACGM = normal-appearing
cortical gray matter; NAWM = normal-appearing white matter; RRMS = relapsing-remitting multiple sclerosis; SPMS =
secondary progressive multiple sclerosis; TA = acquisition time; TE = echo time; TR = repetition time; WM = white matter.

Demyelinating cortical lesion(s) (CL) are thought to contribute to disease progression in mul-
tiple sclerosis (MS).' Seven-tesla (T) T2* gradient-echo imaging has shown increased sensi-
tivity (approximately 50%-90%) to detect MS CL.“* Ex vivo MRI studies demonstrated
increased T2* in MS CL, pathologically related to demyelination and iron loss.>® Histopath-
ologic—MRI correlations suggested that MRI-visible CL may represent the tip of the iceberg’
underlying a more diffuse demyelinating cortical process.

We previously demonstrated in vivo T2* increase at different depths of the cortical width
throughout stages of MS, associated with worsening disability.® Quantitative T2* changes were
not confined to focal CL but were also found globally in the normal-appearing cortical gray
matter (NACGM) in secondary progressive MS (SPMS). The relationship between pathology in
NACGM and in focal CL at different MS stages is unclear: NACGM abnormalities could either
reflect a diffuse degenerative process or abnormalities in normal cortex surrounding CL.
Because CL may underlie different pathologic processes including endogenous remyelination
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depending on their location across the cortical/
subcortical width,? their extent on surround-

ing NACGM may vary according to CL
subtype.

In a heterogeneous MS cohort, we used 7T
quantitative T2* MRI to (1) map the spatial
distribution and frequency of CL subtypes, (2)
assess whether the degree of tissue pathology
within CL varies depending on disease stage,
and (3) quantify perilesional pathology in CL
subtypes as a function of distance from lesions.
We hypothesized that patients with SPMS had
more severe pathology within focal CL and
perilesional cortex.

METHODS Standard protocol approvals, registrations,
and patient consents. The institutional review board of our
institution approved all study procedures, and participants pro-

vided written informed consent to participate in the study.

Participants. Twenty-nine patients (20 women; mean age 44.1
years £9.2 SD) with a diagnosis of MS'® and who displayed at
least 2 focal intracortical lesion(s) (ICL) or leukocortical lesion(s)
(LCL) on 7T scans were retrospectively selected from a cohort of
41 patients with MS participating in a prospective study assessing
cortical pathology at 7T.% ICL included lesions originating from
the pial surface and extending at different depths throughout the
cortical width (type III-IV lesions), and type II lesions®''; LCL
were defined as extending through gray matter (GM)/white matter
(WM) without reaching the pial surface. Seventeen age-matched
healthy individuals (9 women, mean age 39.3 years *£8.8 SD)
served as controls.

Clinical course of patients included RRMS (n = 18) and
SPMS (n = 11). Twenty-two of 29 patients were receiving stable
treatment (at least 6 months) with disease-modifying therapies
(interferon beta or glatiramer acetate: 6 RRMS, 5 SPMS; BG-12:
1 RRMS; natalizumab: 6 RRMS, 3 SPMS; rituximab: 1 SPMS).
Neurologic disability was assessed using the Expanded Disability
Status Scale (EDSS)'? within a week from MRI scans. Disease
severity was evaluated using the Multiple Sclerosis Severity Score.'?

General exclusion criteria included significant psychiatric
and/or neurologic disease (other than MS for patients), major

medical comorbidity, pregnancy, and contraindications for MRI.

MRI data acquisition. All study participants underwent 2
imaging sessions at 7T and 3T (Siemens scanners) using 32-
channel coils. The 7T protocol included acquisition of (1)
multiecho 2-dimensional (2D) fast low-angle shot (FLASH) T2*-
weighted spoiled gradient-echo (GRE) images with repetition time
(TR) = 2,210 milliseconds (ms), echo time (TE) = 6.44 + 3.32n
[n =0, ..., 11] ms, flip angle = 55°, 2 slabs of 40 slices cach to
cover the supratentorial brain, resolution = 0.33 X 0.33 X 1 mm®
(25% gap), and acquisition time (T'A) for each slab = approximately
10 minutes; (2) a T1-weighted 3D magnetization-prepared rapid
acquisition gradient echo sequence (TR/inversion time/TE =
2,600/1,100/3.26 ms, flip angle = 9°, resolution = 0.60 X
0.60 X 1.5 mm’, TA = 5.5 minutes) for coregistration of
7T GRE data with cortical surfaces; and (3) a single-echo 2D
FLASH T2*-weighted spoiled GRE pulse sequence (TR/TE =
1,700/21.8 ms; the other parameters were identical to the
multiecho 2D FLASH T2* sequence).

During the 3T session, a structural scan with a 3D
magnetization-prepared rapid acquisition with multiple gradient
echoes (MEMPR) (TR/inversion time = 2,530/1,200 ms, TE =
1.7, 3.6, 5.4, 7.3 ms, resolution = 0.9 X 0.9 X 0.9 mm?’, TA =
approximately 6.5 minutes) was obtained for cortical surface recon-

struction and coregistration with 7T data.

MRI data processing. WM lesion volume. WM lesions were
segmented on magnitude images from 77T single-echo FLASH
T2* scans with a semiautomated method implemented in 3D
Slicer version 4.2.0 (http://www.slicer.org). WM lesion volume
was computed using fslstats, part of FSL (FMRIB Software
Library, heep://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL).

Cortical surface reconstruction. Reconstruction of pial and
WM surfaces was performed using the software FreeSurfer, ver-
sion 5.3.0 (http://surfer.nmr.mgh.harvard.edu/), according to a
multistep procedure that calculates the GM/WM border and the
CSF/GM (pial) border in the 3D MEMPR volume,'* currently
the recommended anatomical sequence for FreeSurfer pipeline."
Topologic defects in cortical surfaces due to WM and LCL were
corrected using a semiautomated procedure with lesions filling.

Mean cortical thickness (mm) was measured in each partici-
pant as previously described" and used as covariate of no interest
in statistical analyses.

Quantitative T2* maps. Quantitative T2* maps were gen-
erated from 7T multiecho T2* scans in each participant as pre-
viously described.®'®'” Briefly, T2* signal, corrected for
susceptibility-induced through-slice dephasing, was fitted vs TE
voxel-wise using a Levenberg-Marquardt nonlinear regression
model. R* goodness of fit was measured, and voxels with poor
goodness of fit (R* < 0.8) were excluded from further analyses.
T2* maps were registered onto the corresponding 3T cortical
surfaces using a 2-step procedure, as previously described.'®!”
The registered data were then concatenated into a whole brain
volume using FreeSurfer tools and resampled at 0.33 X 0.33 X
0.33 mm? isotropic voxels.

Cortical lesion segmentation, count, and volume. Focal
ICL and LCL that appeared as focal cortical hyperintensites
and extended for at least 3 voxels and across 2 consecutive slices
on magnitude images from 7T single-echo FLASH T2*
were segmented by consensus by 2 experienced raters (C.M.,
C. Louapre) using Slicer.

In each participant, single-echo T2* images, ICL, LCL, and
NACGM masks were registered onto the corresponding 3T cor-
tical surfaces using a 2-step procedure based on boundary-based
registration'® as previously described.'®!” ICL and LCL count
and volume were computed using FreeSurfer and FSL tools
(mri_volcluster and fslstats, respectively).

Cortical lesion spatial analysis and probability distribu-
tion map. Using FreeSurfer tools, individual ICL and LCL masks
were projected on each participant’s cortical surface resulting in
2D lesional masks. Using the cortex curvature map, we then
quantified the total area of cortical lesions belonging to sulci
(displaying positive curvature values) and to gyri (displaying neg-
ative curvature values).

Subsequently, 2D cortical lesion masks were normalized to a
common surface template, “fsaverage,” using FreeSurfer. Lesion
probability maps were then generated by averaging individual
ICL and LCL normalized masks. Peaks of lesion probability were
localized using the Desikan atlas in FreeSurfer.

Quantitative T2* analysis of lesional, perilesional, and
normal-appearing cortex. In each participant, we computed
mean T2* (ms) in ICL, LCL, and NACGM masks previously
coregistered to the corresponding cortical surfaces. Given that the

focus of the study was the cortex, for LCL, T2* was measured
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only in the intracortical portion of the mask (i.e., the intersection
between the LCL mask and the FreeSurfer cortical ribbon mask).

We further analyzed the extent of ICL and LCL pathology
toward perilesional cortex. Because of the thin and circumvolved
geometry of the cortex, the analysis was performed on individual
2D ICL and LCL masks. T2* relaxation time was then mapped at
50% depth from the pial surface and computed as a function of
distance from the ICL, and mapped at 75% depth from the pial
surface and computed as a function of distance from the LCL; 0%
depth was the pial surface and 100% depth was the WM/GM
boundary.

Each vertex on the participant’s cortical surface was assigned
its geodesic distance from the lesions, the geodesic distance being
the number of edges in the shortest path connecting a given
vertex to a lesion (figure e-1 on the Neurology® Web site at
Neurology.org). For each participant, we calculated T2*(N),
the average of T2* values over all vertices being at a given geodesic
distance N of the lesions. As previously observed,'®!” T2* values
varied across the cortex, and accordingly, T2* within lesions is
dependent on lesion location in individual participants. There-
fore, to analyze T2* decay surrounding lesions across the whole
MS group, we subtracted T2*(N) by its baseline value defined as
the minimum over a range of 10 < N < 20.

Statistics. Demographic and/or imaging metrics were compared
between patients and controls, and between RRMS and SPMS
using a Mann—Whitney U test or Student # test as appropriate
and a X? test for sex repartition.

In the whole MS group, each patient’s ratio of ICL and LCL
area in sulci relative to the total lesional area was compared to its
ratio of sulci surface relative to the total cortical surface using a
paired 7 test.

Mean T2* in NACGM in each MS group and cortical T2* in
controls were compared by linear regression using age and cortical

thickness as nuisance factors. Mean T2* in each lesion mask was

compared with NACGM T2* in each patient group by paired
¢ test, and with cortical T2* in controls by linear regression using
age and mean cortical thickness as nuisance factors.

Finally, we determined the geodesic distance up to which
T2*(N) was significantly different from distant NACGM (N =
20) using paired 7 test.

All statistical analyses were performed with R software (ver-
sion 2.13.1), and p values <0.05 were considered statistically
significant. A false discovery rate method was applied to correct
for multiple comparisons when comparing different cortical tissue

compartments within and across groups.

RESULTS Demographics. Participants’ demographic,
clinical, and MRI variables are reported in table 1.
Disease duration, EDSS scores, and WM lesion vol-
ume were higher in SPMS relative to RRMS (p <
0.005). Age at disease onset tended to be younger in
SPMS than in RRMS (p = 0.06). ICL count, ICL
volume, and LCL volume were also higher in SPMS
relative to RRMS (p < 0.05).

Spatial distribution of focal cortical lesions. In the entire
MS cohort, the highest distribution of ICL was in
superior, middle frontal areas and central sulcus, fol-
lowed by parietal, cingulate, and temporal cortex
(table 2, figure 1). LCL distribution was more ran-
dom. There were fewer ICL in RRMS than in SPMS
and they were mainly distributed in the central sul-
cus, frontal areas, and cingulate cortex (figure e-2).
In each patient, both ICL and LCL were predom-
inantly identified in cortical sulci, with an average
84% of ICL area and 64% of LCL area in sulci in

[ Table 1 Demographic, clinical, and MRI characteristics of participants ]
Controls MS RRMS SPMS

No. 17 29 18 11
Sex, M/F 8/9 9/20 4/14 5/6
Age, y 39.3 (8.8) [28-56] 441 (9.2) [26-61] 43.1(9.5) [26-57] 45.7 (8.8) [27-61]
Age at onset, y — 326 (9) 35.1 (8.9) 28.5 (7.8)
Disease duration, y = 11.5(7.1) [2-28] 8.0 (4.5) [2-16] 17.2 (7) [7-28]*
EDSS score — 3(1-7) 2.5 (1-6) 4 (3-7)2
MSSS = 3.81 (0.94-7.97) 3.57 (0.94-7.97) 4.94 (2.34-7.97)
WMLV, mm? = 6,607 (9,653) 2,732 (2,327) 12,949 (13,4332
Total CL count — 23 (5-188) 10 (5-36) 61 (6-188)*
Total CL volume 2,245 (3,047) 763 (796) 4,671 (3,807)°
ICL count - 9 (0-55) 6 (0-23) 30 (2-55)
ICL volume, mm? = 1,224 (2,552) 393 (449) 2,585 (3,823)°
LCL count = 6 (0-137) 3.5 (0-18) 37 (0-137)°
LCL volume, mm3 — 1,020 (1,700) 370 (508) 2,085 (2,376)

Abbreviations: CL = cortical lesion(s); EDSS = Expanded Disability Status Scale; ICL = intracortical lesion(s); LCL =
leukocortical lesion(s); MS = multiple sclerosis; MSSS = Multiple Sclerosis Severity Score; RRMS = relapsing-remitting
multiple sclerosis; SPMS = secondary progressive multiple sclerosis; WMLV = white matter lesion volume.

Results are expressed as mean (SD) [range], except for EDSS, MSSS, and lesion count, which are expressed as median
(range). The p values are corrected for multiple comparisons using false discovery rate.

2p < 0.005, RRMS vs SPMS.
Pp < 0.05, RRMS vs SPMS.
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Table 2 Location of clusters exhibiting the highest spatial distribution for ICL
and LCL in the entire MS group
ICL LCL
Location Frequency, % Location Frequency, %
Left hemisphere
Superior frontal 10.3 Superior frontal 6.9
Caudal middle frontal 6.9 Rostral middle frontal 6.9
Precentral 13.8 Supramarginal 6.9
Postcentral 10.3 Superior parietal 6.9
Paracentral 6.9
Supramarginal 10.3
Inferior parietal 6.9
Superior parietal 6.9
Superior temporal 6.9
Precuneus 6.9
Isthmus cingulate 6.9
Pericalcarine 6.9
Right hemisphere
Superior frontal 10.3 Superior frontal 10.3
Caudal middle frontal 10.3 Caudal middle frontal 6.9
Rostral middle frontal 6.9 Supramarginal 6.9
Pars opercularis 6.9
Precentral 10.3
Supramarginal 6.9
Superior parietal 6.9

Abbreviations: ICL = intracortical lesion(s); LCL = leukocortical lesion(s); MS = multiple sclerosis.
Regions are defined according to the Desikan atlas.

the entire group. This was higher than the ratio of
sulci surface to total cortical surface, representing
47% in mean (p = 107" for ICL and p = 1072
for LCL).

Quantitative T2* in lesional and normal-appearing
cortex. As previously reported,® in our MS cohort,
mean T2* in ICL (41 * 4.6 ms) and LCL (41.1 *+
3.4 ms) was higher than mean NACGM T2* (p <
1077 by paired # test for ICL and LCL) and than
mean cortical T2* in controls (p < 107¢ and p <
1077 by linear regression using age and cortical thick-
ness as nuisance factor).

In both RRMS and SPMS subgroups, ICL and
LCL had longer T2* relative to NACGM T2* and
to cortical T2* in controls. There was no difference
in ICL and LCL T2* between RRMS and SPMS
(figure 2).

NACGM T2* in patients with MS (34 * 2.4 ms)
was not different from mean cortical T2* (33.03 =
1.6 ms) in controls. When looking at subgroups, in
patients with SPMS only, mean NACGM T2* was
higher than mean cortical T2* in controls, and than
mean NACGM T2* in RRMS (figure 2).

Extent of ICL and LCL pathology toward perilesional
cortex. Figure 3A displays a visual example of geodesic
contours surrounding an ICL mask projected on the
cortical surface in a patient with RRMS.

In the entire MS cohort, T2* relaxation time was
maximum within ICL and LCL (geodesic distance of
0). It remained longer compared with distant perile-
sional cortex (geodesic distance of 20) up to a geodesic
distance of 4 for ICL and 10 for LCL (figure 3B). The
actual physical distance between 2 vertices depends on
the curvature of the surface. For reference, mean inter-
vertex distance across the whole cortical surface in our
population was 0.85 mm (#0.02 SD).

T2* relaxation time surrounding ICL did not dif-
fer between RRMS and SPMS, as T2* was still higher
up to the same geodesic distance for both groups.
However, T2* surrounding LCL decreased closer to

[ Figure 1 Overlay on “fsaverage” template of cortical lesion probability maps in patients with multiple sclerosis ]

RH ICL

RH RH
lat.

med.

7% 10%

The color overlay represents the vertex-wise frequency of cortical lesion occurrence. ICL = intracortical lesion(s); lat. = lateral; LCL = leukocortical lesion(s);
LH = left hemisphere; med. = medial; RH = right hemisphere.
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Figure 2 Boxplots of T2* relaxation time (ms) in cortical tissue compartments in controls (green), RRMS (pink),

and SPMS (red)
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SPMS showed higher NACGM T2* relative to cortical T2* in controls (p = 0.01) and NACGM T2* in RRMS (p = 0.005), by
linear regression including age and cortical thickness as nuisance factors. In RRMS and SPMS, T2* within cortical lesions
(ICL and LCL) was higher than NACGM T2* and than control cortex T2*. 2Statistical significance (p value) of T2* difference
between lesional and NACGM within each MS group, by paired t test. ®Statistical significance (p value) of T2* difference
between lesional cortex from patients with MS and cortex from controls, by linear regression including age and cortical
thickness as nuisance factor. All p values are corrected for multiple comparisons using false discovery rate. ICL = intra-
cortical lesion(s); LCL = leukocortical lesion(s); MS = multiple sclerosis; NACGM = normal-appearing cortical gray matter;
RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis.

lesions in the RRMS group compared with the SPMS
group.

DISCUSSION We used quantitative T2* MRI at 7T
in RRMS and SPMS to characterize spatial and
intrinsic tissue characteristics of visible focal CL and
NACGM.

ICL, as opposed to LCL, had a preferential pattern
of distribution in frontal and parietal lobe, including
precuneus, temporal and cingulate cortex, as reported
post mortem." A previous in vivo study based on 3T
double inversion recovery (DIR) scans on RRMS and
primary progressive MS found that CL were prefer-
entially distributed in the frontal lobe, mainly in
motor cortex, in the temporal lobe, and anterior cin-
gulate cortex.”® The authors, however, highlighted
that the resolution of their scans did not allow accu-
rate distinction of purely ICL from LCL and juxta-
cortical lesions. Using ultra-high-resolution scans at
7T (voxel size approximately 0.11 mm?®) to localize
CL according to their location across the cortical
width, we found that LCL were more randomly dis-
tributed than ICL and were mainly localized in fron-
tal and parietal cortex.

The differential distribution pattern between ICL
and LCL may reflect, at least in part, different path-
ogenetic mechanisms underlying ICL and LCL devel-
opment. Some neuropathologic studies observed that
CL, particularly subpial lesions originating from outer

Neurology 85 November 10, 2015

cortical layers (defined here as ICL), were located
close to foci of meningeal inflammation,*~** which
suggests that subpial demyelination may be triggered
by soluble inflammatory factors originating from the
meninges. Lack of association between the 2 pro-
cesses, however, has also been reported.* LCL extend
across cortex and WM, and it could be speculated
that both inflammatory processes occurring in the
meninges and in underlying normal-appearing WM
(NAWM) could be at the origin of LCL formation.
This could translate into a more widespread distribu-
tion pattern, as observed in our cohort. Very little is
known about the origin of purely (type II) ICL. Inde-
pendently from the triggering events that lead to ICL
and LCL development, which are still unknown, it is
also possible that differences in distribution patterns
between CL subtypes underlie different susceptibili-
ties to pathology and/or to remyelination across cor-
tical laminae.’

The striking preferential distribution of ICL, and
to a lesser extent of LCL, in cortical sulci was observed
in some neuropathologic examinations of MS
brains.”> We previously found in patients at different
stages of MS diffuse cortical damage as measured by
longer T2* and mainly involving cortical sulci. How-
ever, the ratio of areas displaying abnormal T2* in
sulci relative to gyri ranged from 1 to 2, while in this
study, the ratio of focal ICL area belonging to
sulci relative to gyri was greater than 5. This



[ Figure 3 T2* in cortical lesions and perilesional cortex ]
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mask of ICL was projected on the cortical surface, providing a 2-dimensional ICL mask (in red). Perilesional vertices were identified using their geodesic dis-
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example. (B) Boxplots of T2* relaxation time (ms) as a function of the geodesic distance from the lesions in all patients with MS, patients with RRMS, and
patients with SPMS. T2* is expressed relative to its baseline value in each participant (see methods section). Boxplots in red indicate that there is a
difference between mean T2* of the given geodesic distance and mean T2* far from the lesions (geodesic distance of 20) for the specified group
of participants. ***p < 0.001, **p < 0.01, *p < 0.05. ICL = intracortical lesion(s); MS = multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis;
SPMS = secondary progressive multiple sclerosis.
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emphasizes that focal CL themselves may only partly
explain the diffuse cortical abnormalities observed
in MS.

Although SPMS cases had higher number and vol-
ume of CL than RRMS cases, the degree of tissue
pathology within CL, as evidenced by longer T2%,
was similar throughout MS stages for both lesion sub-
types. In contrast, NACGM was diffusively pathologic
in SPMS only, although tissue abnormalities occurred
in NACGM surrounding focal ICL and LCL in both
relapsing-remitting and secondary progressive disease
stages. A previous work found global NACGM abnot-
malities in RRMS, as evidenced by increase in diffu-
sion tensor imaging fractional anisotropy, which
correlated with disability.”® The suboptimal detection
of subpial lesions by 3T DIR imaging compared with
7T GRE T2* scans, and the different biological sub-
strates underlying T2* and diffusion metrics abnor-
malities in the cortex could, at least in part, explain
discrepancies between our and previous DIR findings.

Previous imaging studies reported abnormalities
surrounding WM lesions, tapering away from lesions
toward the NAWM,?*® but diffuse NAWM pathol-
ogy has also been observed independently of focal
WM lesions, particularly in progressive MS.* We
used a surface-based approach to compute quantita-
tive T2* in the cortex as a function of distance from
the lesions, using the vertex geometry of the cortical
surface in each participant. This method, compared
to 3D volume-based approaches, has the advantage of
taking into account the circumvolved nature of the
cortex, minimizing partial volume effects. We found a
gradient of T2*, decreasing from the CL border
toward NACGM. Of note, this gradient was larger
for LCL than ICL, mainly in SPMS, suggesting
that SPMS LCL tend to have a broader destructive
pathology surrounding lesions. These findings also
suggest that the laminar pathology previously
observed throughout stages of MS® might be an
expression of a more diffuse degenerative process in
chronic disease as evidenced postmortem.”** In
RRMS, the lack of significant diffuse T2* changes
in global NACGM and perilesional cortex (with the
exception of cortex in close CL proximity) suggests
that cortical pathology mainly resides within focal
CL. Since neuropathologic studies tend to skew tissue
samples toward late-stage MS, knowledge of cortical
pathology in earlier stages is limited and needs further
investigation.

In our study, patients with RRMS and SPMS,
while matched for age, differed in disease duration
because patients with SPMS were younger at disease
onset. A previous neuropathologic study*” found that
SPMS cases exhibiting aggressive cortical pathology
associated with meningeal inflammation had younger
age at disease onset compared with SPMS cases with
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milder cortical disease. Evidence of meningeal inflam-
mation in MS, however, is still debated. Future stud-
ies combining our methods and recent developments
to image leptomeningeal inflammation, including
postcontrast FLAIR MRI,*" could help to unravel
in vivo the link between meningeal inflammation
and different CL subtypes.

Opverall, our findings show that cortical demyeli-
nation expands beyond focal CL in MS, in close prox-
imity to the lesional compartment in RRMS, and
more diffusely, far from lesions, in SPMS. Even if
ultra-high-resolution 7T MRI was used for detecting
CL, it is possible that the determination of CL bor-
ders was not as accurate as in ex vivo assessments,
and that some CL were missed at visual inspection
of scans. Nevertheless, our data suggest that quantita-
tive measures of global cortical integrity outside visi-
ble CL could be a potential biomarker of disease
severity and progression in MS. Since it has been
observed that the pathologic substrates underlying
MRI changes in NAWM vary based on the distance
from WM lesions,?? further studies could also deter-
mine whether NACGM T2* abnormalities observed
in our cohort reflect different pathologic processes
based on distance from lesions.
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