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Preface

The data presented in this thesis have been produced during my research activity at Harvard
Medical School, in the Multiple Sclerosis Laboratory located at Athinoula A. Martinos Center
for Biomedical Imaging, Boston, under the supervision of Professor Caterina Mainero.

The two projects here reported were conducted during the period covering my entire PhD
program, between 2017 and 2020. During these years | improved my expertise in the field of

advanced neuroimaging applied to the study of multiple sclerosis pathology.

This research thesis is dedicated to all the people affected by multiple sclerosis.



Abstract

This thesis is divided in two sections. The first reports the results from a project regarding
the application of ultra-high-field quantitative MRI for the study of cortical grey matter
pathology in patients with early multiple sclerosis (MS). Applying a Combined Myelin
Estimation method, obtained by 7 Tesla magnetic resonance imaging, we aimed at
characterizing cortical microstructural abnormalities related to myelin content in cortical
lesions and normal-appearing cortex, to assess their evolution at 1-year follow-up and to relate
cortical myelin changes to clinical and radiological disease burden.

Data obtained from 25 patients with early MS and 19 healthy volunteers showed overall
abnormally low myelin content in cortical lesions and several areas of normal-appearing
cortex. Myelin content along the cortex correlated with neurological impairment. Individual
cortical lesion analysis revealed heterogenous patterns, ranging from extensive to partial
demyelination, or even measurements comparable to the healthy group. At 1-year follow-up,
cortical myelin was overall decreased in cortical lesions and scattered areas in the normal-
appearing cortex. Diffusion metrics obtained in the same regions did not show the presence
of cortical neural loss accompanying early demyelination.

The second section reports results from a study in which we combined '!C-PBR28
positron-emission tomography, marking activated microglia, with the more recently validated
synthetic magnetic resonance imaging for myelin content assessment, aiming at researching
the presence of correlates of pathology in the white matter of patients with multiple sclerosis
at different disease stages, and assessing the interplay between neuroinflammation and
demyelination. We found abnormal increase of microglia activation in MS patients compared
to healthy volunteers in several areas across the white matter, correlating with clinical and
radiological disease burden. An individual analysis of white matter lesions showed the
presence of active lesions in the early phases of the disease, evolving in inactive or
peripherally active lesions in the late disease phases, the latter correlating with clinical
disability. Myelin content in the normal-appearing white matter of MS patients correlated with
neurological impairment and lesion load. Higher microglia activation in the white matter

lesions was related to lower myelin content in the non-lesioned white matter.



Section 1

Quantitative 7-Tesla imaging of cortical microstructural changes in

patients with early multiple sclerosis



Summary

Objectives. To characterize cortical microstructural abnormalities related to myelin
content in early multiple sclerosis by a quantitative Combined Myelin Estimation (CME)
method obtained by 7 Tesla magnetic resonance imaging (MRI); to assess the evolution of
cortical abnormalities at 1-year follow-up; to relate cortical myelin content to clinical and

radiological disease burden.

Methods. We prospectively enrolled 25 patients with early multiple sclerosis and 19 age-
matched healthy volunteers. Ten MS patients were re-scanned after one year. A cortical CME
map was obtained from quantitative 7-Tesla T2* and T1 acquisitions.

At baseline, patients’ cortical lesions were classified based on their myelin content by
comparison with mean CME values of the control group in corresponding cortical regions. To
account for other factors influencing myelin estimation, including neurite/dendrite loss,
cortical measurements from the neurite orientation dispersion and density imaging diffusion
model were assessed. CME was correlated to clinical and radiological metrics. Cortical CME
abnormalities were also investigated vertex-wise at baseline and 1-year follow-up.

For validation, cortical CME in healthy volunteers was correlated to myelin optical

measurements from histology.

Results. In patients, CME was overall abnormally low in cortical lesions and several areas
of normal-appearing cortex, as indicated by voxel-wise analysis. CME values along the cortex
correlated with neurological impairment. Individual cortical lesion analysis revealed,
heterogenous CME patterns ranging from extensive to partial demyelination (60% of lesions),
or values comparable to the healthy group.

In healthy volunteers, cortical CME correlated with histological optical myelin measures
from the healthy cortex, thus providing validation of the technique.

At 1-year follow-up, CME was overall decreased in cortical lesions and scattered areas in
the normal-appearing cortex. Diffusion metrics did not show cortical neural loss, but higher
orientation dispersion accompanied an increase of CME at follow-up.



Conclusion. Heterogeneous cortical microstructural changes, likely due to coexisting
demyelination, incomplete demyelination and remyelination, can be imagined in vivo in early
multiple sclerosis. The correlation between cortical myelin content and EDSS is ambivalent,
possibly due to low disability in the early disease phase. A positive correlation was found
between cortical myelin content and processing speed. Demyelination was not accompanied
by neural loss, as detected by diffusion imaging, but a higher dendrite arborization was found

in remyelinating lesions.



Introduction

1.1 Cortical lesions in multiple sclerosis

Cortical demyelinating lesions are a pathologic hallmark of multiple sclerosis (MS) and
can develop from the early stages of the disease (Calabrese et al., 2007). They relate to clinical
disability and disease progression (Peterson et al., 2001; Lucchinetti et al., 2011; Calabrese et
al., 2010; Mainero et al., 2015; Treaba et al., 2019).

Demyelination in the cortex mainly affects the subpial layers and is associated with
inflammatory infiltrates in the meninges (Kutzelnigg et al., 2005; Lucchinetti et al., 2011).
Based on the presence of myelin degradation products inside macrophages and microglia,
cortical lesions can be distinguished in actively demyelinating or post-demyelinating
(Lucchinetti et al., 2011; Kuhlmann et al., 2017). Moreover, ongoing demyelination can
coexist with massive remyelination within the same lesion (Prineas et al., 1984). The
efficiency of remyelination in the brain in MS seems to change according to disease type and
anatomical location (Patrikios et al., 2006; Albert et al., 2007).

In the cortex, remyelination has been suggested to occur to a wider extent than in white
matter, possibly due to higher availability of oligodendrocytes and their precursors (Albert et
al., 2007, Strijbis et al., 2017). Cortical remyelination in MS patients shows a heterogeneous
pattern within lesions. In an ex vivo study of chronic MS, extensive remyelination was present
in 18% of cortical lesions, while most lesions showed remyelination restricted to the lesion
border (Albert et al., 2007). Pathology studies, however, are skewed towards cases with late
disease stage, often with associated comorbidities.

Experimental models of MS provide ample evidence of remyelination, both in cell cultures
and animals (van der Star et al., 2012; Lassmann et al., 2017). Compared to ex vivo
examinations, experimental studies allow testing for effective treatments in addition to
providing a deep understanding of the biological phenomena related to remyelination.
However, the biological differences between the system in which demyelination is induced
(cell cultures, animals) and the artificial induction of demyelination itself (viral infection,
chemical, immunological) make these models only partially comparable to the human disease.

The extent and clinical impact of cortical demyelination and concomitant remyelination in

MS patients are still unclear. It is not known whether some patients show better propensity



for endogenous remyelination than others. Neither is known whether the presence or absence
of remyelination in these patients might have an influence on the disease course.

In vivo studies are, thus, needed to increase our knowledge on the presence, extent and
clinical impact of remyelination in MS. In white matter lesions (WML), initial data using 11C-
PiB PET demonstrate dynamic remyelination in active relapsing-remitting MS (RRMS)
patients, which can be detected as early as 2-4 months following the baseline evaluation
(Bodini et al., 2016).

1.2 In vivo characterization of cortical pathology in multiple sclerosis

In vivo imaging of cortical lesions with MRI in MS, especially the subpial type, is still
suboptimal. The geometry of the cortex and the small dimensions of cortical plaques represent
an important technical challenge in the development of imaging tools for detecting and
monitoring cortical lesion demyelination and remyelination.

Ultra-high field 7 Tesla (7T) MRI more than doubles detection of cortical MS lesions
compared to lower field strengths. The sensitivity at 7T seems to depend on cortical lesion
type, with T2* providing a relative benefit relative to other contrasts in visualizing
intracortical lesions (Pitt et al., 2010; Kilsdonk et al., 2016). Analyses of cortical myelin
integrity on a voxel- or vertex-wise basis can also overcome some of the limitations and biases
that arise from detection of cortical lesions based on visual inspection of scans (Cohen-Adad
et al., 2011). A series of “semi-quantitative” (magnetization transfer ratio imaging, diffusion
imaging, T2/T1-weighted), and “quantitative” (T2, T2*, T1) MRI approaches have been used
in MS (Derakhshan et al., 2014; Mainero et al., 2015; Guglielmetti et al., 2016). None of them,
however, is exclusively specific for myelin, as each can be affected by sequence parameters
and biological components of the cortex (water content, iron, cells, fiber density).

Surface-based estimation of ultra-high resolution quantitative T2* at 7T in vivo is highly
reproducible (Govindarajan et al., 2015) and can reveal the myelo-architecture organization
of the human cortex, as well as microstructural intracortical changes in MS as a function of
cortical depth, likely related to demyelination (Cohen-Adad et al., 2012; Mainero et al., 2015).
However, as myelin fibers co-localize with iron in both the white matter and the cortex, T2*
is affected by the presence of iron, with ferritin iron content representing the primary source
of the intracortical T2* contrast (Fukunaga et al., 2010).
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1.3 The Combined Myelin Estimation model

In a previous study we developed a multivariate model for extracting 7T quantitative T2*
and 3T magnetization transfer ratio shared information to obtain the Combined Myelin
Estimation (CME), an index sensitive to cortical myelin content in healthy subjects, limiting
confounding factors including iron, cortical thickness (related to partial volume effect) and
BO inhomogeneity. Results of the CME spatial distribution obtained with this model showed
similar trends to that from histological work stained for myelin (Mangeat et al., 2015). More
recently, we applied the CME model in healthy volunteers and patients with MS to integrate
myelin-related information from quantitative T2* and T1 maps from 7T acquisitions and
demonstrated excellent reproducibility of the technique and better specificity to MS pathology
compared to T2* and T1 metrics alone (Mangeat et al., 2018). Longitudinal relaxation time
T1 correlates with brain myelin content (Koenig et al., 1990; Stuber et al., 2014) but is less
influenced by the presence of iron than T2* (Stliber et al., 2014). T1, however, also correlates
with cortical neuronal content in MS brain samples (Schmierer et al., 2010).

1.4 The Neurite Orientation Dispersion and Density Imaging model

The Neurite Orientation Dispersion and Density Imaging (NODDI) is a multicompartment
diffusion MRI model that showed high specificity in providing microstructural neuronal
indices in vivo (Zhang et al. 2012; Grussu et al. 2017). The parameters obtained from this
model are the neurite density index (NDI), the orientation dispersion index (ODI) and the
isotropic volume fraction (IVF). The latter shows the signal contribution of the free isotropic
Gaussian diffusion of cerebrospinal fluid or edema.

The NDI is a measure of neurite density, but also proved to correlate with myelin in the
healthy brain and in MS (Jespersen et al., 2010; Zhang et al., 2012; Grussu et al., 2017). In
the healthy brain, this parameter is higher in the white matter, reflecting the density of
myelinated axons, and lower in the grey matter (Jespersen et al. 2010). In vivo and ex vivo
studies on MS showed a decrease of NDI in white matter and cortical lesions and in the
normal-appearing white matter (Granberg et al. 2017; Grussu et al., 2017; Schneider et al.,
2017; Collorone et al., 2020).

The ODI is a measure of neurite dispersion. Its values are lower in the white matter, were
neurites are tightly organized, and higher in the grey matter because of dendrite arborization,
thus providing an index of grey matter complexity (Zhang et al., 2012). However, its

measurements in MS studies seem to give discordant results, also based on the magnetic field
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strength at which the parameter was obtained (Granberg et al., 2017; Grussu et al., 2017,
Schneider et al., 2017; De Santis et al., 2019).

1.5 Hypotheses and aims

We hypothesized that cortical microstructural alterations, likely related to myelin content
abnormalities, could be measured in vivo using the CME obtained from 7T quantitative T2*
and T1 mapping in a cohort of 25 early MS cases relative to 19 age-matched healthy
volunteers in both lesioned and normal-appearing cortex, and would evolve dynamically in
time, suggesting cortical demyelination and remyelination phenomena. As myelin content
could be influenced by additional pathological factors including neurite/dendrite loss,
measurements from the diffusion model were obtained along CME in cortical lesions and
whole cortex.

Secondarily, the relevance of cortical CME abnormalities on clinical and radiological
estimates of disease burden was investigated.

Finally, to further validate the CME technique, we assessed the relation between cortical
CME values in the healthy cohort and ex vivo myelin density optical measurements previously

obtained across several Brodmann areas.
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Methods

1.6 Subjects and clinical assessments

The Institutional Review Board approved this prospective cohort study protocol, and
subjects gave written informed consent to participate in the study according to the Declaration
of Helsinki.

General inclusion criteria were: age 18-60 years, no significant medical history (other than
MS for patients), and absence of MRI contraindications. Eligibility criteria for MS subjects
were: diagnosis RRMS diagnosis according to the McDonald criteria (Polman et al., 2011),
disease duration <5 years, stable disease-modifying treatment or no treatment for at least 3
months, no relapses in the 3 months prior to enrolment, no corticosteroids use for at least 1
month prior to enrolment.

Twenty-five early MS patients (mean age 38.2+8.9; females: 21) with disease duration <5
years and 19 healthy controls (mean age 35.8+10.2; females: 10) were prospectively enrolled
in the study.

All MS patients underwent a neurological examination with assessment of Expanded
Disability Status Scale (EDSS) score and Symbol Digit Modalities Test (SDMT). One patient
could not perform SDMT because of severe visual impairment. SDMT raw scores were
converted to Z-scores (SDMTz) after correcting for age and years of education (Parmenter et
al., 2010).

1.7 MRI acquisition protocol

All subjects were scanned on a 7T MRI whole-body scanner (MAGNETOM Siemens
Healthcare) equipped with a 32-channel receive head coil, and on a 3T whole-body MRI
scanner (MAGNETOM Skyra CONNECTOM, Siemens Healthcare), using a 64-channel head
coil, within one week from the 7T scan. Ten MS patients were re-scanned with the same
protocols at 1-year follow-up (mean follow-up time 1.0£0.2 years).

The 7T protocol included: two-dimensional fast low-angle shot T2*-weighted spoiled
gradient-echo (GRE) images (0.33 x 0.33 x 1 mm, repetition time/echo time [TR/TE] =
1700/21.8 ms) for lesion segmentation; 2D GRE sequence (0.5 mm isotropic, TR=3680 ms,
TE=3.12+3.32*[1..6] ms, 6 echoes, TA=40 min) to compute T2* maps; 3D dual
magnetization-prepared rapid GRE sequence (MP2RAGE, 0.75 mm isotropic,
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TR/TE/TI=5000/2.93/[900-3200] ms, flip angles=4° and 5°, TA=10 min) to compute T1
maps.

At 3T, we acquired a 3D T1-weighted image multi-echo magnetization prepared rapid
acquisition GRE (MPRAGE, 1 mm isotropic, TR=2530, TE=[1.15, 3.03, 4.89, 6.75] ms,
TI=1100 ms) for cortical surface reconstruction (Van der Kouwe et al., 2008). Multi-shell
diffusion-weighted images were acquired using a 2D echo-planar imaging sequence (1.5 mm
isotropic, b-values 1000 and 5000 s/mm2 with 64 and 128 diffusion weighting directions).

Figure 1.1 summarized the imaging study procedures.

1.8 Quantitative MRI analysis

Surface-based analysis—The cortical surface of each subject was extracted using
FreeSurfer 5.3.0 (http://freesurfer.net) from the 3T MPRAGE after correction for gradient
non-linearity-induced distortions. We used the 3T rather than the 7T images because the 7T
scanner produced more B1+ inhomogeneities, potentially yielding more errors in the
segmentations. Each surface reconstruction was carefully inspected any topographical errors
caused by lesions were semi-manually corrected with lesion in-painting. The 7T quantitative
T1 and T2* volumes were also corrected for gradient non-linearity distortions and then
registered to the subject’s surface using rigid (6 degrees of freedom, DOF) and affine (12
DOF) surface registration methods. Finally, T1 and T2* volumes were sampled at mid-cortical
depth along the cortex and projected to the FreeSurfer average (fsaverage) space. Cortical
thickness was computed to correct both metrics for partial volume effects on a per-vertex
level.

Combination of 7T quantitative maps—A spatial independent component analysis was
applied to the data to extract the myelin-specific signal shared by both metrics. This procedure
produces a composite map, the CME map, that contains the myelin information from both the
T2* and T1 maps (figure 1.1). The CME map has been suggested to be more specific to myelin
content than the T2* and T1 maps separately (Badji et al., 2016; Mangeat et al., 2016, 2015b).

1.9 Diffusion modeling

Diffusion-weighted images were corrected for gradient non-linearities, eddy-current
distortions and for subject motion using interspersed non-diffusion weighted images (Fan et
al. 2016). After preprocessing, the two-shell high-angular resolution diffusion-weighted

volumes were analyzed using the NODDI toolbox (v. 0.9, University College London,
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London, UK, http://mig.cs.ucl.ac.uk/mig/mig/index.php/?n=Tutorial. NODDImatlab/) (Zhang
etal., 2012).

Individual maps of diffusion-based metrics (ODI and NDI) were registered via their
corresponding non-diffusion weighted echo-planar images to the cortical FreeSurfer
reconstructions using a boundary-based registration with 12 degrees of freedom (Greve and
Fischl 2009). To minimize partial volume effects, NODDI metrics were sampled across the

whole cortex at mid-cortical depth (Granberg et al. 2017) (figure 1.1).
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Figure 1.2. Methodology of the imaging analysis: 7 Tesla Multi-echo T1-mp2rage and T2*
sequences were combined by independent component analysis to obtain cortical CME maps.
Cortical lesions were segmented on 7Tesla single-echo T* star sequences and projected to the
subject’s surface. Diffusion-weighted images at 3 Tesla (b-values=1000 and 5000 s/mm?;
diffusion directions=64 and 128) were acquired to obtain cortical NODDI maps. T1-weighted
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MPRAGE images at 3 Tesla were acquired for FreeSurfer cortical reconstructions.
CME=combined myelin estimation. Mp2rage = dual magnetization-prepared rapid gradient
echo. MPRAGE=magnetization prepared rapid acquisition gradient echo. NODDI= neurite
orientation dispersion and density imaging. NDI=neurite density index. ODI=orientation
dispersion index.

1.10 Lesion quantification and analysis

Intracortical, leukocortical and white matter lesions were manually segmented on Slicer
(version 4.4.0, 2014, http://www.slicer.org) on T2*-weighted single echo images and checked
on the corresponding T1 maps from 7T MP2RAGE acquisitions by active collaboration of
one radiologist and one neurologist (figure 1.2). New lesions were identified on a lesion-by-
lesion basis through agreement. Lesions were identified as focal hyperintensities that extended
for at least 3 voxels and across 2 consecutive slices (Louapre et al., 2015). Lesion volumes
were quantified by FSL wusing fsistats from FMRIB Software Library, v. 5.0
(http://fsl.fmrib.ox.ac.uk/fsl). Masks of normal-appearing cortex were obtained by subtracting
the lesion masks from the whole cortex by using fsimaths on FSL.

Values for CME and NODDI were extracted at 50% cortical depth in cortical lesion masks
and normal-appearing cortex. Since the focus of the study was the cortex, CME and NODDI
for leukocortical lesions were measured only in the intracortical portion of the mask.

At baseline, myelination status for each cortical lesion was defined based on the percentage
of voxels that had CME values <2 SD of the mean CME value in the corresponding cortical
area in the control group using the Desikan-Killiany atlas in FreeSurfer. This was done to
account for differences in myelo-architecture across the cortex. Based on the percentage of
voxels with reduced CME within an individual lesion, cortical lesions were then classified as
demyelinated (>50%), partially demyelinated (5-49%), non-demyelinated (<5%). At follow
up, we registered significant changes in CME (increased, decreased or stable) within each
individual lesion as a variation of at least 1 SD from the basal value (Bodini et al., 2016).
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Figure 1.2. White matter (green), leuko-cortical (yellow) and intracortical (red) lesion
segmentation on 7 Tesla single-echo T2* sequences.

1.11 Surface-based group analyses of CME and NODDI

Individual surfaces of CME and NODDI metrics were registered to a common template
surface in FreeSurfer and smoothed with a fullwidth at half-maximum kernel of 5 and 10 mm
respectively. For CME, a general linear model (GLM) was used vertex-wise across the
normal-appearing cortex, at three cortical depths, to i) correlate in control subjects CME with
myelin measurements from histology ii) assess differences between patients and controls, iii)
assess longitudinal CME changes in patients, iv) correlate cortical CME to EDSS and SDMT-
z.

Vertex-wise GLM analysis was used to investigate differences in NDI and ODI between
patients and healthy controls across the cortex. In all GLM analyses, a cluster-wise correction
for multiple comparisons using Monte Carlo simulation with 10,000 iterations was applied.

Significant clusters were localized using the Desikan-Killiany atlas in FreeSurfer.
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1.12 Statistical analysis

Statistical was performed on JMP pro v13. A p-value <0.05 was considered significant.

Demographics were compared between patients and controls by Wilcoxon test. Multilinear
regression with age and gender as nuisance factor was used to compare cortical thickness in
patients versus healthy volunteers. Pearson correlation was used to compare CME in healthy
controls and myelin measurements from histology (Braitenberg 1962; Mangeat et al., 2015).

Matched paired-t test was used to assess i) CME and NODDI in cortical lesions versus
normal-appearing homologous contralateral grey matter, ii) cortical lesion CME and NODDI
changes at follow-up, iii) changes in cortical lesion and white matter lesion volume at follow-
up. A multilinear regression, including age as a nuisance factor, was used to compare CME in
cortical lesions versus cortical grey matter in healthy controls.

Nominal logistic regression was used to correlate CME status at baseline (demyelinated,
partially demyelinated, non-demyelinated) to NODDI continuous values and to correlate
CME status at follow-up (increased, decreased, stable) to lesion type. Subject ID was included
in the analysis as a confounding factor. Multilinear regression was applied to compare NODDI
at baseline and follow-up in individual lesions divided based on CME status at follow-up.
Subjects ID was a confounding factor.

Repeated measures correlation, to account for different cortical lesion count among
subjects, was applied to check for correlations between CME in cortical lesions and clinical
and MRI parameters. MRI parameters included in the analysis were cortical lesion count and
volume, white matter lesion volume, cortical thickness. Clinical metrics included in the
analysis were: disease duration, age at disease onset, EDSS, SDMT-z. Pearson’s correlation
related cortical thickness to EDSS and SDMT-z.
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Results

1.13 Demographic, clinical and MRI results

The demographic, clinical and MRI characteristics of the study subjects are summarized in
table 1.1. Twenty-five early MS patients (mean age 38.2+8.9; females: 21) with disease
duration <5 years and 19 healthy controls (mean age 35.8+£10.2; females: 10) were
prospectively enrolled in the study. Ten MS patients (mean age 36+7.6 years; females: 8) were
re-scanned after one-year (mean follow-up time 1.0£0.2 years).

At baseline, 103 cortical lesions were detected in 20/25 (80%) MS patients, 62 (60%)
intracortical, 41 (40%) leukocortical (table 1.1). No lesions were detected in the healthy group.

At 1-year follow-up, 25 new cortical lesions (23 intracortical and 2 leukocortical)
developed in 4/10 patients. Overall, both cortical and white matter lesion volumes tended to
be higher at follow-up, although not significantly. Cortical thickness did not change
significantly (table 1.2).

Diffusion NODDI images were acquired at baseline in 21 MS patients (18 of which showed

cortical lesions) and 17 healthy controls, and in 9/10 patients re-scanned at 1-year follow-up.
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Table 1.1. Demographic, clinical and radiological characteristics of the study subjects.

Characteristic Healthy controls MS patients P value
n=19 n=25

Age, mean£SD 35.8+10.2 38.2+8.9 0.3*

Females number 10 21 0.04**

Disease duration in years, median (range) - 1.9 (0.6-4.7) -

Age at disease onset, mean+SD - 3548.1 -

EDSS, median (range) - 2 (0-5) -

SDMT z-score, median (range) - 0.75 (-1.92, 3.3) -

Disease modifying treatment n - 22 -

- Dimethyl fumarate n - 10 -

- Glatiramer acetate n - 5 -

- Interferon beta-1a n - 4 -

- Natalizumab n - 2 -

- Ocrelizumab n = 1 -

Cortical thickness in mm, mean+SD 2.43+0.1 2.40+0.1 0.89%***

Total cortical lesion count, median (range) - 2 (1-22) -

Total cortical lesion volume mm?, - 245+245 -

meanzSD

Intracortical lesion volume mm?, - 162+161 -

meanzSD

Leukocortical lesion volume mm§, - 164+180 -

meanzSD

White matter lesion volume mms3, - 135742160 -

meanzSD

Note: MS=multiple sclerosis; SD=standard deviation; EDSS=expanded disability status scale;
SDMT=symbol digit modalities test. *by Wilcoxon test; **by Fisher’s exact test. *** by multilinear
regression correcting for age and gender.
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Table 1.2. MRI characteristics of the MS patients re-scanned after 1 year.

MRI characteristic Baseline follow-up P value
Cortical thickness mm, mean+SD 2.40+0.08 2.41+0.07 0.67*
Total cortical lesion count, median 5 (1-22) 5.5 (1-33) -
(range)

White matter lesion volume mm3, 1350+2162 147242025 0.3*
mean+SD

Total cortical lesion volume mm?, 2531242 369+566 0.4*
mean+SD

Note: MS=multiple sclerosis. SD=standard deviation. *By matched pairs t test.

1.14 CME and NODDI metrics along the normal-appearing cortex

In healthy subjects, we found a positive correlation between CME at each cortical depth

and myelin density optical measurements previously obtained in the corresponding cortical

regions of a healthy adult human brain (Braitenberg 1962; Mangeat et al., 2015) (figure 1.3).
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Figure 1.3. Pearson correlation between combined myelin estimation (CME) values in the
healthy controls’ cortex and Braitenberg’s myelin optic measurements23 across 12 Brodmann
areas (BA). Pearson coefficient was 0.6 (p=0.036) at 25%, 0.7 (p=0.022) at 50% and 0.7 (p=0.024)
at 75% of cortical depth from the pial surface.
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At baseline, the GLM analysis revealed several clusters of significantly reduced CME in
MS patients compared to control group in the normal-appearing cortex at all cortical depths,
especially in the precentral and postcentral gyri and in the supramarginal cortex, together with
fewer areas in which CME was increased (figure 1.4 A). Supplemental table 1 summarizes
the localization of the clusters in which CME values were significantly different in MS
patients versus controls. No differences in NDI or ODI were seen at GLM analysis between
patients and controls along the whole cortex.

In 10 patients re-scanned at 1-year follow-up, CME % was overall reduced in normal-
appearing cortex (50.0£2 versus 49.7+2, p=0.02 by matched pairs t test). The GLM comparing
vertex-wise CME sampled along the cortex at 25%, 50% and 75% depth showed areas of
reduced CME at follow up relative to baseline along with fewer clusters with increased CME
(figure 1.4 B).
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Figure 1.4. Overlay of the general linear model significance maps (p < 0.05 corrected for multiple
comparisons). A) Clusters of significantly reduced (blue) or increased (yellow) combined myelin
estimation (CME) values in the normal appearing cortex of 25 patients with early multiple
sclerosis versus 19 age-matched healthy controls. B) Variation in CME values in the normal
appearing cortex of 10 MS patients re-scanned at one-year follow-up. Blue clusters indicate areas
of CME reduction, yellow clusters indicate CME increase. Both analyses were performed on
normal appearing cortex at three cortical depths (25%, 50%, 75%) from the pial surface,
overlapped in the figure. Color bars show -log10(p value).
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1.15 CME and NODDI metrics in cortical lesions

Overall, cortical lesions showed lower mean CME values relative to the contralateral
normal-appearing cortex (p=0.04 by t test) and to healthy subjects’ cortex (p=0.03 by
multilinear regression), while no differences were detected for either NDI or ODI in the same
regions (table 3).

Individual cortical lesion analysis showed that 62/103 (60%) of them were demyelinated,
either extensively 33/103 (32%) or partially 29/103 (28%). The percentage of demyelination
did not relate to lesion type (p=0.4 by Wilcoxon test for intracortical versus leukocortical).
Forty-one out of 103 lesions showed <5% demyelinated voxels.

Values of NDI and ODI were extracted individually for 97 cortical lesions (18 MS subjects)
at baseline. No difference was seen in either NDI or ODI in MS cortical lesions relative to the
contralateral normal-appearing cortex in patients (respectively, p=0.4 and 0.6, by t test) and
to the healthy controls’ cortex (p=0.3 and 0.2 by multilinear regression) (table 1.3). Values of
NDI and ODI were also grouped based on cortical lesion myelination status as measured by
CME, and did not show any difference between demyelinated, partially demyelinated or non-
demyelinated cortical plaques (for NDI p=0.6; for ODI p=0.7, by nominal logistic regression,
subject ID was an adjusting factor).

At follow-up, cortical lesions showed an overall reduction in CME % (48.8+7.2 versus
46.5+6.1, p=0.03 by t test), suggesting further global demyelination.

Individual CME lesion analysis revealed that out of the total 63 lesions re-examined at
follow-up, 26 (41%) showed reduction of their basal CME values >1 SD, 27 (43%) showed
no significant changes, while 10 (16%) registered an increase >1 SD of CME basal values.
Interestingly, two of the lesions with increased CME were fully demyelinated at baseline but
reached mean CME values in the range of normality at follow-up, suggesting effective
remyelination.

Lesion type (intracortical or leukocortical) was not a predictor of CME changes at follow
up (p = 0.59 by nominal logistic regression).

No significant changes were seen in NODDI metrics in cortical lesions (by paired t test) at
follow-up. However, when individual cortical lesions were divided based on CME changes at
follow-up (increased, stable, decreased), a significant increase was seen in ODI in lesions with
increased CME (ODI mean+SD 0.49+0.08 at baseline versus 0.57+0.02 at follow-up, p=0.009

by multilinear regression, subject ID was included as a confounding factor).
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Table 1.3. Results from the Combined Myelin Estimation and Neurite Orientation Dispersion
and Density Index modelling in the cortex of early stage multiple sclerosis subjects and healthy
controls.

Metric MS cortical = MS contralateral =~ P value MS whole Healthy controls | P value
lesions normal cortex whole cortex
appearing cortex

CME % 47.1+6.4 50.0+8.6 0.04* 50.2+1.8 50.6+1.8 0.4**
mean+SD

NDI 0.42+0.03 0.42+0.03 0.4* 0.43+0.01 0.43+0.02 0.8**
mean+SD

oDl 0.55+0.04 0.56+0.05 0.6* 0.56+0.01 0.56+0.01 1.0**
mean+SD

MS=multiple sclerosis. CME=combined myelin estimation. NDI=neurite density index.
ODI=orientation dispersion index. * by matched pairs t test. ** by multilinear regression (adjusted for

age).

1.16 Correlations between CME and MRI and clinical disease burden

The repeated measures correlation analysis did not show any association between mean
cortical lesion count and volume and white matter lesion load with clinical outcome metrics.
No association was found between cortical thickness and either EDSS or SDMTz by Pearson
correlation.

The GLM along the whole cortex showed significant clusters of correlations between CME
sampled at three cortical depths and both EDSS and SDMTz (figure 1.5).

For EDSS, both positive and negative areas of correlation were found at the three depths,
with positive clusters more represented at 25% from pial surface, and negative ones at 75%
from pial surface. Negative clusters were mainly located in the precentral gyrus and inferior
parietal cortex, positive clusters in the postcentral gyrus and the cingulate cortex (figure 1.5
A, table 1.4).

For SDMTz, we found that in the majority of cases, especially for clusters located at mid-
cortical level, lower CME values correlated with lower SDMTz scores (figure 1.5 B). These
clusters were mainly located in the left superior parietal, right inferior parietal and lateral
occipital cortex, and in the right supramarginal gyrus (table 1.4).

Interestingly, an area located in the caudal anterior cingulate, where myelin content
appeared to be increased in patients compared to healthy subjects, showed positive correlation
with EDSS and negative with SDMTz (figure 1.5 C).
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MS vs controls

Figure 1.5. Overlay of the general linear model significance maps (p < 0.05 corrected for multiple
comparisons) showing clusters of positive (blue) and negative (yellow/red) correlations between
combined myelin estimation and (A); Expanded Disability Status Scale; (B) Symbol Digit
Modalities Test Z-scores. Both analyses were performed at three cortical depths (25%, 50% and
75%) from the pial surface, overlapped in the figure. Color bars show -logio(p value). In (C),
circled in white, cortical area in the right caudal anterior cingulate in which CME was
significantly higher in MS patients than in healthy controls. In patients, this area showed positive
correlation with EDSS scores and negative correlation with SDMT z scores.
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Table 1.4. Localization of clusters indicating positive and negative correlations between
Combined Myelin Estimation at three cortical depths and i) Expanded Disability Status Scales
score ii) Symbol Digit Modalities Test Z-scores. The number of clusters is indicated in round
brackets.

Cortical depth -
distance from pial
surface
25%

50%

75%

Cortical depth -
distance from pial
surface
25%

50%

75%

Cortical depth -
distance from pial
surface

25%
50%

75%

EDSS
Negative correlation
Left hemisphere

Superior parietal (3) - precentral (2) —
inferior parietal (2) — rostral middle frontal
(2) — pars triangularis (1) — caudal middle
frontal (1) — cuneus (1) — precuneus (1) -
supramarginal (1)

Precentral (3) — superior temporal (1) —
superior parietal (1) — cuneus (1) —
supramarginal (1) — caudal middle frontal

1)

Superior parietal (1) — superior temporal
(1) - inferior parietal (1)

Positive correlation
Left hemisphere

Isthmus cingulate (1)

Isthmus cingulate (2) — postcentral (1)

Lateral occipital (4) — isthmus cingulate
(2) — precentral (2) — precuneus (1) —
posterior cingulate (1)

SDMT-z
Negative clusters

Left hemisphere

Lateral occipital (1)
Lateral occipital (1) — precentral (1)

Precuneus (1) — precentral (1)

Positive clusters

Right hemisphere

Inferior parietal (2) — precuneus (2) —
cuneus (1) — lateral occipital (1) — lingual
(1) — peri-calcarine (1) -

Superior frontal (1) — precuneus (1) —
precentral (1)

Caudal anterior cingulate (1)

Right hemisphere

Caudal anterior cingulate (2) — isthmus
cingulate (1) — superior frontal (1)

Postcentral (3) — caudal anterior cingulate
(2) - supramarginal (2) — precuneus (1) —
pars opercularis (1) —insula (1) — isthmus
cingulate (1) — inferior parietal (1)
Postcentral (6) — precuneus (2) — caudal
anterior cingulate (2) — supramarginal (2)
superior frontal (2) - rostral middle frontal
(1) - pars opercularis (1) — middle
temporal (1) — insula (1) — lingual (1) —
lateral occipital (1) — precentral (1) —
transverse temporal (1) — superior
temporal (1) — inferior parietal (1)

Right hemisphere

none
Caudal anterior cingulate (1) —
supramarginal (1)
Caudal anterior cingulate (1) —
supramarginal (1)
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Cortical depth -
distance from pial
surface
25%

50%

75%

Left hemisphere

Pars triangularis (2) — superior parietal
(2) — superior frontal (2) — rostral
middle frontal (1) — pars opercularis
(1) — superior temporal (1) —
postcentral (1) — supramarginal (1)
Superior parietal (4) - rostral middle
frontal (3) — pars triangularis (2) —
caudal anterior cingulate (2) — superior
frontal (2) — superior temporal (2) -
pars opercularis (1) — precuneus (1) —
supramarginal (1) — cuneus (1) —
inferior parietal (1)

Superior parietal (2) — rostral middle
frontal (2) — superior frontal (1) —
superior temporal (1) — supramarginal

()

Right hemisphere

Inferior parietal (3) — supramarginal
(2) — superior parietal (1) — rostral
middle frontal (1) — superior frontal (1)
— precuneus (1) — lateral occipital (1) —
peri-calcarine (1)

Inferior parietal (5) — lateral occipital
(5) - supramarginal (2) — superior
parietal (2) - lingual (2) — precuneus
(2) — peri-calcarine (2) - post central
(1) — superior temporal (1)

Inferior parietal (3) — lateral occipital
(3) - supramarginal (2) — superior
temporal (2) — postcentral (2) —
superior parietal (2) - inferior temporal
(1) — isthmus cingulate (1) — precuneus

)
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Discussion

In this study, we applied CME from quantitative 7T acquisitions to assess microstructural
changes likely related to myelin content in cortical lesions and normal-appearing cortex of
early MS cases. To exclude that CME changes could reflect other pathological factors
including neurite/dendrite loss, NODDI measurements were also obtained. In patients, mean
CME was overall abnormally decreased in cortical lesions and several regions of the cortical
mantle, without significant changes in diffusion metrics or cortical thinning, suggesting early
cortical demyelination in the absence of decreased neuroaxonal density and overt cortical
atrophy. Individual cortical lesion analysis and the vertex-wise analysis, however, also
revealed heterogeneous CME patterns, possibly reflecting underlying concomitant
phenomena of complete demyelination, partial demyelination or remyelination, similarly

evident at 1-year follow-up.

Although initially considered as a hallmark of progressive disease (Kutzelnigg et al., 2005),
cortical demyelination has also been demonstrated in early MS by histopathological
observation (Lucchinetti et al., 2011), where cortical demyelination was detected in 38% of
subjects at disease onset, in some areas associated to meningeal inflammation. In the majority
of cortical lesions, neurites were preserved, though neurite swelling was observed in few
cases. Magnetic resonance imaging studies at lower field strength have also shown cortical
demyelinating lesions in the very early stages of the disease (Calabrese et al., 2010; 2010b).

Visualization of cortical pathology thought to reflect myelin changes has been previously
reported in vivo in early MS in focal cortical lesions segmented from 7T MRI acquisitions by
applying the ratio of T1- and T2-weighted images (Granberg et al., 2017). This ratio combines
the information from T2 and T1 signals, which show opposite correlations with myelin
(negative for T2-, positive for T1-weighted sequences), thereby enhancing the contrast to
noise ratio for myelin and providing a relatively simple and clinically feasible method to map
cortical myelin content (Glasser and van Essen 2011; Glasser et al., 2016). Previous data
provided evidence that this technique can detect cortical microstructural changes in early MS
in vivo (Righart et al., 2017). The pathophysiological correlates of the T1/T2-weighted ratio
in MS, however, remain uncertain. Analysis of T1/T2-weighted ratio values of ex vivo

progressive MS brains yielded a strong correlation with dendrite density but not with myelin
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(Righart et al., 2017), while other post mortem MS imaging data found that T1/T2-weighted
ratio values significantly differ between demyelinated and non-demyelinated cortex
(Nakamura et al., 2017). In our study, cortical CME in the healthy group correlated across
several Brodmann areas to myelin optical measurements obtained from histology, providing
indirect evidence that the metric reflects, at least partly, changes related to cortical myelin

content.

In our cohort, cortical lesions were present in 80% of MS subjects, confirming high in vivo
detection of cortical pathology in early MS by 7T MRI (Pitt et al., 2010; Kilsdonk et al., 2016;
Granberg et al., 2017).

Overall CME was reduced both in cortical lesions and normal-appearing cortex, suggesting
the presence of widespread microstructural abnormalities likely related to demyelination.
When we performed an individual cortical lesion analysis, we found that 60% of cortical
lesions had some degree of demyelination while the remaining had reduced CME in less than
5% of the total voxels. These findings, also present at vertex-wise level in the normal-
appearing cortex, would suggest the presence of concomitant phenomena of incomplete
demyelination and, possibly, remyelination. This pattern is supported by previous combined
histopathological/MRI analyses of autoptic cortical MS tissue, which showed that some of the
cortical hyperintensities detected by 7T T2* sequences (7/83, 8%) represented incompletely
demyelinated or remyelinating areas (Kilsdonk et al., 2016).

As reported in histology works, remyelination in the MS cortex could be extensive and
widespread (Albert et al., 2007; Strijbis et al., 2017). These studies provided evidence that
remyelination, either extensive or partial, is present in the majority (more than 70%) of cortical
lesions in chronic MS (Albert et al., 2007; Strijbis et al., 2017).

It is also known though that the newly formed myelin sheaths are usually thinner than those
that never underwent demyelination. Their chemical composition, however, might be
different, and other factors including iron deposition, reduction of axon density, or the
presence of inflammatory cells (Patrikios et al., 2006; Haacke et al., 2009; Lee et al., 2019),
might be influencing our measurements.

Longitudinal data showed an overall decrease of CME values both in cortical lesions and
normal appearing cortex. The GLM analysis showed the presence of areas of both reduced
and increased CME when comparing the whole cortex in MS patients at baseline and 1-year

follow-up. Remyelination and demyelination in MS are dynamic processes, alternating and
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coexisting within the same subject, its extent varying based on intrinsic factors, the anatomical
location and the disease phase (Patrikios et al., 2006, Albert et al., 2007; Bramow et al., 2010;
Strijbis et al., 2017).

At follow-up, we found remyelinating lesions in 4/10 MS subjects, within 16% of total
lesions. Pathology showed that about 18% of cortical lesions are extensively remyelinating in
chronic MS (Albert et al., 2007).

The results from the NODDI analysis showed that neither NDI nor ODI were pathological
in patients, while CME showed significant differences both in cortical lesions and in normal-
appearing cortex, proving to be more sensitive in disclosing early microstructural damage.

The NDI relates to neuroaxonal density and has been found to be reduced in the MS white
matter and cortical lesions from the disease stages (Granberg et al., 2017; Grussu et al., 2017).
Our results suggest that, at least in our cohort, cortical demyelination is not accompanied by
neural loss in the early phase of the disease, as previously observed by ex vivo analysis of the
MS cortex (Lucchinetti et al., 2011).

In ex vivo studies, NDI has been also found to correlate with myelin content (Jespersen et
al., 2010, Grussu et al., 2017). Our results suggest that, at least in our cohort, CME represents
a more sensitive measure of cortical microstructural changes likely related to demyelination,
especially in the early MS stages when myelin pathology might not be necessarily
accompanied by a decrease in neuroaxonal density. Additionally, relative to NODDI, the
CME approach from 7T MRI enables acquisition of higher resolution images, which may be
more effective for laminar cortical pathology analysis.

The higher ODI found in cortical lesions with increased CME at follow-up could indicate
higher arborization of the dendrites in repairing lesions, as opposed to the lower arborization
found in demyelinating lesions (Zhang et al., 2012; Grussu et al., 2017). We cannot completely
rule out, however, that the increase in CME observed at follow-up could have been, at least
in part, influenced by resolution of possible inflammatory processes within cortical lesions
(Herranz et al., 2019).

We did not observe significant changes in cortical thickness, cortical volume or lesion load
after 1 year, but detected significant changes is CME. This indicates the presence of ongoing
microstructural cortical damage present since the early phase of the disease, detectable by

guantitative imaging, which represents a more sensitive tool than anatomical MRI.
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Neurological disability as measured by EDSS showed both negative and positive clusters
of correlation with CME. Negative clusters along the precentral gyrus can indicate an effect
of demyelination on cortico-spinal tract integrity, which has been reported to be affected from
the early stages of the disease (Pawlitzki et al., 2017).

Information processing speed scores positively correlated with CME in several regions,
especially in the superior parietal lobule, inferior parietal lobule, lateral occipital cortex,
lingual gyrus and supramarginal gyrus. These areas are involved in visual orientation, object
recognition and visual memory. The SDMT s typically used to test processing speed in
patients with MS. Processing speed is mainly guaranteed from the integrity of several white
matter tracts, although the presence of lesions in specific cortical regions, in particular
Brodmann areas 39 and 40, has been proved to affect it (Turken et al., 2008).

The finding of both positive and negative correlation, however, is probably due to the low
disability in our early cohort and the pretty homogeneous EDSS scores among subjects, which
affected the statistical power of the analysis. However, the presence of both negative and
positive clusters may, at least in part, indicate the presence of heterogeneous microstructural
alterations in which areas of demyelination and remyelination coexist. These phenomena of
remyelination do not seem to necessarily have a positive effect on clinical outcome. As
suggested from a study on animal models, remyelination itself can alter cortical circuits,
possibly leading to functional impairment (Orthmann-Murphy et al., 2020). Cortical
microstructural damage can directly affect cognitive and sensorimotor domains and cause
disability. However, our results suggest that CME changes are not necessarily associated
topographically to functional impairment. The presence of cortical demyelination and
compensatory remyelination instead should be considered as an index of severity of the
disease, at least in our early MS cohort. In this scenario, SDMT proved to relate to cortical
demyelination better than EDSS, although this has to be validated by more systematic
analyses. Cognitive impairment in MS can occur during the early phases and is often
underdiagnosed, being already present when physical disability is still minimal (Anhoque et
al., 2012; Menascu et al., 2019).

We observed an area of increased CME, suggesting higher myelin content, when
comparing the patient group versus control group, in the right caudal anterior cingulate (figure
1.5 C). Interestingly, this area of increased CME positively correlates with EDSS scores and

negatively with cognitive performance. This could indicate that, in this case, cortical
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remyelination represents a reaction to massive demyelination related to more aggressive forms
of the disease, but it is not sufficient to compensate for clinical disability.

On the other hand, data from PET imaging show that remyelination in the white matter is
more favourably related to disability outcomes in MS (Bodini et al., 2016). The biological
mechanisms connecting cortical remyelination and clinical outcome in MS patients are,
however, still to be elucidated, as well as the extent to which cortical remyelination contributes
to improving disease course. Our study included an MS cohort with relatively low disability
scores and short disease durations. It is possible that more significant effects of demyelination
on clinical status might manifest later as the disease progresses. Further studies on later and
progressive MS stages, as well as longitudinal examinations, could help to clarify this aspect.
Longitudinal studies can also establish the value of cortical demyelination assessment for

predicting the occurrence of cognitive disability and other neurological impairment.

Cortical CME in the control group correlated across several Brodmann areas to myelin
optical measurements obtained from histology (Braitenberg 1962), providing indirect
evidence that the metric is related to cortical myelin content. Compared to previous CME data
obtained by combining 7T T2* with 3T magnetization transfer ratio (Mangeat et al., 2015),
the current approach enables acquisition of higher resolution images, more effective for
laminar cortical pathology analysis (Mangeat et al., 2018).

Limitations to our study include the small follow-up sample that might have affected the
statistical power to investigate further longitudinal changes in cortical CME, as well as the
lack of longitudinal data for healthy subjects, although high scan-rescan reproducibility of
CME in healthy subjects was previously demonstrated (Mangeat et al., 2018). Although we
provided indirect validation of the technique, an ex vivo study is further required to completely
clarify the reliability of our measurements, especially in lesioned tissue, where other factors

aside myelin content, including inflammation, might influence our metric.

In conclusion, our study showed that CME using ultra high resolution quantitative T2* and
T1 at 7T is a sensitive technique to detect early cortical microstructural changes in early MS
likely related to concomitant processes of cortical demyelination and remyelination. The
correlation to clinical disease burden, at least in the early phase of MS, showed ambivalent

results. Further investigations involving patients at later stage of the disease, a larger cohort
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and longer follow-up are required to better clarify the nature of cortical demyelination and
remyelination and their relationship to the disease outcome.

The quantitative approach proposed in this study could be also applied to investigate other
neurological diseases affecting the cortex, like dementia, epilepsy and cerebrovascular
disease.
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Section 2

Characterization of inflammatory disease activity and its relation to
myelin content in the lesioned and normal-appearing white matter in
patients at different stages of multiple sclerosis: a combined MR-PET and
synthetic MRI study
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Summary

Objectives. To assess neuroinflammation in the white matter lesions and normal-appearing
white matter of patients with different subtypes of MS (relapsing-remitting and secondary
progressive) by 'C-PBR28 PET imaging; to relate inflammatory activity to clinical and
radiological disease burden; to classify white matter lesions based on their inflammatory
activity relative to normal-appearing white matter; to assess myelin content in the lesioned
and normal-appearing white matter by synthetic MRI imaging and correlate it to

neuroinflammation and disease burden.

Methods. Patients with MS and healthy volunteers were scanned in a 3 Tesla MR-PET
scanner after injection of 1!C-PBR28 for quantification of microglia activation. The synthetic
MRI protocol was acquired in the same session. White matter lesions were segmented on 3
Tesla FLAIR or 7 Tesla T2* sequences. Clinical disability was assessed in MS patients by
EDSS and SDMT scores. White matter 1C-PBR28 binding was assessed using standardized
uptake values (SUV). To account for global signal differences across subjects, SUV maps
were normalized by a pseudo-reference region (SUVR) in the normal-appearing white matter
with mean SUV in patients around the mean SUV in controls. Myelin content maps were
obtained automatically by the synthetic MRI software. Values of SUVR and myelin content
were obtained for white matter lesions, perilesional areas and normal-appearing white. SUVR
values were compared in MS and healthy controls by voxel-wise analysis on FSL. The relative
differences in tracer uptake between patients and controls was used to extract a threshold for
differentiation active versus non-active patients, depending on the inflammatory activity in
their white matter lesions. White matter lesions were classified, based on their TSPO uptake
relative to the surrounding white matter, in active, peripherally active and inactive.
Correlations between SUVR and myelin content were assessed in white matter lesions,
perilesional areas and normal-appearing white matter. Values of SUVR and myelin content

were also related to clinical and radiological parameters.

Results. The voxel-wise analysis revealed the presence of high inflammatory activity in
the white matter of 33 MS patients compared to 16 healthy controls. Patients classified as

active based on their white matter lesion inflammation had longer disease duration and worse
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disease outcomes compared to non-active subjects. SUVR values in white matter, perilesional
areas and normal-appearing white matter correlated with clinical and radiological metrics.
Active white matter lesions were more frequent in the early disease and decreased with
disease duration, while inactive lesions showed inverse behaviour. Peripherally active lesions
were more frequent in the secondary progressive disease and related to clinical disability.
Myelin content inversely correlated with microglia activation especially in white matter

lesions and directly correlated with clinical and radiological disease burden.

Conclusion. Our study confirmed an increased microglia activation in MS patients versus
healthy subjects, which relates to clinical and radiological outcomes. Myelin content inversely
correlates with microglia activation especially in white matter lesions and with clinical and
radiological disease burden. The synthetic MRI proved to be a useful tool to assess
pathological myelin changes in MS and a promising tool for monitoring the effect of myelo-
protective and remyelinating drugs.
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Introduction

2.1 Classification of MS lesions based on inflammatory activity

Several pathological classifications of MS lesions have been proposed in the last decades
(Trapp et al., 1998; Lucchinetti et al., 2000; Kuhlmann et al., 2017). These classifications are
based on the presence of factors as cell infiltration (lymphocytes, macrophages/microglia),
astrogliosis, axonal loss, myelin loss and myelin degradation products inside the
macrophages/microglia (fig. 2.1). These elements allow the staging of the lesion based on the
inflammatory and the demyelinating activity.

Inflammatory active lesions with myelin destruction are more typical of the early MS
phases, as shown in WML in an ex vivo study (Frischer et al., 2015), and decrease with disease
duration. Inflammatory active lesions represent the initial appearance of established MS
lesions and are the lesions which most likely will help to identify pathogenetic mechanisms
contributing to lesion formation (Kuhlmann et al., 2017).

Peripherally active lesions are those in which the lesion core is inactive and the
inflammatory activity is confined to the periphery. They may or may not show demyelinating
activity. These lesions have also been called “smoldering” or “slowly expanding” when found
in the later stages of the disease (Lassmann 2008; Frischer et al., 2015; Seti et al., 2017).

Inactive lesions are hypocellular and feature marked axonal loss. A gliotic scar of
astrocytes can be present (Ludwin 2000). Inactive lesions are the dominating type in MS
patients with long disease duration and/or SPMS without attacks (Frischer et al., 2015).

Remyelination, detected in all lesion types described, can be defective especially in patients
with progressive disease. Extensive remyelination can be found in about 20% of lesions (the
so-called “shadow plaques”), although the newly formed myelin can be instable and undergo
new waves of demyelination (Patrikios et al., 2006; Bramow et al., 2010). As previously
discussed, the efficacy of remyelination depends on lesion location, as well as intrinsic factors
related to the patient (Patrikios et al., 2006; Albert et al., 2007; Goldschmidt et al., 2009;
Strijbis et al., 2017).
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Fig. 2.1. schematic representation of MS lesions based on lesion aging, inflammatory activity and
demyelination activity (from Kuhlmann et al., 2017).
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2.2 In vivo characterization of MS lesion types

Imaging studies have recently focused on the characterization of the inflammatory activity
of MS lesions and their relation to clinical disability and disease course.

A positron emission tomography (PET) study with XC-PBR28, a marker of activated
microglia, detected in vivo the presence of inflammatory active lesions in the white matter of
both SPMS and RRMS patients, although more frequently in the second group, a higher
proportion of inactive lesion in the progressive disease and an association of this type of lesion
with disease duration. Active lesions were detected also in treated patients (Datta et al., 2017).

In another PET study with the same radiotracer, we proved the presence of active versus
non-active lesions in cortical grey matter (Herranz et al., 2020). !C-PBR28 uptake was
abnormally high in cortical lesions in RRMS and SPMS; in SPMS, tracer uptake was
significantly increased also in normal-appearing cortex. Patients with high cortical lesion
inflammation had worse clinical outcome and higher intracortical lesion burden than patients
with low inflammation.

In an ultra-high-field MRI study, the presence of expanding lesions in the white matter has
been associated with a more aggressive disease course, even in individuals on highly effective
MS treatment (Absinta et al., 2019).

2.3 Visualization of MS inflammatory activity by 1'C-PBR28 PET

Activated microglia upregulate the expression of the 18kDa mitochondrial translocator
protein (TSPO), which can be imaged in vivo by selective PET TSPO radioligands (Banati et
al., 2000). A genetic polymorphism of the TSPO rs697 gene, leads to three possible binding
affinity patterns: high, mixed and low (Owen et al. 2012).

In previous studies, using MR-PET imaging with !C-PBR28, a second-generation TSPO
radiotracer, we demonstrated abnormally increased cortical TSPO expression, indicative of
microglia activation, in a cohort of MS patients relative to a healthy control population
matched for binding affinity and age, in normal-appearing white matter (NAWM), cortex,
thalamus, hippocampus and cerebellum (Herranz et al., 2016, Barletta et al., 2020). In these
patients, microglia activation correlated with clinical disability. Interestingly, in contrast to
WM plaques, where 'C-PBR28 uptake was greater in SPMS than in RRMS, cortical lesions
showed similar levels of abnormally high TSPO expression in both disease stages. We also
found that, especially in RRMS, neuroinflammation was not strictly associated with MRI

metrics of neurodegeneration. Importantly, in cases where post-gadolinium contrast agent
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scans were available, cortical microglia activation was not accompanied by the presence of

macroscopic disruption of the blood brain barrier.

2.4 Quantification of myelin content by a new synthetic MRI approach

The water entrapped between the myelin sheaths has specific physical properties with rapid
relaxation times (~10 ms), due to its strong magnetization exchange with the myelin
macromolecules. This phenomenon makes visualization of bound myelin water by
conventional MRI methods challenging. Recently, a new MRI myelin detection model was
proposed to measure the presence of myelin by its effect on the surrounding cellular water
(Warntjes et al., 2016, Granberg et al., 2016). The observable relaxation rates of cellular water
increase in the vicinity of myelin due to magnetization exchange with fast-relaxing myelin
water. Meanwhile, the observable proton density decreases in the presence of myelin, since
the myelin water decays too fast to be detected by conventional imaging. These effects are
used for myelin visualization using a multi-parametric MRI acquisition that quantifies R1 and
R2 relaxation rates (the inverse of the corresponding relaxation times T1 and T2) and the
proton density. The concept of this method is incorporated in the Rapid Estimation of Myelin
for Diagnostic Imaging (REMyDI) featuring the post-processing framework of the Synthetic
MRI (SyMRI) software (https://www.syntheticmr.com).

In a recent study, this promising technique showed a reduction in myelin content in the
NAWM in MS patients versus controls, and a correlation with physical disability in the
longitudinal observation (Ouellette et al., 2020; figure 2.2).
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Figure 2.2. T2-weighted fluid-attenuated inversion recovery and the corresponding rapid myelin
imaging in 4 representative subjects. A) A 56-year-old female healthy control. B) A 53-year-old
female with primary progressive multiple sclerosis, disease duration of 9 years, EDSS score of
3.5, SDMT z score of —0.38. C) A 39-year-old female with relapsing—remitting multiple sclerosis,
disease duration of 14 years, EDSS score of 1.0, SDMT z score of —1.0. D) A 40-year-old female
with secondary progressive multiple sclerosis patient, disease duration of 25 years, EDSS of score

7.0, and SDMT z score of —3.9. (from Ouellette et al., 2019).
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2.5 Hypothesis and aims

In this combined PET-MRI study, we aimed at classifying patients with MS at different
stages in active versus non-active based on the presence of 'C-PBR28 tracer uptake,
indicating microglia activation, in the white matter lesions. Successively, we assessed the
differences between the two groups in MRI and clinical disease burden. We also aimed at
performing a classification of white matter lesions based on their inflammatory activity
relative to surrounding normal-appearing white matter in different MS subtypes, as recently
proposed by other in vivo imaging studies.

We hypothesized that myelin content in the white matter of MS patients can be influenced
by the presence of inflammatory activity. To address this hypothesis, we applied synthetic
MRI techniques to quantify myelin content in lesions and non-lesioned white matter and
correlated it to microglia activation. We also correlated myelin content in the white matter

lesions and surrounding normal-appearing white matter to clinical and radiological metrics.
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Methods

2.6 Subjects and clinical assessments

The Institutional Review Board approved this prospective cohort study protocol, and
subjects gave written informed consent to participate in the study. General inclusion criteria
were: age 18-60 years, no significant medical history (other than MS for patients), absence of
MRI contraindications, high- or mixed- affinity binding for 1*C-PBR28. Eligibility criteria for
MS subjects were: diagnosis of MS according to the McDonald criteria (Polman et al., 2011),
stable disease-modifying treatment or no treatment for at least 3 months, no relapses in the 3
months prior to enrolment, no corticosteroids use for at least 1 month prior to enrolment.

All MS patients underwent a neurological examination with assessment of Expanded
Disability Status Scale (EDSS) score and Symbol Digit Modalities Test. One patient could
not perform SDMT because of severe visual impairment. Symbol Digit Modalities Test raw
scores were converted to z scores (SDMT-z) after correcting for age and years of education
(Parmenter et al., 2010).

2.7 MRI protocol

All study subjects underwent a 90-minute !C-PBR28 MR-PET imaging on a Siemens
integrated 3T MR-PET system (BrainPET), with a spatial resolution of ~2.8 mm in the center
of the field of view. PET data were acquired after receiving an intravenous bolus injection of
11C-PBR28 produced in-house (Herranz et al., 2016 and 2020). For generation of attenuation
correction maps, MPRAGE images were acquired simultaneously to PET. A fluid attenuated
inversion recovery (FLAIR) sequence for white matter lesion segmentation was acquired in
those subjects in which 7 Tesla images were not available.

In a subgroup of MS patients, a synthetic MRI sequence was obtained for quantification of
white matter myelin content: imaging parameters were axial field of view of 230 x 184mm,
voxel size of 0.9 x 0.9 x 3.0mm3 with a 0.5 distance factor, 30 to 34 slices (to ensure full
intracranial coverage), repetition time of 4,260 milliseconds, echo times of 22/100
milliseconds, effective inversion times of 150/580/2,000/4,130 milliseconds, flip angle of
120°. The synthetic MRI was used to generate the quantitative maps, T1-weighted images

(repetition time = 500 milliseconds, echo time = 10 milliseconds), and T2-weighted fluid
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inversion recovery images (repetition time = 15,000 milliseconds, echo time = 100
milliseconds, inversion time = 3,000 milliseconds).

The image acquired at 7T for white matter lesion segmentation consisted of a single-echo
T2*-weighted spoiled gradient-echo pulse sequence (resolution = 0.33 x 0.33 x 1 mm?, 25%
gap).

Figure 2.3 summarizes the MRI acquisition and analysis procedures of the study.

2.8 Quantification of 1'*C-PBR28 binding

White matter 1!*C-PBR28 binding was assessed using standardized uptake values (SUV).
In-house software was used to compute voxel-wise, for each subject, SUV (mean
radioactivity/injected dose/weight) from the 60—90 minutes post-injection data (Herranz et al.,
2016). PET data were reconstructed using 3D ordinary Poisson ordered subset expectation
maximization reconstruction, with corrections for attenuation, scattering, random
coincidences, dead-time, sensitivity, and normalization.

To account for global signal differences across subjects, SUV maps were normalized by a
pseudo-reference region (SUVR) in normal-appearing WM with mean SUV in patients around
the mean SUV in controls. It has been demonstrated that SUVR estimated with this method

strongly correlate with the volume of distribution of the same tracer (Herranz et al., 2016).

2.9 Quantification of myelin content

The REMyDI myelin quantification is based on the R1, R2, and PD maps, where each
voxel is modeled into 4 compartments—the myelin, cellular, free water, and excess
parenchymal water partial volumes (Warntjes et al., 2016). The myelin partial volume has
very fast relaxation rates and is not directly measurable but is instead estimated through its
magnetization exchange and effect on the observable proton pool. The REMyDI myelin maps

were generated automatically in SyMRI.

2.10 White matter lesion segmentation and analysis
White matter lesions were manually segmented by consensus of two experienced raters on

Slicer (v4.2.0) on 3T FLAIR images or 7T T2* images. Individual lesion masks were extracted
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by in-house script in Matlab. Perilesional areas were obtained by enlarging the lesion masks
by 3 mm and successively subtracting the original lesion masks from the enlarged by FSL.

Lesion and perilesional masks were registered to PET space and to the SyMRI space.
Masks of NAWM were obtained subtracting the lesion and perilesional masks from automatic
WM segmentation obtained by the synthetic MRI software processing (for SyMRI space) and
from FreeSurfer (for PET space). Finally, values of myelin content (MyC) and SUVR were
extracted from WML, perilesional areas and NAWM.

Lesion volumes were quantified by FSL using fslstats from FMRIB Software Library, v.5.0
(http://fsl.fmrib.ox.ac.uk/fsl).

2.11 Classification of MS patients based on inflammation in white matter lesions

The presence of significant differences in TSPO uptake in the white matter in MS patients
versus controls was assessed by voxelwise analysis using FSL Randomise. Clusters in which
SUVR values were higher in MS patients than in HC were obtained by this analysis. The
percentage difference in SUVR in patients and controls within the clusters was estimated,
separately for mixed affinity and high-affinity binders and used as threshold applied to each
MS patient’s uptake in the WML. The median volume of active WML was calculated voxel-
wise in the whole MS cohort and used to group patients into two categories: (1) high
inflammatory lesion activity, if the total volume of active cortical lesions in that individual
MS patient was greater than or equal to the median and (2) low inflammatory lesion activity,
if lower than the median. The two groups were then compared to assess the presence of
differences in clinical and MRI metrics (EDSS, SDMT-z, disease duration, disease type, age

at disease onset, WML volume).

2.12 Assessment of white matter lesion uptake relative to normal-appearing white
matter

To account for individual variability in the tracer uptake and the innate inflammatory
phenotype of each subject, SUVR in WML were also compared to values in NAWM. On the
basis of test—retest PET data obtained from a subgroup on 16 patients in three different regions
of interest (table 2.1), lesions were classified in three categories, based on the presence of

differences in SUVR greater than 6.21% in the lesion core and in the perilesional area relative
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to the surrounding NAWM: active lesions, with higher uptake than NAWM, peripherally
active lesions, with higher uptake in the perilesional volume, and inactive lesions, with lower
uptake than NAWM in the lesion and the perilesional area (Datta et al., 2017).

The percentage volume of active, inactive and peripherally active lesions relative to total
WML volume was assessed for all subjects, related to disease duration and compared in
RRMS and SPMS patients.

Myelin content was assessed in the three different types of lesions.

Table 2.1. Percentage change in SUVR for scan-rescan acquisitions in 16 MS patients. Mean
follow-up time was 3.5+0.8 months.

Region of interest percentage change
Normal-appearing white matter 6.21%
Cortical grey matter 5.12%
White matter lesions 5.81%

2.13 Statistical analysis

The demographic and clinical characteristics of the study subjects were analyzed by
Wilcoxon test for non-parametric data, unpaired t test for normally distributed data and
Fisher’s exact test for categorical variables.

Differences in TSPO uptake between patients and healthy controls were assessed voxel-
wise by Randomise, a tool for nonparametric permutation inference on FSL
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise). For our analysis, we used a Threshold-Free
Cluster Enhancement and 500 permutations. Age and binding affinity were included in the
model as confounding factors.

Differences in SUVR values were assessed in WML, perilesional areas and NAWM in
MS patients by matched pairs t test.

Multilinear regression models were used to correlate SUVR values and WML
inflammatory phenotype to clinical scores (age and binding affinity were included in the
model as needed). Wilcoxon test compared the percentage of active, inactive and peripherally
active lesions in RRMS versus SPMS patients, while the correlation between lesion

inflammatory phenotype and disease duration was assessed by Spearman’s test.
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Pearson’s correlation was used to relate SUVR values in the WML, perilesional areas and
NAWM.

Multilinear regression, including age as confounding factor, was used to relate MyC in the
three regions of interest to EDSS. Spearman’s correlation was used to correlate MyC to
SDMT-z, disease duration and WML load.

Intra-subject correlation in MyC in WML, perilesional areas and NAWM was assessed by
Pearson’s or Spearman’s, based on data distribution.

Values of SUVR and MyC in WML, perilesional areas and NAWM were related by
Spearman’s correlation.

MyC in the three WML types was compared by matched pairs t test.
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Figure 2.3. Methodology of image acquisition and analysis. White matter lesions were segmented
on 7 Tesla T2* or 3 Tesla FLAIR sequences. Maps of normalized uptake values (SUVR) were
obtained by PET acquisitions reconstructed on MEMPRAGE 3-Tesla images. The 3-Tesla
Synthetic MRI protocol included the acquisition of T2-weighted, T1-weighted and proton
density sequences, which were processed to obtain maps of myelin content.
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Results

2.14 Subjects
Table 2.2 summarizes the demographic and clinical characteristics of the subjects included
in the study. Thirty-three patients with MS (13 RRMS and 20 SPMS) and 16 age- and gender-

matched healthy volunteers were included in the analysis.

Table 2.2 Demographic and clinical characteristics of the study subjects.

Characteristic HC MS all P value RRMS SPMS P value
HC vs MS RRMS
vs SPMS
Number of subjects 16 33 - 13 20 -
gender F 11 24 1** 10 14 1**
age in years mean+SD 47.6%12.2 49.9+9.2 0.7* 44.6+10.7 53.3+6.3 0.03*
genotype high affinity 8 21 0.5** 9 12 0.7**
age at onset in years - 32.4+10.0 - 35.1+£10.0 30.7£9.9 0.4*
mean+SD
disease duration y - 16 (1-42) - 6 (1-31) 21.5(7-42) = 0.0009*
median (range)
EDSS median (range) - 4 (0-7) - 1.5 (0-5) 6 (2.5-7) <0.0001*
SDMT-z median - -1.19 - 0.25 -1.5 0.046*
(range) (-4.04, 1.61) (-2.5,1.02)  (-4.04,1.61)
MS treatment
- ocrelizumab - 9 - 7 2 -
- tecfidera - 6 - 4 2 -
- rituximab - 4 - 0 4 -
- glatiramer - 3 - 1 2 -
acetato
- natalizumab - 2 - 0 2 -
- fingolimod - 2 - 0 2 -
- mycophenolate - 1 - 0 1 -
mofetil
- none - 6 - 1 5 -

*by Wilcoxon test; **by Fisher’s exact test
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2.15 Differences in *1C-PBR28 uptake in MS patients versus controls
The voxel-wise analysis showed the presence of clusters in the white matter in which
SUVR values were higher in MS patients compared to healthy controls (figure 2.4).

Figure 2.4. The voxel-wise analysis performed in the white matter by FSL (Randomise) shows
clusters in which the SUVR values are significantly higher in MS patients compared to healthy
subjects.

SUVR values were extracted from these clusters for patients and controls (table 2.3) and
the thresholds for high- and mixed-affinity subjects were calculated as described in the

methods.

Table 2.3. SUVR values within the clusters obtained by permutational analysis for patients and
healthy volunteers, divided by binding affinity.

MS patients Healthy volunteers Percentage difference
High binding affinity 1.113 0.960 16%

Mixed binding affinity 1.145 0.965 19%
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2.16 Inflammatory activity in white matter lesions

The threshold obtained from the percentage difference in patients versus controls was
applied to the WML to classify patients in active versus non-active. Sixteen MS patients (12
SPMS and 4 RRMS) had high inflammatory activity in the WML. These subjects, compared
to the other patients, had longer disease duration, higher clinical disability and higher lesion
load (table 2.4).

Table 2.4. Clinical and MRI characteristics of MS patients based on the inflammatory activity
in the white matter lesions.

Characteristic Non-active patients Active patients P value
Number of subjects 17 16 -

age years mean+SD 47.1+£10.5 52.8+6.8 0.07*
disease duration years mean+SD 11.9+10.6 23.3+10.0 0.04*
age at onset years mean+SD 35.2+10.2 29.4+9.1 0.09*
disease type number of RRMS 9 4 0.1**
EDSS mean+SD 3.1+2.0 5.2+2.0 0.006*
SDMT meanzSD -0.38+£1.13 -1.61+£1.56 0.02*
WML mm?® meanSD 4009+5538 20698+18300 <0.0003*

*by Wilcoxon; **by Fisher’s exact test
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2.17 Individual white matter lesion analysis

Active lesions were found in all 13/13 RRMS and 19/20 SPMS. Peripherally active lesions
were found in 5/13 RRMS and 16/20 SPMS. Inactive lesions were found in all patients. The
percentage of the total WML volume for each lesion type was assessed in RRMS and SPMS
patients. Figure 2.5 shows the appearance of 1!C-PBR28 uptake in each type of lesion.

The percentage of active lesions tended to be higher in RRMS subjects (mean% +SD 20%
12 in RRMS, 9% =1 in SPMS, p=0.05 by Wilcoxon test), peripherally active lesions were
higher in SPMS (2% £0.3 versus 0.7% +0.1 in RRMS, p=0.04), inactive lesions were
proportionally higher in SPMS patients but the difference was not significant (89% =1 versus
79% £2 in RRMS, p=0.2).

The percentage of active lesions decreased with disease duration (p = 0.004, Spearman’s
rho =-0.48), inactive lesions increased with disease duration (p =0.006, rho =0.46),
peripherally active lesion percentage did not correlate with disease duration (p = 0.6, rho
=0.1).
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Figure 2.5. Example of three different type of white matter lesions in a female patient with
relapsing remitting multiple sclerosis, 54 years old, disease duration 6 years, EDSS 5, SDMT z
score -2.27, treated with ocrelizumab. White matter lesion segmentation has been performed on
3 Tesla FLAIR sequences (left and center squares). The PET images (right squares, overlapped
to FLAIR images) were normalized for a pseudo-reference region in the normal-appearing white
matter, thus obtaining a map of standardized uptake values (SUVR, color bars). In the active
lesion, an increase in tracer uptake can be seen in the lesion core. In the inactive lesion there is
no detectable uptake. In the chronic active is it confined to the periphery of the lesion and the
perilesional area.
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2.18 Correlation between SUVR and clinical and MRI metrics

Multilinear regression models showed correlations of EDSS, SDMT-z with SUVR values
in the NAWM, in the perilesional areas and in the WML (figure 2.6).

A correlation was also found for WML load (with SUVR in NAWM, Spearman rho 0.48,
p=0.0045; with SUVR in perilesional areas, Spearman rho 0.56, p=0.0008; with SUVR in
WML, Spearman rho 0.51, p=0.0026).

Lesion load also correlated with EDSS (Spearman rho 0.53, p=0.001) and SDMT-z
(Spearman rho -0.56, p=0.0007).

Figure 2.6. Multilinear regression assessing correlations between SUVR in WML, perilesional
areas and NAWM and clinical metrics (EDSS, SDMT-z). Age and binding affinity were included
as confounding factors.
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The number of peripherally active lesions correlated with EDSS (by multilinear regression,
R? 0.36, CCIl 0.02-0.56, p=0.03, parameter estimate 0.29, total WML volume included as an
adjusting factor) but not with SDMT-z. The number of active or inactive lesions did not

correlate with clinical metrics.
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2.19 Intra-subject variability of TSPO uptake

The TSPO uptake in the WML, in the perilesional areas and in the NAWM strongly
correlate within the same patient: Pearson’s analysis showed high correlation in the SUVR
values between the three regions of interest in the MS cohort (figure 2.7).

Differences in SUVR values were assessed in WML, perilesional areas and NAWM in MS
patients by matched pairs t test. The highest values were obtained for the NAWM, the lowest
in WML. The uptake was significantly different for all the regions of interest (table 2.5).

Table 2.5. Uptake values in WML, perilesional areas and NAWM in MS patients.

SUVR WML mean+SD 0.98+0.22
SUVR perilesional mean+SD 1.01+0.23
SUVR NAWM mean+SD 1.14+0.24

T test WML vs NAWM p value <0.0001
T test WML vs perilesional p value 0.0003
T test perilesional vs NAWM p value <0.0001
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Figure 2.7. Pairwise correlation between SUVR values in the WML, perilesional areas and
NAWM. Pearson’s correlation is indicated in the graphs.
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2.20 Synthetic MRI cohort — subjects

Eighteen subjects with MS were scanned for the acquisition of Synthetic-MRI images.

Table 2.6 summarizes the characteristics of this MS population.

Table 2.6. Demographic and clinical characteristics of the synthetic-MRI subgroup.

Characteristic all MS RRMS SPMS
number of subjects 18 13 5
age in years (meanxSD) 47.3£10.1 44.6+10.7 54.443.1
gender F/IM 14/4 10/3 4/1
disease duration (meanSD) 14.8+12 9.5+8.6 28.448.3
age at disease onset (meanSD) 32.5£10.2 35.1+10 26+8.3
EDSS median (range) 2 (0-7) 1.5 (0-5) 5.5 (2-7)
SDMT-z median (range) -0.46 (-2.98,1.02)  0.25(-2.5,1.02) -1.76 (-1.52, -2.98)
Treatment

- ocrelizumab 9 7 2

- dimethyl fumarate 4 4 -

- glatiramer acetate 1 1 -

- fingolimod 1 - 1

- rituximab 1 - 1

- mycophenolate mofetil 1 - 1

- none 1 1 -
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2.21 Correlation with clinical and radiological metrics

Myelin content (MyC) was extracted within WML, WM perilesional areas and NAWM for
the two disease types (table 2.7) and related to clinical and radiological characteristics.

Patients with SPMS had lower MyC in the NAWM compared to RRMS. A trend was also
found in the perilesional areas (figure 2.8).

Myelin content in the NAWM correlated with EDSS, SDMT-z and lesion load; disease

duration did not relate to myelin content in any of the regions of interest (table 2.8).

Figure 2.8. T1-weighted 3 Tesla images and MyC maps in two MS patients. In A: patient with
RRMS, female, 34 years old, disease duration 7 years, EDSS 0, SDMT-z 0.25. In B: patient with
SPMS, female, 51 years old, disease duration 29 years, EDSS 7, SDMT-z -2.98. In the SPMS
subject, there is remarkable atrophy and the myelin content map (color bar) has lower values.
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Table 2.7. White matter lesion load and myelin content in the Synthetic MRI patient subgroup.

Radiological characteristic RRMS SPMS P value
WML volume mm?® mean+SD 615646626 3249623193 0.02*
MyC in NAWM mean+SD 0.27+0.02 0.24+0.03 0.03*
MyC in WM perilesional areas mean+SD 0.25+0.03 0.22+0.03 0.09**
MyC in WML mean+SD 0.18+0.03 0.11+0.03 0.2**

*by Wilcoxon test; **by t test.

Table 2.8. Results from analyses of correlation between myelin content in three regions of
interest and clinical metrics. Multilinear regression was performed for EDSS, including age as
an adjusting factor. Spearman correlation was applied for SDMT z scores, disease duration and
WML volume.

Characteristic MyC lesion MyC perilesional MyC NAWM
EDSS R?=0.36 R?=0.68 R20.77
par. coeff. -16.9 par. coeff. -45.6 par. coeff. -54.6
p =0.2 p =0.0006 p <0.0001
SDMT-z Spearman’s rho 0.18; Spearman’s rho 0.44; = Spearman’s rho 0.57;
p=0.5 p =0.07 p=0.01

disease duration Spearman’s rho -0.31 Spearman’s rho -0.28 Spearman’s rho -34

p=0.2 p=0.2 p=0.1
WML load Spearman’s rho -0.37 Spearman’s rho -0.74 = Spearman’s rho -0.84
p=0.1 p =0.0004 p <0.0001
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2.22 Intra-subject variability of myelin content

The myelin content in the perilesional areas and the NAWM were strongly correlated. A
milder correlation was found between WML and perilesional areas, and no correlation
between myelin content in lesions and NAWM (figure 2.9).

Values of myelin content were higher in the NAWM and decreased towards the lesions
(table 2.9).

Table 2.9. Myelin content in WML, perilesional areas and NAWM in MS patients.

MyC WML mean+SD 0.13+0.03
MyC perilesional mean+SD 0.24+0.03
MyC NAWM mean+SD 0.26+0.03
T test WML vs NAWM p value <0.0001
T test WML vs perilesional p value <0.0001
T test perilesional vs NAWM p value <0.0001

Figure 2.9. Correlation of myelin content values in the WML, perilesional areas and NAWM.

MyC_WHIL e

MyC in WML versus 0,18 - ¢
perilesional area 016 / .
Pearson’s r = 0.62 '

p = 0.006 0.14
95% CCI10.22,0.84 0,12

0,1

My C_periles

0,28
0,26
0,24
0,22

02-

0,18+

016_ T T T T T T T T T T T T T
006 01 012014 016018 016 02 0,22 0,24 0,26 0,28

63



MyC in perilesional
areas versus NAWM
Spearman’s rho = 0.85

p <0.0001
95% CCII1 0.63, 0.94

MyC in WML versus
NAWM
Spearman’s rho = 0.32
p=0.2
95% CCII -0.08, 0.73

0,28
0,26

0,24

0,28
0,26
0,24
0,22}

0.2

0,18-

(]

0.2

0,18-

"

MyC_periles

T T T T T T T T T T T T T
016 02 022024 026028 01802 022 024 026 0,28

MyC_WML

T T T T T T T T T T T T T
006 01 0,120,14 0,160,158 01802 0,22 024 026 028

64



2.23 Correlation of myelin content with *1C-PBR28 uptake

Values of myelin content in NAWM, perilesional areas and WML were related to TSPO
uptake in the same regions. A significant correlation or a trend were found for all factors but
myelin content in the lesions (table 2.10). The same analysis was repeated for the RRMS

group only (table 2.11).

Table 2.10. Spearman’s correlation between myelin content and TSPO uptake in white matter

lesions, perilesional areas and normal-appearing white matter in all MS subjects.

SUVR WML

SUVR perilesional

SUVR NAWM

MyC WML
Spearman’s rho -0.15
p =0.5
Spearman’s rho -0.21
p=04
Spearman’s rho -0.21

p=04

MyC perilesional
Spearman’s rho -0.69
p =0.001
Spearman’s rho -0.66
p =0.003
Spearman’s rho -0.52

p=0.03

MyC NAWM
Spearman’s rho -0.64
p = 0.004
Spearman’s rho -0.60
p=0.008
Spearman’s rho -0.43

p=0.08

Table 2.11. Spearman’s correlation between myelin content and TSPO uptake in white matter
lesions, perilesional areas and normal-appearing white matter in RRMS subjects.

SUVR WML

SUVR perilesional

SUVR NAWM

MyC WML
Spearman’s rho 0.09
p=0.8
Spearman’s rho 0.03
p =0.9
Spearman’s rho 0.01

p=10

MyC perilesional
Spearman’s rho -0.63
p =0.02
Spearman’s rho -0.59
p =0.03
Spearman’s rho -0.30

p=0.3

MyC NAWM
Spearman’s rho -0.73
p =0.004
Spearman’s rho -0.64
p =0.02
Spearman’s rho -0.37

p=0.2




Individual lesion analysis showed that myelin content did not change across different type
of lesions (active, inactive, peripherally active), but a difference was seen in the perilesional
areas between active and inactive lesions, myelin content being lower in the first type (table
2.12).

Table 2.12. Values of myelin content within white matter lesions and perilesional areas for active,
inactive and peripherally active lesions. A matched pairs t test has been performed to compare
myelin content in the different lesion types. Lesion and perilesional MyC values are averaged
per subject.

WML perilesional areas
Active lesions MyC mean+SD 0.14+0.06 0.22+0.04
Inactive lesions MyC mean+SD 0.13+£0.03 0.25+0.03
Peripherally active lesions MyC mean+SD 0.11+0.09 0.22+0.04
Active vs inactive t test p=0..6 p=0.01
Active vs peripherally active t test p=09 p=0.1
Peripherally active vs inactive t test p=0.6 p=0.7
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Discussion

In this study, we assessed microglia activation and myelin content in the lesioned and
normal-appearing white matter of RRMS and SPMS patients and correlated them to clinical
and radiological disease burden.

Microglia activation was abnormally increased in the white matter of MS patients.
Although SUVR values were lower in WML than in NAWM, the inflammatory activity in
WML correlated the most with disease burden. Patients with high inflammatory activity in the
WML showed worse disease outcomes. TSPO uptake showed heterogeneous pattern within
lesions. Peripherally active lesions were more common in the progressive disease and related
to physical disability. The percentage of active lesions decreased with disease duration, while
the percentage of inactive lesions increased.

Myelin content in the NAWM and in the perilesional areas correlated with clinical and
radiological metrics. Microglia activation in lesions and non-lesioned white matter inversely

correlated with myelin content in the NAWM and perilesional areas.

We performed two different analyses of neuroinflammation. The first measured continuous
values of SUVR in three different regions of interest (lesions, perilesional areas, NAWM) and
correlated them to myelin content and clinical outcomes.

11C-PBR28 is a second generation radioligand targeting TSPO, whose expression is
increased in activated microglia. TSPO expression has been found to be abnormally increased
in MS and to correlate with disease severity (Debruyne et al., 2003; Oh et al., 2011; Rissanen
et al., 2014; Herranz et al., 2016; Barletta et al., 2020). However, increased TSPO expression
is not specific for MS, since it has been detected in other neurological diseases involving
neuroinflammation (Alshikho et al., 2018; Albrecht et al., 2019 a/b; Kreisl et al., 2020).
Moreover, the interpretation of increased TSPO uptake, in MS and in other diseases, is
challenged by some limitations. First, the low cell specificity of TSPO expression, which has
also been described in astrocytes in inflammatory environment and in endothelial cells
(Lavisse et al., 2012; Rizzo et al., 2017). Second, TSPO expression does not discriminate
myeloid derived from the resident microglial cells in the central nervous system and does not

distinguish between proinflammatory and protective states of cells (Stankoff et al., 2018).
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Microglia activation may play an ambivalent role in the pathogenesis and evolution of MS.
It has been proven that, aside its detrimental action, activated microglia can contribute to
creating a microenvironment for repair and regenerative processes in demyelinating
neuroinflammatory diseases (Napoli and Neumann, 2010; Lombardi et al., 2019). In our
study, we found an inverse correlation between microglia activation and myelin content, but
this was mostly true for TSPO expression within the lesions. In the NAWM, where tracer
uptake had the highest values, the correlation was weaker. It is possible that the protective
role of microglia is in effect mostly in the non-lesioned tissue, where both a functional and
biological reservoir exist in MS as well as other neurological diseases (Faivre et al., 2016, De
Kouchkovsky et al., 2016; Sagnier et al., 2020). This resource for tissue repair and clinical
recovery can be targeted by neuroprotective and remyelinating therapies. In this scenario, the
discover of more specific markers of neuroinflammation to monitor treatment efficacy
becomes crucial. In particular, of greatest importance is the availability of a PET radiotracer
that can distinguish between “good” and “bad” microglia, the first being a protective
component in the event of a pathological process, the second leading to structural damage and

disease progression.

The second type of analysis performed in this study assessed the level of inflammation
within the lesions, intended like the inflammatory activity of the WML relative to the NAWM
inflammation. Results from this analysis confirmed those of recent ex vivo and in vivo studies,
which focused their attention on the inflammatory state of individual lesions. In these studies,
several distinct inflammatory profiles of chronic lesions have been described, with a
proportion of WM lesions evolving towards chronic activation and/or a smoldering state, and
others becoming inactive. These profiles have been shown to have an impact on disease
severity (Frischer et al., 2015; Datta et al., 2017; Absinta et al., 2019). In this direction, TSPO
PET has allowed to assess the contribution of chronic active lesions to disability progression
in MS. In our study, active lesions, as defined by the presence of higher uptake compared to
the surrounding NAWM, showed a reduction as disease duration increased, while inactive
lesions showed opposite behaviour. We also found a correlation between peripherally active
lesions and EDSS and a predominance of this type of lesions in the progressive disease. Active
lesions were found in almost all subjects, including those on highly effective disease
modifying therapies. The ongoing inflammation in these subjects can explain why in clinical

practice we observe disease progression in absence of clinical relapses.

68



Despite a reduction of active lesions in the later stages, overall TSPO uptake increased with
disease duration proportionally in NAWM and WML, and highly correlated with bad clinical
and radiological outcomes. The strong correlation between the NAWM and WML TSPO
uptake for individual patients suggests that these measures both reflect the same individually

variable, innate inflammatory phenotype (Datta et al., 2017).

The comparison between the two TSPO analyses (the analysis of overall TSPO expression
and that of individual lesion inflammation compared to NAWM) points our attention on the
biphasic trend of the disease. In the early phase, an increase in brain WML load predicts
relapses and subsequently early disability. In this phase, the occurrence of active lesions can
be concomitant with the formation of new lesions as detected by conventional MRI. In the
second, progressive phase of the disease, when active lesions turn in to inactive or slowly
expanding lesions, disability worsening develops independently of WML and relapses,
(Fisniku et al., 2008). In this scenario, the disease is considered as “a dual entity, with an
adaptative immune-driven inflammatory component linked to WML and relapses, and a
diffuse neurodegenerative component responsible for longer term disability accrual”
(Stankoff et al., 2018).

Myelin content seems to vary proportionally within each subject in the NAWM and
perilesional areas but showed variability in the WML. This may seem obvious, considering
the demyelinating nature of MS lesions, but could partially be explained by the limitation of
the synthetic MRI technique, that proved to be suboptimal for myelin quantification in lesions.
This could also explain why our analysis failed to find correlations between the degree of
demyelination in WML and clinical and radiological outcomes, or even a correlation with
microglia activation in the lesions.

The strong negative correlation between myelin content in the NAWM and clinical
disability suggests the importance of preserving tissue integrity outside the lesioned areas.
Therefore, the efficacy of neuroprotective drugs should be assessed especially in the non-
lesioned tissue.

A strong inverse correlation was found instead between myelin content in the non-lesioned
white matter and SUVR values in all the regions of interest, especially in WML. When
considering only the RRMS patients, the correlation between SUVR in WML and myelin
content in NAWM increased, but the trend of correlation with SUVR in NAWM was lost.
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This could suggest that, at least in the early phase of the disease, microglia activation in the
normal-appearing tissue may have a less destructive effect on myelin integrity, while
inflammatory activity in the WML is driving towards disability and disease progression.

A difference in myelin content along the perilesional areas was found in active versus non-
active lesions. This could be related to the fact that ongoing inflammation obstacles the
process of remyelination, although this could still be present in active lesions. Moreover, the
newly formed myelin is instable and can be subject to new waves of demyelination (Prineas
et al., 1984; Bramow et al., 2010).

The small sample size and the lack of follow-up data for the SyMRI partially limited the
potential of this analysis, which needs further investigation on bigger cohorts and longitudinal
observation. The lack of a control group for the SyMRI data is another limitation, although
the technique has already been validated in MS patients versus healthy controls (Ouellette et
al., 2020).

In conclusion, our *C-PBR28 PET analysis confirmed the new role of this technique in
detecting lesion activity for the staging of the disease, which seems to have a prognostic value,
with limitations mainly due to the lack of specificity of the radiotracer. On the other hand, the
SyMRI proved to be a promising tool for monitoring the efficacy of myelo-protective and
remyelinating drugs, but also to assess the protective role of microglia in MS and other
neurological disorders.

The combination of the two techniques opens the way to a new approach for the study of
the disease pathogenesis, where inflammation and demyelination interact, as well as for

assessing the efficacy of new disease modifying treatments.
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