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Purpose of the thesis

Multiple sclerosis (MS) is the most common non-traumatic cause of disability in young adults.
Neurodegeneration, closely intertwined with neuroinflammation, is primarily responsible for
disease progression, through a process of gradual accrual of brain tissue damage and progressively
increasing clinical impairment. A better understanding of the pathogenetic mechanisms underlying
MS progression would facilitate the identification of novel pharmacological and non-
pharmacological therapies capable of counteracting the detrimental effects of the disease. This
would ultimately lead to a reduction of disability accrual, with several relevant consequences at an
individual level (physical, psychological, social and work-related), as well as at the global level, in
terms of disease-related costs. Neuroimaging techniques have a relevant role in this context, as they
allow for an in vivo, non-invasive monitoring of MS evolution. With this general background, the
main aim of the current project is the identification of novel MRI markers able to broaden our

knowledge on the mechanisms underlying disease progression.



Abstract

Background The advent of advanced magnetic resonance imaging (MRI) techniques has allowed to
study multiple sclerosis (MS) evolution over time, providing qualitative information and
quantitative measures related to tissue damage. However some relevant questions remain
unanswered, mainly concerning a better definition of structural and functional features of disease
progression as well as the identification of causal factors for disease evolution over time

Aims to characterize different aspects of disease progression, by applying a multimodal imaging
approach.

Methods Together with traditional measures of lesion volumes, such as T1-weighted and T2-
weighted lesion loads, and of global and regional brain volumes, we applied: quantitative
susceptibility mapping (QSM) to quantify iron; diffusion tensor imaging (DTI) to analyze
microstructural tissue properties; functional MRI (fMRI) to analyze activity pattern in response to a
motor task; resting state fMRI to analyze functional connectivity within regions of interest; optical
coherence tomography (OCT) to evaluate the usefulness of an alternative imaging technique in the
study of neuroaxonal damage

Results We showed that disease progression is related to iron dyshomeostasis in deep grey matter
structures. We confirmed the usefulness of a novel MRI marker such as atrophied T2-LV, reflecting
both lesion accrual and simultaneously occurring irreversible tissue loss. Moreover, we confirmed
the role of SNfL. and OCT measures as markers reflective of neuroaxonal degeneration. Finally, we
analyzed the effect of motor rehabilitation on clinical and MRI markers, supporting its usefulness as
a non-pharmacological treatment able to impact on disability.

Discussion/Conclusions The findings here reported highlight that MS disease progression cannot
be properly characterized using conventional radiological imaging, or even a single advanced
neuroimaging modality. Only the combination of structural and functional MRI techniques
investigating complementary aspects of MS-related pathogenetic mechanisms can lead to a better

understanding of disease progression.
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Chapter 1. Introduction

Brief historical overview of multiple sclerosis

The first clinical description of multiple sclerosis (MS) might be the case of a young Dutch girl that
developed, in 1395 what was likely to be an optic neuritis, followed by gradually accumulating
motor disability.” However, the first systematic description of this new nosological entity is from
1868 when Professor Charcot reported about “sclerose en plaques”, describing symptoms that he
considered typical of the disease “intention tremor, nystagmus, and scanning speech”. *

The 20th century has marked several milestones in the history of MS. The most important
discoveries concern the possible role of genetics in the etiopathogenesis of the disease from F.
Curtius in 1933,° the presence of oligoclonal bands (OB) in 1940.'° Moreover, the advent of
magnetic resonance imaging (MRI) in the second half of the century has revolutionized the
approach to several diseases, including MS, allowing to study in vivo what was possible to analyze
only from an histological point of view.

The first diagnostic criteria were defined by Schumacher and colleagues in 1965 and based only on
clinical features, respecting the rules of dissemination in space and time. To be diagnosed as MS, a
patient needed to show two separate attacks in time, involving different functional systems.!! The
following version of the diagnostic criteria was formulated by Poser in 1983, introducing the
distinction between “clinically definite MS” and “probable MS”, as well as including paraclinical
evidence to confirm the spatio-temporal dissemination, by means of the presence of OB exclusively
in the cerebrospinal fluid (CSF).!? The introduction of MRI as a tool to diagnose MS and monitor
the disease evolution led first to defining diagnostic MRI criteria capable of predicting the
conversion from a first episode of suspected MS to clinically definite MS, 315 and then, to further
revise the general diagnostic criteria.!® Indeed, MRI can track the evolution of MS plaques - and the
number and location of these are partially related to degree of disability. In particular, conventional
MR T2-weighted images allow to identify lesions demyelinating whereas T1-weighted sequences

allow to visualize chronic lesions as well as active lesions, if using Gadolinium contrast



enhancement. The following three revisions, including the most recent one published by McDonald
in 2017, were motivated by the need of reaching a definite diagnosis as early as possible after
disease onset.!”"!” In the meantime, a substantial change in the natural disease course occurred, due
to the positive results of the first randomized controlled trial (RCT) testing a drug in MS.
Interferon B-1b was approved in 1993 by the food and drug administration (FDA) as the first
pharmacological compound effectively reducing on relapse rate.?’ Since then, several other
treatments have become available and the approach of clinical neurologists has changed
dramatically after several studies showed that treating the disease as early as possible in the course
of the disease favorably improves the long-term prognosis. 2> This has focused attention on
developing biomarkers that can identify patients with MS, or at risk of developing MS, at the
earliest point.

As of today, there are more than ten available pharmacological therapies for the relapsing-remitting
form of MS (RRMS) and several ongoing RCTs of new compounds. Different mechanisms of
action and administration route allow for the tailoring of therapeutic choices to the level of
disability, inflammatory activity and needs of each individual patient. Furthermore, for the first
time, two drugs have shown some efficacy in slowing down disease evolution in progressive forms
of MS (ocrelizumab and siponimod).

Even though a specific biomarker for the disease has not been found yet, MS is now considered a
multifactorial disease in which the immune-mediated reaction results from the combination of
genetic predisposition and several identified environmental factors. The availability of advanced
MRI techniques and sophisticated laboratory tools will allow expansion of knowledge of the
mechanisms of the disease, possibly identifying more efficacious treatments for both the

neuroinflammatory and neurodegenerative components of the disease.



Disease sub-types and measures of clinical disability

There are three main disease sub-types in MS: relapsing-remitting (RRMS) , primary progressive
(PPMS) and secondary progressive (SPMS).%

RRMS is characterized, as suggested by its definition, by acute symptomatic phases (i.e., relapses)
followed by partial or complete recovery (i.e., remission) and subsequent periods of a stable disease
course. It is the most common disease form, accounting for up to 85% of patients. In the natural
disease history of MS, after 20-25 years from onset, the majority of RRMS convert to SPMS, a
phase characterized by apparently reduced inflammatory activity paired with a gradual, irreversible

disability accrual.

Around 10% of people present with PPMS, in which there is a gradual onset of symptoms followed
by a slow and irreversible gain of disability. There is still debate about the existence of an entity
called “benign MS”, that has different definitions generally focused on the presence of low
disability after a long disease duration. Common definitions include, for example, a low disability
score on the Expanded Disability Status Scale (EDSS) (i.e.EDSS < 3.0) after 10,15 or 20 years of
disease duration.?* More recently, it has been suggested that benign MS should be defined when
respecting the following criteria: EDSS <1.0, absence of disability, and the ability to work after 15
years of disease duration.?® The more widespread use of advanced MRI techniques and availability
of large scale longitudinal cohort studies following patients over several decades will allow to
clarify the real existence of this form, and possibly the pathogenetic features favoring such a
favorable disease course. 2° The latest version of diagnostic criteria allowed to include in the
spectrum of MS-related forms other two entities: clinically isolated syndrome (CIS) and
radiologically isolated syndrome (RIS). The former is characterized by the presence of a single

clinical episode, associated with lesions at MRI with typical features. The latter diagnosis is



formulated when MRI lesions typical for MS are detected, in absence of any suggestive

symptoms.26

As mentioned earlier, the first symptoms described as pathognomonic for all forms of MS, the so-
called “Charcot’s triad” were intention tremor, nystagmus, and scanning speech.®

However, as the tissue damage, either focal or widespread, can potentially affect the whole CNS,
the disease can present with a variety of symptoms belonging to eight defined functional systems,
classified in visual, pyramidal, cerebellar, brainstem, sensory, bower/bladder, cerebral (mentation),
other.?” The need to quantify disability in a reproducible fashion led to the identification of the so-
called disability status scale (DSS), 2 subsequently modified in the Expanded Disability Status
Scale.? After more than 30 years and despite several pitfalls, EDSS remains the most common
scale applied both in clinical practice and in the context of RCTs.

EDSS ranges from “0” (i.e. normal neurological examination) to “10.0” (i.e. death due to MS) with
0.5 increments. The global score derives from the non-linear sum of the scores of each single
functional system that can range from “0” (no signs/symptoms) to “5” or “6” (marked disability).
However, this rule is mainly applicable to scores from 0 to 4.5 whereas patients are attributed a
score ranging from 5.0 to 9.5 mainly on the level of impairment of their motor function, thus
requiring a walking aid. The fact that EDSS is heavily weighted towards the motor functions is also
one of the main criticisms, together with the modest inter-rater reproducibility.*°

However, attempts to identify more reliable scales have failed so far, either because they share the
same limits of EDSS or because they are more focused on one specific aspect of disability. 3!

The multiple functional composite scale (MSFC), a three dimensional scale investigating leg
function/hand function/cognition through specific, validated tests, has gained some interest as
presented an acceptable validity and sensitivity to clinical changes over a short timespan (1-2

years).>? The need for specialized equipment (i.e. the 9-hole-peg test apparatus, an audio CD with a
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CD reader) and assessment time, around 20-30 mins, makes the scale more suitable for RCTs than
clinical practice.

Multiple sclerosis severity score (MSSS) combines EDSS with the distribution of disability among
patients with comparable disease duration, trying to assess disease severity.>* Although it showed a
good reliability in predicting disability progression at a group level, the unpredictable disease
course of a single patient, probably influenced by several factors, limits its use at an individual

level.

Epidemiology of MS

Multiple sclerosis is the first most common neurological disease in young people as well as the
most common non-traumatic cause of disability in youngsters.343>
A recent edition of the “Atlas of MS” showed that the total number of persons with MS (pwMS) is

approximately 2.8 million across the globe, versus 2.3 million reported in 2013.

(www.atlasofms.org).

Several epidemiological studies have described an increasing trend of the incidence of MS in the
last century, although some others reported opposite results, showing a stable or even decreased
incidence over time .30 A recent review has summarized the results of the most relevant
epidemiological studies in this area, confirming an increase of the overall incidence weighted by the
square root of number of patients per data point between 1950-2000, with a plateau after that.*!
There are few possible explanations for this trend. On one hand, the general awareness towards
health-related issues has markedly increased, especially in developing countries, together with the
availability of health services, leading to an increase of diagnoses, and not necessarily of real

prevalence. For example, the number of neurologists in the USA showed a more than six-fold

increase between 1970 and 2010.4?
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The source of data analyzed in the studies might have played a role as well, as quite often the results
were based on administrative claims databases or insurance data that might have been collected and
analyzed in different ways across time, leading to varying results.*!

Another relevant change over time concerns the diagnostic criteria used to ascertain a case of MS.
With respect to the first version, the so-called Schumacher criteria, published in 1965, that allowed
a diagnosis based on the two main clinical features typical for MS-dissemination in time and space,
the following versions incorporated the presence of OBs and evoked potentials and, finally,
MRI.!216 In particular, the introduction of MRI has dramatically changed the sensitivity of the
criteria, because the presence of brain or spine lesions at different stages has been considered a
valid alternative to clinical attacks for the demonstration of spatio-temporal dissemination. The
most important consequence has been the increase in detected MRI lesions compatible with the
diagnosis but no signs of dissemination in time, which earlier might have been classified as CIS.
On the other hand, the abovementioned trend might reflect a real increase of MS incidence due to
the changes in lifestyle and exposure to different risk factors. The following paragraphs will
describe the most commonly reported factors affecting susceptibility and/or disease course related
to MS.

Sex

Females are characterized by a higher risk of developing MS, as well as other autoimmune diseases,
together with a better long-term prognosis with respect to their male counterparts. Recent data
showed a progressive increase of the MS incidence in women, even though with a wide variability
among different areas throughout the world. Commonly, the reported sex ratio of women: men was

2:1, reaching 3 to 4:1 in several regions,*#

although lack of change over time has also been
reported.*
Again, this might be an apparent effect reflecting improved access to health services for women, at

a socio-economic level, but it can also be causally associated with the dramatic societal change in

women’s lives over the last century. Recently, women have been more actively involved in
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professional activities outside the home environment, with a change in the nutritional habits as well
as potentially higher exposure to air pollutants. Another consequence of the higher employment rate
for women is the downward trend in pregnancies, which are protective against inflammatory
episodes (e.g., relapses)*’. Whether this might be another factor contributing to the increased
incidence of MS in women needs to be clarified, but a change in the hormonal setting might
definitely impact on the sex-related epidemiology of the disease.

Notably, the COVID-pandemic has had a dramatic impact on women in the workplace.
Specifically, women were more likely than men to be unemployed, while those still working had
greater tendency to work from home. *® Whether these changes will be permanent and possibly
associated with a reduced incidence of MS in women, will be the subject of future studies.

Latitude and sun exposure
Worldwide epidemiological studies have consistently shown a strong latitude gradient, with the

highest prevalence towards the north northern and south southern parts of the hemispheres, along
with a reduced trend of incidence, prevalence and mortality around the Equator.**->2 This has been
attributed to sun exposure and, by inference, to vitamin D levels>*-** Supporting evidence comes
from both animal, clinical and MRI studies reporting an association between vitamin D levels,
mainly early in life, and the risk of developing MS, presenting higher relapse rate and/or showing
signs of MRI activity.>> On the other hand, implementation of vitamin D supplementation did not
show any conclusive benefit on clinical outcomes such as relapse rates, as well as conflicting results
on MRI parameters such as the number of active lesions, identified using gadolinium contrast
enhancement, or new T2 lesions.> Future larger randomized studies are needed to clarify the
potential role of vitamin D supplementation on clinical and MRI outcomes in MS.

A possible confounding element when analyzing environmental factors influencing MS prevalence
concerns migrants. With respect to latitude, in particular, internal and external migration from areas
characterized by different prevalences might affect results of epidemiological studies. Recently,

Sabel et al. analyzed lifetime residential calendars in New Zealand, building lifetime latitudinal



gradients.>® Interestingly, when taking into account not only the patients location at the time of
diagnosis but the location at birth and possible subsequent migrations, the Authors described a
strong geographical prevalence gradient at birth that gradually declined after age 12, mainly driven
by females with a relapsing remitting disease course. This underlines the importance of considering
exposure to environmental risk factors as early as in utero and at birth.

Another aspect that needs to be taken into account concerns the fact that different latitudes are often
characterized by several other relevant differences at cultural, social and genetic levels. Therefore,
sun exposure is only one of many factors that can contribute to the latitude gradient.

Smokin

MS can be listed among the several diseases causally associated with smoking habits, both in terms
of susceptibility and disease progression, in some cases with a demonstrated dose-dependent effect.
3759 There is experimental evidence for a relevant role of the lungs in the pathogenesis of MS that
can explain the relevance of smoking habits in MS. The bronchus-associated lymphoid tissue
represents a niche in which T-lymphocytes acquire the migratory abilities that will facilitate their
passage into the central nervous system (CNS) through the blood-brain-barrier (BBB).®° Lung tissue
of smokers is characterized by an inflammatory environment, and animal studies described
increased macrophage activation, microglial cells with cytotoxic activity,®! which favor the
activation of autoaggressive T-lymphocytes.

Several studies showed also an association between smoking and worse clinical outcomes, in terms
of both faster disability gaining and a more rapid evolution into the progressive phase of the

62,63

disease, as well as on MRI markers of neuroinflammation and neurodegeneration.®* Moreover,

smoking cessation is associated with a slowing of motor disability progression, further confirming

the detrimental effects of smoking on MS.%3-6¢

Air pollutants
An association with air pollution has been noted for many health-related issues, including allergic,

oncologic, cardiologic and neurologic diseases. Air pollutants exert detrimental effects on CNS by
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increasing the level of proinflammatory cytokines and oxidative stress byproducts at a lung as well
as CNS level, promoting neuroinflammation, neurodegeneration and BBB breakdown, which are
key features of MS pathogenesis. 5”8

Air pollutants can be categorized according to the diameters of the particulate matter (PM), and the
most commonly studied are PM10, PM2.5 and ultrafine PM. Several studies have investigated the
possible causal role of PM10 in MS, concordantly describing an increased prevalence in urban areas
characterized by higher levels of PM10.5°7! Moreover, recent exposure to PM10 levels are
associated also with the onset of clinical relapses and appearance of new contrast-enhancing
lesions.”>7* The same positive evidence of an association between the level of air pollutants and MS
susceptibility has been detected with respect to PM2.5.776

Even though results of the aforementioned studies strongly suggest an association between the level
of air pollutants and the risk of MS, the relapse rate, disability level, as well as inflammatory MRI
markers, some general methodological limitations that might hinder interpretation of the results
need to be taken into account. For example, most studies analyzed the level of air pollutants in the
living area of the participants, without correcting for the amount of time spent in that specific area
on a daily basis; measurements are taken with different devices, rendering direct comparisons
between studies problematic. Moreover, several factors like smoking habits, seasonal variation of
ultraviolet exposure might play relevant interfering roles. In conclusion, several epidemiological
studies have reported an association between air pollution and MS, both in terms of susceptibility
and clinical/MRI inflammatory markers, substantiated by experimental evidence of a detrimental
role of air pollutants.”” However, the methodological limitations of these studies, motivate the need
for better designed experiments to investigate this crucial topic.”

Viruses

While searching for an etiological agent responsible for MS, several infectious agents have been
investigated like Epstein-Barr virus (EBV), Bordetella pertussis, measles virus and many others. In

particular, EBV has gained considerable attention for several reasons: nearly all pediatric MS
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patients are EBV positive, as well as virtually all adult MS patients.”-32 However, EBV is nearly
ubiquitous among the general population, making it difficult to establish a definite causal
association exclusively based on epidemiological data. A recent epidemiological study carried out
on a wide population of young people on active duty in the US military service, reported a 32-fold
increase of developing MS in people infected with EBV, as well as an association between EBV
infection and increased levels of serum Neurofilament light chain (sNfL), a biomarker rof
neurodegeneration.’?

Moreover, there is an association between the blood levels of antibodies against EBV and the onset
of MS, as well as between antibodies against the EB nuclear antigen (EBNA) and the onset of acute
relapses.’?#* EBV is able to activate several mechanisms to escape active immune surveillance
within the infected body, and establishes a lifelong latent infection of B cells.®* This entails, among
other consequences, a progressive, chronic depletion of CD8+ T-lymphocytes that would promote
the inflammatory substrate necessary for MS onset, while reducing the ability of T-lymphocytes to
limit EBV reactivation.®* EBV-infected B cells circulate into the bloodstream, and also traffic
through the BBB, triggering an inflammatory process both in periphery and within the CNS.
Therefore, EBV could potentially play a role both in inducing relapse onset and in appearance of
new T2 lesions and contrast-enhancing lesions, as well as maintaining a chronic inflammatory state
compartmentalized within the CNS. Indirect evidence for a crucial role of EBV in the disease
pathogenesis comes also from the high efficacy of ocrelizumab, a new pharmacological treatment
approved for MS that specifically targets anti-CD20 B cells. Future development of
pharmacological compounds selective against EBV-infected B cells would help address the
outstanding questions regarding the pathogenetic role of EBV in MS.

Diet

Several elements have recently drawn attention towards the potential association between diet
quality and MS.% First, the discovery that the gut microbiome might be involved in the

pathogenesis and progression of several autoimmune disorders, among which MS, 8 has led to the
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careful consideration of the potential proinflammatory influence of nutrients. Moreover, several
observational studies have reported an association between MS and obesity, especially in
childhood.?”® The biological explanation of this phenomenon might reside in the fact that elevated
body mass index, through increased levels of adipose-derived hormones seems to promote a
proinflammatory immune milieu.”**? Some preclinical and clinical data suggest that different
dietary patterns might be related to the level of inflammatory activity: for example a high dietary
intake of saturated fat and/or salt increases the risk of relapse rate,” whereas diets rich with produce
and whole grains are associated with a lower relapse rate.”**> Moreover, some observational and
small randomized controlled studies reported a beneficial effect of dietary regimens enriched with
polyunsaturated fatty acids (PUFA) on the risk of MS onset,”*? likely due to a cytokine-mediated
anti-inflammatory effect.!®

Specific dietary regimens such as the ketogenic diet, fasting regimens, and the Mediterranean diet,
have been evaluated in MS patients and animal models with global positive results,'®! both reducing
inflammation, favoring recovery and cellular regeneration and favoring neuroprotection.!%!-102
However, most of these results derive from observational studies, or very small studies in which
possible confounding factors, limited sample size and other methodological pitfalls may have
hampered the interpretation of the data. Indeed, a recent Cochrane review reported no conclusive

evidence for dietary supplementation with PUFA, vitamins or antioxidants, but underlines the

potential interest of the topic, advocating for larger, well designed randomized studies.!®

Pathophysiology of MS

Multiple sclerosis (MS) was traditionally considered an inflammatory disease of the central nervous
system (CNS) affecting predominantly the white matter (WM) and leading to the formation of focal
demyelinating lesions. The advent of conventional and advanced MRI techniques as well as of basic
sciences and techniques such as immunohistochemistry radically expanded knowledge of the

pathophysiology of the disease. It is now well established that the disease involves both grey matter
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(GM) and WM since the early stages, with two main pathogenetic mechanisms responsible for the

ongoing tissue damage, namely inflammation and neurodegeneration.

Neuroinflammation-white matter
Focal plaques of active demyelination are such a pathognomonic feature that MS was initially

named “sclerosis en plaque” after them. Histopathologically, active lesions are characterized by
demyelination, neuroaxonal damage and astrogliosis with inflammatory infiltrates, but distinctive
features allow to classify them into four different types.!** Type I and II are characterized by sharp
edges, perivenular location of the lesions, and the presence of T-lymphocytes and macrophages
infiltration, together with antibodies and complement antigen deposition in type II lesions. Type 111
are still characterized by T-lymphocytes and macrophages infiltration, but they have less
demarcated edges, are not centered around vessels but spreading into the normal appearing WM and
show signs of oligodendrocyte damage and apoptosis with a preferential loss of myelin-antigen-
glycoprotein (Type III) among all myelin proteins. Finally, type IV lesions share some features of
type I and 11, such as the perivenular location, T-lymphocytes and macrophages infiltration and the
loss of all myelin proteins, but also signs of oligodendrocyte death, and the absence of
remyelination.

Notably, the aforementioned study by Lucchinetti and colleagues revealed inter-patient
heterogeneity but intra-patient homogeneity of lesions, suggesting the presence of different
pathogenetic mechanisms underlying each lesion type.!%* In particular, type I and II lesions present
features similar to the histopathological findings of animal models of autoimmune
encephalomyelitis, supporting an autoimmune mediated pathogenesis, whereas the damaged
oligodendrocytes of type III and I'V lesions suggest a toxic or virus-mediated mechanism. The
clinical relevance of different lesion patterns has been recently reported: there is no association
between lesion patterns and age or sex; pattern II has repeatedly been reported as the most frequent
lesion pattern, and is the most represented in patients with disease duration longer than five years.!%

Patients with pattern III lesions are more likely to have higher disability and were more represented



among autopsy cases of patients died for causes related to MS. Interestingly though, no lesion
pattern was associated with a negative outcome or a higher likelihood to convert to a progressive
form of disease.

Interestingly, an autoptic study analyzing active demyelinating lesions regardless of the time of
appearance reported the same histopathological findings for all the lesions, represented by
antibodies and complement deposits associated with macrophage infiltration in areas of active
demyelination, but no oligodendrocyte damage or preferential myelin protein loss.!% This might
suggest an initial diversity of pathogenetic mechanisms triggering the appearance of inflammatory
demyelinating lesions, ultimately converging into a same dysimmune, self-sustained process of
tissue damage.

Remyelination is generally absent or incomplete in MS lesions, as the ability of oligodendrocytes
progenitors to differentiate is limited. However, in a small percentage of cases it is possible to

observe thinly remyelinated lesions, named “shadow-plaques”.!97:1%8

The advent of MRI has dramatically expanded our knowledge on the disease, allowing us to detect
lesions in vivo, and follow their evolution over time. Conventional MRI techniques in the context of
the MS clinic as well research refer to standard imaging modalities, such as T1-weighted and T2-
weighted sequences. Both types of images are readily capable of detecting damage within the CNS
due to their sensitivity to altered water content and molecular water environment. T2-weighted
images are typically considered the most sensitive to tissue damage, and are usually applied to
identify focal lesions in the context of MS. The administration of a gadolinium-based contrast agent
can be utilized to detect areas of acute tissue injury, reflective of an impaired blood brain barrier,
due its T1 shortening effects, thus resulting in T1 hyperintensity.'® Other MRI techniques, such as
magnetization transfer imaging (MTI) and susceptibility weighted imaging (SWI), exploit
physiochemical properties of the tissue to generate tissue-contrast. A newly forming lesion usually

appears as T2-hyperintense, T1 iso-hypointense, as well as hyperintense in T1-weighted images
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after contrast injection (the so called contrast enhancing lesions). However, despite their sensitivity
to tissue damage, T2-weighted images are highly unspecific. For example, areas of T2
hyperintensity in MS can reflect a myriad different pathological processes, including demyelination,
oedema, gliosis, and axonal injury.!!® T1-weighted hypointensity is somewhat more specific and
reflects more severe tissue destruction, at least when visualized with spin-echo acquisitions, but are
still relatively non-specific to the underlying pathology.!!! Importantly, neither type of acquisition
can be used to distinguish between acute vs. old lesions with only a single cross-sectional
assessment, although a marked T1 hypointensity reflects scarring typical of chronic lesions,
consequently named “black-holes”.

All three lesion types, T2-and T1-hyperintense and T1-hypointense, have played an important role
in the diagnosis and clinical follow-up of patients with MS. Disappointingly though, even
quantitative measures (e.g., lesion count, lesion volume) have shown relatively poor relationships
with clinical outcomes, a finding which has been termed the clinico-radiological paradox.!'? For
example, some patients may present with a considerably extensive pattern of lesion activity but
nevertheless remain relatively free of substantial impairment from the disease while others may
have a limited lesion load but end up being severely disabled. A number of studies have aimed to
explain these seemingly discrepant findings. It has been shown that lesion location can play a
crucial role,'!'® which can be intuitively understood by considering the strategic location of a given
lesion. A lesion that interrupts the corticospinal tract is likely to have a much stronger impact on
clinical disability compared to one in an association fiber tract such as the cingulum. Despite such
limitation, quantitative measures of lesion volume and count continue to remain a mainstay in
clinical trials of multiple sclerosis drugs, often representing primary outcomes, with the expectation
that an efficacious treatment will reduce the appearance of new lesions compared to either placebo
or other pharmaceutical compounds that exert a weaker effect on the disease.

In the late disease stages, the number of active demyelinating lesions gradually subside, in favor of

chronic-active and chronic lesions. The former, also called smoldering plaques or slowly expanding
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lesions, are histologically characterized by an inactive center, with no inflammatory infiltration, and
a rim of activated, iron-laden microglia/macrophages with myelin debris. Smoldering plaques are
the hallmark of a chronically active inflammation process constantly ongoing within the CNS,
typical of late-disease stages.!!*!!> Conventional MRI has rarely been applied to detect smoldering
lesions and is limited by the need of longitudinal assessment, !!4!16 whereas advanced techniques
sensitive to iron enable the identification of this type of lesion cross-sectionally, based on the
presence of a paramagnetic rim. '’

However, WM is affected not only focally but also on a global level with a variable degree of
diffuse damage, and histopathological evidence of axonal swelling and degeneration,
demyelination, microglial activation and inflammatory infiltration.!'® Wallerian degeneration
caused by an axonal transection within focal lesions might be partially responsible for the subtle,
diffuse damage occurring throughout the so-called normal appearing WM (NAWM)!!%-12! The term
NAWM refers to the fact that this tissue may appear to be unaffected when viewing conventional
imaging sequences. This type of tissue damage is difficult to visualize with conventional MRI
techniques, but tissue loss can be quantitatively assessed, as explained in the section on
neurodegeneration.

Neuroinflammation-Grey matter
Neuroinflammation within GM is still characterized by demyelination and inflammatory infiltration

as well as oligodendrocyte damage, but the degree of inflammation and the amount of
microglia/macrophages infiltration are smaller than what is typically found within the WM. 122123
Focal lesions are detectable also within cortical and deep GM, as well as cerebellar cortex. Cortical
lesions are classified according to the site and histopathological type, as follows: type 1, cortico-
subcortical and expand both in the GM and WM; type 2 are small, intracortical, with a perivenular
location; type 3 are most frequently reported in progressive MS forms, located in the subpial

cortical layers and associated with leptomeningeal inflammation; type 4 are purely cortical and

extend throughout all the cortical layers.!?>125 Due to anatomical location and histological
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composition, cortical lesions have always represented, and partially still represent, a challenge to
visualize with MRI. The development of the imaging technique called double inversion recovery
has markedly increase the possibility to detect focal lesions within cortical GM, 26 further
improved by using ultra-high field MRI. 27 Several studies have shown the correlation between
cortical lesions and clinical disability, as well as cognitive impairment in MS, further underlining
the role of GM pathology in MS, 128129

Neurodegeneration
Unlike the most prominent focal expression of neuroinflammation, neurodegeneration is

characterized by a widespread, subtle damage affecting both WM and GM. It is of paramount
importance from a clinical point of view as it is the mechanism mainly responsible for the gradual
disability accrual typical of late disease stages. The histopathological hallmarks of
neurodegeneration are axonal and neuronal damage, associated with oligodendrocyte degeneration.
Traditionally the neurodegenerative component was considered as a secondary phase, temporally
and causally associated to neuroinflammation, and more specifically to the transition between
peripheral inflammatory cells entering the CNS through a disrupted BBB and compartmentalized
neuroinflammation driven by soluble factors produced by B lymphocytes organized into follicle-
like structures located in the leptomeninges.'*® Recent evidence has showed that neurodegeneration
is present from the very beginning, and its role might be more crucial in the disease evolution than
the mere consequence of neuroinflammation, to the point that two different pathogenetic
mechanisms have been postulated: the “inside-out” vs the “outside-in” models. The latter
hypothesizes a first, unknown, peripheral dysimmune trigger that initiates the neuroinflammatory
process leading to the entry of T- and B lymphocytes within the CNS, with, as a consequence,
inflammatory cells and soluble components spreading within WM and GM, causing focal lesions.
The former model, instead, attributes a central role to an initial neurodegenerative component, with
neuronal and oligodendrocyte damage, exposing antigens and releasing factors that trigger an

inflammatory response. 1132 Even though the question about what process comes first remains
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unanswered, histopathological studies describe the two processes as closely intertwined, with active
inflammation and acute axonal injury contemporarily present in lesions, and simultaneously
gradually decreasing in late disease stages.!*® Together, chronic inflammation and neuroaxonal
damage leads to a progressively increasing tissue loss that correlates with clinical disability.
Atrophy, or the progressive loss of CNS tissue that reflects neurodegeneration, can be appreciated
using conventional MRI images as well. Notably features of tissue loss within the brain include
enlargement of the ventricles as well as widening of the sulci. Traditionally, brain atrophy was
assessed using qualitative reads but over the last two decades, a number of quantitative techniques
have been proposed in the literature and widely used in the MS field. A far from comprehensive list
of examples that rely, at least to some extent, on manual measurements includes third ventricular
width'** and bicaudate ratio.!?> Fully automated techniques have also been developed such as brain
parenchymal fraction!3® (a ratio of the total brain tissue to intracranial volume) and normalized
brain volume!37 (brain tissue normalized for head size). Importantly, these are inherently cross-
sectional measures that essentially provide a “snapshot” of the degree of atrophy, whether it be
region specific or at the global level. One of the most widely used longitudinal extensions of brain
atrophy measurements is SIENA (Structural Image Evaluation, using Normalisation of Atrophy)
technique, which provides a measurement of percent brain volume change from a pair of structural
MRIs.!*7 Compared to conventional measures of lesion volume, atrophy measures are typically
more informative with respect to long-term disability progression.!**-142 Nevertheless, a number of
aspects need to be considered. First, tissue atrophy is an end-stage phenomenon, and its assessment
does not capture the changes that occur prior to it. Second, there are a number of biological and
technical factors that can hamper interpretability, particularly when considered at the individual
level. For example, various factors such as hydration status, menstrual cycle, and time of day can
affect the precision and accuracy of its measurement.!* Moreover, changes in scanner platform or
sequence typically render atrophy measurements invalid, especially in multicenter settings.

Although there has been considerable enthusiasm in incorporating atrophy measurement into the
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clinic, as evidenced by FDA approved / CE-marked tools for its assessment, the aforementioned
factors remain difficult to overcome, despite ongoing research. In fact, initial excitement concerning
the incorporation of atrophy measurement into the so-called no-evidence of disease activity
criteria!** has been somewhat dampened.; individual measurements are considerably more
variable,'* rendering fraught individual comparisons with the proposed pathological annualized
cut-off value of -0.4% brain volume loss.!4

Due to the limitations of conventional imaging techniques, there has been considerable interest in
the development and application of novel acquisition and post-processing methodologies that can

shed further light on the underlying pathophysiology of MS.

Neuroimaging

Diffusion weighted imaging
Diffusion-weighted imaging (DWI), long a mainstay in the clinic for assessment of stroke,

has gained attention over the last few decades to investigate CNS tissue microstructure. Although
the technical details are beyond the scope of this thesis, the general concept is that diffusion-
sensitizing gradients are added to the pulse sequence to probe the motion of water. Due to the
Brownian motion of water molecules, the MRI signal will change as a result of diffusion, which can
then be used to infer properties of the local water environment. For example, water located near
axonal myelin shows restricted diffusion when compared to ventricular CSF. Although one could in
theory obtain information using only one diffusion encoding gradient, this is rarely done in practice.
Instead, many diffusion-sensitizing gradient directions are acquired, which then allows for post-
processing techniques that can better inform on the tissue microstructure.

One of the most common DWI post-processing techniques is that of diffusion tensor
imaging (DTI). In this case, at least six different diffusion directions are required, but typically a
larger number is acquired to improve reliability and/or facilitate better post-processing approaches.
DTI processing provides a number of different types of quantitative maps, such as fractional

anisotropy (FA), mean diffusivity (MD), among others. Numerous studies have used these measures
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to assess tissue damage both within focal lesions!4”!48 as well as within the NAWM. 47 In general,
lesions are characterized by lower FA and increased MD (both indicative of increased damage)
compared to the NAWM!#159 while similar findings have been reported in the NAWM of MS
patients compared to that in healthy controls. *Interestingly though, it is typically DTI parameters

147.151 a5 well as

measured within the NAWM that show stronger associations with clinical outcomes
with gray matter damage,'#”-15%13 further highlighting the importance of non-conventional imaging
approaches.

Functional MRI
Another non-conventional technique that has become increasingly popular is that of functional MRI

(fMRI). Traditionally, fMRI experiments were set up such that participants would repeatedly
perform a certain task (e.g., finger tapping, cognitive test) followed by a period of rest. This is then
repeated a number of times, all while the MRI scanner continues to acquire a series of images
sensitive to changes in T2*. Afterwards, a researcher can then perform statistical modeling to
determine which areas of the brain “activate” while engaged in the task. The underlying principle is
that areas of the brain that are active will end up receiving more blood. The increased cerebral blood
flow and volume results in higher oxyhemoglobin, and consequently in reduced paramagnetic
deoxyhemoglobin, finally leading to an increase in signal intensity . 1>* As a result, this type of
imaging contrast is typically referred to as blood oxygen level dependent. fMRI findings in MS are
diverse and often dependent on the specific task being investigated. However, the general trend is
that MS patients tend to activate in a more widespread pattern compared to healthy controls in
addition to having larger activation peaks.*!3>:156 Both of these aspects can be interpreted in the
context of MS patients recruiting additional brain areas to complete a certain task as well as
requiring stronger “effort” in order to compensate for MS-related tissue injury.!'>

More recently, much of the research using fMRI has been dedicated to so-called resting
state-fMRI (rs-fMRI), where participants do not engage in any given task but are instead just told to

stay awake and think of nothing in particular. With these type of acquisition, post-processing can be
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used to uncover functional networks throughout the brain that correspond to areas that
spontaneously activate together.!>” This in turn allows for one to investigate functional connectivity
and how it changes as a result of the disease. Resting state-fMRI is attractive since it is simpler
from an acquisition point of view given that patient compliance is no longer an issue. However,
these types of studies can be considerably more complex to interpret as functional connectivity
changes do not appear to follow a linear trajectory as a result of the disease.!>® For example, in the
initial stages of the disease, increased functional connectivity may represent an adaptive change!”’
in an attempt to compensate for tissue damage. However, as the disease progresses, these changes
may end up being maladaptive!®? as compensatory mechanisms are exhausted.
Iron imaging
Pathological, as well as MRI, studies have revealed that MS is also characterized by altered iron
homeostasis. Changes have been noted throughout the gray matter as well as within lesions and the
NAWM. As of now though, the exact cause of iron dyshomeostasis remains elusive and there
remains still some debate as to whether it is a primary effect of the disease or merely an
epiphenomenon secondary to tissue injury.® Nevertheless, iron itself plays an essential role in
various processes in the brain, including neurotransmitter synthesis,'®! myelination, mitochondrial
energy production,'® DNA synthesis and repair,'®> among others. As such, it is perhaps not
surprising that iron levels in the brain are affected in a disease such as MS that causes widespread
damage throughout the CNS.

Much of the current knowledge about iron in the brain with respect to MS comes from
neuroimaging studies. A number of techniques have been developed for quantifying iron content in

vivo. Some of the early studies used a simple semi-quantitative measure of T2-weighted

164 164,165

hypointensity of the deep gray matter,'°* showing associations with clinical outcomes.
Another technique is the so-called field-dependent R2 increase, which is rather cumbersome as it

relies on acquiring images from scanners with two different field strengths.!%® More recently, most

of the attention in the MS field has been focused on multi-echo gradient sequences, which allow for



the calculation of R2* maps, phase maps, as well as quantitative susceptibility mapping (QSM)
maps. As of now, several studies have consistently shown increased concentrations of iron in the

deep gray matter of MS patients, 16716

although there is some work that suggests the opposite may
be true, particularly within the thalamus."!”% Iron sensitive imaging has also played an important
role in characterizing chronic, active lesions in the white matter. A subset of MS lesions presents
with a paramagnetic rim that can be visualized using such techniques. These lesions are
characterized by a lesion that is essentially silent at the core, but the periphery of which contains
activated microglia and are thought to represent chronic active inflammation.!”!

Magnetization transfer imaging
Magnetization transfer imaging (MTI), in general, reflects tissue integrity. The theoretical

background of this technique resides in the property of macromolecules-bound protons to absorb
energy derived by radiofrequency pulses and then transfer it to nearby free-water protons that
become then saturated. When another radiofrequency pulse is directed towards free-water protons
already partially saturated, the derived signal will be reduced, and the difference can be quantified
in terms of magnetization transfer ratio (MTR). MT-weighted images can be used to visually detect
structural changes before they become apparent on conventional sequences, such as T2-weighted
sequences, and predict the appearance of Gd+ lesions.!”? In this context, MTI can be used to
monitor MS lesion evolution, and it is highly correlated to the sensitivity of T2-weighted lesion
load and to the number of lesions detected with fluid-attenuated inversion recovery images in high-
field MRI (7 Tesla), as such being a marker of neuroinflammation. !73:!74

Moreover, MTR changes are sensitive to myelin content, and reliably reflect demyelination and
remyelination both in lesions and normal appearing white matter. !7°

Optical coherence tomography
Optical coherence tomography (OCT) is a relatively novel imaging technique that exploits infra-red

light to analyze and quantify thickness and areas of different retinal layers.!”® It has several

applications in multiple medical branches, such as cardiology, oncology, and dermatology as it is



inexpensive, non-invasive, well-tolerated and highly reproducible. It has also been applied to the
study of MS, as it allows to study retinal layers in which both ganglion cells and axons reside.!”’
More specifically, the most commonly used OCT measures are the peripapillary retinal nerve fiber
layer thickness (pRNFLT) and the ganglion cell and inner plexiform layer thickness (GCIP),
reflecting respectively the integrity of axons and neuronal cellular bodies. Thinning of these retinal
layers are usually associated to retinal neuroaxonal degeneration that can happen as a consequence
of acute optic neuritis (ON), but also in the context of MS, without a history of ON. Some studies

178,179

have described an association between OCT markers and MRI atrophy measures, as well as

between pRNFLT and clinical measures of short-term and long-term disability and cognitive
impairment, 180-183

Optical Coherence Tomography has also been useful in monitoring other dysimmune CNS diseases,
such as the neuromyelitis optica spectrum disorders (NMOSD), a pathological entity characterized
by the presence of a pathogenetic biomarker, namely antiaquaporin-4 antibody, and a severe tissue

damage preferentially located at the spine and optic nerve level 184185

Laboratory biomarkers

Besides MRI markers, there has been a long search for laboratory biomarkers able to facilitate the
diagnosis, or helpful in early prediction of long-term evolution. Whereas in other dysimmune CNS
diseases, such as NMOSD!®> and myelin oligodendrocyte glycoprotein antibody associated
disorders (MOGAD),'® biomarkers were identified and in the former case helped clarifying the
pathogenesis of the disease, to date, there is no specific biomarker for MS. For a long time, the only
biomarker considered in the MS field was the presence of oligoclonal bands (OB) in the CSF, but
they have a low specificity as they simply indicate the presence of a dysimmune inflammatory
reaction within the CNS. They are very sensitive though, as up to 95% patients with MS are

OB+.!¥7
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However, despite intensive research, the antigen towards which the Immunoglobulins G that are
visualized as OB remains unidentified. Their widespread presence in the CSF of MS patients led to
their inclusion in the diagnostic criteria by Poser et al.!> Furthermore, recent studies showed their
predictive role for conversion from RIS to clinically definite MS, as RIS patients positive for OB
converted faster to CIS and MS than patients OB-. !88

Neurofilaments (Nfl) are a major neuronal component, released upon neuroaxonal damage. They
are detected in up to 78% of MS patients, and are significantly associated with the disability level
and the presence of a recent disease exacerbation,'® as well as with the presence of a progressive

91192 ag early as in CIS.!*?

form,'® and global and regional brain atrophy
Some other proteins have been analyzed in the attempt of identifying lab biomarkers of disease
progression, such as the myelin basic protein, a marker of WM demyelination, neuron specific
enolase (NSE), a marker of neuronal damage, but none of them has shown enough specificity.!*?
Moreover, acquiring CSF markers is not ideal, as the invasiveness of the maneuver (lumbar
puncture) needed to obtain CSF for analysis prevents their use for routine monitoring purposes.
Recently, the comparative dosage of serum and CSF neurofilament light (NfL) chain, revealed that
serum Nfl (sNfL), although with a 40-fold decrease with respect to CSF amount, is still a reliable
marker for WM injury,'** with a strong correlation between CSF and serum levels 19193
Further studies have reported significantly higher sNfL levels in MS patients than in healthy
controls as well as an association between sNfLL and EDSS changes, Gd-enhancing lesions and

neuropsychological outcomes, 192196

making them a very promising, easily obtainable biomarker for
disease activity and progression. When prospectively assessed, sNfL levels were strongly associated
with both new/enlarging '°7:1° and Gd+ lesions,!?® as well as with global and regional brain atrophy

199.200 and even 10 years.?!

and spinal cord volume loss over 5 years,
Moreover, patients with MS under disease modifying treatment had significantly lower levels of

sNfL,!21%% and switching from a “first-line” therapy to a more efficacious one was associated with

a significant decrease of SNfL.2%2 A recent study repeatedly quantified sNfL in a large population of
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patients starting new disease modifying treatments (DMT) and detected an overall decrease of SNfL
after treatment initiation, but with relevant differences among therapies. 2 SNfL could therefore be
used also to monitor treatment response in the context of RCTs and, possibly, in the routine clinical

practice 204

The current knowledge on the pathogenetic mechanisms driving MS has drastically increased, in
large part due to the advent of advanced MRI techniques that allowed to acquire relevant in vivo
information from the earliest disease stages. Yet, several issues need to be clarified, among which
are the relationship between neuroinflammation and neurodegeneration and a better characterization
of disease progression. With this background, the overarching aim of the manuscripts here enclosed
was to apply multimodal approaches in conjunction with sophisticated imaging techniques to
identify markers of disease progression and study the potential role of neuromotor rehabilitation as

a non-pharmacological treatment capable of counteracting the progression of MS.

Brief overview of disease modifying treatments in MS

As mentioned earlier, the first pharmacological treatment officially approved for MS was
Interferon-B (IFN) 1b, for its proven efficacy in reducing the relapse rate.?’ Both Interferon- 1b
and la are currently available as injectable therapies with an administration frequency that ranges
from 3/week to bimonthly, depending on the specific drug. Their mechanism of action is complex,
including modulation of the production of pro- and anti-inflammatory cytokines.??> They are
characterized by a high safety profile, with only local reactions and flu-like syndrome as the most
common side effects, to the point that they are approved also for use in pregnant women. The other
injectable therapy, glatiramer acetate (GA), is currently available in two different dosages and
frequency of administration (daily or 3/week), although a depot formulation with a less frequent
need of injection is under investigation. GA is a synthetic analogue of the myelin basic protein, a

major constituent of myelin sheaths, that acts by modulating the cytokine pattern and competing
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with different antigens to their presentation to T-lymphocytes. Furthermore, it stimulates the
production of brain-derived nerve growth factor, potentially promoting neuro-regeneration. The
only side effects are represented by cutaneous reactions in the injections site.

More recently some oral therapies have also become available for the treatment of MS, overcoming
the psychological and physical issues related to the need for injections. Dimethyl fumarate (DMF)
has been approved for RRMS based on its efficacy in reducing Gd-enhancing lesions,
new/enlarging T2 lesions and annualized relapse rate.?® Again, DMF effectiveness resides in the
capability to modulate the immune system reducing the production of proinflammatory cytokines,
inflammatory mediators in activated microglial cells,?’” downregulating oxidative stress. Most
common side effects are represented by gastrointestinal symptoms and flushing. Fingolimod (FTY)
and the more recent compounds Ozanimod and Siponimod are antagonists of the sphingosine-1
phosphate receptor, which is commonly found in several cell types, among which T-lymphocytes.
They share a similar mechanism of action, which consists of preventing egress of T-lymphocytes
from lymphoid tissue, thus reducing the amount of autoaggressive T-lymphocytes circulating in
bloodstream and entering the CNS.2%® FTY showed higher efficacy than IFNB-1a in reducing
relapse rate (52% vs 32%), and appearance of new Gd-enhancing lesions.?”® The most common
side effects are mild tiredness, diarrhea, stomach ache and altered liver functions, but some cases of
varicella-zoster virus reactivation have been reported,?!? as well as few cases of progressive
multifocal leukoencephalopathy (PLM).?!! The first dose administration requires EKG monitoring
for at least 6 hours for some reported cases of bradyarrhythmia, and rare cases of sudden death.
Teriflunomide is another oral agent approved in MS, whose mechanism of action is not completely
understood but seems to be based on the inhibition of pyrimidines in rapidly proliferating cells such
as T- and B lymphocytes thereby reducing their reactivity to autoantigens.?!? Compared to placebo,
teriflunomide reduced annualized relapse rate, disability progression and several MRI markers of
neuroinflammation.?!® Teriflunomide is a generally well tolerated drug, with very few, reversible

side effects (e.g. diarrhea, nausea, hair loss, altered liver enzymes).



Cladribine is another oral therapy, but it is characterized by a peculiar administration: it only needs
to be taken twice, with the two short cycles 1 year apart from each other. Cladribine acts by
depleting both T-and B-lymphocytes and is recommended as a first-line therapy for highly active
MS forms. Cladribine showed efficacy in reducing the annualized relapse rate (ARR) by 57.6% vs
placebo, the number of Gd+-enhancing lesions as well as new T2 lesions.?!* Side effects include
upper respiratory or genitourinary infections, lymphopenia and some other minor symptoms.
Natalizumab (NTZ) is the first monoclonal antibody approved for use in treating MS. It acts by
binding to 04f1-integrin receptors thereby inhibiting leukocyte migration into brain tissue.?"It is
characterized by a rapidly acting anti-inflammatory activity, and a very high efficacy in reducing
relapse rate, Gd+ enhancing lesions, as well as T2 lesions (9.6 lesions/patient in the placebo group
vs 0.7 in the NTZ group 6 months after treatment initiation).2!® The most severe complication of
NTZ treatment corresponds to the potential development of Progressive multifocal
leukoencephalopathy (PML), an opportunistic infection leading to encephalitis. It is caused by the
ubiquitous John Cunningham virus normally quiescent, but potentially reactivated by lack of
immunosurveillance. The likelihood of presenting with PML after two years of treatment increases
significantly and limits the possibility to use NTZ for undetermined periods of time.?!’

A better understanding of the MS-related pathogenetic mechanisms has highlighted the role of B
lymphocytes, both in the periphery and within the CNS, sustaining the chronic compartmentalized
inflammation within the CNS. Ocrelizumab is among the newest pharmacological compounds
approved for the treatment of MS, and one of the two drugs registered for progressive MS
forms.2!%21? Ocrelizumab is a humanized antiCD20 antibody that owes its efficacy to a mechanism
of depletion of B lymphocytes, indirectly confirming the crucial role of these latter in disease
evolution. Rituximab is another antiCD20 antibody that acts similarly, but it is not approved for MS
yet, thus being administered only in selected cases and in an off-label regimen. 22°

Alemtuzumab is an anti-CD52 antibody that acts by depleting both T- and B-lymphocytes as well

as monocytes. It is a very effective treatment that, for the wide immune depleting mechanism of



action, is usually reserved as a second- or third-line therap.??! Post marketing studies showed the
efficacy of alemtuzumab on markers of neuroinflammation as well as neurodegeneration, such as a
reduction of annualized relapse rate, an EDSS decrease in 20.6% of treated patients together with a
progression-free survival in 89.2% of treated patients after 2 years.?*?

The current pandemic of SARS-Cov2 has raised many questions with respect to safety of different
MS drug treatments that were not previously considered, mainly with respect to ability of the
immune system to build an effective response to an infectious agent never encountered before, and
to the possible interactions between MS treatments and vaccines. A recent study, however, has
shown that drugs are in generally safe and, but for antiCD20 therapies, do not impact on the overall
risk of hospitalization, intensive care unit admissions and death.?> However, among all the
available treatments, ocrelizumab and rituximab were associated with the greater risk of
hospitalization and Intensive Care Unit admission, and rituximab was associated with a higher risk
of artificial ventilation.?*

In contrast, MS patients under different types of treatments were studied, to quantify their humoral
and cellular response after anti-COVID vaccination: as expected, patients treated with ocrelizumab
had a lower humoral response, whereas patients treated with FT'Y had the lowest frequency of T-
cell response. Therefore, patients affected with MS show undoubtedly the presence of at least a
partial response of the immune system, even in patients treated with disease modifying treatments,

advocating for the more systematic use of vaccines.??

Non-pharmacological treatments: neuromotor rehabilitation and neuroplasticity

The last Global Burden of Disease Study showed that neurological diseases are the primary cause of
disability-adjusted life years (DALYSs), and whereas MS-related mortality has significantly
decreased in the last decade, age-related DALY's have not changed.?> Moreover, identified genetics

and environmental risk factors explain less than 10% of DALY's burden in most neurological



conditions, including MS.3#* Therefore, on the one hand primary prevention is not feasible, and on
the other currently available pharmacological therapies have limited efficacy in slowing down or
reverting disease progression. Thus, strategies capable of mitigating progressive disability gain are
urgently needed.

Neuroplasticity is the ability of the brain to modify itself at a structural and functional level in
response to aging, learning and environmental stimuli.??%23! Experimental and clinical studies have
demonstrated the usefulness of physical activity in MS, both at an osteoarticular/muscular and
cardiac level, but also promoting positive neuroplasticity.?*224° The United States National MS
Society has endorsed the positive role of physical exercise, or an active lifestyle, recommending at
least 150 minutes/week to patients affected by MS.?4!

Both experimental studies on animal models of MS and the use of advanced MRI techniques
applied to patients undergoing neuromotor rehabilitation have shed some light on the mechanisms
eliciting neuroplasticity.?***? In particular, rehabilitation stimulates remyelination and neuroaxonal
regeneration, as demonstrated in animal studies, while it reduces tissue damage, favoring the
recovery of tissue integrity in patients with MS.243-244,

Several rehabilitative studies concordantly reported a beneficial effect on both objective and
subjective clinical outcomes, such as fatigue, balance, endurance, strength and in general quality of
life. 2424 A recent systematic review described the effect of neuromotor rehabilitation on brain
neuroplasticity, reporting that motor rehabilitation has the potential to favorably impact brain
neuroplasticity.!>> However many factors, such as individual disease stage and duration, as well as
rehabilitation type and duration, influence the type and degree of cerebral response. Moreover, the
few studies investigating the relationship between neuroplasticity and MS by means of advanced
MRI techniques have been limited by different methodological pitfalls regarding the study design,
the control group, and more generally by the heterogeneity of rehabilitative methods and MRI

markers applied.'>
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The importance of better understanding how to promote neuroplasticity through neurorehabilitation,
thus counteracting the effect of a chronic tissue damage, resides also in the concept of “Medxercise”
(Medicinet+exercise). Experimental studies have shown that the simultaneous administration of
medications promoting remyelination and physical exercise favoring the release of growth factors,
neuro- and synaptogenesis, has an additive positive effect on disease progression.?*°

Despite the clinical evidence of a positive effect of physical exercise on both motor, psychological
and cognitive outcomes, the lack of robust markers to quantify the benefit and investigate the
underlying neural mechanisms makes it necessary to plan further larger and well-designed studies
that would allow to tailor rehabilitative strategies on patients’ needs and abilities, with a final

relevant effect on disease evolution.

Gaps in knowledge

As described in this Introduction, the last decades have been characterized by a tremendous
advancement in the knowledge of the disease, its pathogenetic mechanisms, related risk factors and
prognostic factors. Nonetheless, some crucial questions are yet to be answered, among and above
others the ones pertaining to the relationship between neuroinflammation and neurodegeneration
and how their interaction leads to irreversible disability accrual. To clarify these aspects is of
paramount importance as it would lead to the identification of novel, more targeted therapies with
effective neuroprotective properties. The current project helps unraveling the mystery, by applying
different conventional and advanced MRI techniques enabling to capture multiple structural,
functional and metabolic processes undergoing MS course, allowing for a more global,

complementary and thorough view of the MS-related pathophysiology.

Chapter 2. Hypotheses

MS is a complex disease characterized by the presence of numerous factors contributing to disease
progression, including, but not limited to, lesion formation, chronic tissue degeneration, and iron

dyshomeostasis.
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Applying multimodal imaging approaches in two of the different disease phenotypes (relapsing-
remitting and progressive MS) will allow us to capture different aspects of disease progression,
potentially assessing the underlying differences in pathophysiology. This in turn will help defining
the possible association between several MRI markers and clinical disability measures, ultimately
facilitating the understanding of processes that can be the target of new therapeutic approaches as
well as of neurorehabilitation. Neurorehabilitation is a non-pharmacological tool thought to be able
to facilitate brain reorganization through neuroplastic mechanisms.

Conventional MRI techniques are not sensitive enough to capture disease progression, therefore we
need to apply other advanced imaging approaches to evaluate disease evolution over time. More
specifically, the combination of imaging techniques able to investigate structural and functional
features of the cerebral tissue affected by MS as well as specific metabolic aspects would allow a
better characterization of different disease phenotypes and help understanding the contribution of
neuroinflammation and neurodegeneration to disease progression. The overall hypothesis driving
the research projects here included regards the possibility to identify MRI markers predictive of
disease progression, which in turn leads to the transition from relapsing remitting forms of disease
to secondary progressive forms of MS. The specific hypotheses underlying the different studies here
reported are as follows:

1) Histopathological data first and then MRI data have consistently shown the presence of
altered iron content in different CNS compartments, in MS as well as in other
neurodegenerative diseases. Whether this is the cause or a consequence of tissue damage has
yet to be defined. Recent evidence of the key role of grey matter in MS progression has led
to investigate the presence of tissue damage in deep grey matter structures, such as basal
ganglia and the thalamus. The latter is of particular interest, as it is one of the main brain
hubs, connecting cortical and subcortical structures. Thalamic iron content has been
previously investigated ion MS with discrepant results likely due to the application of

different MRI techniques. Considering it an intriguing subject with potential relevant
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2)

3)

consequences, we decided to use quantitative susceptibility mapping to analyze deep grey
matter iron content. Both a region-of-interest based and a voxelwise-based approach were
applied, associating quantitative measures of susceptibility to clinical measures of disability
in different MS phenotypes. The working hypothesis of the study was to verify whether iron
content was altered in different DGM structures and how iron dyshomeostasis was
associated to clinical disability and progressive forms of MS, potentially making iron-related
markers suitable for monitoring disease evolution over time.

The previous identification of a novel MRI marker, so-called atrophied lesion volume,
derived from the application of conventional MRI techniques and related to disease
evolution, is of notable scientific interest. The histopathological correlate of atrophied lesion
volume is not clear but it seems to be the result of irreversible tissue loss. Based on these
previous findings and bearing in mind the need to identify reliable and reproducible
measures of disease progression, we performed a study applying atrophied T2-lesion volume
together with other MRI markers, biomarkers and cognitive measures reflective of disease
progression. We hypothesized that atrophied lesion volume could correlate with multimodal
measures of neurodegeneration, confirming its potential role as a marker of
neurodegeneration.

Optical coherence tomography (OCT) is emerging as an alternative imaging technique for
the study of neuroaxonal damage, with several advantages with respect to advanced MRI
techniques in terms of costs, accessibility, and ease-of-use. Several studies have investigated
the correlation between OCT markers and brain volumetric measures, confirming the
association between the entity of retinal and brain neuroaxonal damage. With this
background, we planned to study the association between OCT and a serum biomarker of
neuroaxonal damage in different MS phenotypes, to further verify the role of OCT measures

as markers of neurodegeneration.

37



4) Neuromotor rehabilitation is currently implemented in clinical practice in several
neurological diseases, including MS, with different approaches aimed at recover lost
functions and slow down disability accrual. The neurobiological explanation of the efficacy
of neuromotor rehabilitation resides in its ability to promote brain neuroplasticity, but the
exact mechanisms through which rehabilitation exerts its effects are still unclear. We
planned a study combining different advanced MRI techniques to evaluate the effects of

intensive neuromotor rehabilitation on structural and functional connectivity.
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Chapter 3. Brain Iron at Quantitative MRI is associated with disability in
multiple sclerosis

Abstract

Purpose To study deep gray matter susceptibility in multiple sclerosis (MS) by using quantitative
susceptibility mapping (QSM) and to assess the relationship between susceptibility and clinical
disability. Materials and Methods For this prospective study between March 2009 and November
2013, 600 participants with MS (452 with relapsing-remitting MS and 148 with secondary
progressive MS) and 250 age- and sex-matched healthy control participants were imaged with 3.0-T
MRI to measure magnetic susceptibility. Deep gray matter susceptibility (in parts per billion) was
analyzed by using region of interest and voxelwise methods. QSM and MRI volumetric differences
between study groups and associations with clinical outcomes were assessed. Analysis of
covariance, multivariable linear regression, and voxelwise analyses, controlling for age and sex,
were used to compare study groups and to explore associations between MRI and clinical outcomes.
Results Compared with control participants, participants with MS presented with lower thalamic
susceptibility (-7.5 ppb vs -1.1 ppb; P <.001) and higher susceptibility of basal ganglia (62 ppb vs
54.8 ppb; P <.001). Lower thalamic susceptibility was associated with longer disease duration (f =
-0.42; P =.002), higher degree of disability ( =-0.64; P =.03), and secondary-progressive course
(B=-4.3; P=.009). Higher susceptibility of the globus pallidus was associated with higher
disability (B = 2; P =.03). After correcting for each individual structural volume in voxelwise
analysis, lower thalamic susceptibility and higher susceptibility of the globus pallidus remained
associated with clinical disability (P <.05). Conclusion Quantitative susceptibility mapping (QSM)
suggests that altered deep gray matter iron is associated with the evolution of multiple sclerosis
(MS) and on disability accrual, independent of tissue atrophy
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Chapter 4. A multimodal approach to assess the validity of atrophied T2-lesion
volume as an MRI marker of disease progression in multiple sclerosis

Abstract

Background: Atrophied T2-lesion volume (LV) is a novel MRI marker representing brain-lesion
loss due to atrophy, able to predict long-term disability progression and conversion to secondary-
progressive multiple sclerosis (MS).

Objective: To better characterize atrophied T2-LV via comparison with other multidisciplinary
markers of MS progression

Methods: We studied 127 MS patients (85 relapsing-remitting, RRMS and 42 progressive, PMS)
and 20 clinically isolated syndrome (CIS) utilizing MRI, optical coherence tomography, and serum
neurofilament light chain (sNfL) at baseline and at 5-year follow-up. Symbol Digit Modalities Test
(SDMT) was obtained at follow-up. Atrophied T2-LV was calculated by combining baseline lesion
masks with follow-up CSF partial-volume maps. Measures were compared between MS patients
who developed or not disease progression (DP). Partial correlations between atrophied T2-LV and
other biomarkers were performed, and corrected for multiple comparisons.

Results: Atrophied T2-LV was the only biomarker that significantly differentiated DP from non-DP
patients over the follow-up (p = 0.007). In both DP and non-DP groups, atrophied T2-LV was
associated with baseline T2-LV and T1-LV (both p = 0.003), absolute change of T1-LV (DP p =
0.038; non-DP p = 0.003) and percentage of brain volume change (both p = 0.003). Furthermore, in
the DP group, atrophied T2-LV was related to baseline brain parenchymal (p = 0.017) and thalamic
(p = 0.003) volumes, thalamic volume change and follow-up SDMT (both p =0.003). In non-DP
patients, atrophied T2-LV was significantly related to baseline sNfL (p = 0.008), contrast-enhancing
LV (p =0.02) and percentage ventricular volume change (p = 0.003).

Conclusion: Atrophied T2-LV is associated with disability accrual in MS, and to several
multimodal markers of disease evolution.
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Chapter 5. Serum neurofilament light chain and optical coherence tomography
measures in MS: A longitudinal study

Abstract

Objective: To study the association between serum neurofilament light chain (sNfL) and multiple
optical coherence tomography (OCT) measures in patients with MS and healthy controls (HCs).

Methods: In this prospective study, 110 patients with MS were recruited, together with 52 age- and
sex-matched HCs. Clinical evaluation and spectral domain OCT and sNfL were obtained at baseline
and after 5.5 years of follow-up. Nested linear mixed models were used to assess differences
between MS vs HC and associations between sNfL and OCT measures. Partial correlation
coefficients are reported, and p values were adjusted for the false discovery rate.

Results: At baseline, peripapillary retinal nerve fiber layer thickness (pRNFLT) and macular
ganglion cell and inner plexiform layer thickness (mGCIP) were significantly lower in MS than HC
both in MS-associated optic neuritis (MSON) (p = 0.007, p = 0.001) and nonaffected MSON (n-
MSON) eyes (p= 0.003, p = 0.018), along with total macular volume (TMV) in n-MSON eyes (p =
0.011). At follow-up, MS showed significantly lower pRNFLT, mGCIP, and TMV both in MSON

Conclusions: This study confirms the ability of sNfL to detect neurodegeneration in MS and
advocates for the inclusion of SNfL and OCT measures in clinical trials.

Classification of evidence: This study provides Class III evidence that sNfL levels were associated
with MS neurodegeneration measured by OCT.

62



Chapter 6. Effects of motor rehabilitation on mobility and brain plasticity in
multiple sclerosis: a structural and functional MRI study

Abstract

Background: Rehabilitation seems to promote brain plasticity, but objective measures of efficacy
are lacking and there is a limited understanding of the mechanisms underlying functional recovery.

Objective: To study functional and structural brain changes induced by gait rehabilitation.

Methods: We enrolled MS inpatients (EDSS 4.5-6.5) undergoing a 4-week neurorehabilitation.
Several clinical measures were obtained, including: 2-min walk test (2MWT), dynamic gait index
(DGI), Berg balance scale (BBS). Furthermore, motor-task functional MRI (fMRI) of plantar
dorsiflexion, resting state fMRI, and regional diffusion tensor imaging (DTI) metrics were obtained.
All the assessments were performed at baseline (TO0), after the end of the rehabilitation period (T1)
and 3 months later (T2).

Results: Twenty-nine patients were enrolled at TO, 26 at T1, and 16 completed all timepoints. At
T1, there was a significant improvement of 2MWT, DGI, and BBS scores, along with a reduced
extent of the widespread activation related to the motor task at the fMRI and an increased functional
connectivity in the precentral and post-central gyrus, bilaterally. None of these changes were
maintained at T2.

Conclusions: Our findings show a short-term beneficial effect of motor rehabilitation on gait
performances in MS, accompanied by brain functional reorganization in the sensory-motor network.
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Chapter 7. Discussion

The studies presented here had the overall common aim to identify and describe pathogenetic
features of different disease phenotypes and in particular to characterize progressive MS forms,
therefore contributing to identify markers of disease progression.

Even though each study here included presents results derived from the application of different
imaging modalities, they are at the same time complementary to each other, as they all provided
information useful to characterize different phases of MS evolution, and to identify features typical

for progressive forms of MS.

Brain Iron at Quantitative MRI is associated with disability in multiple sclerosis

The specific hypothesis of the first paper was that global and regional susceptibility, as a marker of
iron dyshomeostasis, is more severely altered in the deep grey matter structures in progressive
forms of MS.! A growing body of evidence points at the deep grey matter (DGM) structures as an
anatomical region with a crucial role in determining physical and cognitive impairment in MS and
suggests that iron dyshomeostasis might have a major role in determining DGM tissue damage.
Therefore, we explored magnetic susceptibility of DGM structures by applying quantitative
susceptibility mapping (QSM) of the thalamus and basal ganglia, and associated DGM magnetic
susceptibility to clinic-demographic measures such as disease duration and EDSS in different
disease phenotypes. Moreover, we dedicated a review reported in the Appendix to discuss the role
of iron in MS and other neurological diseases, with a particular focus on iron dyshomeostasis in

DGM structures. ©

Clinical and theoretical implications
Our results showed that both thalamic and basal ganglia susceptibility, besides being

significantly altered in the MS group as a whole, show statistically significant differences in SPMS
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vs RRMS. The region-of-interest based analysis demonstrated that thalamic susceptibility is lower
and GP susceptibility tends to be higher in SPMS. Moreover, SPMS showed a significantly lower
thalamic susceptibility together with a significantly higher susceptibility of the caudate, putamen
and GP with respect to RRMS in the voxel-wise analysis. Lower thalamic susceptibility was
associated with higher EDSS scores even after correcting for individual structural volumes. Both
the ROI-based analysis and the voxelwise analysis confirmed a more pronounced iron
dyshomeostasis in progressive forms of diseases, and a significant association between altered iron
content within the thalamus and the globus pallidus and disease duration and clinical disability.
Overall, the study confirmed a pathogenetic role of iron dyshomeostasis, which contributes
to accrual of disability at least partially independently from deep GM tissue loss.
Shortcomings
The cross-sectional nature of the study, together with relatively long disease duration of enrolled
MS patients, did not allow definite conclusions on the temporal evolution of iron abnormalities, nor
to establish a causal relationship between altered iron content and tissue loss. However, the
interaction effect between disease course and thalamic susceptibility, together with the more
pronounced iron alterations in SPMS, allowed us to hypothesize a dynamic iron impairment
evolving over time with different features in each MS phenotype. The other limitation of the study
is related to the use of FIRST to calculate regional gray matter volumes, so that partial volume
correction was not included into the resulting structural volumes. As such, higher partial volume
averaging with progressive atrophy may have impacted on our results

A multimodal approach to assess the validity of atrophied T2-lesion volume as an MRI marker of
disease progression in multiple sclerosis

Conventional MRI sequences are routinely used in clinical practice and as the gold standard for
capturing radiological activity in randomized clinical trials. Although traditional measures derived
by conventional MRI sequences, such as lesion loads, have a limited ability to predict clinical

disability, they are easily obtainable and standardized, making results at least somewhat comparable



between different studies. Therefore, in the second paper, we used conventional T2-weighted

sequences in a longitudinal fashion to build a novel biomarker, so-called atrophied T2-lesion

volume, which reflects the destruction of lesional tissue in the brain of MS patients and we analyzed

the association between the former and other conventional measures of lesion load as well as

atrophy measures. 2

Clinical and theoretical implications
The findings of this study confirmed and expanded previous results. It showed that

atrophied T2-LV was significantly higher in MS patients progressing over time with respect to
stable MS patients, and was the only MRI marker able to differentiate disease-progressed (DP)
versus non-DP patients. Furthermore, atrophied T2-LV was significantly associated with T1- and
T2-weighted lesion loads, absolute changes in T1-volumes and global brain volume measures both
in SPMS and in DP patients. These findings confirmed the potentially relevant role of this MRI
marker in capturing some pathogenetic aspects of disease progression. Interestingly, atrophied T2-
LV was also associated with thalamic volume and thalamic volume changes in DP patients,
supporting the relevant role that thalamic dysfunction might have in the pathogenesis of MS.
Notably, atrophied T2LV was also related to a cognitive marker measured at follow-up and to a
widely used biomarker, namely sNFL. Even though sNFL reflects both neuroaxonal damage and
neuroinflammation, as its levels are higher both preceding and during acute relapses and along the
course of the disease, it is considered an easily accessible marker, sensitive to cerebral tissue
damage. Cognitive dysfunctions in MS are known to occur since the early disease phases and
become clinically relevant over time, with a significant impact on the social and professional life of
MS patients. The association of these markers with atrophied T2LV, more pronounced in patients
showing a progression of clinical disability, further confirms the utility of atrophied T2LV as a

marker of neurodegeneration.
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Shortcomings
The major limitation of this novel marker is related to the technical challenges in properly detecting

cortical lesions, so that atrophied T2-LV mostly reflects the periventricular lesional component and
not the global lesional burden.

Another limitation if this study, shared by other studies here included, is related to the small sample
size of progressive forms of MS, that might have hampered not been assessed at baseline, rendering
it difficult to define a possible association between atrophied T2LV and the baseline cognitive
status

Serum neurofilament light chain and optical coherence tomography measures in MS: A
longitudinal study

The third study applied OCT as an alternative imaging technique, hypothesizing that OCT
markers such as Retinal Nerve Fiber Layer Thickness and Ganglion Cell/Inner Plexiform, layer
thickness putative biomarkers of neuronal loss, are lower in progressive MS forms and associated
with laboratory biomarkers of neurodegeneration.?

Clinical and theoretical implications
The analysis was carried out at two levels: first, comparing MS patients with healthy

controls, and then, within the MS group, at an “eye level”, comparing eyes affected by optic neuritis
(ON eyes) with eyes that were never affected by optic neuritis (n-ON). The MS group as a whole
showed a significant reduction of several OCT markers with respect to healthy controls, both in
ON-affected and non-affected eyes. These changes were detected both at baseline and follow-up,
together with significant associations between sNfL and pRNFLT and mGCIP in n-ON eyes.
However, the results in subgroups of different MS phenotypes were less striking. In particular, in
the group of eyes not affected by ON, baseline mGCIP showed a tendency to be lower in PMS
whereas in the ON group, baseline INL was significantly higher in PMS versus RRMS. With
respect to follow-up OCT measures, in the n-ON group, pRNFLT tended to be lower and INL
tended to be higher in PMS, without reaching statistical significance in any of the comparisons.

There were no significant correlations between sNfL, a marker of neurodegeneration and OCT
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measures in the PMS group, but sNfL was significantly associated with both pRNFLT and mGCIP
in the whole MS cohort and in RRMS. The small sample size might explain the lack of significant
results in the subgroups, but some interesting conclusions can still be drawn, as both sNFL,
pRNFLT and mGCIP were significantly altered as well as significantly associated in MS as

compared to healthy controls,thus confirming their potential role as markers of neurodegeneration.

Shortcomings

The small sample size, in particular with respect to MS-ON eyes, might have had a relevant
negative role, affecting the differences between populations and all the partial correlations
between sNfL and OCT measures. Larger studies are needed to build on the current findings.
Furthermore, visual acuity and color vision information are missing, and even though the
association between visual function and OCT measures was not one of the aims of the study, this
information might have given a more complete clinical picture of the subjects enrolled in
project.Effects of motor rehabilitation on mobility and brain plasticity in multiple sclerosis: a
structural and functional MRI study

To analyze the effect of neurorehabilitation on neuroplasticity, as a non-pharmacological treatment
potentially able to counteract progressive tissue damage, in the last study presented in this thesis we
applied diffusion tensor imaging (DTI) to analyze microstructural tissue properties; functional MRI
(fMRI) to analyze activity pattern in response to a motor task and resting state fMRI to analyze
functional connectivity within regions of interest thought to be involved in disease progression in
MS. 4

Clinical and theoretical implications
Subjective and objective clinical measures representative for balance, resistance, fatigue,

significantly improved together with functional connectivity. Interestingly, the fMRI at the baseline
showed a widespread bilateral activation of both infra- and supratentorial regions, confirming
previous literature data showing a diffuse cortical activation in response to simple tasks as a
positive adaptive plastic mechanism occurring in chronic neurological diseases. After the cycle of
intensive neuromotor rehabilitation there was a global reduction of the extension of cortical
activation during motor task fMRI, paralleled with an increased connectivity both in the primary

motor and somatosensory cortex at the resting state fMRI. These findings, taken together, suggest
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that neuromotor rehabilitation favors neuroplasticity, promoting the functional recovery of
specialized areas. However, measures of structural connectivity did not show any significant
change. Moreover, all the positive clinical and functional MRI changes detected after one month
were lost at the following timepoint, three months after ceasing exercising. These results, while
underlying the importance of neuromotor rehabilitation as a non-pharmacological treatment able to
partially counteract the chronic tissue damage, confirm on the other hand the essential role of
physical activity as a regular lifestyle habit, probably difficult to maintain in most MS patients
moderately disabled, for several factors involving their personal, familial and socio-economic
status.

Shortcomings

This study presented with three main limitations. First, the study was initially designed to compare
two different rehabilitation treatments but due to financial limitations, the original sample size was
significantly reduced. This issue, together with the high drop-out rate in particular with respect ot
the third timepoint has likely hampered the results. The second limitation concerns the motor task,

as we found it very difficult to isolate the foot dorsiflexion movement, especially considering that

patients included in the study had a mild-to-moderate disability, often presenting with motor deficits

at the lower limb. Thirdly, we did not recruit a control group of healthy subjects nor of MS patients
not undergoing rehabilitation

To summarize, the findings here reported add a wealth of knowledge to the existing MS
literature, characterizing different aspects of disease evolution over time. We showed that disease
progression is related to iron dyshomeostasis in deep grey matter structures, with different
mechanisms in the thalamus and within the basal ganglia. We confirmed the usefulness of a novel
MRI marker such as atrophied T2-LV, which represents both lesion accrual and simultaneously
occurring irreversible tissue loss, possibly associated with some other pathogenetic mechanism yet
to be identified, and confirmed the role of SNfLL and OCT measures as markers reflective of

neuroaxonal degeneration. Finally, we analyzed the effect of motor rehabilitation on clinical and
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MRI markers, supporting its usefulness as a non-pharmacological treatment able to impact on
disability, even though future efforts are needed to identify how to maintain the positive effects of
neuromotor rehabilitation over time.

In the last twenty years the identification of novel biomarkers, the advent of advanced MRI
techniques and the availability of data derived from large longitudinal studies have dramatically
increased our knowledge on MS, which in turn has led to the identification of new pharmacological
treatments characterized by high efficacy on neuroinflammation. 2°! However, published data
concordantly report that long-term disability is mainly associated with the neurodegenerative
component of the disease. Therefore, strongly needed is a better understanding of: the mechanisms
underpinning neurodegeneration; and, the relationship between neurodegeneration and
neuroinflammation. The original studies presented here shared the common aim of attempting to
characterize different aspects of disease progression, by applying a multimodal imaging approach.
In this context, iron dyshomeostasis has gained considerable interest, mainly due to the availability
of advanced techniques capable of quantifying iron concentration in vivo throughout the brain.®
Moreover, chronic active lesions, also known as smoldering lesions, have become a subject of
numerous studies in the last 3-5 years as they have been identified as a hallmark of disease
progression, and they are often characterized by a rim of iron-laden microglia. 4116252 Even
though it is difficult to discern whether altered iron concentration is a mere epiphenomenon or has a
causal role in the pathogenesis of MS, our study provided new knowledge of the potential dynamics
of iron metabolism within the brain, and especially within deep GM structures. We focused on the
thalamus, which is one of the main brain connectivity hubs, as several studies showed an
association between altered thalamic tissue integrity and cognitive or clinical impairment. 2°3-2%
Our results showed reduced susceptibility within the thalamus, as well as increased susceptibility
within the basal ganglia, using both region of interest-based QSM and a whole brain voxel-wise
approach. This was evident both in RRMS and SPMS, with the latter group presenting more

pronounced iron alterations. Moreover, reduced thalamic susceptibility was associated with higher
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disability and longer disease duration, supporting the clinical relevance of thalamic iron
dyshomeostasis in MS, demonstrated also in histopathological studies.?*® As highlighted in a
subsequent study, there is a crucial difference between iron concentration and iron content, where
changes of the former might reflect reduced volumes of the areas of interest but not actual changes
in the real content of iron, whereas only changes of iron content, regardless of the volume of the
structure containing iron, are indicative of an active process of iron depletion or deposition. !7° In
our study we overcame this potential confounding factor by correcting for structural volumes in the
voxel-wise analysis, still showing a significant reduction of thalamic iron content. A possible
biological explanation of this phenomenon might reside in the progressive depletion of iron-rich
oligodendrocytes, that initially release iron in the extracellular space and subsequently are
scavenged by activated microglia, with a consequent production of reactive oxygen species that, in
turn, create an inflammatory milieu, contributing to the self-maintenance of this treacherous
mechanism. Our results, together with the majority of published data on the topic, suggest that
thalamic structural and metabolic impairment, with altered iron susceptibility as well as volume
changes occur and develop more rapidly in the early disease stages, being sustained initially by
inflammation and later by other pathogenetic mechanisms occurring both within the thalamus and
as an indirect consequence of upstream and downstream pathology. 225

Our findings, subsequently confirmed and expanded by other studies, 2720, have led to the
identification of iron-related MRI measures as potential MRI biomarkers to be included in future
longitudinal studies and clinical trials testing the efficacy of therapies in progressive MS forms. 26!-
263 Moreover, our findings together with others were reported in a recent consensus statement
published by the North American Imaging in Multiple Sclerosis Cooperative on the relevance of
deep grey matter pathology in disease progression, confirming the need to include DGM MRI

markers as endpoint in clinical trials as well as in clinical practice, even though some technical

challenges, such as the lack of common analysis platforms limit their application nowadays.?>®
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Together with a better understanding of pathogenetic mechanisms underlying disease
progression, another goal of paramount importance is the identification of reliable MRI markers
able to reflect different phases of MS evolution, to be applied in the scientific research field and,
possibly, in clinical practice. Traditionally, lesion loads quantified both with T1-weighted and T2-
weighted sequences attempted to provide useful information in this direction but the degree of
correlation with clinical markers of disability was modest, as reflected by the notion of “clinico-
radiological paradox”. !'2 There have been several attempts to explain and ameliorate the situation,
mainly by including in the correlative analysis with clinical disability not only the amount of
lesions, but also their location within the brain and along the corticospinal tract.?642%° However,
these processes are time consuming and often require post-processing expertise, which is not always
available, especially in clinical settings. The identification of a new marker, namely atrophied T2-
lesion volume, that has been the subject of one of the studies presented here, might partially
overcome the aforementioned limits as it reflects neurodegeneration and derives by conventional
MRI techniques currently used in clinical practice.

The transition phase from RRM to SPMS has continued to gain increased interest over the
last several years, in part thanks to the studies here reported. Although currently available
treatments, more sensitive diagnostic criteria, and a wider accessibility to healthcare have positively
impacted on the prognosis of MS, which appears to be characterized by a milder disease course, 2
the majority of patients still convert to SPMS within 20-30 years from the diagnosis.?¢” There is no
clear-cut boundary between RRMS and SPMS, but rather a gradual shift characterized by the fact
that the frequency of relapses subside while irreversible disability accrues despite pharmacological
and rehabilitation interventions. Subjectively, patients transitioning from RRMS to SPMS report
increased fatigue and decreased quality of life. 2%® Several studies have identified risk factors for the
conversion into a progressive forms, mostly represented by: age at onset >40, multifocal onset, high
frequency of relapses, residual disability after relapses, and spinal cord involvement.67-26?

However, a biomarker for the transitional phase has not been identified yet and would be of
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paramount importance, especially considering that currently approved disease modifying treatments
are only moderately effective on reducing the gradual accrual of disability. One of the studies
reported in this thesis presents a novel biomarker, named atrophied T2-lesion volume, a
longitudinal measure representing T2 lesion volume progressively substituted by CSF. 27° The
specific histological correlate of this marker has yet to be defined and is likely to be more than the
mere reflection of the neuroinflammatory component related to focal lesions or the
neurodegenerative process leading to tissue loss, as it explains additional variance in predicting
disability even after controlling for both percentage brain volume change and enlarging/new
lesions. 27%?7! Furthermore, atrophied T2-lesion volume has a stronger association with clinical
disability than new/enlarging lesions and brain atrophy, is correlated with global and thalamic
volume measures and has been shown to be an early predictor of long-term disability progression.
270-273 With our study, while confirming the previous findings, we also demonstrated that atrophied
T2-lesion volume was the only marker able to differentiate patients developing disease progression
from stable ones, in the context of a multidisciplinary study applying novel imaging tools (e.g.,
OCT) and quantifying biomarkers strongly correlated with disease progression such as sNfL.?
However, the small sample of PMS might have affected the ability to find correlations between
atrophied T2-LV and other imaging measures in this subgroup of patients. Our findings were
confirmed by a subsequent study that further characterized the nature of atrophied T2-LV by
applying DTI imaging to a number of T2-lesions, dividing them according to whether they became
atrophied T2 lesional tissue or not.?’* Interestingly, lesions destined to become atrophied T2-LV
were all characterized by significantly altered DTI metrics, and especially by altered free-water,
confirming the neurodegenerative component reflected by this MRI marker. As previously reported
by our study, disease-progressed patients showed greater atrophied T2-LV. While further studies
are needed to better elucidate the specific histological correlate of atrophied T2-lesion volume, this
marker shows the potential to be applied in studies investigating the transitional phase of MS and,

more generally, the phenomenon of disease progression, for its strong association with clinical and
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MRI markers of disease evolution. The usefulness of atrophied T2-LV in clinical practice is
currently hampered by the objective difficulty to visually assess lesional tissue changes over short
periods of time. We are currently in the process of evaluating the feasibility of developing a visual
scale to qualitatively assess atrophied T2-LV.

In parallel with the development of more sophisticated MRI techniques, new imaging
modalities have been applied to the study of MS, such as OCT. Besides being non-invasive,
inexpensive, well-tolerated and easy to use, this technique has also recently been confirmed to be
highly reproducible, with an intraclass correlation coefficient > 0.98. 27> A growing body of
evidence in the last years has supported the use of OCT as a marker of retinal neuroaxonal
degeneration and, thanks to its correlation with brain atrophy, of cerebral neurodegeneration as
well. Indeed, OCT markers such as pRNFLT and macular GCIP (mGCIP) have been shown: to be
significantly lower in MS vs. HC, as well as in RRMS vs. PMS; and to correlate with clinical
disability, measures of cognitive impairment, and global and regional brain atrophy.?>-*76-27 Our
longitudinal study presented in this thesis confirmed and built upon previous findings, finding a
strong significant correlation between OCT markers and sNfL, a biomarker of both
neuroinflammation and neurodegeneration in MS patients. Whereas one previous study has
investigated the association between sNfL and RNFLT in RRMS,* to the best our knowledge no
other results have been reported before on the association between sNfL. and several OCT markers,
in different MS phenotypes.

Since publication of the study presented in this thesis, SNfL has been investigated by several
studies for its association with the neurodegenerative component of MS and its easy accessibility..
Interestingly, in our study all the associations between sNfL and OCT markers were found in eyes
not affected by optic neuritis. In the overall MS group sNfL was associated with pRNFLT at
baseline and follow-up and mGCIP, in RRMS it was associated with both baseline pRNFLT and
mGCIP, and in PMS there was a trending association between sNfL and mGCIP. These results

support the role of all the analyzed markers in monitoring disease progression. One of the possible
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explanations for the lack of significant associations in eyes affected by optic neuritis is that the focal
damage due to past inflammatory episodes affects the ability of the OCT markers to reflect global
neuroaxonal degeneration. Moreover, both pPRNFLT and mGCIP were significantly decreased in the
whole MS cohort, including both patients with and without a history of optic neuritis, possibly
indicating a process of retinal neuroaxonal degeneration occurring, at least partially, independently
from acute neuroinflammatory episodes. 281?82 Considering only the patients without a history of
ON, the reduced OCT markers might be interpreted as the result of subclinical past ON attacks or as
retrograde degeneration stemming from lesions along the optic pathways. 283284

The findings of our study were confirmed by several others in both cross-sectional and
longitudinal studies, and in one population-based study on 4369 persons, of which 23 affected by
MS. 285289 Moreover, by supporting the role of neurodegenerative markers for both sNfLL and OCT
markers, our findings stimulated further analyses such as testing the association between OCT
measures and scores of cognitive dysfunction, which strengthen the role of OCT markers in
characterizing neurodegeneration. 2°

Advanced MRI techniques are useful not only to gain information on pathogenetic
mechanisms, but also to monitor disease evolution or response to pharmacological and non-
pharmacological treatments. Neuromotor rehabilitation has been integral to clinical practice for a
long time. Our study, confirmed the benefits of neurorehabilitation, as demonstrated by the
significant improvement on balance and gait function. Furthermore, it showed functional
reorganization of the brain following the intensive neuromotor rehabilitation intervention, as we
detected a reduced peak of activation in the precentral gyrus in response to the motor task, and an
increased connectivity in the primary motor and somatosensory cortex with resting state fMRI.
With respect to the former result, some studies have reported similar findings, with reduced
activations of motor areas in response to motor rehabilitation, 2°!°2 but some others have described

positive clinical outcomes paralleled by increased activation of cortical areas, 243-293-293
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The apparently contradictory findings with respect to changes in connectivity need to be
interpreted taking into consideration positive adaptive brain plasticity vs. maladaptive plasticity.
Adaptive plasticity reflects the brain’s ability to structurally and functionally modify itself in
response to experiences and environmental stimuli as well as to change subsequent to brain tissue
damage, aiming at restoring homeostasis. 2°¢ Maladaptive plasticity, instead, represents an aberrant

297 The border between the two mechanisms is very

modification leading to a poor clinical outcome.
thin as there is no MRI marker specific for either phenomenon, and in MS is further complicated by
the presence of an underlying chronic tissue injury. Overall though, the association between
reduced cortical activation and improved clinical measures lends itself to the interpretation of
functional reorganization reflecting positive adaptive plasticity, driven by the attempt to “recover”
the lost function. In particular, the reduced activation of the precentral gyrus found in our study in
response to the motor task might be seen as an increased synaptic efficiency, resulting in a
decreased energy demand to perform the same movement. This is indirectly supported by the
increased global connectivity within primary motor and somatosensory cortex during resting state
fMRI. Previously, increased functional connectivity has been described in response to cognitive
training, 2°® but no other study utilizing resting state fMRI after neuromotor rehabilitation in MS has
been previously published. No structural changes were detected after the rehabilitative cycle,
possibly due to the small sample size, and all the functional improvements found after the inpatient
rehabilitation were no longer present three months later. The most likely explanation for the latter
finding is that patients with medium-high disability do not maintain a level of physical activity
sufficient to consolidate benefits in response to the intensive rehabilitation intervention If this
interpretation were to be confirmed by longitudinal studies specifically investigating the level of
physical activity at home for MS patients, rehabilitation should be available to patients in earlier
stage of the disease, in which structural and functional brain resources are less limited and gains
might be stronger and with longer-lasting effects. Second, patients with a higher level of disability

should follow a different treatment path, in which intensive rehabilitation should be accompanied
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by an appropriate training for home-based exercises, possibly with professional supervision and
should be alternated with outpatient rehabilitative cycles aimed at consolidating the process of
positive brain reorganization.

Our study has been included in reviews investigating the role of physical exercise on MRI
markers and/or biological markers of CNS damage in MS, leading to the conclusion that exercise
training has a positive role and should be recommended even in the early disease stage. However,
evidence that neuroplastic mechanisms underpin benefits from rehabilitation is still incomplete and
needs to be further investigated. 13°-299-395

The most common methodological flaws, hampering the robustness of results of
neurorehabilitation studies, consist of small sample sizes, high drop-out rates, lack of proper
randomization and blindness of patients/examiners when two treatments are compared and lack of a
proper control group. Moreover, in our study we encountered some difficulties with the motor task
while performing fMRI, as foot plantar dorsiflexion is a difficult task to perform and maintain over
time, as the presence of muscle weakness, spasticity, and fatigability might interfere with the
performance.

The findings of our combined studies highlight that MS disease progression cannot be
properly characterized using conventional radiological imaging, or even a single advanced
neuroimaging modality. Rather, the work presented in this thesis shows the utility of multimodal
imaging techniques in leading to a better understanding of the underlying mechanisms of the
disease. It is the hope that with such an approach, the puzzle of MS, particularly with respect to

disease progression, can be further unraveled.

Future directions

Since the papers included in the current project have been published, several advances
aimed at optimizing the techniques described here have been finalized, improving the sensitivity of
diffusion imaging, by using multi-shell diffusion imaging, associating different susceptibility

imaging approaches to clearly distinguish chemical components with different magnetic properties,

96



etc. Future technical developments of the already existing techniques might allow a more precise
structural and functional characterization of the different tissue compartments, and a better

understanding of the hierarchical organization of the brain hubs and networks.

Future studies on this topic will benefit from the availability of large population-based data
registries including application of advanced imaging e.g. UK Biobank,*® that facilitate association-
based studies on a massive scale, overcoming one of the most common methodological limits that
we have encountered in the studies reported here, the potential lack of significance due to small
sample sizes. In the meantime, the optimization of advanced techniques and sequences will allow to
obtain more detailed information at a microstructural, metabolic and functional level, allowing for a
more in-depth knowledge on pathogenetic mechanisms active from early disease stages. This will
also facilitate studies investigating the hypothesis that beneficial neuroplasticity underpins
functional benefits from neuromotor rehabilitation.

Alternative imaging techniques such as OCT, as here reported, but also positron emission
tomography (PET) are an active field of research as well, for their capability to provide

complementary information on disease progression and measures of neuroinflammation.>%’

Finally,
machine learning approaches are being currently integrated in scientific research and will be
extremely important for future studies in MS, as they will facilitate the diagnostic process, the

identification of distinctive features of different disease stages and phenotypes, and the prediction of

MS disease progression.
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Appendix 1

MRI biomarkers of disease progression and conversion to secondary progressive multiple
sclerosis

Abstract

Introduction: Conventional imaging measures remain a key clinical tool for the diagnosis multiple
sclerosis (MS) and monitoring of patients. However, most measures used in the clinic show
unsatisfactory performance in predicting disease progression and conversion to secondary
progressive MS.

Areas covered: Sophisticated imaging techniques have facilitated the identification of imaging
biomarkers associated with disease progression, such as global and regional brain volume measures,
and with conversion to secondary progressive MS, such as leptomeningeal contrast enhancement
and chronic inflammation. The relevance of emerging imaging approaches partially overcoming
intrinsic limitations of traditional techniques is also discussed.

Expert opinion: Imaging biomarkers capable of detecting tissue damage early on in the disease,
with the potential to be applied in multicenter trials and at an individual level in clinical settings, are
strongly needed. Several measures have been proposed, which exploit advanced imaging
acquisitions and/or incorporate sophisticated post-processing, can quantify irreversible tissue
damage. The progressively wider use of high-strength field MRI and the development of more
advanced imaging techniques will help capture the missing pieces of the MS puzzle. The ability to
more reliably identify those at risk for disability progression will allow for earlier intervention with
the aim to favorably alter the disease course.
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Appendix 2

Targeting Iron Dyshomeostasis for Treatment of Neurodegenerative Disorders
Abstract

While iron has an important role in the normal functioning of the brain owing to its involvement in
several physiological processes, dyshomeostasis has been found in many neurodegenerative
disorders, as evidenced by both histopathological and imaging studies. Although the exact causes
have remained elusive, the fact that altered iron levels have been found in disparate diseases
suggests that iron may contribute to their development and/or progression. As such, the processes
involved in iron dyshomeostasis may represent novel therapeutic targets. There are, however, many
questions about the exact interplay between neurodegeneration and altered iron homeostasis. Some
insight can be gained by considering the parallels with respect to what occurs in healthy aging,
which is also characterized by increased iron throughout many regions in the brain along with
progressive neurodegeneration. Nevertheless, the exact mechanisms of iron-mediated damage are
likely disease specific to a certain degree, given that iron plays a crucial role in many disparate
biological processes, which are not always affected in the same way across different
neurodegenerative disorders. Moreover, it is not even entirely clear yet whether iron actually has a
causative role in all of the diseases where altered iron levels have been noted. For example, there is
strong evidence of iron dyshomeostasis leading to neurodegeneration in Parkinson's disease, but
there is still some question as to whether changes in iron levels are merely an epiphenomenon in
multiple sclerosis. Recent advances in neuroimaging now offer the possibility to detect and monitor
iron levels in vivo, which allows for an improved understanding of both the temporal and spatial
dynamics of iron changes and associated neurodegeneration compared to post-mortem studies. In
this regard, iron-based imaging will likely play an important role in the development of therapeutic
approaches aimed at addressing altered iron dynamics in neurodegenerative diseases. Currently, the
bulk of such therapies have focused on chelating excess iron. Although there is some evidence that
these treatment options may yield some benefit, they are not without their own limitations. They are
generally effective at reducing brain iron levels, as assessed by imaging, but clinical benefits are
more modest. New drugs that specifically target iron-related pathological processes may offer the
possibility to prevent, or at the least, slow down irreversible neurodegeneration, which represents an
unmet therapeutic target.
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