UNIVERSITA DEGLI STUDI DI PADOVA

CORSO DI LAUREA MAGISTRALE IN
MEDICINA E CHIRURGIA

Dipartimento di Neuroscienze — DNS
Direttore: Ch.mo Prof. Raffaele De Caro

Clinica Neurologica
Direttore: Ch.mo Prof. Maurizio Corbetta

TESI DI LAUREA.

“Cerebellar Contribution to Cognitive Impairment in early
stages of Relapsing-Remitting Multiple Sclerosis:
a conventional and rs-fMRI study”

Relatore: Ch.mo Prof. Paolo Gallo
Correlatore: Dott. Alessandro Miscioscia

Laureanda: Alessia Gubbini

Anno Accademico 2022/2023






Table of Contents

ABBREVIATIONS ...ttt ettt et ettt e e e s e e eaa et e e e e e s e s aaaaaeeeesesssssaaaeeeesssssnnnnnes 3
ABSTRACT ..ottt e e e e e e e e e et e e e seease s e eeesesasesaeareeeeesaeasraeereeeeesanannes 5
1. INTRODUCGCTION ...ttt et e e e e e e e et eeeeeeeee s aeeeeeeseesasraareeeesssassrnaereeeas 6
1.1. MULTIPLE SCLEROSIS ...ttt ettt et ee e e e e e e eeaaeeeeeeseeeeeaaeaeeseeeeeenaaaaaaaaaaes 6
1.1.1.  Relapsing-Remitting Multiple Sclerosis (RRMS)........cccoeveririenininieninieeneneen 6
L11L. EPIdemiology...cccecceieiieieeieeieesieesiieeteete e ete et eseeeseeesnnesnseesseessaessaessnesnnenns 6

L1120 BHIOIOZY . uiiiiiiciicieeiieeeteestee ettt ettt ettt s b e e abeeebeeabe e te e taestneeraeenbeeabeens 7

O 0 TR o 11 4 1o [ Y. RSP ROUUPUPRRPSt 9

11,14, PathOZENESIS ...oovvvieeiieiieiieciieeieeie et eteete e eeeesbeesteesaesaeessaesnsesnseanseenseennns 13

1.1.1.5.  Clinical presentation ..........cccccveeecveeeiieeerieeeciieesieeeireeesereeeveeessseesereseeseessnenns 15

O O O T B T Vo 1 £ RSP UPUUPSR 18

) U O R (= 150 =) L SRR 22

1.2. COGNITIVE IMPAIRMENT IN MS ... ..ot 25
1.2.1. Prevalence of CTIN IMS ... sessanenas 25
1.2.2.  Cognitive profiles in MS .......ccceiiiiiieiieieeeeeee e 26
1.2.3. Pathogenesis Of Cl........cocoiiiiiiiiiieciece ettt et 27
1.2.4.  Neuropsychological aSSESSMENL .........ccveevvievrieriieiiieieere e erieesreestresreereeveeveens 30
1.2.5.  Treatment Strat@ICS.......cccuverriirerieeerieerreeereeesreesreeestaeesereeesseesssesenseeessseessseessnes 34

1.3. THE CEREBELLUM’S ROLE IN COGNITION .......cceeiiiiiieiirreeeeeeeeeeeiinreeeeeeeeeeennnneeeeens 37
1.3.1. Structural evidence of a cerebellar role in COZNItiON........cccceveeveevrieireeniienireeenean 37
1.3.2. Functional evidence of a cerebellar role in cognition............cceeeveeeveerreerieereenenenne. 42
1.3.3. Clinical evidence of a cerebellar role in COgNItioN..........ccceevveeieerieevreeneenirenenennn, 51
1.3.4. Theories about cerebellum fUNCHONING ........c.eeveerievriiirieiiieiiie e 55
1.3.5. Cerebellar damage in MS ..........cccviiieiieniecieeceeeeeee e 56

2. AIM OF THE STUDY eoeeeetieeeeeeeeeeeeee et eeeeee ettt eeeeeeeeseeaeeeeseeeeessrareeeesseesasnanee 59
3. RESEARCH PLAN AND METHODS ...ttt ree e e e e s 61
3.1. STUDY POPULATION .....ooiiiiiiiiiiieieeee e ettt ee e e e e eeeatareeeeeeeessasaaaeeeeeesssennaaaneeseeeenns 61
3.2. CLINICAL ASSESSMENT ....iiiitttiieeeeeeeeteeeeeeeeeeeeeeeaeeeeeeeeeeeeaaaeaeseeeeeraaaeaaeeseeerennans 61
3.3. IMAGING DATA ACQUISITION ......uuuiiiiieeeeeieiieeeeeeeeeeeeesaaeeeeeeeeesessaaeeeeeeesssnsssseeeeeess 62
34. MRIDATA ANALYSIS ... iiiietieeiieeee e ettt e e e e eeeae e e e e e e eeseaaaaeeeeeessesssareereeeessennnaes 62
3.5. STATISTICAL ANALY SIS . oeeeetteeteeeeee ettt e e e e e et taeeeeeeeeeeeaeaeaeeseeeeeeanaaaeseeeeeeenes 62

A RE SUL T S ettt e e e e e e et e e e e e s e e e s eeeeeesesaeeraaeeeeeeseeessseeeeeesesaaanane 65
4.1. STUDY POPULATION .....ooiiiiiiiiiiieieeeeeeeeeieteeee e e e e e eeeiaeee e e e e e e essaaaeeeeeessssnnaanneeseeeenns 65
4.2. NEUROPSYCHOLOGICAL PARAMETER COMPARISONS......uuuuuuuuuerernennnrennnnennesnsennnnnes 66
4.3. STRUCTURAL MRI PARAMETER COMPARISONS ...ccooiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 67
4.4, FUNCTIONAL MRI PARAMETER COMPARISONS .....coviiiiiiiitiieeeeeeeeeeeiiineeeeeeeeeeennnnns 68
4.5. (0102333 2) 57N 1 (0) N1 RSP 70

5. DISCUSSION. ..ottt e e e e e e ee e e eeeeeeaeereaeeeesssaeasrareeeeesssaesrneereeeas 73
6. CONCLUSION ..ottt ettt e et e e e e s e e e ettt e e e eeesessearareeesesssssasaseeessesssnnnnns 79
BIBLIOGRAPHY ..ottt ettt ettt et e ettt e e s e e s eaaaeeeeesseseaaaereeessesannnnnns 81






Abbreviations

BOLD Blood Oxygenation Level Dependent
CCAS Cerebellar Cognitive Affective Syndrome
CI Cognitive Impairment

CIS Clinically Isolated Syndrome

CNS Central Nervous System

DIR Double Inversion Recovery

DTI Diffusion Tensor Imaging

EDSS Expanded Disability Status Scale

FC Functional Connectivity

FLAIR Fluid-Attenuated Inversion Recovery
GML Gray Matter Lesion

MRI Magnetic Resonance Imaging

MS Multiple Sclerosis

NAGM Normal Appearing Gray Matter
NAWM Normal Appearing White Matter
PPMS Primary-Progressive MS

ROI Region Of Interest

RRMS Relapsing-Remitting MS

rs-fMRI Resting-state functional MRI

SDMT Symbol Digit Modalities Test

SPMS Secondary Progressive MS

WML White Matter Lesion






Abstract

Background. The cerebellum is a primary site of Multiple Sclerosis (MS)
pathology. Structural and functional MRI studies have demonstrated the role of the
posterior cerebellum in cognitive functions. To date, the “Cerebellar Cognitive
Affective Syndrome” (CCAS) scale has never been used to test MS-related
Cognitive Impairment (CI) and its association with cerebellar involvement.

Objectives. We investigated the association of MRI structural and functional
abnormalities of the cognitive cerebellum with CI and tested the role of the CCAS
scale in detecting CI in a cohort of very early RRMS patients.

Methods. 37 patients with early RRMS and 4 age- and sex-matched healthy
controls (HC) were enrolled in this cross-sectional, exploratory study. Cognitive
performances were assessed through BICAMS, D-KEFS ST, and CCAS scale.
Using a CCAS scale score cut-off (based on a 50 HC sample), 26/37 (70%) patients
were classified as “Normal-CCAS” and 11/37 (30%) as “Impaired-CCAS”. All
subjects underwent a conventional and resting-state functional MRI (rs-fMRI)
protocol. Comparisons between groups were assessed for structural and functional
MRI parameters. Moreover, correlations between cognitive test scores and
structural-functional MRI parameters were evaluated.

Results. Patients with pathological score on CCAS also showed CVLT-II and
D-KEFS ST low scores. A significant reduction in cerebellar volumetric
parameters was found in the CCAS-impaired MS group compared to the normal
one, albeit whole brain WM and thalamic volumes were also significantly reduced.
The rs-fMRI analysis revealed higher functional connectivity (FC) between the
cognitive cerebellum and most of the functional brain cortical networks in the
CCAS-impaired group compared to the normal one.

Conclusions. Our findings suggest that CI in early RRMS is associated with
pathological alterations in both structural and functional MRI parameters. Higher
FC between cerebellar-brain networks in CCAS-impaired patients might be the
expression of a compensatory hyperactivation of altered cognitive cerebellar
connections. Finally, although the CCAS scale has proven able to detect CI in MS

patients, its specificity for cerebellar pathology needs to be further investigated.



1. Introduction

1.1. Multiple Sclerosis

Multiple Sclerosis (MS) is the most common chronic inflammatory,
demyelinating, and neurodegenerative disease of the Central Nervous System
(CNS)!. It represents the leading cause of non-traumatic neurological disability in
young adults?.

In 2013 Lublin et al’ divided the clinical course of MS into two core
phenotypes: relapsing or progressive. Most commonly, the onset is a relapsing
form of MS (termed Relapsing-Remitting MS [RRMS]), characterized by transient
episodes of neurological dysfunction, followed by periods of partial or complete
remission with clinical stability. Over time, relapses usually decrease in frequency,
but a gradual worsening supervenes, resulting in uninterrupted and irreversible
progression (termed Secondary Progressive MS [SPMS]). Less than 10%
experience progression from the onset (termed Primary Progressive MS [PPMS])’.

Despite these distinctions, all clinical forms of MS appear to reflect the same
underlying pathological processes. Although inflammation is typically associated
with relapses and neurodegeneration with progression, it is now recognized that
both aspects are present in essentially all patients across the entire disease

continuum®.

1.1.1. Relapsing-Remitting Multiple Sclerosis (RRMS)

1.1.1.1. Epidemiology

MS is a significant global health issue, with more than 2.8 million people
affected worldwide?. Conclusive contributions of the geographical distribution of
MS have been published by Kurtzke®, who divided prevalence into what (on a
global scale) would be regarded as high (>30 per 100 000), as found in northern
parts of Europe and North America; medium (5-30 per 100 000), as found in
southern Europe and southern USA; and low (<5 per 100 000), as found in Asia

and South America.



The prevalence of MS has increased since the 1950s, primarily due to longer
life expectancy in the affected population®. However, this reasoning cannot account
for the female preponderance seen in RRMS nor the increase in the female-to-male
ratio, which has risen from an estimated 1.4 in 1955 to 2.3 in 2000’ and now
exceeds 3.0 in some populations®. This rapid shift suggests environmental factors
are involved, potentially in combination with gene-environment interactions. It
also implies that a significant portion of MS cases may be preventable by targeting
factors that have changed in the modern female lifestyle, such as occupation,
cigarette smoking, obesity, birth control, and delayed childbirth®®,

RRMS typically manifests between 20 and 40 years of age, but it can occur at
any point in life: up to 10% of patients are diagnosed during their childhood or
adolescence’ while others receive the diagnosis in late adulthood. The age of onset
appears to influence the sex distribution of RRMS patients (female-to-male ratio
at onset: <10 years 1.4, 18-49 years 3.1, 50-59 years 2.3)!%!1,

The higher incidence of RRMS in females might be attributed to sex-based
differences in immune function driven by hormonal factors which predispose
women to stronger autoimmune responses'2. In addition, men may have a lower
risk of developing RRMS due to the potential neuroprotective effects of
testosterone'®. Conversely, men are more susceptible to developing progressive
forms of MS and exhibit a more pronounced neurodegenerative component and

disability progression'?.

1.1.1.2. Etiology

MS is a complex, multifactorial disease with an immune-mediated nature !. Its
precise cause is not yet fully understood. However, it is believed to arise in
genetically susceptible individuals, where stochastic events and environmental
factors influence the disease penetrance'”.

Although MS is not an inherited disease, genetics plays an important role in its
etiology, as evident from the clustering of MS cases within families. People with
an affected first-degree relative have a 2-4% risk of developing MS, compared to
the general population risk of 0.1%. Additionally, there is a concordance rate of

approximately 30% in monozygotic twins'¢.



Thanks to genome-wide association studies (GWAS), based on samples
assembled from thousands of patients and matched controls, over 200 gene variants
associated with MS have been identified. Among these variants, the human
leukocyte antigen DRB1*1501 haplotype is the most significant (OR=3). Other
genetic loci outside of the HLA region have been implicated in MS. These extra-
HLA loci often involve genes related to immune pathways, including receptors for
interleukin-2 (IL-2) and interleukin-7 (IL-7), interferons (IFNs), and tumor
necrosis factor receptors (TNFRs). These findings provide further support for the
understanding that MS is primarily an immune-mediated disease "%,

While genetic susceptibility explains the clustering of MS within families, it
alone cannot account for the geographical distribution of the disease or the changes
in MS risk associated with migration. These observations suggest the involvement
of significant environmental factors. Among these, vitamin D status, obesity in
early life, infection with the Epstein-Barr virus (EBV), and cigarette smoking
represent the most consistent environmental predictors of MS risk!*2°,

Infectious agents, such as the Epstein-Barr virus (EBV), have been proposed as
potential triggers for the onset of MS. EBYV, in particular, has shown the most
consistent association with MS, with nearly 100% of MS patients testing positive
for EBV antibodies®!. Understanding the exact role of EBV in the development of
MS remains challenging. One proposed mechanism is that the chronic presentation
of viral antigens may lead to an autoimmune response through molecular mimicry,
where the immune system mistakenly targets self-antigens that resemble viral
components 2!,

A recent publication by Bjornevik et al.?? tested the hypothesis of a causal
relationship between MS and EBV infection. The study involved a large cohort of
over 10 million young adult soldiers in the US army, 955 of whom were diagnosed
with MS during their service period. The risk of developing MS was increased 32-
fold following EBV infection, and not from other viruses with similar transmission,
such as CMV. They observed an increase in serum levels of neurofilament light
chain, a biomarker of neuroaxonal degeneration, only after EBV seroconversion,

which provides additional support for EBV as the leading risk factor for MS.



Several studies have indicated a potential association between low vitamin D
levels and increased risk of developing MS, as well as increased disease activity®.
This suggests that maintaining normal vitamin D levels throughout the course of
the disease may have a protective effect, largely due to the beneficial immuno-
modulatory effects of vitamin D. However, there is still a notable lack of conclusive
randomized clinical trials that have definitively tested the role of vitamin D

supplementation in MS patients 2%,

1.1.1.3. Pathology

MS was first identified as a novel disease about 150 years ago by Professor
Jean-Martin Charcot. In 1868, during his lectures, he named it Sc/érose en Plaque.
Indeed, the pathological hallmark of MS is the formation of plaques in the CNS,
which represent focal areas of demyelination, inflammation, and glial reaction®”.

The heterogeneity of the lesions observed in MS patients further complicates
the understanding of the pathogenesis of the disease. Although the anatomical
location of White Matter Lesions (WMLs) is associated with specific clinical
manifestations of MS, the total volume of these lesions is only moderately
correlated with the overall clinical disability and cognitive impairment observed in
MS patients. This suggests that other pathophysiological mechanisms come into
play, such as the occurrence of Gray Matter Lesions (GMLs) and damage to both
Normal-Appearing White Matter (NAWM) and Gray Matter (NAGM)?%27.

WMLs and GMLs in MS display distinct immunological characteristics. While
WDMLs exhibit significant immune cell infiltration and can be classified according
to their immunological activity, GMLs typically show only minimal infiltration of
immune cells 5%,

WMLs can vary in their location, size, and shape among MS patients, thus
several classifications have been proposed*’. For example, B6 and Trapp®'~*? have
divided WMLs into active, chronically active, and inactive lesions. Active lesions
are hypercellular lesions characterized by relative axonal preservation and massive
infiltration of lymphocytes, MHC-II+ cells, and myelin-laden macrophages
distributed uniformly throughout the lesion. Chronically active lesions also show

relative axonal preservation, but myelin-laden macrophages only accumulate at the



edges of the lesion. Inactive lesions, in contrast, are hypocellular lesions
characterized by substantial axonal and oligodendrocyte loss, astrogliosis, and a
lesser infiltration of macrophages, microglia, and lymphocytes.

Lucchinetti and colleagues®*® proposed another categorization of active WMLs
based on their pathological profiles. In this regard, four distinct patterns of
demyelination have been described:

1) Type I lesions are characterized by active demyelination associated with
T cell infiltration, activated microglia, and macrophages-dominated
inflammation with related products (e.g., tumor necrosis factor a), in the
absence of immunoglobulins (Ig) and complement deposition;

i1) Type Il lesions (the most frequent pattern) are similar to type I lesions
but additionally show the deposition of Ig (with pronounced reactivity
to myelin degradation products) and complement;

ii1) Type 111 lesions also contain an inflammatory infiltrate similar to type I
lesions but Ig and complement deposition is absent. In contrast to type I
and II lesions, demyelination is not centered around veins and venules;
instead, a rim of myelin is preserved around inflamed vessels within the
plaque. The lesion borders are ill-defined, showing diffuse spread into
apparently normal periplaque WM. Oligodendrocytes apoptosis with a
preferential loss of myelin-associated glycoprotein (MAG) is observed;

iv) Type IV lesions are extremely rare and associated with non-apoptotic
death of oligodendrocytes in a small rim of periplaque WM, creating a
sharply demarcated plaque of demyelination with radial expansion.

Whether these different patterns represent different subtypes of WMLs or
different stages within the formation of WMLs is still a matter of debate.

Evidence from MRI and pathological studies indicates that the earliest stages of
WM demyelination are heterogeneous and evolve over months*>. This suggests
that the initial events leading to demyelination may vary among individuals and
possibly within the same individual over time. However, as the lesions progress
and become more established, there seems to be a convergence toward a dominant

immune-effector mechanism within each person’.
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What determines the long-term fate of a lesion — whether inflammation resolves
or “smolders” or whether remyelination occurs — is not well understood®.
Remyelination refers to the process of restoring myelin around demyelinated
axons, and it can result in the formation of shadow plaques characterized by
partially remyelinated areas within the lesion. The extent of this process is highly
variable among patients and depends on many factors, including patients' age,
disease duration, lesion location, presence of oligodendrocyte progenitor cells, and
axonal integrity. Substantial remyelination is frequently observed in the early
stages of RRMS and younger individuals, while it is less common or even absent
in progressive forms 3638,

In addition to focal lesions, NAWM often exhibits signs of diffuse inflammation
and neuroaxonal damage in patients with MS. These NAWM abnormalities have
been observed in patients with RRMS but are more severe in those with progressive
forms of the disease. They include decreased nerve fiber density resulting from

axonal degeneration and demyelination, infiltration of small round cells (mainly

lymphocytes) and macrophages, diffuse activation of microglia, and gliosis*°.

As mentioned earlier, while demyelinating lesions are more easily identifiable
in the WM, their presence alone does not always explain or predict the clinical and
radiological features seen in MS patients. This clinical-radiological paradox has
been largely resolved by accumulating evidence from histopathological and high-
resolution imaging studies, which have revealed that GM is also involved in the
demyelination process, in the form of either focal GMLs or diffuse cortical atrophy.

GMLs can occur in different brain regions, including the cerebral cortex,
thalamus, hippocampus, cerebellum, and spinal cord. Peterson and colleagues®
have conducted studies on these lesions, noting axonal and dendritic transection,
neuronal death by apoptosis, and reduced inflammatory cell content compared to
WM lesions. Moreover, they described a significant association between microglia
and neurons in cortical MS lesions®.

Based on the pattern of cortical demyelination, they identified three different

types of cortical lesions (Figure 1):
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1) Type I are leukocortical lesions which involve both subcortical WM and
cortex;
i1) Type Il lesions reside entirely within the cortex, are usually small, and
often contain a vessel at their center;
ii1) Type 111 (the most frequent pattern) are subpial lesions that extend from
the pial surface into the cortex; many include entire and commonly
multiple gyri, extending to cortical layers 3 or 4.
When the classification proposed by Peterson was applied to biopsy samples
from patients with early-stage MS, 38% showed clear evidence of cortical

demyelination and a strong association with adjacent meningeal inflammation™.

Figure 1. Immunocytochemical distribution of myelin in the cerebral cortices of MS brains
identified 3 patterns of demyelination. (A) Type I lesions involved both subcortical WM and the
cortex (Ctx). (B) Type II lesions were confined to the cortex and often contained a centrally located
vessel. (C) Type 111 lesions extended from the pial surface into the cortex.

[Adapted from: Peterson JW, B6 L, Mork S, Chang A, Trapp BD. Transected neurites, apoptotic
neurons, and reduced inflammation in cortical MS lesions. Ann Neurol. 2001;50(3):389-400.
doi:10.1002/ana.1123].

After the first characterization of GMLs ex vivo, subsequent studies have shown
that GM involvement can be detectable in vivo as well, even in the early stages of
MS. This can be achieved by assessing cortical atrophy from conventional T1-
weighted images*' or by visualizing cortical lesions using specific GM imaging
sequences such as Double Inversion Recovery (DIR)*.

Interestingly, GMLs have been detected in some cases even before the
appearance of WMLs, indicating that the development of cortical inflammation is
at least partly independent of WM pathology*’.

GM involvement has shed light on the observed dissociation between markers

of inflammatory demyelination (e.g., relapses, WM gadolinium enhancement, T2-

12



weighted lesion load) and disease progression. The rate of disability progression
in both relapsing and progressive phases appears to be strongly linked to
degenerative GM demyelination and diffuse cortical atrophy™**.

Based on these findings, it has been proposed that there are three fundamental
pathologic processes in MS: the hallmark of acute or relapsing MS is represented
by WM demyelination in the form of focal inflammatory lesions, whereas chronic
progressive MS additionally includes diffuse damage in the NAWM and cortical
demyelination®”. These processes can occur in parallel as well as independently

from each other, contributing to the heterogeneity and complexity of MS course.

1.1.14. Pathogenesis

Tissue damage in MS results from a complex and dynamic interplay between
the immune system, glia (myelin-making oligodendrocytes and their precursors,
microglia, and astrocytes), and neurons. The traditional view of T cell-mediated
MS relapses has evolved to include key bidirectional interactions between
peripheral immune cells and CNS-resident cells. This cross-talk can result in the
secretion of a range of neurotoxic mediators (e.g., cytokines, chemokines, and
reactive oxygen species), which can promote and sustain inflammation, neuro-
axonal damage, and neurodegeneration®’.

The historical view of MS, based on studies of patients and animal models with
Experimental Autoimmune Encephalomyelitis (EAE), is that relapses are primarily
mediated by aberrantly activated and/or insufficiently regulated pro-inflammatory
CNS-specific effector T cells!. Indeed, both helper (CD4+) and cytotoxic (CD8+)
T cells have been observed in MS lesions, with CD4+ cells more concentrated in
the perivascular cuff and CD8+ cells widely distributed within the parenchyma?®.

The activation of T cells in MS requires antigen presentation by antigen-
presenting cells (APCs), including B cells and myeloid cells (e.g., macrophages,
dendritic cells, and microglia), both in the periphery and the CNS. However, the
specific antigens responsible for this activation have not been conclusively
identified*’. Myelin-related antigens are the most suspected but some studies have
also suggested antigens on the neuronal or glial cell surface. Noteworthy is that

myelin-reactive T cells have been observed in similar proportions in individuals
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with and without MS, suggesting either that these cells are dysfunctional in MS or
that other immune factors also play critical roles*®.

How aberrantly activated immune cells access the CNS is of ongoing interest
and therapeutic importance. Even though the CNS was traditionally considered
immune privileged, with the blood-brain barrier (BBB) thought to restrict the entry
of cells and macromolecules from the circulation, evidence of BBB breakdown has
been observed in MS patients. This breakdown may facilitate the migration of pro-
inflammatory cells into the CNS parenchyma. Also of note, in addition to the post-
capillary venule BBB endothelial cells, which are the site of the classical
perivascular MS lesions, immune cells might enter the CNS through other routes,
such as the subarachnoid space and the blood-CSF barrier**-*°.

Due to the early and significant success of B-cell-depleting antibodies in
limiting MS lesion formation and clinical disease activity, there is renewed
attention on the role of B cells in MS>"32, It has long been recognized that the CSF
of most people with MS contains unique antibodies known as “oligoclonal bands”,
which are produced within the CNS. There is evidence that the antibody-producing
function of B cells is important in some MS lesions**. However, considering the
rapidity of the clinical response to B cell depletion, observed as early as 8-12
weeks, even before the reduction of circulating immunoglobulins, other antibody-
independent functions of B cells are likely to be more relevant, including antigen
presentation to helper T cells and cytokine production. MS relapses may also be
driven by alterations in the balance between pro-inflammatory and anti-
inflammatory B cells. This is supported by the observation that, apart from anti-
CD20 therapies, other approved drugs for MS affect memory B cell responses. As
further support, clinical trials have shown that Atacicept exacerbated MS relapses,
indicating that selective loss of certain B cells subsets while sparing memory B
cells can lead to a more pro-inflammatory B cell profile and worsen the disease’>.

Cells of the innate immune system are also important in MS pathogenesis™.
Different populations of macrophages, including classically and alternatively
activated macrophages, have been observed in active MS lesions, where they
remove myelin debris and inflammatory byproducts. Microglia, the resident

phagocytes of the CNS, are also abundant in MS lesions, but whether their role is
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pathogenic or protective, or both, remains uncertain®®. Microglial activation has
been observed in the WM of MS autopsy specimens, even in areas remote from
established lesions®¢, and it may represent the earliest stage of lesion development,
similar to what is observed in animal models®’. Once activated, microglia and
macrophages are pathologically indistinguishable, but recent progress using gene-
expression technology has provided insights into their distinct contributions,
potentially enabling the development of targeted therapies>®.

Furthermore, the biological mechanisms underlying remission in MS are not
well understood but it is unlikely to be a mere passive decline in pro-inflammatory
effector cell activity. Instead, it likely involves active processes that downregulate
immune responses, such as the activity of regulatory T cells®® and apoptosis of
myelin-reactive T cells®’. These mechanisms may contribute to the modulation of

the immune system and the resolution of inflammation in MS.

1.1.1.5. Clinical presentation

The onset of MS can be abrupt or insidious. In the majority of cases
(approximately 85%), patients seek medical attention because of an initial clinical
attack, known as clinically isolated syndrome (CIS). CIS represents the first
episode of neurological dysfunction with features suggestive of MS. To be termed
CIS, the episode should last for at least 24 hours and not be attributed to fever or
infection. In addition, there should be no clinical features of encephalopathy, such
as altered consciousness or epileptic seizures®!. The conversion rate from CIS to
MS has been documented in previous studies to range from 30% to 82%°%27%4. The
specific symptoms experienced by patients during CIS depend on the location and
severity of demyelinating lesions within the CNS, typically involving the optic
nerve, spinal cord, brainstem, cerebellum, or cerebral hemispheres (Figure 2)'.

During the course of RRMS, further clinical episodes may take place, referred
to as relapses. These exacerbations typically have an acute or sub-acute onset,
gradually worsen over days or weeks, reach peak severity within 2-3 weeks, and
then subside to varying degrees, ranging from minimal improvement to complete

recovery®,
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Figure 2. 3T MRI sequences from five patients with CIS suggestive of MS, within 5 days from
clinical onset, are shown. Focal lesions (arrows) can be observed in the right optic nerve in a patient
with acute optic neuritis (a); the left pons and the right middle cerebellar peduncle in a patient with
diplopia (b); the cerebellar hemispheres in a patient with vertigo (c); the cervical spinal cord in a
patient with paresthesia and Lhermitte sign (d); and the left cerebral hemisphere in a patient with
right sensorimotor hemisyndrome (e).

[Filippi M, Bar-Or A, Piehl F, Preziosa P, Solari A, Vukusic S, Rocca MA. Multiple sclerosis. Nat
Rev Dis Primers. 2018 Nov 8;4(1):43. doi:10.1038/s41572-018-0041-4].

No clinical findings are unique to MS, but certain symptoms are highly
characteristic of the disease. These include optic neuritis, bilateral internuclear
ophthalmoplegia, spinal cord syndromes (resulting in sensory and/or motor
symptoms), cerebellar ataxia, and vertigo'.

Although it may seem straightforward at first glance, recognition of CIS
symptoms in clinical practice can be challenging due to their subjective nature and
the requirement to persist for at least 24 hours. In addition, symptoms like fatigue,
cognitive dysfunction, sleep disorders, and affective disturbances are common in
MS patients but cannot be classified as CIS or relapse of MS by themselves.
However, the concept of cognitive relapse is gaining recognition and has been
observed in clinical settings and trials®®. Cognitive deficits may also predict

conversion to clinically definite MS in patients with CIS®’.
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Different scales have been suggested to assess the clinical manifestations of MS.
Among them, the Expanded Disability Status Scale (EDSS, Table 1) is the most
widely used tool to measure the degree of disability in patients. It ranges from 0 (a
completely normal neurological examination) to 10 (death due to MS). It provides
eight subscales to evaluate the main functional systems affected by MS, including
pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, mental, and

other domains.

Table 1. The Expanded Disability Status Scale (EDSS).

0.0 = Normal neurologic examination (all grade 0 in functional systems [FS])
1.0 = No disability, minimal signs in one FS (i.e., grade 1)

1.5 = No disability, minimal signs in more than one FS (more than one grade 1)
2.0 = Minimal disability in one FS (one FS grade 2, others 0 or 1)

2.5 = Minimal disability in two FS (two FS grade 2, others 0 or 1)

3.0 = Moderate disability in one FS (one FS grade 3, others 0 or 1) or mild
disability in three or four FS (three/four FS grade 2, others 0 or 1) although fully
ambulatory

3.5 = Fully ambulatory but with moderate disability in one FS (one grade 3) and
one or two FS grade 2 (others 0 or 1)

4.0 = Ambulatory without aid or rest for 500m

4.5 = Ambulatory without aid or rest for 300m

5.0 = Ambulatory without aid or rest for 200m

5.5 = Ambulatory without aid or rest for 100m

6.0 = Unilateral assistance required to walk about 100m with or without resting
6.5 = Constant bilateral assistance required to walk about 20m without resting
7.0 = Unable to walk beyond about 5m even with aid; essentially restricted to
wheelchair; wheels self and transfers alone

7.5 = Unable to take more than a few steps; restricted to wheelchair; may need
aid to transfer

8.0 = Essentially restricted to bed or chair or perambulated in a wheelchair, but
out of bed most of the day; retains many self-care functions; generally has
effective use of arms

8.5 = Essentially restricted to bed much of the day; has some effective use of
arms; retains some self-care functions

9.0 = Helpless bed patient; can communicate and eat

9.5 = Totally helpless bed patient; unable to communicate and eat

10.0 = Death to due MS

Source: Adapted from [Kurtzke JF. Rating neurologic impairment in multiple sclerosis: An expanded
disability status scale (EDSS). Neurology. 1983; doi:10.1212/WNL.33.11.1444]

17



1.1.1.6. Diagnosis

Diagnostic criteria for MS have evolved to allow earlier, more sensitive, and
more specific diagnoses. The diagnosis of MS is based on three cornerstones:

1) Dissemination in space (DIS): it refers to the occurrence of lesions in
distinct anatomical locations within the CNS, indicating a multifocal
process;

i1) Dissemination in time (DIT): it involves the development of new lesions
over time, indicating that the disease is not a result of a single event;

i11) “No better explanation’: other possible differential diagnoses should be
excluded to ensure that MS is the most likely explanation for the observed
clinical, radiological, and laboratory findings.

The first diagnostic criteria were proposed in 1965 by Schumacher and were
based on clinical assessment. In 1983, Poser revised the criteria, introducing the
examination of the cerebrospinal fluid (CSF). After Barkhof's criteria (1997), the
publication of McDonald criteria in 2001 introduced the neuro-radiological
definitions of dissemination in time and space. Subsequent revisions by Polman’s
(2005) and McDonald’s (2010) further refined the criteria. The McDonald criteria
were finally modified in 2017 to simplify their use in clinical settings (Figure 3).

In the 2017 revision, the following changes were made ®:

1) In patients with a typically CIS and clinical or MRI demonstration of
DIS, the presence of CSF-specific oligoclonal bands (OCBs) allows the
diagnosis of MS. OCBs indicate the synthesis of intrathecal antibodies
and are associated with a higher risk of a second attack;

i1) Symptomatic lesions can be used to demonstrate DIS or DIT in patients
with supratentorial, infratentorial, or spinal cord syndromes. This
simplifies the application of MRI criteria without sacrificing accuracy;

i11) Cortical lesions can be used to demonstrate DIS.
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No. of
No. of MRI lesions
clinical with objective Additional data needed
attacks clinical evidence® for diagnosis of multiple sclerosis

Relapsing-remitting multiple sclerosis

b

22 22 None

22 1° None

22 1 DIS demonstrated by an additional clinical attack
implicating a different CNS Site or by MRI

1 22 DIT demonstrated by additional clinical attack,
MRI, or CSF-specific oligoclonal bands

1 1 DIS demonstrated by additional clinical attack

implicating a different CNS site or by MRI

and DIT demonstrated by an additional clinical attack
or by MRI or demonstration of CSF-specific
oligoclonal bands

Primary progressive multiple sclerosis

Required: 1 year of disability progression (retrospectively or prospectively
determined) independent of clinical relapse

Plus 2 of the following: 1 or more T2-hyperintense lesions characteristic of
multiple sclerosis in 1 or more of the following brain regions: periventricular,
cortical or juxtacortical, or infratentorial; 2 or more T2-hyperintense lesions in
the spinal cord; presence of CSF-specific oligoclonal bands

Abbreviations: CNS, central nervous system; CSF, cerebrospinal fluid;
DIS, dissemination in space; DIT, dissemination in time; MRI, magnetic
resonance imaging.

* Adapted with permission from Lancet Neurology."*

® Although no MRI is required for the diagnosis, an MRI scan of the brain should be
obtained in all patients with a suspected diagnosis of MS unless not possible.

 One lesion as well as clear-cut historical evidence of a previous attack involving
alesion in a distinct anatomical location.

Figure 3. Revised 2017 McDonald Criteria for the diagnosis of RRMS and PPMS.

[Thompson AlJ, et al. Diagnosis of multiple sclerosis: 2017 revision of the McDonald criteria. Lancet
Neurol.2018;17(2):162-173. doi:10.1016/S1474-4422(17)30470-2]

The inclusion of cortical lesions as part of the diagnostic criteria is relevant, as
these lesions are specific for MS. However, a large proportion of cortical lesions
go under detected on conventional MRI using standard field strength for several
reasons, including their small size, the lower myelin content of the cortex
compared to WM, resulting in less MRI contrast when demyelination occurs, and
the partial volume effects from adjacent CSF and WM. Furthermore, most of the
GMLs affect the outer layers of the cortex, which are in close contact with the sub-
arachnoid space, resulting in susceptibility artifacts at the interface between the
cortex and CSF. In addition, in contrast to WMLs, cortical GMLs show a lack of
substantial focal infiltration of blood-derived leukocytes into the cortex,

complement deposition, and BBB damage**.
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Several improvements have been achieved in the last decades, through the
introduction of inversion recovery and the development of GM-specific pulse
sequences such as double inversion recovery (DIR) and phase-sensitive inversion
recovery (PSIR), and by moving to high field 3 T and ultra-high field 7 T MRI
systems’® (Figure 4).

Figure 4. Cortical lesions on PSIR (left), DIR (center), and FLAIR (right). PSIR sequence is
more sensitive in the detection of intracortical lesions (A), juxtacortical (B),and leukocortical (C).

[Nelson F, Poonawalla AH, Hou P, Huang F, Wolinsky JS, Narayana PA. Improved Identification
of Intracortical Lesions in Multiple Sclerosis with Phase-Sensitive Inversion Recovery in
Combination with Fast Double Inversion Recovery MR Imaging. American Journal of
Neuroradiology. 2007;28(9):1645-1649. doi:10.3174/AJNR.A0645]

MS lesions have typical MRI signal and location characteristics, which aid in
the diagnosis (Figure 5). Lesions usually appear as multifocal, ovoid areas of
increased signal on T2-weighted images. They are commonly found in the
periventricular, juxtacortical, and infratentorial regions of the brain and the spinal
cord. To distinguish active lesions from inactive ones, gadolinium-based contrast

agents are administered, and post-contrast T1-weighted images are acquired.
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Signal enhancement, which indicates active lesions, occurs due to increased
BBB permeability and corresponds to areas with ongoing inflammation. Lesions
that persistently appear hypointense on post-contrast T1-weighted images, known

as black-holes, are associated with more severe tissue damage caused by long-

lasting demyelination and axonal loss.

Serum Cerebrospinal
fluid

Figure 5. Demonstration of DIS and DIT in a patient with CIS suggestive of MS.

Parts a-e DIS can be demonstrated by >1 lesion in >2 of four typical areas of CNS (infratentorial,
juxtacortical or cortical, periventricular, and spinal cord). These lesions can be identified through
clinical events involving different areas of the CNS, multiple hyperintense lesions identified on
MRI in T2 sequences or both. Specifically, WMLs appear hyperintense in T2 or FLAIR and
iso/hypointense in T1, while the detection of GMLs can be improved with DIR sequences.

Parts f-k DIT can be demonstrated by a simultaneous presence of gadolinium-enhancing and non-
enhancing lesions at any time and with the removal of the distinction between symptomatic and
asymptomatic lesions, a new T2-hyperintense and/or gadolinium-enhancing lesion on follow-up
MRI, with reference to a baseline scan, irrespective of the timing of the baseline MRI, or the
presence of cerebrospinal fluid-specific oligoclonal bands, which are not visible in the serum.

[Filippi M, Bar-Or A, Piehl F, Preziosa P, Solari A, Vukusic S, Rocca MA. Multiple sclerosis. Nat
Rev Dis Primers. 2018 Nov 8;4(1):43. do0i:10.1038/s41572-018-0041-4].

The growing application of MRI has led to a significant increase in the detection
of brain abnormalities suggestive of MS in asymptomatic individuals, a condition
known as Radiologically Isolated Syndrome (RIS)’!. Research indicates that up to
34% of RIS patients experience a clinical attack within 5 years. It has also been
observed that male sex, younger age, and the presence of spinal cord lesions

increase the risk of a first clinical event in RIS patients’?.
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Aside from its use in the diagnosis, MRI has become essential in monitoring
treatment efficacy and early recognition of treatment-related adverse effects, such
as Progressive Multifocal Leukoencephalopathy (PML) caused by JC virus
infection in patients using Natalizumab’>.

In addition to satisfying the aforementioned criteria, alternative diagnoses must
be excluded. These include other inflammatory conditions of the CNS, such as
Neuromyelitis Optica Spectrum Disorder (NMOSD), which is typically
characterized by longitudinal spinal cord involvement beyond three segments,
systemic inflammatory conditions (e.g., neurosarcoidosis), inherited disorders
(e.g., Fabry disease), infections (e.g., neurosyphilis), toxic and nutritional disorders
(e.g., B12 deficiency), tumors (e.g., glioblastoma), and vascular diseases (e.g.,
cerebral infarction). Acute Disseminated Encephalomyelitis (ADEM) is another
important differential diagnosis, which is often associated with fever and preceded

by exanthematous diseases, infections, or vaccinations’*.

1.1.1.7. Treatment

Remarkable progress has been made in the treatment of MS as a result of a
deeper understanding of its pathogenetic mechanisms”. The development of
highly effective disease-modifying therapies (DMTs) has resulted in nearly
complete control of focal brain inflammation, reducing the frequency of clinical
relapses and limiting the accumulation of WMLs on MRI?® in RRMS patients.

However, currently available treatments poorly target CNS-compartmentalized
inflammation, which is believed to contribute to CNS injury’®.

Moreover, effective treatment of progression remains an unmet need because
existing therapies provide only partial protection against the neurodegenerative
component of MS. Although the long-term course of the disease has undoubtedly
improved in the treatment era, further studies are necessary to understand the
underlying factors contributing to the “silent progression” of MS and identify new

targets for future therapeutic agents’ (Figure 6).
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Figure 6. The new natural history of MS. The top half of the figure illustrates the natural history
of RRMS. During the relapsing phase, disability progression was thought to result from incomplete
recovery from relapses, until relapse-independent disability, designated as SPMS, supervened. The
“new” natural history of MS in the treatment era is shown in the bottom half. With the use of highly
effective therapies, attacks are abolished in most patients, but insidious progression independent of
relapse activity, termed “silent progression”, is now evident during the relapsing phase.

[Hauser SL, Cree BAC. Treatment of Multiple Sclerosis: A Review. Am J Med.
2020;133(12):1380-1390.¢2. doi:10.1016/j.amjmed.2020.05.049].

Although MS has been categorized in distinct clinical forms (RRMS, SPMS,
and PPMS) for patient care, research, and regulatory approval of medications,
accumulating evidence suggests that the clinical course of MS should be viewed
as a continuum, with contributions from concurrent pathophysiological processes
that vary across patients and over time. The apparent transition to a progressive
course reflects a shift from predominantly localized acute injury to widespread
inflammation and neurodegeneration, accompanied by the failure of compensatory
and reparative mechanisms, such as neuroplasticity and remyelination’’.

The understanding of the key mechanisms underlying progression and the
introduction of new measures to quantify progressive pathology will potentially
have important and beneficial implications for decision-making in clinical practice

and research of new therapeutic targets’”.
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1.2. Cognitive impairment in MS

“Conceptions are formed slowly and the intellectual and emotional faculties

are blunted in their totality.” (Charcot, 1877) "

Despite its precocious identification by Charcot, Cognitive Impairment (CI) has
been overlooked for a long time in individuals with MS. However, in the past three
decades, it has been increasingly investigated and it is now recognized to be a core
and disabling feature of the MS clinical picture, with a negative influence on

physical independence and competence in daily activities”**°.

1.2.1. Prevalence of CI in MS

CI is highly prevalent in MS, affecting approximately 40-70% of patients,
depending on the population studied and the neuropsychological assessment
used”’®. Cognitive deficits can occur with any form of MS and at any disease
stage, including early MS, even in the absence of other neurological deficits’®%.

CI can progress insidiously and gradually over time, or abruptly during relapses.
In recent years, the concept of isolated cognitive relapses (ICR) has emerged®®-5C,
Pardini and colleagues®® defined ICR as i) a transient significant cognitive decline
in objective neuropsychological performance, ii) without clinical or subjective
evidence of other new neurological signs and symptoms, and iii) associated with
brain disease activity defined as a positive gadolinium-enhancing scan.

Overall, the frequency and severity of CI tend to increase over time and become
more pronounced in the progressive forms of MS 7%, The prevalence of CI is
approximately 20-25% in CIS and RIS, 30-45% in RRMS, and 50-75% in
SPMS”4% However, it has been demonstrated that the main factors associated with
CI are greater physical disability, measured by EDSS, and older patients’ age,
rather than longer disease duration or the MS subtype per se®’.

Other factors may contribute to the variability in cognitive profiles among MS
patients. These include genetic determinants, environmental factors, comorbidities,

and the concept of cognitive reserve.
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Cognitive reserve can be described as the individual resilience to brain damage
and is measurable using the Cognitive Reserve Index, which takes into account
factors such as education level, premorbid leisure activities, and 1Q%?.

The presence of CI has been associated with a worse prognosis, including an
increased risk of conversion from CIS to clinically definite MS®’, increased risk of
disability progression over time®*, as well as increased risk of death®. Moreover,
CI impacts participation in social activities, driving abilities, and employment
status, reducing patients’ overall quality of life. Therefore, given its clinical and
prognostic relevance, routine assessment of CI is of critical importance for a

comprehensive evaluation of MS patients’**°.

1.2.2. Cognitive profiles in MS

Like all symptoms of MS, CI is characterized by high inter-patient variability,
but some cognitive domains are more commonly affected than others, including
cognitive processing speed (CPS), learning and memory, visuospatial abilities, and
executive functions®’.

However, when assessing the pattern of cognitive deficits in individual patients,
specific cognitive profiles can emerge. A recent study based on a large cohort of
1212 MS patients identified five phenotypes of cognitive functioning through
latent profile analysis: preserved cognition (detected in 19.4% of subjects), mild
verbal memory/semantic fluency involvement (29.9%), mild multidomain
involvement (19.5%), severe-executive/attention involvement (13.8%), and severe
multidomain impairment (17.5%)%.

Beyond the aforementioned cognitive domains, other cognitive functions can
be affected in MS. For instance, recent observations have reported significant
impairment of the core aspects of social cognitive processing in MS patients®®.
Additionally, relatively less evaluated aspects such as altered emotion perception

may also contribute to CI®’,
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General intelligence and language, generally spared in adult-onset MS patients,
can be impaired in pediatric-onset MS (POMS)3®, which manifests before the age
of 18 years. During this critical developmental period, MS-related brain damage
can interfere with normal neuronal maturation and the accrual of cognitive reserve,
buffering the effects of demyelination and atrophy later in life®. CI is detectable
in approximately one-third of people with POMS and can have a heterogeneous
course over time, with an overall tendency toward recovery at group level®®.
However, a recent 12-year observational study revealed that the proportion of
patients with impairment at the final evaluation was more than double that
observed at baseline®®. Additionally, worse cognitive performances have been
associated with lower psychosocial attainment later in adulthood’’.

At the other end of the lifespan, late-onset MS (LOMS), which manifests after
the age of 50, exhibits a peculiar neuropsychological profile. CI in LOMS poses
diagnostic challenges as it needs to be differentiated from other causes of cognitive
decline, such as Alzheimer’s disease and vascular dementia’®®’.

Several confounders should be considered in the cognitive evaluation of MS
patients. Among these, depression, anxiety, fatigue, and sleep disorders have been
studied more extensively’*°. For instance, depression could negatively affect
working memory and executive control specifically®?. Likewise, fatigue and sleep
disorders have been linked to deficits in processing speed, memory, attention, and
executive functions’>**. Primary failure of key brain regions involved in emotional

processing or abnormal connectivity between them can lead to the adoption of

maladaptive cognitive strategies and the development of mood disorders”.

1.2.3. Pathogenesis of CI

The precise mechanisms underlying CI in MS are still largely unknown.

MRI studies have shown that focal brain inflammatory lesions may play a key
role in the interruption of neuronal pathways involved in cognitive functioning®’.
This evidence has led to the hypothesis that MS-related CI arises from a
‘disconnection syndrome’, primarily affecting brain WM?®. However, although

many studies have described associations between brain lesion load on T2-
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weighted images and neuropsychological performance?’, the origin of CI in MS
appears more complex and multifactorial, involving both WM and GM pathology.
Recently, MRI studies using DIR sequences have provided evidence that focal
cortical lesions are associated with CI°”%. However, as observed for focal WM
damage, cortical lesions alone are not sufficient to explain MS-related CI%°.
Among focal lesions, a potential role in cognitive dysfunction has been
hypothesized for areas of active brain inflammation, indicated by the presence
of contrast-enhancing lesions on MRI!®. These lesions may cause transient
cognitive deficits because of the detrimental effect of focal demyelination on
circuits’ dynamics®®. However, this evidence also suggests that neuronal network
functioning is influenced not only by the ‘disconnecting’ effect of focal WMLs but
also by the more diffuse effects of immune molecules that are released during

inflammation and/or BBB breakdown!?!.

In this context, it should be
acknowledged that other studies have yielded conflicting results, suggesting that
MRI markers of inflammation are not associated with neuropsychological
performance in MS and that neurodegeneration is the major determinant of
patients’ cognitive dysfunction'%.

Neurodegeneration certainly plays a major role in the pathogenesis of cognitive
dysfunction in MS. Cognitive performance has been linked to the presence of

97,103,104

diffuse cortical atrophy and atrophy of key GM neuronal structures during

MS, such as the thalamus'®, putamen'%, hippocampus!®’, cerebellum!'®®, corpus

callosum'® and the amygdala!!°

. Thus, beyond focal damage, an important role in
the pathogenesis of MS-related CI is played by NAWM and NAGM, whose
involvement has been demonstrated by volumetric, metabolic, and microstructural
MRI studies?’.

In addition to structural analysis, studies have increasingly focused on the
functional connectivity of GM structures by means of resting-state functional MRI
(rs-fMRI). These studies have noted altered connectivity patterns in MS patients
with CI''!'2, However, the direction of the relationship between functional

connectivity and CI is inconsistent, with some studies reporting increased'!> and

others decreased connectivity ' between cognitive-related regions.
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Different hypotheses can be formulated to explain these findings. In the early
stages, increased connectivity may signify that neuronal resources are
compensating for demyelination and neuronal loss, so cognitive changes are subtle
or not visible. This may be an adaptive mechanism to neuronal injury, with
increased cortical recruitment of cognitive-related areas. As the disease progresses,
these reserve resources are exhausted, the compensation is lost, and connectivity
diminishes, leading to the manifestations of CI. Overall, these fMRI studies
indicate that cognitive decline is explained by an accruing destabilization of the
brain network physiology'!>.
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Figure 7. Putative mechanisms underlying CI in MS. In WM, focal demyelinating lesions,
microstructural alterations in NAWM, and diffuse atrophy may interrupt neuronal pathways
between brain areas strategic for physiological cognitive functioning, leading to a ‘disconnection
syndrome’. At the same time, a role is played by diffuse and focal cortical pathological changes
and dysfunction in specific structures, such as deep GM nuclei (including the thalamus), the
hippocampus, and the cerebellum. A pathogenic role may also be played by immune-related
disruption of physiological synaptic plasticity.

[Di Filippo M, Portaccio E, Mancini A, Calabresi P. Multiple sclerosis and cognition: synaptic

failure and network dysfunction. Nat Rev Neurosci. 2018;19(10):599-609. doi:10.1038/s41583-
018-0053-9]
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In a more integrated view, all these mechanisms synergistically contribute to the
disruption of structural and functional connections that are fundamental for normal
network functioning. Damage to brain regions (i.e., the nodes of the network), as
well as their anatomical and functional connections (i.e., the edges of the network),
progressively reduces network efficiency until the network collapses, which leads

to faster neurodegeneration and accelerated clinical and cognitive deterioration!'®.

1.2.4. Neuropsychological assessment

CI is often under-recognized and under-treated in MS patients because it is
rarely evaluated in routine clinical practice. Systematic neuropsychological
assessment from the beginning of MS and throughout the disease course may allow
early recognition of CI. This approach allows for the implementation of
management strategies at a younger age, when the patient’s compensatory abilities,
brain plasticity, and cognitive reserve may better mitigate the effects of CI before
it becomes an established and irreversible entity!!”.

Cognition in MS may be assessed by two complementary modalities: 1) the self-
reported evaluation of MS patients and their relatives, and ii) the neurocognitive
batteries specifically adapted for the disease!'®.

The self-reported CI method has its limitations as cognitive symptoms are often
hidden by more visible deficits (e.g., motor, sensory, cerebellar) and can be
influenced by depression, fatigue, or medication side effects. Patients themselves
may not fully recognize their cognitive difficulties''®. In contrast, evaluations from
relatives and caregivers tend to be more reliable. Even so, self-perceived CI is
important for patients to be aware of its impact on their daily activities''’.

The selection of neuropsychological tests for the assessment of MS-related CI
is still a matter of debate in the literature. The convention in neuropsychology is to
define CI when performance falls more than 1.5 SD below the expected normal
values, after accounting for demographic factors such as age and education®.
Ideally, these tests should be sensitive, reproducible, reliable, easy to administer,
and time-efficient, and they should also consider the patients’ comfort, available

resources in MS clinics, and implied costs®’.
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Since the seminal work by Rao and colleagues'?’, different cognitive batteries
specific to MS have been developed, mainly focusing on domains known to be
affected by the disease. Consequently, tests assessing processing speed, attention,
learning and memory have been more frequently included.

The Symbol Digit Modalities Test (SDMT) has demonstrated higher sensitivity
in detecting cognitive dysfunction in MS and is now widely acknowledged as the

gold standard for quick cognitive screening!?!

. However, this test is not specific to
MS and only evaluates processing speed, overlooking other relevant cognitive
domains such as learning and memory. Therefore, a more comprehensive
assessment should always be considered in cases of failure in cognitive screening
or cases of high suspicion of CI and normal performance on the screening tools.

Table 2 provides an overview of the main batteries used to assess CI in MS.

Table 2. The main validated batteries to assess CI in MS patients.

Duration of

Administration Tests Included Cognitive Functions Assessed

Screening tests
(SSVS\;;S[).I) Digit Modalities Test 5 min Symbol Digit Modalities Test (SDMT) Information processing speed
Processing Speed Test (PST) 5 min Processing Speed Test (PST) Information processing speed
GOl eI g 5 min Computerized Speed Cognitive Test (CSCT) Information processing speed
Test (CSCT)
Brief Neuropsychological Batteries

Symbol Digit Modalities Test (SDMT) Inf b . od
Brief International Cognitive California Verbal Learning Test-2nd ed. Vl; :)br;\ ;‘c:xlﬁ“:[c‘zsi:g;‘%‘y
Assessment for Multiple Sclerosis 15 min (CVLT-II) Visuospatial limin Y
(BICAMS) Brief Visuospatial Memory Test-Revised ooy E

(BVMTR) G

Paced Auditory Serial Addition Test (PASAT) Attention
Brief Repeatable Symbol Digit Modalities Test (SDMT) Information processing speed
Neuropsychological Batter 45 min Selective Reminding Test (SRT) Verbal learning and memory
(BRNB) 10/36 Spatial Recall Test (SPART) Visuospatial learning and memory

Controlled Oral Word Association Test (COWAT)  Verbal fluency

Paced Auditory Serial Addition Test (PASAT)

Symbol Digit Modalities Test (SDMT) Attt

California Verbal Learning Test-2nd ed. g i

Information processing speed
bl gk (CVLT-II) .
Minimal Assessment of Cognitive . : ] Verbal learning and memory
ol . . . Brief Visuospatial Memory Test-Revised gt g :

Function in Multiple Sclerosis 90 min (BVMTR) Visuospatial learning and memory

(MACFIMS) Verbal fluency
Visuospatial perception

Executive functions

Controlled Oral Word Association Test (COWAT)
Judgement of Line Orientation Test (JLoT)
Delis-Kaplan Executive Function System Sorting
Test (D-KEFS-ST)

[Portaccio E;, Amato MP, Portaccio E, Amato MP. Cognitive Impairment in Multiple Sclerosis: An
Update on Assessment and Management. NeuroSci 2022, Vol 3, Pages 667-676. 2022;3(4):667-
676. doi:10.3390/NEUROSCI30400438]
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Two cognitive batteries that have been validated for the assessment of MS-
related CI are the Brief Repeatable Battery of Neuropsychological tests (BRBN)!?°
and the Minimal Assessment of Cognitive Function in MS (MACFIMS)!?2. They
are comparable in their discriminative validity, with equal abilities to distinguish
MS patients from healthy controls. However, because both are time-consuming
and require special materials and experienced neuropsychologists to administer
and interpret them, they are not commonly used in routine clinical practice®.

In an effort to develop a more feasible screening tool during the clinical
assessment of MS patients, a committee of neurologists and neuropsychologists
created the Brief International Cognitive Assessment for Multiple Sclerosis
(BICAMS)!3. It takes 15 min to administer and does not require special materials.
It assesses three cognitive domains (Figure 8):

1) Cognitive Processing Speed (CPS), using the Symbol Digit Modalities
Test (SDMT). The patient is asked to voice the digit associated with each
symbol according to a given key as quickly as possible. The dependent
variable is the total number of correct responses in 90 seconds;

1) Verbal learning and memory, using the California Verbal Learning Test
(CVLT-II). The examiner reads a list of 16 words, and the patient is
asked to recall as many words as possible. The dependent variable is the
total number of words recalled over five learning trials;

111) Visuospatial learning and memory, using the Brief Verbal Memory Test-
Revised (BVMT-R). The patient looks at a matrix of six abstract designs
for 10 seconds. Then is asked to reproduce the designs using paper and
pencil, taking as much time as needed. Each design receives a score of
0, 1, or 2 based on accuracy and location criteria. The dependent variable
is the total recall score across three trials.

These tests were chosen with consideration of both their psychometric standards
(reliability, validity, and sensitivity in MS) and practical standards (ease of
administration, feasibility, and acceptability to patients). BICAMS is not designed
to be a full cognitive assessment, but rather an accurate monitoring or screening
instrument, for use in clinical settings. It has been validated as an accurate

cognitive battery in more than 28 countries'!”.
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Figure 8. Facsimile of the three tests included in BICAMS. From left to right: the SDMT, the
CLVT-II, and the BVMT-R.

[Langdon DW, Amato MP, Boringa J, et al. Recommendations for a Brief International Cognitive
Assessment for Multiple Sclerosis (BICAMS). Mult Scler. 2012;18(6):891-898].

Computerized testing can represent a valid alternative to conventional paper-
and-pencil assessment to address time constraints and increase the feasibility of
routine cognitive screening. Moreover, the automation of computer-mediated tests
can minimize the need for trained professionals. To date, the validity of some
computer-assisted tests has been established in patients MS!'** such as the
Processing Speed Test (PST)!'?°, a tablet-based test modeled after the SDMT.

According to recent recommendations, cognitive screening should be
performed during the initial evaluation of MS patients and repeated annually using
the same instrument or more often if needed. In cases of cognitive failure at
screening evaluation, a more comprehensive assessment should be planned. For
children, cognitive evaluation should also include monitoring of academic and
behavioural school performance!?®. Since mood, fatigue, and sleep disorders are
widely acknowledged as important contributors to CI in MS, a comprehensive
neuropsychological assessment should always include routine monitoring and
screening of these factors to understand the patient’s psychological state and
difficulties. Recently, the Beck Depression Inventory '?’, the Hospital Anxiety and

128

Depression Scale'?®, and the Fatigue Severity Scale!? have been recommended for

this purpose.
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1.2.5. Treatment strategies

With the advent of DMTs for MS and the emphasis on early treatment, early
detection of CI becomes crucial so that patients may benefit from symptomatic and
rehabilitation interventions''®.

Currently, neuropsychological rehabilitation is the mainstay for the treatment of
CI in MS. It aims to increase the patient’s awareness of their own CI and develop
strategies to cope with CI in daily life'!”. There are two main approaches'’:

1) Restorative cognitive rehabilitation aims to reinstate cognitive skills,
typically through repetitive cognitive exercises using computer-assisted
paradigms. Among the available computerized programs, RehaCom has
been extensively used in MS and has shown improvements in attention,
information processing speed, memory, and executive functions!®!;

i1) Compensatory cognitive rehabilitation does not aim to restore lost
cognitive skills. Instead, it helps patients compensate for their cognitive
difficulties by using various internal strategies (e.g., visualization) and
external strategies (e.g., reminders). The modified Story Memory
Technique has demonstrated valid for memory rehabilitation by training
patients to use context and imagery as strategies to enhance the
acquisition and retention of information'2,

Currently, there are no approved medications specific for MS-related CI.
Treatment with DMTs is naturally expected to bring some benefits in cognitive
functioning, together with the improvement in clinical outcomes and MRI
parameters. However, there is limited evidence in the literature about their effect
on cognition”, A recent systematic review and meta-analysis found a small to
medium beneficial effect of DMTs on cognition, although the quality of the
research was low for most of the studies'*>. In a subsequent systematic review, the
authors did not find any significant effect!**. Noteworthy is that cognitive

outcomes have been included in phase 3 trials only in recent years !33-13

, s0 higher-
quality randomized controlled trials with cognitive parameters as primary endpoint

are needed to establish the efficacy of DMTs in addressing MS-related CI'*7.
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There have been attempts to use licensed drugs for dementia diseases, such as
acetylcholinesterase inhibitors (e.g., donepezil, rivastigmine, and galantamine)'®
and antagonist of NMDA receptors (e.g., memantine)'*”. However, the evidence
supporting their efficacy in MS is insufficient, and their role in cognitive decline
of MS patients remains controversial’. Some studies have shown the positive
effects of dalfampridine (a potassium channel blocker) on cognitive measures, but
further confirmation is required'*.

In addition to interventions targeting cognitive deficits, comprehensive
management of neuropsychological dysfunction in people with MS should address
mood disorders and other factors that impact cognition. Psychological
interventions, including mindfulness-based approaches, have shown effectiveness

in improving cognitive functioning in MS patients!4!-142,
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1.3. The Cerebellum’s role in Cognition

Historically, the cerebellum's role in cognition has been a topic of debate!*.

Most people in the field of neurology have been taught that the cerebellum
primarily functions as a co-processor of movement in concert with the cortex and
basal ganglia. However, the past three decades have witnessed increasing evidence
that the role of the cerebellum extends considerably beyond motor control. This
conclusion is supported by the observation that there are 1) anatomic connections
between the neocerebellum and cognitive areas of the cerebral cortex, ii)
neuroimaging studies showing cerebellar activation during a range of cognitive
tasks, ii1) phylogenetic findings of parallel expansion of neocerebellum and
associative prefrontal cortical areas during human evolution, and iv) clinical
populations in whom cerebellar damage produces non-motor deficits in cognition
and behaviour, referred to as “Cerebellar Cognitive Affective Syndrome”
(CCAS)'. A core tenet of this new understanding is the existence of a precise
functional topography within the human cerebellum that differentially supports

motor, cognitive, and affective behaviors!'*.

1.3.1. Structural evidence of a cerebellar role in cognition

“In biology, if seeking to understand function, it is usually a good idea to study structure.”'*

The cerebellum consists of two cortex-covered hemispheres on either side of
the midline vermis and connects to the brainstem via three paired cerebellar
peduncles. The superior cerebellar peduncle carries fiber tracts that transmit
information from the cerebellum to the cerebral cortex. Conversely, cerebral
cortical projections to the cerebellum travel via the pontine nuclei and the middle
cerebellar peduncle. The inferior cerebellar peduncle carries inputs to the
cerebellum from the inferior olive, spinal cord, and vestibular system, as well as
efferent fiber tracts from the cerebellum to the spinal cord!#+!46,

Along the anterior-posterior axis, the cerebellum is divided into ten lobules that

are grouped into three larger lobes. Lobules I-V form the anterior lobe, lobules

VI-IX the posterior lobe, and lobule X the flocculonodular lobe'**!4¢ (Figure 9).
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Figure 9. Flattened representation of the cerebellum and its major fissures, lobes, and lobules.
The anterior lobe (lobules I-V) is shaded red; the posterior lobe (lobules VI-IX) is cream, and the
flocculonodular lobe (lobule X) is purple. Lobules I through X are identified in the vermis and the
hemispheres. In lobule VII, VIIAf at the vermis expands in the hemisphere to become Crus I, VIIAt
at the vermis merges with Crus II in the hemisphere, and VIIB retains its designation both at the
vermis and the hemispheres.

[Schmahmann JD. The cerebellum and cognition. Neurosci Lett. 2019;688:62-75. doi:10.1016/
JINEULET.2018.07.005]

Embedded in the WM of the cerebellum are the deep cerebellar nuclei,
including the fastigial, interpositus (globose and emboliform), and dentate nuclei.
The cerebellar cortex projects to the deep nuclei in a systematic medial-to-lateral
pattern: the midline vermis projects to the medial fastigial nuclei, the paravermal
regions to the interpositus nuclei, and the lateral hemispheres to the dentate nuclei.
From the deep nuclei, projections travel through the superior cerebellar peduncle,
passing through the controlateral red nucleus to the thalamus, where they synapse
before being transmitted to the cerebral cortex, and through the inferior cerebellar
peduncle to the brainstem nuclei and subsequently to the spinal cord. Lobule X

projects directly to the vestibular nuclei'#!47,
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According to Schmahmann’s model, 14 the cerebellum can be divided into two
functionally distinct parts: the “motor cerebellum” and the “cognitive cerebellum”.
On one hand, the motor cerebellum comprises the anterior lobe (lobules I to V),
adjacent parts of lobule VI, and lobule VIII. It is primarily involved in sensorimotor
processing, contributing to motor coordination, movement planning, and
execution. On the other hand, the cognitive cerebellum consists of the remaining
posterior lobe (lobules VII, adjacent parts of lobule VI, and lobule IX) and engages
with higher cognitive circuitry, contributing to cognitive functions such as
attention, language processing, working memory, and executive functions. Lobule
X, known as the vestibulocerebellum, primarily attends to balance and vestibular
reflexes and can, in a way, be considered part of the motor cerebellum due to its
involvement in sensorimotor functions'*.

A representation of this model is shown in Figure 10.

' Motor cerebellum
I Cognitive cerebellum

Figure 10. Unfolded view of the cerebellar cortex showing the functional organization of the
cerebellum. In red the “sensorimotor” and in blue the “cognitive” cerebellum.

[Devita M, et al. Novel insights into the relationship between cerebellum and dementia: A narrative
review as a toolkit for clinicians. Ageing Res Rev. 2021;70:101389]
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The functional segregation of the cerebellum into motor and cognitive regions
is also supported by its patterns of input and output connectivity, as demonstrated
by neuroanatomical tract-tracing studies '**~!°!. The cerebellum projects to precise
cerebral, brainstem, and spinal cord destinations, and receives input back from
these same regions, thus forming multiple, reciprocal circuits, or close loops. For
instance, the cerebellum is reciprocally connected with the cerebral cortex via two-
stage feedforward corticopontocerebellar loops and two-stage feedback
cerebellothalamocortical loops!#®. The organization of these anatomic connections
forms the basis of cerebellar functional topography (Figure 11) 47131,

The motor cerebellum receives cutaneous-kinesthetic projections from the
trigeminal nerve, spine, and medial (MAO) and dorsal (DAO) accessory olivary
nuclei, which relay spinal and vestibular somatotopic information. Additionally,
the anterior lobe receives input from primary and supplementary sensory and
motor cortices via projections from the caudal pontine nuclei.

In contrast, the afferent pathways to the cognitive cerebellum are not involved
in the sensorimotor circuitry. Lobule VII (which comprises =48% of the cerebellar
cortex in humans'>?, and is subdivided into crus I, crus II, and VIIB'>) receives
projections from the principal olivary nucleus (PO) which has no spinal input and
is targeted by cortical projections. It also receives input from cerebral multimodal
association areas relayed by the rostral pontine nuclei which are not as involved in
the sensorimotor circuitry as the more caudal ones'*®!>*. Specifically, relevant
connections have been described with high-order cerebral association areas,
including the posterior parietal cortices involved in spatial awareness, supramodal
areas of the superior temporal gyrus important for language, posterior
parahippocampal areas concerned with spatial memory, visual association areas in
the parastriate cortices relevant for high-order visual processing, and multiple areas
in the prefrontal cortex critical for complex reasoning, judgment, attention, and
working memory'>>.

Likewise, the cerebellar output pathways maintain the segregation between
motor and non-motor systems. The motor cerebellum sends feedback motor
projections to the spine, brainstem (MAO, DAO, and vestibular nuclei),

ventrolateral thalamic nucleus, and cerebral motor cortices through the fastigial,
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interpositus, and dorsal dentate nuclei. Conversely, the cognitive cerebellum sends
efferents to the ventral dentate nucleus which, in turn, projects back to the PO and

to non-motor thalamic nuclei (e.g., intralaminar) to close the loop with cerebral

association cortices 43134,
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Figure 11. A representation of motor and non-motor connectivity of the cerebellum.

[Devita M, et al. Novel insights into the relationship between cerebellum and dementia: A
narrative review as a toolkit for clinicians. Ageing Res Rev. 2021;70:101389]
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The anatomical connections set up a dichotomy of cerebellar linkage with the
cerebral cortex, brainstem, and spinal cord, and portray a complex connectivity
and functional heterogeneity. The motor cerebellum appears to be an integral part
of the distributed neural circuits responsible for motor functions, whereas the
cognitive cerebellum is incorporated into the distributed neural circuits necessary

for cognitive processing and emotion regulation'*®.

1.3.2. Functional evidence of a cerebellar role in cognition

Looking beyond anatomy, a plethora of functional neuroimaging studies have
provided evidence for the involvement of the cerebellum in cognition.

However, studying the cerebellum using MRI presents significant technical
challenges. The cerebellar cortical GM is tightly folded and contains thin layers of
WM, making it difficult to capture detailed imaging. Additionally, its location in
the posterior fossa, surrounded by bone and wvascular structures, further
complicates MRI studies of this region. Only recently the difficulties concerning
the segmentation of the thin cerebellar gyri and sulci and the extraction of the
cerebellar tissue from nearby structures have been partially overcome'®.

MRI has emerged as a powerful tool for mapping the connectivity of the human
brain, including cerebro-cerebellar circuits, providing new insights into the
organization and functional connections of the cerebellum. Different forms of
connectivity can be investigated using MRI (Figure 12):

1) Anatomical or structural connectivity is usually acquired by diffusion
tensor imaging (DTI), a technique that measures the diffusion of water
molecules along WM tracts. DTI gives direct non-invasive information
about the location and integrity of these tracts, allowing researchers to
map the anatomical connections between different brain regions'>”

1) Functional connectivity, a term coined by Karl Friston (1994), refers to
the statistical temporal dependency between the neural activity of

spatially separated brain regions. It is typically estimated from

functional MRI (fMRI)!5%1%9,
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Figure 12. Measuring Structural and Functional Connectivity. At the macroscale level,
structural and functional networks are derived by first parcellating the brain into GM nodes. For
structural connectivity networks, edges are defined by reconstructing WM projections between
network nodes. For functional networks, edges are defined by estimating statistical associations
between node time courses.

[Suarez LE, Markello RD, Betzel RF, Misic B. Linking Structure and Function in Macroscale
Brain Networks. Trends Cogn Sci. 2020;24(4):302-315. doi:10.1016/j.tics.2020.01.008]

fMRI detects changes in blood oxygenation level-dependent (BOLD) contrast,
which indirectly reflects neural activity in the brain. It is based on the principle of
neurovascular coupling: when a specific brain region becomes more active, it
requires more oxygen and nutrients, leading to increased blood flow to that area

(Figure 13)'%.

. \ flow ot )
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of deoxyhemoglobin of deoxyhemoglobin

Figure 13. The fMRI BOLD signal. The BOLD signal reflects the changes in
deoxyhemoglobin (dHb) concentration in the brain. When brain activity in a local region increases,
concomitant increase in oxygen (O2) consumption triggers upregulation of cerebral blood flow via
arteriolar vasodilation. The O supply transiently exceeds demand, which increases local O,
saturation reducing dHb concentration in veins and capillaries for several seconds. As oxygenated
and deoxygenated Hb has different magnetic properties, the above phenomenon causes a BOLD
signal increase, which can be captured by T2-weighted sequences.

[Arias J, et al. PyHRF: A Python Library for the Analysis of fMRI Data Based on Local
Estimation of the HRF. Published online 2017:34-40. doi:10.25080/SHINMA-7F4C6E7-006]
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The mathematical model that represents the neurovascular coupling between
local neural activity and the corresponding BOLD signal is called Hemodynamic
Response Function (HRF). It describes the expected changes in the BOLD signal
following neural activity, providing information about the temporal dynamics of
this hemodynamic response (Figure 14). In extreme synthesis, by using the HRF
as a model, researchers can examine the time series data obtained from fMRI scans
and compare the expected BOLD signal changes based on the HRF model with the
observed BOLD signal changes. Assuming that areas with similar BOLD time
series are functionally connected, it is possible to quantify the degree of correlation

between brain regions and infer the strength of functional connections.
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Figure 14. The Hemodynamic Response Function.

Two main approaches can be adopted to acquire fMRI data'¢!:

1) Tasked-based fMRI: in this approach, neural activity is evoked by asking
the subject to perform a task. The task is designed to target a specific
motor (e.g., finger tapping) or cognitive process (e.g., mental rotation,
verb generation). During the task, fMRI scans are conducted to capture
the corresponding BOLD signal changes. By comparing these changes
to the baseline activity, researchers can identify localized brain regions
that are specifically associated with task performance;

1) Resting-state fMRI: it focuses on the intrinsic activity of the brain while
the subject is at rest. The BOLD signal is recorded and analyzed to
identify spontaneous low-frequency fluctuations (typically in the range
of 0.01 - 0.08 Hz). These fluctuations are believed to reflect intrinsic
functional connectivity between brain regions. This approach is data-
driven, as it explores patterns of functional connectivity across the
whole brain without a priori assumptions, allowing researchers to

investigate the organization of large-scale brain networks.
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More detailed information about task-based and rs-fMRI approaches is reported

in Table 3.

Table 3. Comparisons between task-based and rs-fMRI.

Task-based fMRI

Rs-fMRI

Analyses of the spontaneous modulations in the
BOLD signal in the presence of a particular activity
(e.g. finger-tapping, eye-blinking, naming,
memorizing, etc.)

Task-related increase in neuronal metabolism are

less than 5%

During task-based activity the focus is only on a

very small fraction of the brain’s overall activity

The signal during a task-related activity is very
small compared to the noise, i.e. 80% of the BOLD

modulation is discarded as noise

Due to discarding of signal as noise, task fMRI has
alow SNR

For the interpretation of results, a large number of
trials are required in task fMRI

If one wants to analyse the motor function and
language function, a separate task may be
required to analyse each function in task-based

fMRI

Patient cooperation is essential to do task fMRI

Repeated sessions of task-based activity to assess
the disease prognosis, treatment effect etc. will
result in familiarity with the task which will affect

the output adversely

Analyses of the spontaneous BOLD signal in the

absence of any explicit task or an input

60-80% of brain’s energy is consumed during

resting state

In terms of overall brain function, the resting
state brain activity is far more significant than
task-related activity

The signals which are discarded as noise in task
fMRI is taken as signals in rs-fMRI as they are the
low frequency spontaneous fluctuations in the
BOLD signal

Have improved SNR since it takes the overall

spontaneous low frequency fluctuations

No need of more trials like task fMRI

In rs-fMR], the acquired may be used to analyse

one or more functions

Paediatric patients, patients with low IQ and even
patients in the vegetative and coma state are able
to do rs-fMRI

In rs-fMRI even we are taking different sessions,
due to the absence of task, we are able to avoid
the task-related confusions and uncertainties
faced by task fMRI

SNR: signal-to-noise ratio.
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To correlate activity between brain regions in rs-fMRI studies, researchers
typically follow these steps'®*:

1) Acquisition of BOLD signal across the whole brain over time: since BOLD
1s a dynamic signal, a “fast acquisition” is provided by Echo-Planar
Imaging (EPI) with temporal resolution (TR) < 2 seconds;

1) Preprocessing is needed to clean the data, remove noise from various
sources, correct artifacts, and align images to a common coordinate system.
It may include slice time correction, distortion correction, and head motion
correction, temporal filtering to focus on specific frequency bands of
interest, normalization to align data across subjects, spatial smoothing to
enhance the signal-to-noise ratio, etc;

i) Correlation analysis: once data are cleaned, several analyses can be
conducted:

1) Seed-based analysis: this method requires a priori selection of a region
of interest (ROI) or “seed”, then the BOLD time series of the seed is
correlated with the time series of all other voxels in the brain. The degree
of correlation is usually quantified using the r Pearson correlation

coefficient for continuous variables (Figure 15)'%;
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Figure 15. Basic principles of seed-based rs-fMRI. The general strategy of seed-based rs-fMRI
is to determine the network of brain regions that show correlated activity fluctuations over time
with the seed. (a) An example seed region in the motor cortex (green). (b) The time course of
intrinsic activity fluctuations for the seed region for 7 min. (¢) Many cortical regions in the motor
system are correlated with the seed.

[Buckner RL, Krienen FM, Yeo BTT. Opportunities and limitations of intrinsic functional
connectivity MRI. Nat Neurosci. 2013;16(7):832-837. doi:10.1038/nn.3423]

An important notion is that the brain can be subdivided into smaller regions or
parcels using parcellation schemes, such as anatomical (e.g., Automated
Anatomical Labelling AAL3'%%) and functional atlases (e.g., Schaefer atlas'®’,
which offers a range of options from 100 to 1000 parcels defined by their functional
connectivity).

The correlation coefficients obtained from the correlation analysis are used to

populate the correlation matrix, which can be displayed as a heatmap (Figure 16).
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Figure 16. Example of a correlation matrix. The correlation matrix is arranged as a square
grid, where rows and columns of the matrix correspond to the parcels being considered and each
cell represents the correlation coefficient between two parcels. The diagonal cells usually have a
constant value of 1, representing the perfect correlation of a parcel with itself. The matrix is a
heatmap that uses colors to represent the magnitude of correlation coefficients. Typically, a color
gradient is employed, where warmer colors (e.g., yellow, orange, red) indicate positive correlations
whereas cooler colors (e.g., blue, green) represent negative correlations.
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1) Independent component analysis (ICA): this method involves an
exploratory multivariate data-driven approach. It decomposes the MRI
dataset into statistically independent components, each representing a
spatial pattern of brain activity and its corresponding time course.
Correlation analysis can be performed on the time courses of these
independent components to explore functional connectivity networks
without a priori seed selection. Thanks to this approach the cortical

functional networks have been identified for the first time!®® (Figure 17).
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Figure 17. Seven cortical functional networks. Yeo et al.'*’ explored the organization of networks
in the human cerebrum using rs fMRI. On the right, a table of colors is assigned to the proposed
networks and their common names from neuroimaging literature.

[Thomas Yeo BT, Krienen FM, Sepulcre J, et al. The organization of the human cerebral cortex
estimated by intrinsic functional connectivity. J Neurophysiol. 2011;106(3):1125-1165.
doi:10.1152/jn.00338.2011]

Noteworthy is that these cerebral networks map onto the cerebellum with
topographic specificity. The motor networks map onto sensorimotor parts of the
cerebellum in the anterior lobe and lobule VIII. Conversely, the dorsal attention,
frontoparietal/executive control, ventral attention/salience, and default mode
networks map onto focal areas within the cerebellar posterior lobe!*® 17!, Similarly,
dorsal and ventral subregions of the dentate nucleus also exhibit functional
connectivity differences, with the dorsal part showing functional connectivity with
the anterior cerebellum and primary motor cortex, and the ventral dentate showing
functional connectivity with cerebellar crus I (part of Lobule VII) and the

prefrontal cortex!”?.
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In a large-scale study involving 500 healthy young adults, with a replication
sample of another 500 healthy young adults, Buckner et al.'” (Figure 18)
examined the functional connectivity between the cerebellar cortex and either 7 or
17 cerebral cortical networks based on a winner-takes-all approach: each cerebellar
voxel was mapped based on the particular cortical network that exhibited the
highest correlation with its rs-BOLD signal. This revealed extensive functional
connectivity between the cerebellum and the cerebral cortex — all brain regions

were represented in the cerebellum, except for the primary visual cortices.

MOTOR PREFRONTAL

Figure 18. Functional connectivity mapping reveals cerebellar functional topography.

Top left, seeds in the primary motor cortex (A) are contralaterally functionally correlated with the
anterior cerebellum and lobule VIII, whereas prefrontal seeds (B) show functional correlations with
the posterior cerebellum.

Right and bottom left, functional connectivity patterns in the cerebellum based on cerebral cortical
functional networks show sensorimotor network representation (blue) in the anterior lobe and
lobule VIII (F foot, H hand; T tongue), whereas ventral attention (purple, P), dorsal attention (green,
G), frontoparietal (orange, O), and default-mode (red, R) networks map to posterior cerebellar
hemispheres. The data suggest that there are at least two, and potentially three, complete maps of
the cerebral cortical networks in the cerebellum (bottom left).

[Adapted from: Buckner RL, Krienen FM, Castellanos A, et al. (2011) The organization of the
human cerebellum estimated by intrinsic functional connectivity. J Neurophysiol 106: 2322-2345.]
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The realization that the most of human cerebellum is linked with cerebral
association areas concerned with intellect, social cognition, and emotion control
represents a significant revolution in our understanding of the cerebellum and the
organization of the human brain'*.

Task-based fMRI studies conducted on individual subjects and at group level
provide independent confirmation of the motor/cognitive dichotomy within the
cerebellum'>%!7* Tasks such as limb movement activate the primary sensorimotor
cerebellum (i.e., anterior lobe and adjacent parts of lobule V1), as well as the second
sensorimotor area in lobule VIII.

In contrast, cognitive paradigms engage distinct regions within the cerebellar
posterior lobe. For instance, lobules VI and Crus I are involved in language and
verbal working memory; lobule VI in spatial tasks; lobules VI, Crus I, and VIIB
are activated by executive functions such as working memory, planning,
organizing, and strategy formation; and vermal lobules VI and VII are involved in
emotional processing. Language tasks predominantly exhibit right-lateralization,
while spatial functions show left-lateralization, reflecting the crossed connections
between the cerebellum and cerebral cortex.

Recent rs-fMRI and task-based MRI analysis from the Human Connectome
Project (HCP) dataset (n =787 subjects)!’> confirm the dual motor representation
in the anterior lobe and lobule VIII. They also confirm and extend the findings of
Buckner et al.!”® by demonstrating a triple representation of cognitive domains in
the cerebellar posterior lobe, specifically 1) lobules VI-Crus 1, ii) Crus II-VIIB, and
iii) lobule IX. Further analyses of rs-fMRI in the HCP dataset (n = 1003 subjects)!”®
reveal that the cerebellum exhibits the same kind of sensorimotor-to-cognition
hierarchical gradient pattern that has long been established in the cerebral cortex!”’.

Ultimately, functional connectivity studied with fMRI has the potential to be an
imaging biomarker of cognitive performance in neurodegenerative disease and is
the subject of a growing research field in MS. Such a marker could offer a fast,
non-invasive way to detect imminent cognitive decline, which is often

underdiagnosed on routine neurological examinations'’®,
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1.3.3. Clinical evidence of a cerebellar role in cognition

The understanding of the fundamental organizing principles of cerebellar
structure and function described in the previous sections aligns with the
advancements in the field of clinical neurology related to the cerebellum.
Cerebellar functional topography becomes evident when examining the effects of
cerebellar damage or disease in both pediatric!” and adult!3%!3! populations.
Damage to the anterior regions of the cerebellum is associated with cerebellar
motor syndrome, which is characterized by impairment of balance and gait ataxia,
limb dysmetria, dysarthria, and oculomotor disorders'®?. This syndrome has an
anatomical signature, as determined by studies of patients with focal cerebellar
lesions. For instance, studies have shown that limb and gait ataxia are more
strongly associated with stroke in the territory of the superior cerebellar artery
(SCA) territory rather than the posterior inferior cerebellar artery (PICA)'®,

A voxel-based morphometric study of patients with cerebellar lesions showed
significant correlations between scores on the International Cooperative Ataxia
Rating Scale (ICARS) and damage to the anterior lobe (lobule II-V, extending to
lobule VI)!¥4, In addition., a recent study investigating the relationship between
lobular volumes and motor and cognitive measures in patients with cerebellar
disease showed that anterior-lobe and lobule VI volumes were associated with
motor function'®. In MS patients, anterior (but not posterior) lobe volume was an

independent predictor of peg-moving performance!®

. All these findings support
the idea that the anterior lobe and lobule VI are involved in sensorimotor circuitry.

Similarly, damage to the deep cerebellar nuclei, particularly the interpositus, the
fastigial, and the dorsal dentate nuclei can lead to predictable motor outcomes, as

seen in children and adolescents following the removal of cerebellar tumors'®’.

In contrast, cognitive deficits are more commonly associated with damage to
the posterior cerebellum or the ventral dentate nucleus.

The recognition of the “Cerebellar Cognitive Affective Syndrome” (CCAS) or
Schmahmann’s syndrome in both adults'®® and children'® has established the

clinically relevant parameters of the non-motor cerebellar function.
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Consistent with the anatomic connectivity and functional activation patterns in
the posterior cerebellum, the CCAS is characterized by deficits in 1) executive
function, 1) visuospatial cognition, iii) language, and iv) emotion—affect following
cerebellar damage. It is postulated to reflect “dysmetria of thought” analogous to
the dysmetria of motor control from damage to the motor cerebellum!*3,

It is important to note that cerebellar motor syndrome can exist in the absence
of the CCAS, and vice versa the CCAS can be present without motor symptoms.
In a recent lesion symptom-mapping study, patients with cerebellar motor
syndrome but no cognitive deficits showed damage to the anterior lobe with spared
posterolateral hemispheres; the opposite pattern was seen in patients with CCAS

but normal ataxia scores'®!

(Figure 19). This double dissociation between motor
and cognitive sequelae suggests that cognitive outcomes in cerebellar damage are

independent of motor impairment.

Cerebellar Motor Syndrome Cerebellar Cognitive Affective Syndrome
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Figure 19. Lesions associated with cerebellar motor syndrome (left) and CCAS (right).
Different colors represent individual patients’ lesions. The patients with cerebellar motor syndrome
did not have cognitive deficits, and the patients with CCAS did not have motor deficits. The
cerebellar deep nuclei are shown in yellow (dentate), red (interpositus), and violet (fastigial) based
on the Spatial Unbiased Infratentorial Template (SUIT) atlas.

[Adapted from Stoodley CJ, Macmore JP, Makris N, et al. (2016) Location of lesion determines
motor vs. cognitive consequences in patients with cerebellar stroke. Neuroimage Clin 12: 765—
775.]

In 2018 the “CCAS/Schmahmann syndrome scale”, a 10-min battery of cross-
domain assessments, was validated for CCAS diagnosis in adult patients with

cerebellar lesions (Figure 20)'°.
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CEREBELLAR COGNITIVE AFFECTIVE / NAME: DOB:
SCHMAHMANN SYNDROME SCALE (CCAS-Scale) ID# Education (Yrs)
VERSION 1A, DATE

RAW PASS=0

SEMANTIC FLUENCY > .
(Use space bottom right for notation) SCORE  FAIL=1

Please name as many animals or living creatures as you can in one minute

PHONEMIC FLUENCY S ' |
(Use space bottom right for notation)

Please name as many words as you can in one minute that start with the letter F. Do not use names of
people or places or repeat the same word in different forms.

CATEGORY SWITCHING

(Use space bottom right for notation)

Please name a type of vegetable and then a type of profession or job, and then another vegetable and
another profession, and so on, switching between the two lists. Name as many as you can in onc minute.

VERBAL REGISTRATION

[ am going to read you a list of words which [ would like you to leam. Please repeat these words. [ am
going to ask you to give them back in a few minutes. (Read 5 words at rate of 1/ second. Subject repeats

them once, then repeats them again. Repeat trials until subject recalls all 5 words. Stop afier 4 attempis.)
[Flower| |Robert] [Courage] [Speak] [Yellow])

Ist attempt [ ] [ ] [ ] ]

2nd attempt [ ] [ ] [ ] ]

3rd attempt [ ] [ ] [ ] ]

4th attempt [ ] [ ] [ ] ]

[
[
[
[

DIGIT SPAN FORWARD

I am going to read you some numbers. Please repeat them in exactly the same order (Read aloud at a rate
of 1 per second. Start with * and administer previous items if subject fails to repeat *)

[] 4=X%T70% [ ] 30-1-2-64 [ ] 2-0-5-6-9-7-3-8 [ ]
[] 146925 [ ] 7-3-1-9846 [ )

DIGIT SPAN BACKWARD

Now please say these numbers backwards, in reverse order. (Give example, then start with *)

(e.g.58 =8-5) *%-1 [] 382 [] 4709 [] 65281 [] 590374

CUBE (DRAW)

Please draw a cube — a six-sided box, make it transparent or see-through. (Use space bottom lefi)

CUBE (COPY)

Please copy the cube shown on PAGE 2. (Neatness not scored)

Notation:

Draw cube here. Semantic Fluency Phonemic Fluency Category switching

Figure 20. The CCAS scale (Version 1A). The CCAS scale is a screening instrument to detect
CCAS in patients with cerebellar injury. It assesses different cognitive domains: attention and
concentration, executive functions, memory, language, visuospatial abilities, abstract thinking, and
affect. The total possible raw score is 120 points. The Pass / Fail measure provides a maximum fail
score of 10 (i.e., 10 failed tests). (continued)
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VERBAL RECALL RAW PASS=0

S | SCORE FAIL=1

What were the words | asked you to learn earlier? (Subject recalls the words learned previously. Use
cues and multiple choice alternatives bottom left if needed).

[Flower] [Robert] [Courage] [Speak] [Yellow]
Spontancous recall: [ ] - [ ] - [ 1] - [ ] -]
Recall with category cue: [ ] - [ ] - [ ] - [ ] -]
Recall with multiple choice: [ ] - [ ] - [ ] - [ ] - [ ] ns

e ————
SIMILARITIES
How are the following words alike; what is the same about them? (Provide example, then test items).
(e.g.. Ball/Moon = Round) 1.Nose/Ear 2. Sheep/Elephant 3. Lake/River 4. Airplane/Motorcycle
[_72] [_72] [_72] [ 2] /8
—-"————1|

GO NO-GO

I am going to tap the table. When | tap once, please raise your finger then put it back down again. When
[ tap twice, don’t do anything. (Give an example of each condition to make sure subject understands)

1-1-1-2-2-1-2-2-2-1-2-1-2-1

AFFECT

(Rater assesses if the following are present, incorporating input from patient
and/or caregiver)

[ ] Difficulty with focusing attention or mental flexibility

[ ] Emotionally labile, incongruous emotions, appears hopeless or depressed

[ ] Shows easy sensory overload or avoidant behaviors

[ ] Expresses illogical thoughts or paranoia

[ ] Lacks empathy, is apathetic, or has blunted affect

[ ] Angry or aggressive, irritable, oppositional, difficulty with social cues and social boundaries

TOTAL SCORE

Copy the cube here

CUES AND MULTIPLE CHOICE ITEMS FOR VERBAL RECALL TEST
Test . 5
Flower Robert Courage Speak Yellow
word
. Grows in . Trait o
Cue the garden Boy's name virtue Color SIMILARITIES Correct mn“plrul Partial correct / m:lcn-u'
answers (examples answers (examples
Tree Stephen Bravery Speak Red { pics) L ples)
Nose/'Ear Sense organs Face, body pant
Multiple Bush Michacel Courage Talk Green St 0 ; v ] " 1 ,
. e PO AMIMAIS, § X ol as
cholce cep Elephan mnx inimals Cps, tail
items Flower Joscph Honesty Sing Blue Lake'River Bodies of water Wel, cold. swim
Vehi .
Girass Robert Patience Shout Yellow AirplaneMotorcycke chicles, Use fuel, ride them
i transportation

(continued) A fail score of 0 is normal. In a patient with cerebellar disease, a fail score of 1 indicated
Possible CCAS, 2 indicates Probable CCAS and 3 or more indicated Definite CCAS.

[Hoche F, Guell X, Vangel MG, Sherman JC, Schmahmann JD. The cerebellar cognitive
affective/Schmahmann syndrome scale. Brain. 2018;141(1):248-270. doi:10.1093/brain/awx317]
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1.3.4. Theories about cerebellum functioning

How does the cerebellum modulate cognition? To tackle this question more
directly, two main theories have been proposed (Figure 21):

i) The universal cerebellar transform'®!: this theory was proposed by
Schmahmann in 1996. It suggests that a singular functional module
emerges from an essentially uniform cerebellar circuit and performs
computations at different levels of information processing. According to
this theory, the cerebellum contributes to diverse functions by applying
a general computational principle;

ii) The multiple functionality hypothesis!®?: in contrast to the previous one,
this theory suggests that the same uniform circuit can be used to realize
various computations relying on variable contributions from distinct
cerebellar functional modules. In this view, different modules within the

cerebellum are involved in different cognitive processes.

Universal transform Multiple functionality

Computational
task level

—\|= N/ 1 /N7
Q?Jrlthmlc Uniform function iple functions
Implementation ) o . o
level Uniform circuit Uniform circuit

Figure 21. Schematic of the Universal Transform and Multiple Functionality Hypotheses,
Considered across Marr’s Three Levels of Analysis'®’. At the computational level, each task
demands a different computational description. At the implementation level, the cerebellar circuitry
is remarkably uniform. The idea of a universal transform holds that, at the algorithmic level, we
can formulate a general idea of how cerebellar circuits contribute to diverse functions. In contrast,
the multiple functionality models posits that different tasks rely on variable contributions from
several cerebellar functional modules, each of which requires a distinct algorithmic description.

[Diedrichsen J, King M, Hernandez-Castillo C, Sereno M, Ivry RB. Universal Transform or

Multiple Functionality? Understanding the Contribution of the Human Cerebellum across Task
Domains. Neuron. 2019;102(5):918-928.]
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From a clinical standpoint, these theories have potential implications in
predicting the impact of cerebellar degeneration on a function level. Several
scenarios may be hypothesized: for instance, following the universal cerebellar
transform, it is plausible to expect that the degenerative processes may induce
nonspecific effects at a computational level, resulting in a general disruption of the
domain that interacts with the damaged system. Conversely, an alternative
scenario, according to the multiple functionality hypothesis, could exhibit a less
generalized impairment as only a specific functional module may be affected by
the degenerative processes. Also, other alternative situations could be outlined,
considering the two theories as not mutually exclusive frameworks.

However, it is challenging to translate this knowledge into concrete solutions.
At present, the contribution of these theories is much more theoretical rather than
practical. Further research is needed to better understand how the cerebellum
modulates cognition and provide a rationale for developing new interventions in

the clinical context'>*.

1.3.5. Cerebellar damage in MS

The cerebellum is a primary site of MS pathology, involving both cerebellar
WM and GM!*. Several studies have described the association between cerebellar
changes and symptoms such as ataxia '°>!%°, tremor 71?8 depression '*°, and CI
195,200 iy MS, but almost all have considered the cerebellum as a whole.

Recent MRI studies have provided mounting evidence of the cerebellum’s role
in cognition also in MS patients. Reduced total cerebellar volume has been
associated with worse performance on cognitive tests 2°'. Another study has found
a correlation between increased posterior fossa lesion volume and slowed
information processing efficiency??.

A recent study using ''C-PBR28 MR-PET and 7T MRI showed that MS patients
had increased neuroinflammation in the cerebellum, as indicated by elevated
translocator protein (TSPO) expression, a marker of microglia activation. This

marker also correlated with decreased CPS and neurological disability®®.
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Using 7T MRI, cerebellar lesions were detected in the majority of patients, with
RRMS patients showing a prevalent involvement of the WM while SPMS patients
had a higher prevalence of cortical and leukocortical plaques.

However, the compartmentalization of the cerebellum in motor and cognitive
lobes has not been applied to most previous MS studies. Also, no study has
characterized the distribution of MS neuroinflammation and lesion load between
these lobes. This would be interesting to better understand the involvement of
different cerebellar regions and their clinical impact on MS patients.

Moreover, conventional MRI may not be sufficient to disclose all MS-related
pathological changes, especially in early disease stages. There are microstructural

abnormalities in neuroaxonal integrity and cortical connectivity?**

, undetectable
by routinary MRI sequences, which may be revealed by means of diffusion MRI
(dMRI) for WM abnormalities and resting state functional MRI (rs-fMRI) for GM
alterations. Examining the structural and functional connectivity between the
cerebellum and cortical areas associated with cognitive functions could shed light
on the pathological mechanisms underlying cerebellar damage-related CI in MS.
To this regard, a preliminary study based on probabilistic tractography MRI found
that a reduction of the structural connectivity between the default mode network
(DMN) and the cerebellum correlated with worse CPS performance?®.
Additionally, in early MS, rs-fMRI might detect microstructural WM and GM
changes in the cerebellum and its disconnection with cortical brain areas, providing
increased sensitivity in evaluating the clinical impact of cerebellar pathology.
Unfortunately, the largest part of previous MS studies did not adopt extensive
neuropsychological tests, so they might not be able to detect the complex CCAS
described when cerebellar damage occurs, especially in the early phases of MS.
CCAS scale may be a valuable cognitive tool to intercept CI in MS patients with
cerebellar involvement. To date, the CCAS scale has never been used to test MS

patients stratified for the extension of cerebellar involvement %,
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2. Aim of the study

The aims of this study are:

1) to investigate, by means of 3 Tesla MRI, the association of MRI structural and
functional abnormalities of the cognitive cerebellum with the CI in a cohort of
very early RRMS patients;

i1) to test the sensitivity and specificity of the CCAS scale, compared to other
neuropsychological tests, in detecting cognitive dysfunction in this cohort of MS

patients.
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3. Research plan and methods

3.1. Study Population

We designed an explorative, cross-sectional study.

Between June 2022 and May 2023, 37 patients diagnosed with RRMS within 4 years
from the clinical onset were consecutively enrolled at the MS Center of the Veneto Region
at the University Hospital of Padua, Italy. 4 age- and sex-matched healthy subjects (HC)
were recruited as control population.

Inclusion criteria were: 1) MS diagnosis according to 2017 revised McDonald criteria,
i1) Age between 18-50 years, iii) > 8 years of schooling, and iv) Absence of ongoing or
history of disease-modifying therapy.

Exclusion criteria were: i) Steroid treatment within 2 months prior to the study (if
enrolled subjects needed to receive steroids, all imaging procedures were performed
before steroid treatment), ii) Any acute and/or chronic medical conditions potentially
affecting the cerebellar structure/functions, iii) History of cognitive/psychiatric disorder,
and iv) General MRI exclusion criteria.

A cutoft of 89 points was computed by means of the formula (mean — 1.5 SD) based
on a 50 HC sample selected from an ongoing study to validate the CCAS scale in Italian.
The enrolled patients were subsequently divided into two different groups according to
their CCAS raw score (max total raw score = 120 points). Out of the 37 patients, 26/37
(70%) scored >89 points on the CCAS scale and were classified as “Normal-CCAS”,
while the remaining 11/37 (30%) obtained <89 points and were classified as “Impaired-

CCAS”.

3.2. Clinical assessment

An extended neuropsychological assessment was administrated by a certified
psychologist of the MS center, consisting of:

i) Brief International Cognitive Assessment for Multiple Sclerosis (BICAMS)?°7-208,
ii) Delis-Kaplan Executive Function System Sorting Test (D-KEFS ST) 2%;

iii) CCAS scale®;
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iv) Beck Depression Inventory-1I (BDI-II)?!;
v) Fatigue Severity Scale (FFS) 2!l

Physical disability was assessed using the Expanded Disability Status Scale (EDSS).

3.3. Imaging data acquisition

RRMS and HC underwent MRI on 3-Tesla scanner (Ingenia, Philips Medical System:s,
Best, The Netherlands) with a 33 mT/m power gradient and a 32-channel head coil.

The MRI protocol included 3D T1 and T2-weighted images (1 mm isotropic voxels)
for structural analysis; fluid-attenuated inversion recovery (FLAIR) and double inversion
recovery (DIR) images for brain WM and GM lesions segmentation; spin-echo echo-

planar imaging (EPI)-sequence for rs-fMRI.

34. MRI data analysis

Brain and cerebellar lesions were manually segmented by consensus from two expert
raters using the program ITK-SNAP (http://www.itksnap.org/pmwiki/pmwiki.php) on
FLAIR and DIR images. Brain WM and cortical GM (cGM) were segmented on 3T T1-
weighted images with SPM12 applying a 90% threshold.

Masks of the whole cerebellum, cerebellar WM and GM were segmented on 3T T1-
weighted images using SPM12. A mask of the cognitive cerebellum was derived by a
coregistered-AAL3 atlas, extracting cerebellar lobules VI to X, excluding lobule VIII
(which is part of the motor cerebellum).

On rs-fMRI images, seed-based connectivity analysis (SCA) was performed, using the
mask of cognitive cerebellum as seed, and Schaefer 100 parcels atlas!® for defining the

brain cortical networks as Regions of Interest (ROIs).

3.5. Statistical analysis

Statistical analyses were performed using SPSS 22.0 (StataCorp LP, College Station,
TX, USA). Normality in measurements was tested graphically and using Kolmogorov-
Smirnov test. Nonparametric tests were used for non-normal or skewed data and

parametric tests for normally distributed data. Respectively, median (interquartile range)
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and mean (+ standard deviation) are shown. Differences between groups were analyzed
using the chi-squared test for categorical variables, either 2-tailed t-test or ANOVA (the
latter if comparisons between 3 groups) for parametric continuous variables and the
Mann—Whitney test for nonparametric continuous variables (such as structural-functional
MRI parameters).

To compare neuropsychological parameters between groups, ANCOVA was
performed, setting the test raw score as the dependent variable, and the years of education
as the covariate.

To assess the association between the neuropsychological tests (i.e., CCAS scale) and
structural-functional MRI parameters, partial correlation corrected for years of education
was used.

A p-value of 0.05 was accepted as statistically significant.
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4. Results

4.1.

Study Population

The demographics and clinical characteristics of our study population are shown in

detail in Table 4. The “Normal-CCAS MS” and “Impaired-CCAS MS” groups were

comparable in terms of age (p=0.153), years of education (p=0.240), and EDSS

(p=0.056). A statistically significant difference was found regarding gender (p=0.004) and

disease duration (p=0.005).

Table 4. Baseline Demographics and Clinical Characteristics

HC vs Normal vs
HC MS MS Normal- Impaired- | Impaired-
CCASMS | CCASMS | CCASMS
p-value
p-value
Subjects 4 37 - 26 11
Age, years, mean (SD) | 35.7 (11.0) | 39.6 (12.8) 0.369" 36.8 (12.1) | 45.6 (12.8) 0.153"
Female, n (%) 2 (50%) 22 (59%) 0.715° 20 (77%) 2 (18%) 0.004°
Years of education, a b
years, mean (SD) 16.9(2.9) | 14.6(3.8) 0.495 15.3(3.4) 13.0 (4.2) 0.240
EDSS, median (IQR) - 1.5(1.0) - 1.5(1.0) 2.0 (2.0) 0.056"
Disease duration, year, d
mean (SD) - 0.68 (1.08) 0.42(0.98) | 1.27(1.10) 0.005

Significance testing:

#2-tailed t-test on means

®One-way ANOVA (p-value are reported after Bonferroni correction)

°Chi-squared test
4Mann-Whitney test

Bold red indicates a statistically significant difference with a p-value<0.05

HC: healthy controls; MS: multiple sclerosis; CCAS: cerebellar cognitive affective syndrome scale; SD:
standard deviation; IQR: inter-quartile range; EDSS: Expanded Disability Status Scale
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4.2. Neuropsychological parameter comparisons

Table 5 shows the neuropsychological parameter comparisons between groups.

We tested the cognitive performance of our cohort of very early RRMS patients and
HC using the CCAS scale, BICAMS (the results are presented separately into SDMT,
CVLT-II, and BVMT-R tests), and D-KEFS ST (the results are presented separately into
FSC, FSD and SR tests). All tests were standard tools used in clinical and research settings
and together probed a broad range of different sensory, cognitive, and output modalities.

Confounders such as depression and fatigue could be excluded, as none of the patients
was found to show symptoms of depression, and the level of cognitive efficiency was

unrelated to any metric of the Fatigue Severity Scale.

Table 5. Neuropsychological parameter results and comparisons between groups

HC vs MS Normal- Impaired- qumal vs
HC MS p-value | CCAS MS cc&s MS Iml{’qa“ed'CCAS

S p-value
CCAS scale, mean (SD) | 100.0°(7.8) | 96.7 (13.2) |  0.812 103.7 (7.0) | 80.0 (8.1 <0.001
SDMT, mean (SD) 52.5(12.1) | 5450129 | 0422 58.1(8.1) | 45.9(13.5) 0.155
CVLT-II, mean (SD) 59.5 (7.6) 54.8 (9.2) 0.478 58.2 (7.5) 46.7 (8.1) 0.011
BVMT-R, mean (SD) 30.8 (3.0) 28.6 (6.4) 0.904 30.8 (3.8) 23.3(8.2) 0.052
D-KEFS FSC, mean (SD) 13.0 (1.4) 11.0 (2.5) 0.171 11.9 (2.1) 8.9 (2.3) 0.004
D-KEFS FSD, mean (SD) | 51.8(5.9) | 43.4(10.3) | 0.162 47.0(8.5) | 34.9(9.9) 0.004
D-KEFS SR, mean (SD) | 50.0(6.9) | 41.4(9.5) 0.115 44.8(7.3) | 33.5(9.7) 0.004

Significance testing:

ANCOVA: dependent variable = test raw score; covariate = years of education (for multiple comparisons,
p-values are reported after Bonferroni correction)

Bold red indicates a statistically significant difference with a p-value<0.05

HC vs Normal-CCAS MS: no significant difference

*HC vs Impaired-CCAS MS: p-value < 0.05

For all tests, the results are expressed as mean (SD) number of correct answers.

HC: healthy controls; MS: multiple sclerosis; SD: standard deviation; CCAS: cerebellar cognitive affective
syndrome scale; SDMT: Symbol Digit Modalities Test; CVLT-II: California Verbal Learning Test-II;
BVMT-R:Brief Visuospatial Memory Test-Revised; D-KEFS ST:Delis-Kaplan Executive Function System
Sorting Test; FSC: Free Sorting Categorization; FSD: Free Sorting Description; SR: Sort Recognition

No statistically significant difference was found between HC and either MS patients
(total) or “Normal-CCAS” group. Among patients, the “CCAS-Impaired” group showed
significantly lower scores on the CCAS scale (p<0.001), CVLT-II (p=0.011), and D-
KEFS FSC (p=0.004), FSD (p=0.004) and SR (p=0.004) compared to “Normal-CCAS”
one. Conversely, the results of SDMT and BVMT-R tests did not differ significantly

between the two groups.
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4.3.

Structural MRI parameter comparisons

Table 6 reports the structural MRI parameter comparisons between groups. No

statistically significant differences were found between HC and MS patients. Among

patients, a significant reduction was found in all cerebellar parameters of the "Impaired-

CCAS" group compared to the "Normal-CCAS" group, including cerebellum total

volume (p=0.001), WM volume (p=0.013), and cortex volume (p=0.013). The same result

was found for other brain structures, i.e., the thalamus (p=0.003) and the corpus callosum

(p=0.003), as well as for the whole brain WM volume (p=0.004).

The two MS groups did not show significant differences in whole brain WM lesion

volume as well as cognitive cerebellum lesion volume.

Table 6. Conventional MRI parameter comparisons between groups

HC vs Normal vs

HC MS MS Normal- | Impaired- | Impaired-

CCASMS [ CCASMS | CCASMS

p-value p-value
WM vol, mean (SD)* 3258 (63) | 3168 (300) | 0.483 | 3261 (192) | 2948 (396) 0.004
Cortical Thickness, mean (SD) 4.75(0.20) [ 4.62 (0.17) [ 0.203 | 4.64(0.14) | 4.58 (0.23) 0.270
Cerebellum total vol, mean (SD)* 887 (52) 896 (89) 0.751 923 (7) 832 (10) 0.001
Cerebellum WM vol, mean (SD)* 161 (11) 168 (21) 0.431 176 (17) 150 (20) 0.013
Cerebellum cortex vol, mean (SD)* 726 (44) 728 (73) 0.916 747 (61) 682 (81) 0.013
Thalamic vol, mean (SD)* 49 (5) 45 (7) 0.237 47 (5) 40 (7) 0.003
Hippocampus vol, mean (SD)* 26 (2) 24 (2) 0.237 25 (2) 23 (5) 0.051
Amygdala vol, mean (SD)* 10 (1) 9(1) 0.337 10 (1) 9(1) 0.316
Corpus callosum vol (mm?*), mean (SD)* 24 (3) 21 (4) 0.122 23 (3) 18 (6) 0.003
Whole brain WM lesion volume (mm?), i 7505 i 5685 11809 0.075
mean (SD) (6676) (4563) (8912) )
Cogmtwinifflf;egéa‘i l(";]‘)")n volume - 333(685) | - |360(77.7) [ 269(413) | 0346
Cerebellar/Extracerebellar lesion volume i 0.049 i 0.061 0.022 0.087
ratio (0.158) (0.188) (0.021)

Significance testing:
Mann-Whitney test

Bold red indicates a statistically significant difference with a p-value<0.05

HC vs Normal-CCAS MS: no significant difference
2HC vs Impaired-CCAS MS p-value < 0.05
All structural volumes are normalized for the total intracranial (TIC) volume

*expressed as x10*

Cognitive cerebellum includes cerebellar lobules VI, VII, IX, X

HC: healthy controls; MS: multiple sclerosis; CCAS: cerebellar cognitive affective syndrome scale; SD:

standard deviation
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4.4. Functional MRI parameter comparisons

Table 7 shows the comparisons of functional MRI parameters between the “Normal-
CCAS” and “Impaired-CCAS” groups. We opted for a seed-based approach, choosing the
cognitive cerebellum mask (lobules VI to X, excluding VIII) as seed and the Schaefer 7-
networks (100 parcels) divided into left and right as Regions of Interest (ROIs).

Table 7. Functional MRI parameter comparisons between groups

Seed Schaefer 7-networks Normal- Impaired- Normal vs Impaired-
(100 parcels) CCAS MS CCAS MS CCAS MS p-value
R Visual 0.06 (0.08) 0.11 (0.11) 0.101
R Somatomotor 0.05 (0.07) 0.07 (0.08) 0.332
R Dorsal Attention 0.09 (0.06) 0.11 (0.07) 0.460
R Salience 0.07 (0.04) 0.07 (0.06) 0.501
R Limbic 0.02 (0.02) 0.05 (0.04) 0.004
R Control 0.13 (0.05) 0.14 (0.05) 0.806
zcog"‘niﬁve R DMN 0.09 (0.04) | 0.11(0.04) 0.108
cerebellum L Visual 0.05 (0.09) 0.11 (0.11) 0.060
L Somatomotor 0.03 (0.07) 0.08 (0.09) 0.115
L Dorsal Attention 0.05 (0.08) 0.08 (0.11) 0.181
L Salience 0.06 (0.04) 0.08 (0.06) 0.192
L Limbic 0.03 (0.03) 0.05 (0.03) 0.108
L Control 0.12 (0.06) 0.14 (0.06) 0.332
L DMN 0.09 (0.04) 0.11 (0.04) 0.094

Correlations with Schaefer 7 networks are expressed as mean (SD) of correlations of parcels included in the
single network. Cognitive cerebellum includes cerebellar lobules VI, VII, IX, and X.

Significance testing:

Mann-Whitney test (p-values are reported after FDR correction for multiple comparisons)

Bold red indicates a statistically significant difference with a p-value<0.05

HC: healthy controls; MS: multiple sclerosis; CCAS: cerebellar cognitive affective syndrome scale; SCA: Seed-
based Correlation Analysis; R: right; L: left

The only statistically significant difference between the two groups was increased
functional connectivity between our seed and the right limbic network (p=0.004), which
is involved in several cognitive functions, such as regulating emotional responses,
memory formation and retrieval, reward processing, and decision-making. However,
although not statistically significant, an increased connectivity pattern between the
cognitive cerebellum and the majority of the functional cortical networks was found in
the “Impaired-CCAS” group compared to the “Normal-CCAS” one.

This positive tendency is also graphically visible in Figure 22 and Figure 23 in which

the results are presented, respectively, as boxplots and brain heatmaps.
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Figure 22. Boxplots representing the comparisons of functional MRI parameters between “Impaired-
CCAS” and “Normal-CCAS” groups. The “Impaired-CCAS” group showed stronger connections
between cognitive cerebellum and functional cortical networks compared to the “Normal-CCAS” one for
most of the correlations, but only the one involving the right limbic network reached statistical significance.
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Figure 23. Heatmap representations of the right cerebral hemisphere in the “Normal-CCAS” group
(left) and “Impaired-CCAS” group (right). Colours are used to highlight the strength of functional
connections between the cognitive cerebellum and different brain regions (red = positive correlation, blue
= negative correlation). The “Impaired-CCAS” group showed diffuse cortical hyperactivation compared to
the “Normal-CCAS” one.

4.5. Correlations

Tables 8-9 show the results of correlations (corrected for years of education) between
cognitive test scores and structural MRI parameters in all MS patients.

For the CCAS scale, statistically significant associations were observed for all the
assessed structural MRI parameters, i.e., whole brain WM volume (p=0.006), cerebellum
WM volume (p=0.014), thalamic volume (p=0.004), corpus callosum volume (p=0.010),
and whole brain WM lesion volume (p=0.027).

For the SDMT test, statistically significant associations were observed for whole brain
WM volume (p=0.007), thalamic volume (p=0.010), corpus callosum volume (p=0.011),
and whole brain WM lesion volume (p=0.001).

For the CVLT-II test, none of the correlations reached statistical significance.

For the BVMT-R test, statistically significant associations were observed for whole
brain WM volume (p=0.043), corpus callosum volume (p=0.018), and whole brain WM
lesion volume (p=0.035).
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For the D-KEFS SR test, statistically significant associations were observed for all the
assessed structural parameters, i.e., whole brain WM volume (p<0.001), cerebellum WM
volume (p=0.005), thalamic volume (p<0.001), corpus callosum volume (p=0.025) and
whole brain WM lesion volume (p=0.016).

Table 10 shows the results of correlations (corrected for years of education) between
CCAS scale score and functional MRI parameters in all MS patients.

Statistically significant differences were found in the correlations between the
Cognitive Cerebellum and the Right Limbic Network (p=0.047), the Left Salience
Network (p=0.033), and the Left Control Network (p=0.049).

Table 8. CCAS scale score — Structural MRI parameters (all patients)

CCAS scale raw score vs r p

Whole Brain WM vol 0.447 0.006

Whole Brain Cortical Thickness -0.059 0.732

Cerebellum total vol 0.252 0.138

Cerebellum WM vol 0.408 0.014

Cerebellum cortex vol 0.187 0.274

Thalamic vol 0.471 0.004

Hippocampus vol 0.211 0.217

Amygdala vol 0.214 0.211

Corpus callosum vol 0.422 0.010

Whole brain WM lesion volume -0.370 0.027

Cognitive cerebellum lesion volume 0.216 0.205

Cerebellar/Extracerebellar lesion volume ratio 0.183 0.284

Cerebellum WM vol — Thalamic vol correlation: r=0.524, p=0.001
Cerebellum WM vol — Whole Brain WM vol correlation: r=0.469, p=0.003
Table 9. Neuropsychological tests — Structural MRI parameters (all patients)
Whole Brain WM Cerebellum WM . Corpus Whole brain
vol vol Thalamic vol callosum vol | WM lesion vol
p () p (r) p () p (r) p (r)

CCAS 0.006 (0.447) | 0.014 (0.408) | 0.004 (0.471)[ 0.010 (0.422) | 0.027 (-0.370)
SDMT 0.007 (0.442) | 0.114(0.268) | 0.010 (0.426)] 0.011 (0.418) | 0.001 (-0.510)
CVLT-II 0.294 (0.180) | 0.146 (0.247) | 0.093 (0.285)] 0.092 (0.285) | 0.366 (-0.155)
BVMT-R 0.043 (0.339) | 0.094 (0.283) | 0.051 (0.327)[ 0.018 (0.392) | 0.035 (-0.352)
D-KEFS-SR | <0.001 (0.590) | 0.005 (0.454) (<00'5°5°11) 0.025 (0.372) | 0.016 (-0.397)
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Table 10. CCAS scale score — Functional MRI parameters (all patients)

CCAS scale raw score vs r p
Cognitive Cerebellum - R Visual -0.304 0.071
Cognitive Cerebellum - R Somatomotor -0.231 0.176
Cognitive Cerebellum - R Dorsal Attention -0.260 0.126
Cognitive Cerebellum - R Salience -0.228 0.162
Cognitive Cerebellum - R Limbic -0.333 0.047
Cognitive Cerebellum - R Control -0.207 0.227
Cognitive Cerebellum - R DMN -0.299 0.076
Cognitive Cerebellum - L Visual -0.307 0.069
Cognitive Cerebellum - L Somatomotor -0.301 0.074
Cognitive Cerebellum - L Dorsal Attention -0.314 0.062
Cognitive Cerebellum - L Salience -0.356 0.033
Cognitive Cerebellum - L Limbic -0.157 0.359
Cognitive Cerebellum - L Control -0.331 0.049
Cognitive Cerebellum - L DMN -0.294 0.081
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5. Discussion

Cognitive impairment (CI) affects a large proportion of patients with MS and has a
profound impact on their daily-life activities. Understanding the pathophysiology of CI
in MS and the mechanisms responsible for its onset and progression over time may
contribute to the development of better outcome measures and targets for innovative
treatment strategies®’.

Over the past few decades, advancements in investigative imaging techniques and
computational modeling systems have revolutionized our knowledge about the
cerebellum. These technical improvements have allowed for repeated demonstrations that
the cerebellum plays crucial roles in both motor and non-motor functions!*,

Moreover, the description of the “cerebellar cognitive affective syndrome” (CCAS) in
individuals with cerebellar damage has provided further evidence of the cerebellum’s role
in cognition'®®. Recent studies tested the ability of the CCAS scale to diagnose CCAS in

212 and hereditary ataxia®'®, but to date, no study has

patients with acute cerebellar stroke
used the CCAS scale to test patients with MS stratified for the extension of cerebellar
involvement.

Based on these considerations, we wondered how cerebellar pathology can contribute
to the development of neuropsychological dysfunction in individuals with MS. To address
this question, we designed a single-center, exploratory, cross-sectional study using a
cohort of very early RRMS patients. We used the powerful and informative tools of
conventional and resting-state functional MRI to assess the relation between CI and
alterations in cerebellar MRI parameters. To perform the analysis, we divided our cohort
of RRMS patients into two groups (i.e., “Normal-CCAS” and “Impaired-CCAS”)
according to their raw score on the CCAS scale, which we considered an indirect marker
of cerebellar damage-related cognitive dysfunction. Secondly, we try to explore the
specificity of the CCAS scale for cerebellar MRI damage. To do this, we first analyzed
the association between CCAS score and structural-functional MRI measures of MS
pathology. Interestingly, CCAS scores did not show only a correlation with cerebellar
MRI damage metrics, but also with other cognitive brain structures, such as thalamus,
corpus callosum, and brain WM. Additionally, other neuropsychological test scores (i.e.,

BICAMS and D-KEFS ST) disclosed an association with cerebellar WM pathology.
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Taken together, these findings suggest a scarce specificity for the cerebellar damage of
the CCAS scale on the MS cognitive dysfunction, probably caused by the disruption of

different brain structures and networks which yields a complex and multi-domain CI.

Our two groups of MS patients were comparable for age, years of education, and
baseline EDSS, but not for gender since male patients were more represented in the
cognitively impaired group compared to the normal one. However, we do not think that
this can affect our analysis since no association between gender and cognitive
performance has been demonstrated in literature. Interestingly, in our cohort, cognitively
impaired patients seem to have a significant diagnostic delay (time between the onset of
symptoms and the diagnosis) as they were found to have longer disease duration
(mean=1.27 years) compared to the other group (mean=0.42 years). A possible role of the
CI (often unrecognized) in the delayed timing of the first neurological examination can

be assumed.

Comparing the performance to the different neuropsychological tests, no significant
differences were found between healthy controls versus either the total MS sample or the
cognitively normal MS group. Noteworthy is that, in early MS patients, the CCAS scale
seems to detect deficits in different cognitive domains (i.e., executive function,
visuospatial cognition, language, emotion-affection) compared to SDMT (i.e., processing
speed), since both patients with normal and impaired-CCAS scale had similar SDMT
scores. This finding might have an important impact on clinical practice since
demonstrates that SDMT alone (as often administered in clinical practice) might miss a
significant amount (up to 30% in our cohort) of cognitive impaired MS patients at the

time of diagnosis.

The application of conventional MRI techniques has contributed to improving our
understanding of the mechanisms underlying cognitive deficits in patients with MS.
Available data suggest that focal lesions do play a role, but the overall impact of T2-
weighted lesion load on MS-related CI is limited®®*®%°. In our study, we assessed the
contribution of both whole-brain WM lesion volume and cognitive cerebellum lesion

volume on cognitive performance. We found that T2-cerebellar lesion load is similar
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between patients with low and high CCAS scores. Thus, we can infer that cerebellar T2-
lesion load is not associated with cerebellar-related CI.

This result aligns with existing literature, suggesting that other aspects of MS
pathology, such as more subtle, nonfocal WM damage, may play a crucial role in
determining the presence and extent of cognitive dysfunction?’. Indeed, several studies
have provided evidence that irreversible tissue loss, measured in terms of global and
regional atrophy, is robustly associated with cognitive deficits in MS!®-!1°_ Consistent
with these findings, we observed that the CCAS scale is able to identify MS patients at
disease onset with CI who have cerebellar, whole WM, thalamic, and corpus callosum
atrophy. However, further studies are needed to assess the exclusive contribution of

cerebellar atrophy in the development of MS-related CI.

Correlations between functional connectivity (FC) metrics and cognition have been
frequently reported in MS2421®. However, when comparing FC between cognitively
impaired and cognitively preserved patients, the results have been inconsistent. Some
studies have reported both high and low FC associated with worse cognitive performance
in MS patients'!'"!"*, To interpret these contrasting findings, the “network collapse”
model has been proposed which postulates three main stages?!’. In the early stage,
network efficiency remains normal, because structural damage can be compensated by
increases in local activation. This predicts early increases in FC, reflecting these
compensatory processes. The second stage occurs when structural damage accrues to a
critical point, at which compensatory processes become less effective. Finally, in the third
stage, structural damage exceeds the critical point, resulting in a ‘network collapse’, and
concomitant decreases in FC. This functional “reorganization” is a common interpretation
in any type of brain function: a compensatory mechanism that enables the functioning of
networks in the presence of structural damage, hence delaying clinical progression.
Supporting this model, several studies have demonstrated different patterns of FC
changes at different disease stages, such as high FC in CIS?*'*2!°, the earliest stage of MS,
and low FC in progressive MS?%°,

Consistently with these previous findings, our rs-fMRI analysis of a cohort of early-
stage RRMS patients revealed that FC between the cognitive cerebellum and most of the

functional brain cortical networks (i.e., Limbic, Dorsal Attention, DMN) was higher in
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the cognitively impaired group compared to the normal one (even if only in the right
limbic network the difference was significant). This finding may possibly be an
expression of compensatory hyperactivation of cognitive connections between the
cerebellum and brain cortex, promoted by neuroplasticity in response to the
microstructural damage of the cerebellum-brain connections.

As further support, a comparative study®!® between patients with CIS and RRMS has
suggested that increased resting-state FC might be an early and finite process (present
only in CIS and patients with early RRMS), which can become exhausted with the
accumulation of disease-related structural damage.

However, it remains unclear whether these increased FC patterns are truly beneficial
or maladaptive for cognitive function. Further investigation with longitudinal studies is
needed to better understand the progression of the "network collapse" and determine at

which point these adaptive changes may become maladaptive.

In summary, our study showed a poor specificity of the CCAS scale, proposed by
Schmahmann'®’, in identifying cerebellar damage-related CI in patients with early MS.
Correlations between neuropsychological tests scores and structural MRI parameters
revealed that performance to CCAS scale is positively correlated with WM whole brain,
WM cerebellar volume, thalamic and corpus callosum volume, and inversely correlated
with T2-whole brain lesion load. Thalamic volume showed the strongest correlation with
CCAS scale score, revealing the CCAS scale is not specific for cerebellar-related CI in
MS. SDMT, BVMT-R, D-KEFS SR raw scores were also correlated with whole brain
WM, corpus callosum volume, and T2-whole brain lesion load, and notably D-KEFS SR
was correlated with the same structural MRI parameters as CCAS scale (including
cerebellar WM), confirming the CCAS scale assesses cognitive domains controlled not
only by the cerebellum but also by other brain structures.

In addition, lower CCAS scale scores were correlated with higher cerebellar-brain FC,
especially for Limbic, Salience, and Control networks, as possible expression of

compensatory hyperactivation in CI patients.

Our study presents several limitations. First, we did not analyze diffusion-weighted

imaging (DWI) data, so the micro-structural analysis could not be included.
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Second, the CCAS scale is still not validated in the Italian language, but we used a
back-translated Italian version of this scale whose validation is ongoing in a parallel
multi-centric Italian project.

Third, the present study is cross-sectional. Longitudinal investigations may shed light
on how the accumulation of cerebellar pathology relates to clinical manifestations in MS.

A final methodological limitation is the limited number of healthy subjects recruited
as the control comparison group. This represented a problem for the functional analysis,
in which the comparison between MS patients and HC was not included due to high inter-
subject variability. A more extensive enrollment in both our samples is needed in order to

complete the functional analysis.
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6. Conclusion

In conclusion, our findings suggest that CI in the early stages of RRMS is associated
with pathological alterations in both structural and functional MRI parameters. Higher
FC between cerebellar-brain networks in CCAS-impaired patients might be the
expression of a compensatory hyperactivation of altered cognitive cerebellar connections.
Finally, although the CCAS scale has proven able to detect CI in MS patients, though the
CCAS scale has proven able to detect CI in MS patients, its specificity for cerebellar
pathology in early MS needs to be investigated in a larger cohort.
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