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ABSTRACT

Background. The T1-weighted (w)/T2w-ratio has been proposed as a clinically feasible
method to investigate white matter (WM) and gray matter (GM) integrity in multiple
sclerosis (MS). However, its clinical relevance and suitability in a multicenter setting still
need to be fully explored.

Objective. To evaluate WM and GM T1w/T2w-ratio in a large multicenter cohort of
healthy controls (HC) and MS patients, and its association with clinical disability.
Methods. Brain T2w and T1w scans were identified retrospectively at 7 European sites
from 434 MS patients (57 clinically isolated syndrome, 196 relapsing-remitting [RR], 106
secondary progressive [SP], 75 primary progressive [PP]) and 270 HC. T1w/T2w-ratio
maps were obtained after calibrating signal intensities to eyes and temporal muscle. Sex-
and site-adjusted lifespan trajectories of T1w/T2w-ratio were estimated in different brain
structures of HC using linear mixed models. Then, sex-, age- and site-specific T1w/T2w-
ratio z-scores were derived in MS patients and compared among different clinical
phenotypes and levels of disability. The associations with clinical and MRI variables were
investigated.

Results. In HC, T1w/T2w-ratio increased with age until 50-60 years both in WM and
GM. Compared to HC, T1w/T2w-ratio was significantly lower in WM lesions of all MS
phenotypes, and in normal-appearing (NA) WM and cortex of RRMS and SPMS patients
(p<0.026), but it was significantly higher in the striatum and pallidum of RRMS, SPMS
and PPMS patients (p<0.042). Furthermore, compared to HC, T1w/T2w-ratio was
significantly lower in WM lesions and NAWM in relapse-onset MS patients with mild
levels of disability (Expanded Disability Status Scale [EDSS]<3.0) and in the cortex in
relapse-onset MS patients with EDSS>3.0 (p<0.023). Conversely, T1w/T2w-ratio was
significantly higher in the striatum and pallidum in relapse-onset MS patients starting at
EDSS>4.0 (p<0.005). In PPMS, T1w/T2w-ratio was significantly higher in the striatum
and pallidum beyond EDSS>6.0 (p<0.001). In MS, longer disease duration, higher EDSS,
higher brain T2-hyperintense lesion volume, and lower normalized brain volume were
associated with lower T1w/T2w-ratio in WM lesions and cortex and a higher T1w/T2w-
ratio in the striatum and pallidum (B from -1.168 to 0.286, p<0.040).

Conclusions. Compared to HC, heterogeneous T1w/T2w-ratio abnormalities were

detected in specific brain compartments according to MS clinical phenotypes and



disability. Various pathological substrates, including demyelination, inflammation,
neurodegeneration, and iron accumulation may explain alterations of this index and their

clinical relevance.



RIASSUNTO

Introduzione. Il rapporto tra le sequenze pesate in T1 (T1lw) e T2 (T2w), ossia il
T1w/T2w, ¢ stato proposto come un metodo applicabile clinicamente per studiare
l'integrita della sostanza bianca e della sostanza grigia nella sclerosi multipla (SM).
Tuttavia, la sua rilevanza clinica e l'applicabilita in un contesto multicentrico devono
ancora essere completamente indagate.

Obiettivi. Quantificare il rapporto T1w/T2w nella sostanza bianca e nella sostanza grigia
in un'ampia coorte multicentrica di pazienti affetti da SM e controlli sani, e la sua
associazione con la disabilita clinica.

Metodi. Le sequenze T1w e T2w dell’encefalo di 434 pazienti con SM (57 con sindrome
clinicamente isolata, 196 recidivante-remittente [RR], 106 secondariamente progressiva
[SP], 75 primariamente progressiva [PP]) e 270 controlli sani sono state identificate
retrospettivamente in 7 centri europei. Le mappe del rapporto TIw/T2w sono state
ottenute dopo aver calibrato le intensita del segnale utilizzando gli occhi ed il muscolo
temporale. Nei controlli sani, I’andamento del rapporto T1w/T2w con I’eta ¢ stato stimato
in diverse strutture cerebrali aggiustando per sesso e centro, utilizzando modelli lineari
misti. Sono stati quindi derivati i punteggi z del rapporto T1w/T2w specifici per eta, sesso
e centro nei pazienti con SM e confrontati tra i diversi fenotipi clinici e livelli di disabilita.
Infine, sono state studiate le associazioni con le variabili cliniche e di risonanza
magnetica.

Risultati. Nei controlli sani, il rapporto T1w/T2w aumentava con I'eta fino ai 50-60 anni
sia nella sostanza bianca che nella sostanza grigia. Rispetto ai controlli sani, il rapporto
T1w/T2w risultava significativamente piu basso nelle lesioni della sostanza bianca di tutti
i fenotipi clinici della SM e nella sostanza bianca apparentemente normale e nella
corteccia dei pazienti con SMRR e SMSP (p<0.026). Al contrario, il rapporto T1w/T2w
era significativamente piu alto nello striato e nel pallido dei pazienti con SMRR, SMSP
e SMPP rispetto ai controlli sani (p<0.042). Inoltre, rispetto ai controlli sani, il rapporto
T1w/T2w era significativamente piu basso nelle lesioni della sostanza bianca e della
sostanza bianca apparentemente normale nei pazienti con esordio a ricadute e basso
livello di disabilita (Expanded Disability Status Scale [EDSS] <3.0) e nella corteccia dei
pazienti con esordio a ricadute ed EDSS>3.0 (p<0.023). Al contrario, il rapporto

T1w/T2w era significativamente piu alto nello striato e nel pallido nei pazienti con



esordio a ricadute ed EDSS>4.0 (p<0.005). Nei pazienti con SMPP, il rapporto T1w/T2w
era significativamente piu alto nello striato e nel pallido solo con EDSS>6.0 (p<0.001).
Nei pazienti con SM, una durata di malattia piu lunga, un EDSS ed un volume di lesioni
della sostanza bianca piu elevati, ed un volume cerebrale normalizzato piu basso,
risultavano essere associati ad un rapporto T1w/T2w piu basso nelle lesioni della sostanza
bianca e nella corteccia, e ad un rapporto T1w/T2w piu elevato nello striato e nel pallido
(B da-1.168 a 0.286, p<0.040).

Conclusioni. Rispetto ai controlli sani, nei pazienti affetti da SM abbiamo osservato
alterazioni eterogenee del rapporto T1w/T2w nelle diverse regioni cerebrali ed in base al
fenotipo clinico ed al grado di disabilita. Vari substrati patologici, tra cui la
demielinizzazione, I’infiammazione, la neurodegenerazione e 1’accumulo di ferro,

possono spiegare le alterazioni di questo indice e la loro rilevanza clinica.



1. INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating, and
neurodegenerative disease of the central nervous system (CNS).!
MS typically affects young adults, with a higher prevalence in females than males and
with an onset between 20 and 40 years of age, although up to 10% of patients experience
their first attack during childhood or adolescence. This disorder is typically considered a
multifactorial disease that is caused by a complex interaction among several
environmental and genetic factors.
Pathologically, MS is characterized by the accumulation of focal inflammatory
demyelinating lesions affecting both the white matter (WM) and the gray matter (GM) of
the brain and spinal cord, together with oligodendrocyte loss, reactive gliosis and neuro-
axonal degeneration. These pathological processes determine heterogeneous clinical
manifestations, course and disability progression over time. In the majority of patients,
reversible episodes of neurological deficits, usually lasting days or weeks, distinguish the
initial phases of the disease (i.e., relapsing-remitting MS [RRMS],? whereas a minority
of patients (~10-15%) have a progressive course from disease onset (i.e., primary
progressive MS [PPMS]). Over time, the development and progression of irreversible
clinical deficits become prominent and affect profoundly MS patients’ daily activity and
their quality of life.
The diagnosis of MS is based on clinical findings and paraclinical tools, requires the
exclusion of alternative diagnoses,® and involves the demonstration of a pathological
process affecting at least two different CNS regions (i.e., dissemination in space [DIS])
which has occurred at different times (i.e., dissemination in time [DIT]).* Although the
diagnosis can be made on the basis of clinical criteria alone, magnetic resonance imaging
(MRI) can support, supplement, or even replace some clinical criteria, thus allowing an
earlier diagnosis of MS.
Due to its high sensitivity in revealing disease-related abnormalities, MRI has
significantly improved the understanding of MS pathophysiology and the management of
MS patients, not only during their diagnostic work-up, but also for monitoring the disease

course and treatment response, contributing to influencing treatment decisions.



1.1. Epidemiology

MS is associated with a high societal economic burden, which has increased over
time.> Typically, the mean age of onset ranges from 20-40 years, even though up to 10%
of MS patients experience their first attack before 18 years of age,’ and from 4% to 10%
after 60 years of age.” Conversely, in MS patients with a progressive course from onset,
the disease typically starts later, generally from the fifth decade of age.

Approximately ~2.3 million people have MS worldwide,” however, the prevalence and
incidence of MS are highly variable with both environmental and genetic factors playing
arole (Figure 1).

The importance of the environment is demonstrated by the peculiar geographic
distribution of the disease, with a trend towards a higher prevalence with increasing
latitudes.> 8 Indeed, the highest prevalence is found in northern Europe and north America
(typically ~1 case per 1.000 individuals, but up to 1 case per 400 individuals in some
countries with higher latitudes), medium prevalence is reported in southern Europe and
southern United States of America (USA) (5-30 per 100.000); while Asia, Africa and
South America have a very low burden of disease (<5 per 100.000).® These geographical
variations may in part be attributed to genetic predisposition. However, the role of
acquired, environmental factors have been highlighted by several studies showing that
the risk of MS correlates with the country of residence during childhood and that
migration from high-risk to low-risk areas in early life leads to a decreased susceptibility.

Interestingly, the prevalence of MS has increased over time since the 1950s,>
and this is more evident in women. This finding might be attributed to improved access
to medical facilities, better diagnostic accuracy and increased life expectancy owing to
improved management. However, these cannot explain changes in female preponderance.
Of note, although a diffuse gender difference with females being more frequently affected
than males has been consistently demonstrated, the female-to-male ratio has increased
from 2:1 in 1950s up to ~3:1 in 2010s.%° This might suggest the role of environmental
risk factors mainly affecting women (i.e., occupation, increased cigarette smoking,
obesity, birth control, and later childbirth) as contributor of such an increase of female

MS preponderance.®?
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Figure 1. Global prevalence of multiple sclerosis. Reproduced from Atlas of MS 2013,
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1.2.  Pathogenesis of multiple sclerosis

1.2.1. Environmental risk factors

Environmental risk factors such as vitamin D deficiency (related to reduced

exposure to sunlight and decreased natural production from sun exposure in ethnic groups
with dark skin), obesity in early life, diet and cigarette smoking are known to play a part
in development of MS.!° Their identification might contribute not only to better
understand the pathological substrates of the disease but also to prevent the onset and to
limit the progression of the disease, since some factors are modifiable.!!
Due to the immune-mediated pathogenesis of MS, it has been hypothesized that some
infections could trigger disease onset. Many pathogens have been proposed to play a role
in MS, and Epstein Barr Virus (EBV) is the most consistently associated.!” !> An EBV
infection in adolescence or early adulthood, and a history of infectious mononucleosis
have been associated with an increased MS risk. A molecular mimicry between EBV and
myelin antigens is likely to represent the pathological mechanism linking EBV infection
and MS. However, the definite demonstration of causality is still lacking.

Sun exposure, and mainly exposure to ultraviolet B radiation, is the major
determinant of vitamin D levels, that tend to decrease with increasing latitudes and thus
could contribute to the ‘latitude effect” found in MS. Recently an immunomodulatory role

(i.e., reduction of inflammatory activity) of the active form of vitamin D, 1,25-



dihydroxycholecalciferol has been demonstrated.!® !> '# In addition, recent findings
showed that low vitamin D intake or serum vitamin D status are associated with increased
risk of developing MS. Furthermore, in MS patients an association between low vitamin
D levels and clinical and MRI activity has been observed, suggesting a beneficial effect
of vitamin D supplementation throughout the course of the disease.!* 14

Smoking has been consistently demonstrated as a risk factor for MS.!? The risk of
MS is positively correlated with the amount of smoking, both active and passive.!”
Smoking is also associated with an increased risk of early and more severe disability
progression and to a faster conversion to secondary progressive (SP) MS.!% 15 Possible
mechanisms for this association include a chronic inflammatory activity in the lung, with
a higher activation of the immune system, but also a direct toxic effect of some smoke
components with detrimental effects for several cells, including neurons and
oligodendrocytes.

Recent studies have also suggested that the gut microbiota, the combination of
bacteria that colonize the human intestine, could modulate the activity of innate and

adaptive immunity, thus contributing to disease pathogenesis.'¢

1.2.2. Genetics

Several genetic factors may play a role in MS susceptibility and disease evolution.
Pivotal epidemiological studies showed the presence of familial aggregation in MS
patients, thus suggesting the role of genetic risk factors. In particular, relatives of people
with MS are more likely to develop the disease than the general population, with the risk
inversely associated with the degree of relatedness. The prevalence of familial MS is
~13% for all MS phenotypes.!” The risk of recurrence within families increases with
percentage of genetic sharing, ranging from 35% in monozygotic twins to 3% in siblings
and first-degree relatives.!® However, the heritability of MS is polygenic and involves
polymorphisms in several genes, each of which contributes with a small increase in
disease risk.

The first genetic factor found is located in the HLA class I region on chromosome
6p21.3.1% 18 The HLA cluster encompasses more than 200 genes within 4.5 megabases,

with important roles in several immunological processes.'% '8 Specifically, the strongest



association pointed to the so called ‘HLA-DR15 haplotype’, including HLA-DRBI1*1501
and HLA-DQBI*0602, that conveys the highest risk for MS.!0- 18

Thanks to the advance in genotyping technologies that allowed obtaining whole
genome information on thousands of individuals, in the last few years the knowledge of
MS genetic architecture has significantly improved. Genome-wide association studies
have identified over 200 genetic risk variants for MS. Each variant has a small effect on
the risk of disease, and different combinations of these variants likely contribute to
genetic susceptibility in different patients.!” Most of these polymorphisms encode
molecules involved in the immune system (such as polymorphisms in interleukin 2
receptor [/L2R] and interleukin 7 receptor [/L7R]) and are associated with a higher risk
for other systemic dysimmune disorders. Others are involved in other biological
processes, such as vitamin D metabolism, suggesting that environmental risk factors are

likely to interact with MS susceptibility genes to influence the risk to develop MS.!°

1.2.3. From immune to responses to pathology

The pathological hallmark of MS is the formation of focal plaques, characterized
by areas of demyelination, in the CNS. Such lesions are typically located around post-
capillary venules and in the acute phase are associated with the breakdown of the blood-
brain barrier (BBB). This promotes the migration of activated innate (i.e., macrophages)
and adaptive immune cells (T and B cells) into the CNS, thus causing inflammation and
demyelination, that are followed by oligodendrocyte loss, reactive gliosis and neuro-
axonal degeneration.?’

MS plaques occur both in the WM and GM and are typically disseminated
throughout the CNS, including the brain, optic nerves and spinal cord.?!??

Active lesions are frequent in earlier phases of the disease, whereas their prevalence
becomes lower in the later course of the disease. These lesions are infiltrated by
lymphocytes (mainly CD8" T cells and CD20* B cells), activated microglia and
macrophages containing myelin debris, and large reactive, sometimes multinucleated,
astrocytes.* 2

Conversely, progressive (P) MS patients are mainly characterized by inactive lesions, that
are sharply circumscribed, with reduced axonal and cellular densities, with a well-defined

limit of demyelination, reactive gliosis and a variable degree of activated microglia only



in the periplaque WM.2+28 Nevertheless, inflammation is present also in PMS patients.
Some of preexisting plaques, defined as ‘chronic active’ or ‘mixed inactive/active’
comprised up to 57% of all lesions in patients with PMS.? These are characterized by
iron-laden microglia/macrophages at their edge, diminishing towards their inactive

center, 24 2% 30

and by a smouldering inflammation promoting a slow rate of ongoing
demyelination and axonal transection and a progressive, expansion of their size.*!
A mild degree of demyelination, macrophage and lymphocyte infiltration, activated
microglia and neurodegenerative phenomena, including astrocyte gliosis and axonal
damage and loss, are also present in the absence of foCal demyelination, in the so-called
normal-appearing (NA) WM.2"- 32 These abnormalities occur from the earliest phases of
the disease and seem to occur at least partially independently from the accumulation of
focal lesions.?!

A diffuse GM involvement also occurs from the earliest phases of the disease and
becomes more and more severe in PMS patients.? 34

Reparative processes have been also described in MS. For instance, remyelination
may occur in MS,*>*7 thus representing a promising target for future treatments.>® Such
a phenomenon gives rise to the so-called ‘shadow’ plaques, that are characterized by
global or patchy remyelination, a sharply demarcation from the surrounding WM, and
axons showing thin myelin sheats and shortened internodes.’> 36 3% 40 The extent of
remyelination is heterogeneous, is more frequent in GM than in WM lesions, and depends
on several factors, including patients’ age, disease duration, lesion location, the presence
of oligodendrocyte progenitors, and the integrity of axonal function.*! While a significant
remyelination is frequently encountered during the earlier phases of MS and in younger

subjects, it is sparser or absent in PMS.#?

The immunopathophysiology of MS showed a significant evolution during the last years

(Figure 2).%°
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Although the initial antigenic targets and mechanisms that trigger the immune
response are still unknown, historically, the aberrant activation of effector T cells (CD4+
and CD8+) has been considered the key factor of MS inflammatory activity.’® T cell
activation, possibly promoted by a molecular mimicry with antigens of infectious agents,
is then sustained by an imbalance in immune regulatory activity and by a progressive T
cell activation to additional CNS antigens triggered as a consequence of CNS injury
(‘epitope spreading’) which may contribute to the propagation of chronic immune
responses.*’

Although typically considered a ‘T cell-mediated’ disease, recent studies suggest that MS
inflammatory activity includes relevant bidirectional interactions between innate
immunity (including myeloid cells) and adaptive immunity (T and B cells), as well as
resident CNS cells, such as microglia and astrocytes.?% 43

Recent evidence coming from the results of selective B cell targeting therapy clearly
changed the immunopathophysiology framework of MS.3% 4 While the original
hypothesis for B cells role in MS was based on the abnormally production of antibodies,
it is now clear that other antibody-independent functions are relevant.?® 4} These include
an increased production of pro-inflammatory cytokines, a deficient capacity to produce
regulatory cytokines and B cell contribution as antigen-presenting cells for T
lymphocytes.3% 43

The interplay between peripheral immune cells and CNS-resident cells may
promote the setting of a pro-inflammatory environment, with the secretion of a wide range
of pro-inflammatory mediators that can increase BBB permeability, thus further
promoting the recruitment and the activation of inflammatory cells into the CNS and
leading to inflammation, demyelination and neuro-axonal damage.?% 43
Furthermore, growing body of evidence suggests that different types of inflammatory
processes can occur in MS. Beside peripheral inflammatory mechanisms, the role of
CNS-compartmentalized inflammation (i.e., inflammation localized with the CNS or in
the meninges) has been suggested to strongly contribute to CNS injury, although it is

likely to be poorly targeted by currently available treatments.*!> 44 43

1.3.  Clinical features

1.3.1. Clinical manifestations




The clinical symptoms of MS are heterogeneous and depend on the topography of
focal and diffuse CNS damage.
Typically, in ~85% of patients, MS onset is characterized by a first acute episode of
neurological dysfunction (defined as clinically isolated syndrome [CIS]) that can affect
the spinal cord, the optic nerve, the cerebellum or the brainstem, or the cerebral

hemispheres.*6: 47

This consists of a reversible episode of neurological deficits, known as
relapse,*- lasting at least 24 hours, reaching a peak of severity within 2-3 weeks and
being followed by spontaneous remission with variable degrees of recovery after a few
weeks. During disease course, further relapses may occur, developing at irregular
intervals, being followed by spontaneous remission with partial or complete recovery and
characterizing the RR form of the disease.

Optic neuritis is the first neurological episode in ~25% of patients and can occur

31-33 Optic nerve involvement is

in up to 70% of MS patients along their disease course.
characterized by a partial or total visual loss in one eye with a central scotoma and
dyschromatopsia. Visual disturbances are often associated with orbit pain that is
worsened by eye movement.’!->? If inflammation involves the optic disc, the optic nerve
head may show inflammation (papillitis) and disc oedema. Optic nerve involvement may
be also subclinical and can be demonstrated by afferent pupillary defect or abnormalities
at paraclinical tests (visual evoked potentials [VEPs], optical coherence tomography
[OCT] or MRI).

Somatosensory symptoms represent the clinical onset of up to 43% of MS
patients, typically due to brainstem or spinal cord involvement.>* These include
paresthesia (numbness, tingling and/or pins-and-needles tightness, coldness, or swelling
of the limbs or trunk), Lhermitte sign (a transient electric sensation running through the
back and into le limbs promoted by neck flexion), impairment of vibration and joint
position sensation and reduced pain and light touch perception. A transient worsening of
these symptoms can occur with increased temperature (Uhthoff phenomenon).

Motor manifestations are the first symptoms in 30-40% of patients, affect the majority of
MS patients during disease course and occur due to brainstem, spinal cord or hemispheric
involvement.> These include pyramidal signs (Babinski sign, brisk reflexes, clonus, etc.),

spasticity, and paresis.



Impairment in ocular movements (i.e., nystagmus, oscillopsia and diplopia),
ataxia and gait imbalance, dysmetria, complex movements decomposition, slurred speech
and dysphagia are typical manifestations due to brainstem and cerebellar involvement and
can affect up to 70% of MS patients.>

Sphincter and sexual dysfunctions are also common, especially in PMS and in
those with motor disability.>® They include bladder dysfunction such as urinary urgency
hesitancy, frequency and urge incontinence.’® Constipation is more common than fecal
incontinence, while men with MS often suffer from erectile dysfunction and impotence.

Up to 40-70% of patients with MS have cognitive impairment, starting in the
earliest phases of the disease and being more pronounced in PMS.>” Cognitive deficits
include impairment in information processing speed, episodic memory, attention,
efficiency of information processing and executive functions.’’

Fatigue is experienced in up to 75-95% of MS patients. This manifestation can be
associated with recent disease activity; however, it can persist after the attack and can be
independent from relapses or the severity of clinical disability. Neurophysiological and
imaging data have suggested that a dysfunction of cortico-subcortical circuits, mainly
affecting fronto-parietal regions and the basal ganglia could contribute to MS-related
fatigue.>®
Affective disturbance occurs in up to two-thirds of patients, of which, depression is the
most common manifestation.>
Finally, pain is reported in up to 43% of MS patients, and includes trigeminal neuralgia,

dysesthetic pain, back pain, visceral pain and painful tonic spasms.®°

1.3.2. Clinical phenotypes

In 1996, the National MS Society Advisory Committee on Clinical Trials in MS
61 defined four MS clinical courses: RRMS, SPMS, PPMS, and progressive-relapsing
(PR) MS (Figure 3).
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Figure 3. Clinical courses of MS.

RRMS is the most common type (approximately 85% of MS patients) and it is
characterized by the occurrence of relapses, followed by spontaneous remission with
variable degrees of recovery. In a significant proportion of RRMS patients, increasing
with age and disease duration, the course of MS converts to SPMS, characterized by a
progression of irreversible disability occurring independently from relapses.®! SPMS
conversion occurs at a rate of ~2-3% of patients per year.> About 10-15% of patients
present a PP clinical phenotype, characterized by an insidious disease progression from
the onset, resulting in gradual, progressive and unremitting accumulation of neurological
deficits for more than one year, without preceding relapses and remissions.* ¢! Finally,
PR was an additional rare clinical course distinguished by progressive disease from the
onset, with acute relapses, with or without full recovery and periods between relapses
with continuing progression.®!

An update of the definitions of these MS clinical phenotypes has been proposed in 2013,

with the introduction of relevant changes (Figure 4).2
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Figure 4. New definitions included in the 2013 revision of the MS clinical course.?

In the 2013 revision, CIS has been included in the spectrum of MS phenotypes to denote
those patients with a first clinical presentation of the disease with characteristics of
inflammatory demyelination that could be MS, but which has yet to fulfill the diagnostic
criteria for MS.2 Moreover, for each MS subtype, a classification of the disease as ‘active’
or ‘not active’, defined by clinical assessment of relapse occurrence or lesion activity
detected by MRI has been added. Another important modification for the progressive
stages has been the inclusion of whether disability has progressed over a given time

period, thus identifying progressive patients with or without disability progression.?

1.4. Diagnosis
1.4.1. MRI
MRI is highly sensitive for detecting macroscopic abnormalities in the brain and

spinal cord of MS patients. Abnormal MRI due to the presence of focal lesions is observed
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in almost all patients with MS and in most patients with CIS. Specific features have been
described to identify typical MS lesions,% that are defined as areas of focal
hyperintensities on a T2-weighted (w) (T2, T2-fluid-attenuated inversion recovery
[FLAIR] or similar) or a proton density (PD)-w sequence.

The administration of gadolinium (Gd)-based contrast agents and the acquisition
of post-contrast T1w images allows to distinguish active from inactive lesions; signal
enhancement, which underlies active lesions, occurs due to increased BBB permeability
and corresponds to areas with ongoing inflammation. Lesions that persistently appear
hypo intense on post-contrast T1w images (so-called ‘black-holes’) are associated with
more severe tissue damage, suggestive of demyelination and axonal loss, compared with
lesions that do not appear dark on such images. In the diagnostic criteria for MS, MRI
has been used to confirm DIS or DIT for RRMS since 2001, and it has been included in
the criteria for a diagnosis of PPMS.*

Recommendations aimed at optimizing and standardizing the use of MRI of the CNS in

clinical practice have been given.53-63

1.4.2. Cerebrospinal fluid examination

Cerebrospinal fluid (CSF) findings supporting MS include a normal or mildly
raised white cell count and protein, a raised IgG index (‘Link index’) and the presence of
CSF-specific immunoglobulin G (IgG) oligoclonal bands (OCBs). CSF-specific OCBs
were included in the latest revision of the MS diagnostic criteria* on the basis of their
high prevalence in patients with MS (up to 88%)% and due to their role in predicting

evolution to clinically definite MS.57- 68

1.4.3. Evoked potentials

Evoked-potentials, including sensory (VEPs, somatosensory and brainstem
auditory) and motor evoked potentials, can assess functionally relevant pathways and can
identify clinically silent lesions in the CNS determining prolonged latency and preserved
waveform, which might be missed during standard routine clinical examination, thus

supporting MS diagnosis.®

1.4.4. Diagnostic criteria
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MS diagnosis requires the exclusion of alternative diagnoses,® ¢ 7% 7! and the
evaluation of clinical and paraclinical findings to demonstrate a pathological process
affecting at least two different CNS regions (i.e., DIS) which have occurred at different
times (i.e., DIT).4
The original Schumacher diagnostic criteria proposed in 1965 required evidence based
on clinical examination alone for DIS and DIT.”?> Although they were developed before
the introduction of MRI, these criteria still constitute a reference tool for some basic
definitions, such as the concepts of DIS and DIT and the definition of a relapse. These

1.,”> who maintained the two

criteria were subsequently modified in 1983 by Poser et a
clinical aspects as necessary components of the diagnosis, but included laboratory
diagnostic tools such as CSF, evoked-potentials and neuroimaging.

Since 2001 up to the most recent revision proposed in 2017, MRI was formally included
in the diagnostic algorithm for CIS patients with a suspicious of MS in the McDonald

criteria. 7476

1.4.5. Difterential diagnosis

The range of diseases mimicking clinical manifestations and MRI features of MS
is wide, and thus careful exclusion of other neurological disorders is essential in an MS
diagnostic work-up. 637071
Of note, the evidence-based criteria included in the 2017 revision of the McDonald
diagnostic criteria have been demonstrated to be highly sensitive for distinguishing early
relapsing forms of MS from monophasic CIS of CNS inflammation.”” However, an
inaccurate definition of the MRI diagnostic criteria and their improper application in the
context of atypical clinical presentations increase the risk of misdiagnosis and
consequently of inappropriate use of treatments.%% 78 7
A careful definition of which clinical and imaging features are typical for MS (‘green
flags’) and which are atypical or not suggestive of MS (‘red flags’) is crucial.> 6370 7!
The presence of ‘red flags’ should alert clinicians so that they reconsider the differential
diagnosis in more detail.

Presentations that are similar to MS can occur in patients who have an infectious (i.e.,

meningitis, encephalitis and intracerebral abscess), neoplastic, hereditary

(leukodystrophies, and Leber’s hereditary optic neuropathy), metabolic (i.e., Fabry's
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disease, vitamin B12 and copper deficiency), vascular (i.e., cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy [CADASIL], Susac's
syndrome, primary angiitis of the CNS and dural arteriovenous fistula) or systemic
immune-mediated disease (e.g., systemic lupus erythematosus, Behget's disease,
neurosarcoidosis and Sjogren’s syndrome), non-MS idiopathic inflammatory
demyelinating disease (mainly neuromyelitis optica spectrum disorder [NMOSD], anti-
myelin oligodendrocyte glycoprotein [MOG] disease, and acute disseminated
encephalomyelitis [ADEM]), or variants of MS (Balo's concentric sclerosis, Schilder's

disease and Marburg MS).3 63.70, 71

1.4.6. Biomarkers and prognostic factors

In patients with CIS and early MS, several biomarkers and prognostic factors for

the subsequent disease course (evolution to MS and accumulation of disability) have been
identified, including environmental, genetic, clinical, laboratory and MRI features.!
In CIS patients, features associated with a higher risk of conversion to MS include
environmental factors (low vitamin D level, smoking and EBV infections), genetic factors
(HLA-DRB1*1501-positivity), a younger age, ethnic origin (non-white), sex (female),
type of onset (optic neuritis and sensory involvement vs onset involving efferent pathways
and monofocal vs multifocal onset), the presence of CSF OCBs and cognitive impairment.
Several MRI findings at disease onset have been consistently seen among the strongest
predictors of conversion to definite MS.!

The number of T2-hyperintense lesions at disease onset moderately contributes to
predict the risk of long-term disability worsening.®% 8! Change in T2-hyperintense lesion
volume (LV) within the first years after disease onset, which is largely unpredictable,
seems also to predict long-term physical disability worsening.®® Lesion topography at
disease onset particularly when asymptomatic lesions involve the infratentorial WM
(mainly the brainstem),’> 8% and the spinal cord, 84-8¢ also predicts disability worsening.
For patients with CIS and brain MRI lesions, the chance of developing MS was greater
than 80% during the subsequent 20 years.°
Prediction of the long-term clinical outcome (severity of disability, including death, and
cognitive impairment) in MS is more difficult. In relapse-onset MS patients, predictors

of poor outcome were gender (male), an older age at MS onset, the presence of CSF
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OCBs, smoking, a higher relapse rate and a greater disability accumulation in the first 2-
5 years of the disease and a shorter time to progress to SPMS.! Several imaging features,
including T2-hyperintense lesion volume (LV) at baseline, the presence of infratentorial
or spinal cord lesions and the formation of WM lesions in the first five years after clinical
onset have also been associated with the accumulation of more severe disability over
time.! A progressive disease from the onset and a faster rate of disability accumulation in
the first 2 and 5 years are predictors of poor outcomes in PPMS.!
Several novel biomarkers are currently being investigated in an attempt to improve MS
diagnosis and monitoring. Among them, neurofilaments (NfL) and OCT are the most
promising for an application in the clinical setting.?”-%°

NfL are the major components of the axonal cytoskeleton, consisting of light,
intermediate, and heavy chains that can be detected in the blood and CSF after axonal
damage. Recent findings have demonstrated that higher NfL levels predict conversion to
CIS in MS patients, are associated with a higher clinical and MRI disease activity, a
greater disability, a higher probability to SP conversion, and a higher rate of brain
atrophy.%7- 88

OCT can generate high-resolution images of the retina in a non-invasive, rapid,
and reproducible manner. OCT allows visualization of individual retinal layers and, in
MS, the combined ganglion cell layer (GCL) and the retinal nerve fiber layer (RNFL)
have been typically evaluated.
During acute optic neuritis, an initial thickening of RNFL can be observed due to acute
inflammatory edema followed by atrophy within the subsequent 3 to 6 months.?
Conversely, GCL has a faster onset of thinning without any acute-phase edema and GCL
thickness might be an early indicator of neural changes following optic neuritis.’!
Recent findings have shown associations of RNFL and GCL thinning or volume reduction
with visual disability, overall clinical and MRI disease activity, disease course, disability
progression and brain and spinal cord atrophy.5°°
It is likely that also additional relevant biomarkers of disease activity and progression will

be integrated in the future, including neuropsychological performances, serum NfL

levels, patient-reported outcomes and quality of life measures.”?
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1.5. Conventional and advanced MRI

MRI has a high sensitivity in revealing macroscopic tissue abnormalities in MS
patients. However, the association between conventional MRI findings and clinical
disability remains modest in MS patients. This is likely due to the relative lack of
specificity of conventional MRI in the evaluation of the heterogeneous pathological
substrates of the disease, its inability to provide accurate estimates of damage outside
focal lesions, and the fact that it cannot provide information on CNS functional
reorganization after tissue injury has occurred. Advanced MRI techniques have allowed
to identify novel markers of the disease, more closely linked to its pathological features,

which may in part overcome the limitations of conventional MRI.

1.5.1. T2-hyperintense lesions

The characterization of WM lesion features suggestive of MS on conventional
MR scans is central in the diagnostic work-up of patients suspected of having MS.*
Typical MS lesions are round to ovoid in shape and range from a few millimeters to more
than one or two centimeters in diameter.®
MS lesions typically develop in both hemispheres, but their distribution is often mildly
asymmetric in the early stages. While lesions can occur in any CNS regions, relative to
other disorders that cause WM lesions, MS lesions tend to affect specific WM regions,
such as the periventricular and juxtacortical WM, the corpus callosum, infratentorial areas
(especially the pons and the cerebellum) and the spinal cord (preferentially the cervical

segment) (Figure 5).6°

Figure 5. Typical brain and spinal cord MS lesions. (a) Periventricular (¢), (b)

juxtacortical (*), (c) infratentorial (arrowhead), and (d) spinal cord (arrow).
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Lesion burden on T2w MRI scans of MS patients increases by about 5-10% per year.
Several cross-sectional studies showed that T2-hyperintense LV is higher in SPMS in
comparison to RRMS and PPMS.”® However, the magnitude of the correlation between
T2-hyperintense lesion burden and disability in cross-sectional studies remains
disappointing. The presence of this so-called ‘clinico-radiological paradox’ might be due
to the poor pathological specificity of T2-hyperintense lesions which do not distinguish
oedema and inflammation from irreversible demyelination and axonal loss. This may also
simply be a reflection of the fact that many T2-hyperintense lesions are clinically silent.”*
Of note, a plateauing relationship between T2-hyperintense LV and disability has been
suggested for Expanded Disability Status Scale (EDSS) scores higher than 4.5.%

1.5.2. Gd-enhancing lesions

Serial MRI studies have shown that enhancement occurs in virtually all new
lesions in patients with RRMS or SPMS and can sometimes be detected even before the

onset of clinical symptoms (Figure 6).%

Nodular Closed ring Open ring

Figure 6. Typical patterns of Gd-enhancing lesions in MS.

The frequency of MRI activity varies according to the clinical phenotype of the disease,
being higher in RRMS®7 and SPMS?® than in PPMS.”® Severely-disabled SPMS patients
exhibit a substantially lower incidence of Gd-enhancing lesions when compared to those
with RRMS,” even if the trend of enhancement might vary across different cohorts of

patients with the same clinical phenotype of the disease.
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The presence of Gd-enhancing lesions at disease onset, a marker of acute perivascular
inflammation, also contributes to predict the development of physical disability at short

and mid-term®¢ 100 101

in line with a higher number of relapses in the first years after
disease onset.

Recently, using dynamic contrast-enhanced (DCE) MRI and ultra-high field
magnets, different patterns of centrifugal and centripetal Gd-enhancement have been
described, %194 suggesting a possible replacement of the previously accepted definition
of nodular and ring-like lesions based on single post-Gd T1w scans in favour of a
paradigm based on spatio-temporal enhancement dynamics. One of these studies!'®?
showed that centrifugal DCE lesions appear isointense or hypointense on phase images,
whereas centripetal DCE lesions have thin, hypointense phase rims that clearly colocalize
with the initial site of contrast enhancement. This hypointense rim was found to disappear
in most lesions once enhancement resolved. On the contrary, chronic lesions showed
stable hypointense phase rims which were typically thicker and darker than those seen in

acute lesions. These findings suggest different underlying pathological processes in the

two types of lesions.

1.5.3. Tl1-hypointense lesions

A subset of T2-hyperintense lesions (around 30-40%) appears persistently dark
on post-contrast T1w images on serial scans and represent regions where irreversible
axonal loss, demyelination and gliosis have occurred.!%-1%7 T1-hypointense lesions are
only a few in the early stage of MS and increase over the course of the disease. Studies
assessing the correlations between T1-hypointense lesion burden and disability provided
conflicting results, since some of them found such a correlation to be stronger than for

T2-hyperintense lesions, while others did not.!%®

1.5.4. Smoldering/slowly evolving lesions

Pathological studies show that up to 57% of chronic MS lesions are active or
mixed (active and inactive).?* 2% 1% These lesions may be characterized by a slow rate of
increase in size and ongoing tissue loss, are more common in cases with long disease
duration and PMS phenotypes and are termed smoldering or slowly evolving/expanding

lesions. Pathologically, they are typified by a ‘rim’ of iron-laden microglia and/or
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macrophages with altered morphology, activated microglia and macrophages at the edge,
few T cells, and slow rate of ongoing demyelination and axonal loss.?* 2% 31- 109

Recently, these slowly evolving lesions have been investigated in vivo with MRI.
Susceptibility-based MRI identifies a hypointense rim in some WM MS lesions that may
reflect activity detected with pathology in the periphery of lesions. This rim can persist

31,34, 10113 although it can also gradually disappear, returning similar to

over years,
NAWM after some years.!'!*

This hypointense rim is characteristic of lesions showing significant enlargement over
time,?! although expansion at the edge can be concurrent with volume loss within the
lesion'!> or no volume change.!?

Although T2* and phase images at ultra-high and high-field hold promise for identifying
smoldering/slowly evolving lesions, at present there is no consensus about the best
technique for use in vivo. A method based on the automatic detection of these lesions on
conventional brain T2- and T1w images has recently been proposed.!!®

Interestingly, while slowly evolving lesions are common in MS, they are not found in

NMOSD,!'7- 118 or in cerebrovascular diseases.!'!”

1.5.5. Brain and spinal cord atrophy

Neurodegeneration and irreversible tissue loss are among the pathologic
hallmarks of MS and are clinically relevant, since they represent the main substrates
determining the progression of locomotor disability and cognitive impairment. !0 120
With the acquisition of appropriate MRI sequences (typically high-resolution 3D T1w)
and the application of optimized pipelines using segmentation-based and/or registration-
based analyses, it is possible to quantify brain atrophy (an in-vivo measure of irreversible
tissue loss) and its changes over time.!?°

In MS, a relevant atrophy occurs from the early stages of the disease at a rate of
about 0.5%-1% per year compared to 0.1%-0.3% for healthy controls (HC).!?® While in
the WM it is likely to reflect the loss of myelin, oligodendrocytes and axons, in the GM
it is mainly due to neuro-axonal damage and loss.

Several findings have consistently demonstrated that brain atrophy measures are more

pathologically specific than T2-hyperintense LV measurements and result in better

correlations between clinical and MRI measures in MS patients, in terms of clinical
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disability, cognitive impairment and other MS-related clinical manifestations, such as
fatigue and depression. %% 120

Despite these promising findings, brain atrophy has several important limitations
that prevent this measure to be applied in the clinical setting and for single-subject
monitoring.!?® First, measurements of brain atrophy do not distinguish the different
pathological substrates (e.g., demyelination, neuro-axonal loss, etc.). Second, reactive
gliosis has the potential to mask considerable tissue loss. Third, brain atrophy fluctuates
considerably due to several mechanisms, including physiologic factors (e.g.,
dehydration), development, resolution of inflammation and treatment effects (e.g.,
pseudo-atrophy). Fourth, atrophy is an end-stage phenomenon. Although detection of
atrophy may be considered as a robust endpoint, the ability to monitor MS at a stage prior

to irreversible tissue loss has occurred would be desirable.

1.5.6. Microstructural tissue abnormalities

Diffusion tensor (DT) and magnetization transfer (MT) MRI can quantify the
extent and improve the characterization of the nature of microstructural abnormalities
occurring within and outside focal MS lesions, since they are sensitive to the different
pathophysiological substrates of the disease (demyelination, inflammation, and axonal
loss).!?!

Diffusion-weighted (DW) MRI is a non-invasive imaging technique that exploits
the diffusion of water molecules within biological tissues. The diffusion coefficient
measures the ease of this translational motion of water. In biological tissues like the brain,
this coefficient is lower than that in free water because the various structures of the tissues
(membranes, cell bodies, glia, inclusions and macromolecules, etc.) influence the free
movement of water molecules. For this reason, when diffusion is evaluated in such
biological systems, the measured diffusion coefficient is referred to as the ‘apparent
diffusion coefficient’” (ADC). Pathological processes that alter tissue integrity typically
reduce the impediments to free water motion and, as a result, these processes tend to
increase the measured ADC values. With an appropriate post-processing, the diffusion
properties of the tissue, can be better characterized in terms of a tensor, which has a
principal axis and two smaller axes which are perpendicular to each other and describe

its width and depth.!?! The diffusivity along the principal axis is called parallel or axial
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diffusivity (AD), while the diffusivities in the two minor axes are often averaged to
produce a measure of radial diffusivity (RD). It is also possible to calculate the magnitude
of diffusion, reflected by the mean diffusivity (MD), and the degree of anisotropy, which
is a measure of tissue organization that can be expressed by several indexes, including a
dimensionless one named fractional anisotropy (FA). The pathological elements of MS
have the potential to alter the permeability or geometry of structural barriers to water
diffusion in the CNS. Axonal damage has been suggested to alter predominantly FA and
AD, while myelin breakdown has been associated with an increased RD even though
pathologic studies have correlated myelin content also with FA and MD values.!?? Since
different pathological substrates can influence such DT-derived indexes,'?? the results
obtained from DT MRI should be interpreted with caution.!?!

Typically, increased MD and decreased FA have been described in lesions, NAWM and
GM of MS patients, with more severe abnormalities in focal WM lesions, especially those
hypointense on T1w images.!?! In these compartments, DT MRI abnormalities can be
detected from the earliest stages of the disease, already in CIS patients, and they become
more pronounced in PMS phenotypes, with increasing disease duration and neurologic
impairment.!?!

MT MRI is based on the interactions between protons in free fluid and protons
bound to macromolecules. When an off-resonance radio-frequency pulse is applied, the
magnetization of bound protons becomes saturated. Magnetization is then transferred
from these protons to more mobile protons, which reduces the signal intensity measured
from the tissue. The MT ratio (MTR) reflects the efficiency of this exchange, since it
quantifies the amount of MT exchange taking place between the free (‘liquid’) pool, in
which protons are highly mobile, and a restricted (‘semisolid’) pool consisting of protons
bound to macromolecules such as proteins or lipids, which are therefore relatively
immobile. It is obtained by calculating the difference in signal intensity between the
images acquired before (Mo or not saturated) and after (Ms or saturated) the application
of the radio-frequency pulse and then dividing this difference by the signal intensity
before the pulse, according to the following formula: (Mo -Ms)/Mp x 100. Therefore, a
low MTR indicates that the signal reduction (due to the transfer of magnetization) is
smaller than normal because of a reduced capacity of macromolecules in tissue to

exchange magnetization with surrounding water molecules. As a consequence, this index
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provides an estimate of the extent of MS tissue disruption. The most compelling evidence
that the severity of MTR reduction reflects the severity of tissue injury comes from post
mortem studies, which showed that MTR is strongly correlated with myelin alterations
123 but it may also be influenced by water content, inflammation and axonal density,!?*

Typically, reduced MTR values have been found in NAWM and GM of MS patients,
while more severe abnormalities have been reported in acute and chronic MS lesions,
with the most prominent changes found in T1-hypointense lesions.!?! Lesional MTR is
lower in the presence of demyelination, inflammation and axonal loss, while a

121

significantly higher MTR is observed in remyelinated lesions.' ' MTR abnormalities have

been consistently found more severe in the more disabling stages of the disease and

correlate with the severity of clinical disability and cognitive impairment.'?!

1.5.7. MRI in MS diagnostic criteria

In 2001, MRI was formally included in the diagnostic algorithm for CIS patients
with a suspicious of MS in the McDonald criteria.”
Since their introduction up to the recent 2017 revision,* the McDonald diagnostic criteria
for MS have been based on the number, size and topography of brain and spinal cord
lesions believed to be typical of MS® and assessed on conventional T2w and post-contrast
T1w MRI sequences using standardized protocols.®* 6
The original criteria have been revised several times in the course of the past decade in
an attempt to simplify them, to clarify specific aspects (e.g., the timing of follow-up [FU]
evaluation, inclusion of spinal cord findings) and to simplify their use in the clinical
setting.* 7> 7
Based on new data about the application of MRI for the diagnosis of MS, in 2016
members of the European Magnetic Resonance Imaging in MS (MAGNIMS) group
proposed evidence-based modifications to the MRI diagnostic criteria.'?> 26 These
included removal of the distinction between symptomatic and asymptomatic MRI lesions
for the definition of DIS and DIT; the need for three or more lesions to identify
involvement of the periventricular region; the admission of an additional region (i.e., the
optic nerve) for the definition of DIS; and the combined inclusion of both cortical and

juxtacortical lesions in order to expand the concept of juxtacortical lesions for DIS.
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These proposals helped to guide the latest revision of the MS diagnostic criteria (the 2017
revision of the McDonald criteria), where modifications included the removal of the
distinction between symptomatic and asymptomatic lesions both for the assessment of
DIS and DIT, the combination of cortical and juxtacortical lesions and the presence of

CSF-specific OCBs as an additional DIT criterion (Table 1 and Figure 7).*

Table 1. The 2017 revised criteria for diagnosis of MS, adapted from Thompson et al.*

Clinical presentation Additional data needed for MS diagnosis

> 2 clinical relapses and|None
objective clinical evidence of >
2 lesions;

OR

> 2 clinical relapses and
objective clinical evidence of 1
lesion and clear-cut historical
evidence of a prior relapse
involving a lesion in a distinct

anatomic location

> 2 clinical relapses and | DIS, demonstrated by:

objective clinical evidence of 1| A second clinical relapse implicating a different
lesion CNS site OR demonstration of DIS by MRI (see
Figure 7)

1 clinical relapse and objective | DIT, demonstrated by:

clinical evidence of 2 or more | A second clinical relapse OR demonstration of DIT
lesions by MRI (see Figure 7) OR demonstration of CSF-
specific OCBs

1 clinical relapse and objective | DIS and DIT, demonstrated by:

clinical evidence of 1 lesion For DIS:

A second clinical relapse implicating a different
CNS site OR demonstration of DIS by MRI (see
Figure 7)
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For DIT:

A second clinical relapse OR demonstration of DIT
by MRI (see Figure 7) OR demonstration of CSF-
specific OCBs

Disease course characterized by

progression from onset (PPMS)

One year of disability progression (retrospectively
or prospectively determined) independent of

clinical relapse

Plus 2 out of 3 of the following criteria:

o >1 T2-hyperintense lesions in >1 areas in the
brain characteristic of MS (periventricular,
cortical/juxtacortical or infratentorial)

o >2 T2-hyperintense lesions in the spinal
cord with no distinction between symptomatic or
asymptomatic lesions

o Presence of CSF-specific OCBs

(A)

DIS
(8) () (D)

Periventricular Cortical/juxtacortical Infratentorial Spinal cord

(E)

Baseline
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Figure 7. 2017 McDonald Criteria for demonstration of DIS and DIT in patients
with a CIS suggestive of MS. Typical MRI examples (orange arrows) of (A)
periventricular, (B) cortical/juxtacortical, (C) infratentorial and (D) spinal cord MS
lesions. DIS can be demonstrated by >1 T2-hyperintense lesions in >2 of 4 typical areas
of the central nervous system. DIT can be demonstrated by (E) a simultaneous presence
of Gd-enhancing (orange arrows) and non-enhancing (orange arrowhead) lesions at any
time; (F) a new T2-hyperintense and/or Gd-enhancing lesion on FU MRI (orange arrow),
with reference to a baseline scan, irrespective of the timing of the baseline MRI; or (G)
the presence of CSF-specific OCBs. For the definition of both DIS and DIT, the
distinction between symptomatic and asymptomatic lesions has been removed in the 2017
revision of the McDonald criteria.

It is likely that, in the near future, MRI features more distinctive for MS could be
applied to improve the specificity of MRI diagnostic criteria and to minimize the risk of
misdiagnosis. For instance, the use of T2*-w gradient echo or susceptibility-w images
MRI scans has shown that many MS lesions form around small vessels. The proportion
of lesions showing a central vein (‘central vein sign’)!?’ was found to be higher in MS
compared to other conditions,!?® including NMOSD,!'”> 12 CNS inflammatory

119, 133-135 and

vasculopathies,'3® migraine,!*! Susac syndrome,!3? cerebrovascular disease
incidental cerebral WM lesions.!3® In line with this, guidelines for the identification of
the central vein sign and possible criteria to be included in the diagnostic work-up have

127

been proposed,!?’ although their validation is still needed.%

1.6. T1-weighted/T2-weighted-ratio
1.6.1. Pathological substrates
Recently, an MRI method based on the ratio of T1- and T2-w (i.e., T1w/T2w-

ratio) image signal intensities, has been proposed to quantify brain myelin content,!3’

since some evidence suggested that T1- and T2w signals are, respectively, positively and

t138’ 139

negatively associated with myelin conten and may be particularly specific to this

pathological substrate.!3” In particular, the myelin-related magnetic resonance contrast

140

largely reflects differences in lipids!*® and free and myelin-bound water!#! concentration,

but is also influenced by iron, particularly in T2*-weighted images. Since myelin and iron

142

are strongly colocalized within the cortex, ** it is reasonable to conclude that MR-based
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signals across the cortical GM largely reflect myelin content both directly and
indirectly.!3” By applying T1w/T2w-ratio, a good overlap was observed between cortical
maps and the histological cortical myeloarchitecture in healthy subjects,!>” 143 and this
was further supported by the demonstration of a moderate correlations between
T1w/T2w-ratio and MTR, a measure that is considered specific for myelin damage
quantification in MS patients. !4+ 14°

However, more recent studies demonstrated a low correlation between T1w/T2w-
ratio and myelin water fraction maps in the subcortical regions and no correlation in
WM. !¢ This may be also explained by the influence of other factors than myelin on T2
signal intensities, such as iron accumulation and inflammation and, by extension,
T1w/T2w-ratio.!*% 147 Furthermore, the specificity of T1w/T2w-ratio for myelin was not

S,!148-130 nor in other neurodegenerative diseases such as

confirmed by other studies in M
Alzheimer and Parkinson diseases.!! 152 These discrepancies suggest that T1w/T2w-ratio
may be sensitive to different pathological processes. In particular, two combined
pathology-MRI studies found that TI1w/T2w-ratio was significantly associated with
dendrite!*® and neurite densities,'>* thus supporting the relevance of such a measure to
detect neurodegeneration. Several factors could contribute to these conflicting results,
particularly methodological heterogeneities in the T1w/T2w-ratio quantification must be

taken into account.

1.6.2. Bias field correction

The T1w/T2w-ratio was proposed as able to self-correct for spatial differences in
the receiver B field (By) since these are similar for the two sequences and cancel out
with the ratio. In first instance the effect of inhomogeneity in the transmit B; field (B;)
was considered minimal, at least for some specific scanner architecture and at relative
low field strength (Figure 8).

Although the method requires a T1w and aT2w sequence only, the recommendation is
still to use images with the same geometry for single center studies and with standardized
parameters for multicenter acquisitions.'** Patient movements should be avoided to allow
a correct compensation of inhomogeneities and high resolution is required for the

reconstruction of cortical layer surfaces.
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A uniform By field does not exclusively depend on the transmit coil, but on the head and
body shape and dimensions and by the obtainable compensation via radiofrequency
shimming. These effects increase with field strength and affect different sequences

differently.!?

The application of bias field correction methods is a possibility, however this can
result in errors and it is likely to not sufficiently make differences between myelin layers
in the GM visible.!*” Correction methods based on the measurements of a range of flip

angles over the field of view!%¢

are more effective, but require additional scans and
postprocessing (Figure 8). Moreover, the different local spatial distortions that vary
between sequences imply that, because the ratio be effective as a correction, the two
sequences should be as close as possible for resolution, geometry, bandwidth, k-space

readout.

1.6.3. Calibrations

The T1w/T2w-ratio method is a relative measure potentially characterized by
intensity scale inconsistencies across datasets, which may be present even for MRI images
collected with the same scanner on different days.
To address this issue, different calibration approaches have been introduced.!>’> 158

Ganzetti et al.!>’

suggested a calibration algorithm based on image intensities outside the
brain (i.e., eyeballs and temporal muscles). By applying a linear scaling procedure, an
intensity histogram standardization of the ratio image can be obtained. Conversely,
Misaki et al.!*® proposed a calibration based on the median GM intensity in the T1w and
T2w images, producing intensity values ranging from —1 to 1, thus enabling to enhance
delineation of tissue classes.!>®

Although calibration might be effective in a single center setting, it is important
that the segmentation of the reference tissue is reproducible in all subjects without
artifacts that are not rare for moving eyes. In multicenter studies, a linear scale may not
be able to compensate for differences in contrast, resolution, filtering and contamination

from weights other than pure T1 or T2 that might result from differences in sequence

parameters.!>*
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Figure 8. T1w/ T2w-ratio data processing, including standard (i.e., registration and ratio
calculation) and optional/recommended (i.e., bias field correction, calibration) stages of
the workflow.

Legend. cT1w = calibrated T1-weighted image; cT2w = calibrated T2-weighted image;
uTlw = unbiased T1-weighted image; uT2w = unbiased T2-weighted image; w =

weighted.
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1.6.4. Clinical applications

At present, a few studies have investigated in vivo T1w/T2w-ratio in MS patients
with conflicting results. 43 159-166 T1w/T2w-ratio values were found significantly lower in
the NAWM of early RRMS patients compared to HC.!6% 162166 However, this was not
confirmed in other studies where no difference was detected in MS patients compared to
HC 159 161. 164 'Some studies found a significantly lower T1w/T2w-ratio in the cortex of
RRMS and PMS patients,'® 19 but not in the early phases of the disease.!%* So far, no
study directly evaluated T1w/T2w-ratio in deep GM nuclei.

Furthermore, the clinical relevance of T1w/T2w-ratio still needs to be fully
explored. A few studies in patients with mild disability and short disease duration showed
mild correlations between EDSS and T1w/T2w-ratio in the NAWM and cortex.!48: 160
Several factors could contribute to these conflicting results. Methodological
heterogeneities in the T1w/T2w-ratio quantification must be taken into account.!3”- 157
Moreover, some studies evaluated small cohorts of MS patients, not spanning the whole

spectrum of disease severity and with limited age-range.
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2. AIMS OF THE STUDY

Based on the previous considerations, there is the need to investigate T1w/T2w-
ratio in the different brain compartments in a wider cohort of MS patients with different
ages and disease clinical phenotypes, and to evaluate its feasibility and clinical relevance
in a multicenter setting.

The aims of this study were to characterize T1w/T2w-ratio in different brain tissues in a
large multicenter dataset of HC and MS patients across the lifespan and spanning the main
clinical phenotypes and to assess the relationship between T1w/T2w-ratio and clinical

disability.
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3. MATERIAL AND METHODS

3.1. Participants

Participants were retrospectively identified at 7 European centers
(http://www.magnims.eu/): (1) the Amsterdam MS Center (the Netherlands); (2) the
CEM-Cat, Hospital Vall d’Hebron, Barcelona (Spain); (3) Institute of Neurology, UCL,
London (UK); (4) the Neuroimaging Research Unit, IRCCS San Raffaele Scientific
Institute, Milan (Italy); (5) the MRI Center “SUN-FISM,” University of Campania “Luigi
Vanvitelli,” Naples (Italy); (6) the Nuffield Department of Clinical Neurosciences,

Oxford (UK); and (7) the Clinic of Neurology, Faculty of Medicine, University
of Belgrade, Belgrade (Serbia).

To be included, MS patients had to have stable treatment during the last 6 months prior
to imaging and received no corticosteroids during the last month. Patients with a CIS
suggestive of MS had to have a first episode suggestive of CNS demyelination and a
clinical assessment within 3 months from clinical symptoms onset. A diagnosis of
neuromyelitis optica or of other conditions mimicking MS were carefully excluded from
the study. HC were recruited among spouses of patients and by word of mouth. Exclusion
criteria for both HC and MS were major comorbidities (i.e., cerebrovascular disease,
psychiatric disorders); history of drug/alcohol abuse and contraindications to undergo

MRI (i.e., claustrophobia, metal implants, pacemakers, pregnancy or breastfeeding).

3.1.1. Standard protocol approvals, registrations, and patient consents

Approval was received from the local ethical standards committees at each
participating center; written informed consent was obtained from all study participants
prior to enrollment. A MAGNIMS data-sharing agreement was signed among the

participating centers.

3.2.  Clinical assessment

Within 48 hours from MRI acquisition, MS patients underwent a complete
neurologic evaluation, with definition of the clinical phenotype, rating of the EDSS
score!'®” and recording of disease-modifying treatments (DMTs). The clinical assessment

was performed at each site by an experienced neurologist, unaware of the MRI results.

32



3.3. MRI acquisition

Using 3T scanners (Siemens [Erlangen, Germany] Magnetom Trio in Barcelona;
Magnetom Prisma in Oxford; Philips [Best, the Netherlands] Achieva in Milan, and
London; General Electric [Fairfield, CT] Signa HDtx in Amsterdam and Naples and a
1.5T scanner (Philips [Best, the Netherlands] Achieva in Belgrade (all without
software/hardware upgrades during the study), the following brain sequences were
acquired from all subjects during a single session: (1) brain 3-dimensional T1-weighted
scan (repetition time [TR] range 6.9—7.0 milliseconds [ms] for GE and Philips and 2040—
2300 ms for Siemens, echo-time [TE] range 2.8—4.7 ms, inversion time [TI] range 450—
1000 ms, flip angle [FA] range 8°-12°, 128 to 204 sagittal slices with 1.0- to 1.2
millimeters (mm) slice thickness and =<1 mm? in-plane resolution), (2) axial brain 2-
dimensional dual-echo fast spin-echo (TR range 25004670 ms, TE range 16-27/80-120
ms, FA range 90°-150°, 44 to 47 axial slices with 3 mm slice thickness and ~0.3- to 1.0-
mm? in-plane resolution) or brain 3-dimensional T2w scan (TR range 2300-2500 ms, TE
range 112-330 ms, FA variable, 192 axial slices with 0.8-1 mm slice thickness and ~0.8-
1.0-mm? in-plane resolution), (3) sagittal 3D fluid attenuation inversion recovery
(FLAIR) (TR=4800 ms, TE=270 ms, inversion time [TI]=1650 ms, 192 slices with 1 mm
slice thickness and 1.0 mm? in-plane resolution).

See Table 2 for additional details regarding scan geometry.
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Table 2. Main MRI sequence parameters used at the participating sites.
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Abbreviations: 3D=three-dimensional; 2D=two-dimensional; DE-FSE=dual-echo fast
spin-echo; FA=flip angle; FLAIR=fluid attenuated inversion recovery; FOV=field of
view; GE=General Electrics; ms=millisecond; PD=proton density; Sag=sagittal;
TE=echo-time; TI=inversion time; TR=repetition time; Tra=transverse.
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3.4. MRI analysis

3.4.1. Conventional MRI analysis

Brain T2-hyperintense LV was measured on the dual-echo or FLAIR scans, using,
respectively, a local thresholding segmentation technique (n=562) (Jim 8, Xinapse
Systems) or a fully automated deep-learning approach (n=142).!1%® Normalized brain
volume (NBV), WM volume (NWMYV), GM volume (NGMYV) and cortical GM volume
were measured on the 3D Tlw scans using the SIENAx2 software,!s’ after T1-
hypointense lesion filling.!” "' Deep GM nuclei (i.e., thalamus, caudate, putamen,
pallidum) were segmented from the lesion-filled brain 3D Tlw images using FSL
FIRST.!7> Masks of the aforementioned brain regions were then derived. GM maps were
thresholded at probability value of 0.5 to limit partial volume effects from WM and CSF.
The results of segmentation were all visually checked. The caudate and putamen together
comprised the striatum.

173, 174

As performed in previous studies, volume of deep GM nuclei was calculated and

normalized using FSL SIENAX scaling factor.

3.4.2. T1w/T2w-ratio image reconstruction

To obtain T1w/T2w-ratio maps, 3D T1w and T2w images were preprocessed and
combined using an in-house dedicated pipeline adapted from Ganzetti et al.'>” This
included intensity bias correction and calibration of each of the two input MRI sequences
and the subsequent calculation of their ratio. In detail, first, 3D T1lw and T2w images
underwent intensity N4 bias field correction.!”> Then, 3D T1w and T2w images were
further processed to normalize their signal intensity histograms using a linear scaling
procedure described in Ganzetti et al. (implemented in Matlab® v2012).!57 Specifically,
the intensity histograms were anchored using the lowest and the highest intensity peaks
derived from the ocular and temporal muscle masks that were defined manually in MNI
space to improve the overlap with anatomy. The normalized signal intensity maps were
then extracted from both T1- and T2w images after non-linear registrations of the tissue
masks into the subject space (http://stnava.github.io/ANTSs/). The co-registrations of the
masks in the subject’s space were checked by visual inspection. The intensity bias-

corrected and calibrated T2w image was then co-registered to the 3D T1w image space
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through a rigid-body transformation using FLIRT tool (FSL Library). The ratio between
these images was calculated in native space.

T1w/T2w-ratio values within the cortical and deep GM were derived by imposing
the previously obtained tissue segmentation masks on the T1w/T2w-ratio image.
T1w/T2w-ratio values of cortical GM above the 99th percentile were excluded from the
analysis.

To extract T1w/T2w-ratio values from WM lesions, the transformation estimated by co-
registering T1- and T2w images was applied to the WM lesion masks. T1w/T2w-ratio

values within the NAWM were also derived after removing lesions from the WM mask.
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3.5. Statistical analysis

Demographic and clinical variables were compared between groups using Chi-
squared, Kruskal-Wallis and Mann-Whitney tests, or linear models, as appropriate. Age-
and sex-adjusted linear mixed models for clustered data (participants within sites) were
performed to assess differences in MRI features between HC and MS patients, as well as
between clinical phenotypes, with the following a priori contrasts: RRMS vs CIS, SPMS
vs RRMS, and SPMS vs PPMS. Brain T2-hyperintense LV was log-transformed.

To estimate T1w/T2w-ratio expected lifespan trajectories in different brain
compartments, we fitted linear mixed models, accounting for clustering (participants
within sites), to HC data. Sex, age and age squared were included as fixed effects
according to Akaike information criterion. We dealt with heterogeneity in residual
variances, due to different T2w sequences geometry, by allowing heteroscedastic errors.
First-order derivative (estimated slope) of each model was evaluated across ages (steps
of 5 years) to assess the rates of T1w/T2w-ratio changes.

Estimated parameters from the described models were then used to convert
T1w/T2w-ratio values measured in MS patients to z-scores, which are relative to healthy
sex- and age-corrected values from HC. In particular, they represent a standardized
measure of deviation from the sex-, age- and site-specific expected values in the HC
population. We assessed (testing the nullity, i.e., healthy population reference value, of
the estimated means) and compared z-scores in MS patients as a whole and in clinical
phenotypes, by linear models. Obtained results suggested stratifying MS patients
according to the relapse-onset continuum (i.e., CIS, RRMS, SPMS) or progressive-onset
(i,e., PPMS) course. Therefore, we studied by linear regression models z-scores trends
along increasing disability levels. To this aim, we chose the following EDSS scores,
considered relevant milestones of disease severity: (1) EDSS=3.0 (fully ambulatory, with
mild disability in 3 or 4 functional systems [FS] or moderate disability in one FS); (2)
EDSS=4.0 (ambulatory for at least 500 meters, despite severe disability in one FS, or
other combinations of moderate disability in other FS); and (3) EDSS=6.0 (unilateral
assistance to walk 100 meters). Lastly, we ran linear regression models to investigate the
association of T1w/T2w-ratio in different brain compartments with disease duration and

EDSS. Differences of associations between relapse-onset and progressive-onset MS
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patients were tested by interaction terms. A random intercept for site was added to assess
the association with brain T2-hyperintense LV and NBV.

All the analyses were repeated including the presence of DMT as a binary variable
in our models. The significance of specific interaction terms was also tested.
Benjamini-Hochberg false discovery rate (FDR) correction was carried out to account for
the overall number of tests performed, for each analysis separately.

SAS release 9.4 (SAS Institute, Cary, NC) was used for computations. P-

values<0.05 were deemed statistically significant.
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4. RESULTS

4.1. Demographic, clinical and conventional MRI findings

Table 3 summarizes the main demographic, clinical and conventional MRI

findings from HC and MS patients included in the study.
Among the 275 HC and 444 MS patients initially evaluated for the study, 5 HC and 10
MS patients were excluded due to the incomplete MRI protocol (n=5) or inadequate MRI
scan quality (poor positioning, movement artefacts, n=10). Ultimately, data from 270 HC
and 434 MS patients were available for analysis, including 57 CIS, 196 RRMS, 106
SPMS and 75 PPMS.

Compared to HC, MS patients were significantly older (p=0.009), and as expected
had significant higher brain T2-hyperintense LV, and lower NBV, NGMV, normalized
cortical GMV, NWMYV, as well as lower normalized thalamic, striatum and pallidum
volumes (FDR p<0.001 for all).

Compared to CIS, RRMS patients had a higher EDSS score (p=0.001), longer
disease duration (p<0.001), higher brain T2-hyperintense LV (FDR p<0.001), and lower
NBV, NGMV, normalized cortical GM volume, normalized thalamic, pallidum and
striatum volumes (FDR p ranging from <0.001 to 0.028).

Compared to RRMS, SPMS patients had a higher EDSS, longer disease duration,
higher brain T2-hyperintense LV (p<0.001 for all), and lower NBV, NWMV, NGMV,
normalized cortical GM volume, normalized thalamic, pallidum and striatum volumes
(FDR p ranging from <0.001 to 0.011).

Compared to SPMS, PPMS patients had shorter disease duration (p<0.001).
Compared to PPMS, SPMS patients had a higher brain T2-hyperintense LV (FDR
p=0.024) and lower NBV, NGMV, NWMYV, normalized thalamic, pallidum and striatum
volumes (FDR p ranging from <0.001 to 0.042).
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Table 3. Main demographic, clinical, and conventional MRI characteristics of HC and

MS patients as a whole, and according to their disease clinical phenotype.
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Comparisons performed by Chi-squared (sex), Kruskal-Wallis and Mann-Whitney (disease
duration and EDSS) tests, and linear models (age). FDR correction (Benjamini-Hochberg
procedure) was applied to account for the overall number of tests. Age- and sex-adjusted
linear mixed models, for clustered data (participants within sites), were performed for MRI
features. Bold values denote statistical significance (p<0.05).

p*Heterogeneity among MS phenotypes.
bSignificant post hoc comparisons vs HC.
¢Significant post hoc comparisons vs CIS.
dSignificant post hoc comparisons vs RRMS.
¢Significant post hoc comparisons vs SPMS.

Abbreviations: CIS=clinically isolated syndrome; DMT=disease-modifying therapy;
EDSS = Expanded Disability Status Scale; HC=healthy controls; LV=lesion volume;
MRI=magnetic resonance imaging; NBV=normalized brain volume; NGMV=normalized
gray matter volume; NWMV=normalized white matter volume; PPMS=primary
progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis;
SPMS=secondary progressive multiple sclerosis.
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4.2. Tlw/T2w-ratio trajectories in healthy controls

Estimated sex- and site-adjusted T1w/T2w-ratio trajectories and their slope in the
different brain compartments in HC are shown in Figure 9 and Table 4. The T1w/T2w-
ratio significantly increased until the age of 45 years in the thalamus, until 50 years in the
WM and pallidum and until 60 years in the cortex and striatum (FDR p ranging from
<0.001 to 0.022). Interestingly, a steep slope was detected in the first decades especially

in the pallidum and striatum.
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Figure 9. Estimated sex- and site-adjusted T1w/T2w-ratio lifespan trajectories in
different brain compartments of HC. The figure shows T1w/T2w-ratio mean estimated
sex- and site-adjusted values (solid lines with 95% shaded confidence intervals) in (A)
WM, (B) thalamus, (C) striatum, (D) pallidum and (E) cortex, across ages in HC (linear
mixed models). (F) Rates of T1w/T2w-ratio change (trajectories estimated slopes) across
ages in the different brain compartments studied in HC.

Abbreviations: HC=healthy controls; T1w/T2w-ratio=T1weighted/T2weighted-ratio;
WM=white matter.
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Table 4. Mean estimated T1w/T2w-ratio values across ages (steps of 5 years) from sex-
and site-adjusted lifespan trajectories in different brain compartments of HC. The first-
order derivative (estimated slope) of the model is also shown, to assess T1w/T2w-ratio
change rate.

Age ff;;ﬁ‘?;g 95% CI Es&'ﬁ;‘t{i‘i g_lgpe p (FDR p)*
20 1.560 (0.023) 1.514;1.606 5247 (2.055)  0.011 (0.019)
25 1.585(0.016) 1.553:1.616  4.712(1.704)  0.006 (0.011)
30 1.607(0.012)  1.583:1.631  4.177(1.363) _ 0.002 (0.006)
35 1.626(0.012)  1.604:1.649  3.642 (1.046)  0.001 (0.002)
40 1.643(0.013) 1.618:1.668  3.107(0.781)  <0.001 (<0.001)
WM 45 1.657(0.014) 1.630;1.685  2.572(0.637)  <0.001 (<0.001)
50 1.669 (0.015) 1.640;1.698  2.037 (0.692)  0.004 (0.007)
55 1.678(0.015) 1.648:1.708  1.502(0.912)  0.102 (0.149)
60 1.684(0.016) 1.652;1.716 0966 (1.210)  0.426 (0.511)
65 1.687(0.019) 1.649:1.726  0.431(1.542)  0.780 (0.816)
70 1.688(0.025) 1.639:1.737  -0.100 (1.889)  0.956 (0.958)
75 1.686(0.033) 1.621;1.751  -0.640 (2.245)  0.776 (0.816)
20 1390 (0.022) 1.347:1.434  5331(1.954)  0.007 (0.012)
25 1.415(0.015) 13851446  4.626 (1.621) _ 0.005 (0.009)
30 1437(0.012) 14141459 3.922(1.298)  0.003 (0.006)
35 1455(0.011) 14331476 3217(0.997)  0.001 (0.003)
40 1.469(0.012) 14451493  2.512(0.744)  0.001 (0.002)
Thalamus 45 1480 (0.013) 1.4541.506  1.808 (0.604) 0.003 (0.006)
50 1.487(0.014) 1.459:1.515  1.103(0.653)  0.093 (0.139)
55 1.491(0.014) 1.462:1.519 0399 (0.859)  0.643 (0.715)
60 1.491(0.016) 1.460;1.522  -0.310(1.140)  0.789 (0.816)
65  1.488(0.018) 1.452;1.524  -1.010(1.454)  0.488 (0.559)
70 1.481(0.023) 1.4351.527  -1.720(1.783)  0.337(0.422)
75 1471(0.031) 1.409:1.532  -2.420 (2.120)  0.255 (0.340)
20 1219(0.02)  1.180;1.259  7.829 (1.738)  <0.001 (<0.001)
Soriatum 25 1257 (0.014) 1230:1284 7163 (1442)  <0.001 (<0.001)
30 1291(0.01) 12711311 6498 (1.155)  <0.001 (<0.001)
35 1322(0.01)  1303:1.341  5.832(0.888)  <0.001 (<0.001)
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40 1.349 (0.011) 1.328;1.371  5.167 (0.663) <0.001 (<0.001)
45 1.374 (0.012) 1.350;1.397  4.502 (0.537) <0.001 (<0.001)
50 1.394 (0.012) 1.370;1.419  3.836 (0.579) <0.001 (<0.001)
55 1.412 (0.013) 1.386;1.437  3.171 (0.762) <0.001 (<0.001)
60 1.426 (0.014) 1.399;1.453  2.506 (1.011) 0.014 (0.022)
65 1.437(0.016) 1.405;1.469  1.840 (1.290) 0.156 (0.222)
70 1.445 (0.021) 1.403;1.486  1.175 (1.582) 0.459 (0.540)
75 1.449 (0.028) 1.394;1.503  0.509 (1.881) 0.787 (0.816)
20 1.948 (0.036) 1.878;2.019  12.020 (3.147) <0.001 (0.001)
25 2.004 (0.025) 1.956;2.053 10.510(2.610)  <0.001 (<0.001)
30 2.053 (0.019) 2.017;2.090  8.990 (2.089) <0.001 (<0.001)
35 2.094 (0.018) 2.059;2.129  7.476 (1.604) <0.001 (<0.001)
40 2.128 (0.019) 2.090;2.166  5.961 (1.198) <0.001 (<0.001)
Pallidum 45 2.154(0.021) 2.112;2.196  4.446 (0.974) <0.001 (<0.001)
50 2.172(0.022) 2.128;2.217  2.931 (1.056) 0.006 (0.011)
55 2.183(0.023) 2.137;2.229  1.417 (1.391) 0.310 (0.396)
60 2.187(0.025) 2.137;2.236  -0.100 (1.845) 0.958 (0.958)
65 2.182(0.030) 2.124;2.241  -1.610(2.351) 0.494 (0.559)
70 2.170 (0.038) 2.096;2.245  -3.130 (2.882) 0.279 (0.364)
75 2.151(0.050) 2.052;2.250  -4.640 (3.426) 0.177 (0.247)
20 1.016 (0.013) 0.990;1.041  3.314 (1.122) 0.004 (0.007)
25 1.032 (0.009) 1.014;1.049  3.105 (0.931) 0.001 (0.002)
30 1.047 (0.007)  1.034;1.060  2.896 (0.745) <0.001 (<0.001)
35 1.061 (0.006) 1.048;1.073  2.688 (0.572) <0.001 (<0.001)
40 1.073 (0.007) 1.060;1.087  2.479 (0.427) <0.001 (<0.001)
Cortex 45 1.085 (0.008) 1.070;1.100  2.271 (0.347) <0.001 (<0.001)
50 1.096 (0.008) 1.080;1.112  2.062 (0.376) <0.001 (<0.001)
55 1.106 (0.008) 1.090;1.122  1.853 (0.494) <0.001 (0.001)
60 1.115(0.009) 1.097;1.132  1.645 (0.656) 0.013 (0.021)
65 1.122 (0.011) 1.102;1.143  1.436 (0.837) 0.088 (0.135)
70 1.129 (0.013) 1.102;1.156  1.227 (1.026) 0.233 (0.318)
75 1.135(0.018) 1.099;1.170  1.019 (1.219) 0.405 (0.495)
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Linear mixed effect model accounting for clustering (participants within sites), including
sex, age and age square as fixed effects, according to Akaike information criterion.

*p values of the test for the nullity of the slope. FDR correction (Benjamini-Hochberg
procedure) was applied to account for the overall number of tests. Bold values denote
statistical significance (p<0.05).

Abbreviations: Cl=confidence interval; FDR=false discovery rate; HC=healthy controls;
SE=standard error; WM=white matter.

4.3. T1w/T2w-ratio in multiple sclerosis clinical phenotypes

Between-group comparisons in the T1w/T2w-ratio z-scores of the different brain
compartments are summarized in Table 5 and Figure 10.

Compared to HC WM, T1w/T2w-ratio was significantly lower in T2-hyperintense
WM lesions of MS patients, including all the main clinical phenotypes (FDR p<0.001 for
all). Similarly, T1w/T2w-ratio of NAWM and cortex were significantly lower in MS
patients compared to HC (FDR p=0.001 for both), although this was significant only in
RRMS and SPMS patients when the clinical phenotypes were evaluated separately (FDR
p ranging from 0.001 to 0.026).

Conversely, T1w/T2w-ratio of the pallidum and striatum were significantly higher
in MS patients compared to HC (FDR p<0.001). In the analysis according to disease
clinical phenotype, such a difference was detected only in RRMS, SPMS and PPMS
patients (FDR p ranging from 0.001 to 0.042).

Thalamic T1w/T2w-ratio did not differ between MS patients and HC, also according to
disease clinical phenotypes (FDR p>0.355).

T2-hyperintense WM lesion T1w/T2w-ratio was significantly lower in SPMS vs RRMS
(FDR p=0.004), whereas T1w/T2w-ratio of the striatum and pallidum were significantly
higher in SPMS vs RRMS (FDR p=0.045 and 0.002, respectively).

T1w/T2w-ratio did not differ between RRMS vs CIS or between PPMS vs SPMS
(FDR p >0.392) in any gray or WM region.

Results did not change when adjusting for treatment. No influence of DMT on T1w/T2w-
ratio within-group estimates (p>0.071) and between-phenotypes comparisons (p=>0.222)

was detected.
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Figure 10. T1w/T2w-ratio z-scores distribution in MS patients according to their
clinical phenotype in different brain compartments. Violin plots show the distribution
of T1w/T2w-ratio z-scores in (A) WM lesions, (B) NAWM, (C) thalamus, (D) striatum,
(E) pallidum and (F) cortex, in MS patients. The symbol (*) indicates phenotypes with a
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significantly non-zero (i.e., healthy population expected value) mean estimated z-score, as
well as significant between-group comparisons (linear models). FDR correction
(Benjamini-Hochberg procedure) was applied. See main text and Table 5 for further details.
Abbreviations: ~ CIS=clinically  isolated syndrome; MS=multiple sclerosis;
NAWM=normal-appearing white matter; RRMS=relapsing-remitting multiple sclerosis;
SPMS=secondary progressive multiple sclerosis; PPMS=primary progressive multiple

sclerosis; T1w/T2w-ratio=T1weighted/T2weighted-ratio, WM=white matter.
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Table 5. Mean estimated T1w/T2w-ratio z-scores in MS patients as a whole and
according to their clinical phenotype in different brain compartments.

g0 E6€0)  (10v'D)  (b00'0)  (b9€'T)  (B00°0)  (8ST°D)  (T6E0)  (060°T)  (TOOD) (4T 0
970 €81°0- 1000  O€¥'0- €000  9¥TO-  LETO  €LI0-  T00°0 0LT0-
00> (1000 (@D (o00) (e’ (100'0)  BIED  (€6€0)  (04TD  (10000>)  (L9ED) ey
100°0 bSL'0 1000 €160 1000 ISE0  T9T0 9810 T000>  9€S°0
gooro  \H00°0)  (885'T)  (100'0)  H(8e€’T)  (zp0'0)  (LzTD)  (#98°0)  (SpI'D)  (X00°0)  (8TEV) e
100°0 189°0 1000 SSS0 €200 T0TO  TELO  OF00 100°0 6€°0 .
o 5s€0)  BoeD  (9060)  (LET ﬁ.v (81L0) (080 _.u (ToL0)  (¥60 @ (686:0) (€91 ﬁ.v snureEy L
S81°0 WT0 680 €200 8650  I¥00-  I¥SO  680°0 6360 100°0
cigo  0L60) (e o) (syTD  (o00)  ByI'D)  (®0s0) bz (ro0'0) (0T L oo
0680 1200- 1100 ¥I€E0- 1000  99€0-  IS€0  TST'0- 1000 9920
oo \F000>)  (@8S'D)  (1000>)  (LSTD)  (100°0>)  (LIE'D)  (100°0>) (89LD)  (100°0>)  (9Tp'1)  suorsd]
1000>  9¢St-  1000>  L68F- 000> 90Vt 100°0>  ISTH  T000>  I€SH- WM
d dygp) (@) @dyap (@ (@yad (@) ddan (@) dyad (@9
¥ d UedAl d UBIAl d UBIA d UBIA d UBaA
SIdd SIS S SID S

50



p values of the test for the nullity (i.e., healthy population expected value) of the mean
estimated z-scores in each group and of significant between-group comparisons are reported
(linear models). FDR correction (Benjamini-Hochberg procedure) was applied to account for
the overall number of tests. Bold values denote statistical significance (p<0.05).

p*Heterogeneity among MS phenotypes.
bedSigonificant SPMS vs RRMS post hoc comparisons: b) p (FDR p) = 0.002 (0.004); ¢)
p (FDR p) = 0.025 (0.045): d) p (FDR p) = 0.001 (0.002).

Abbreviations: CIS=clinically isolated syndrome; FDR=false discovery rate;
MS=multiple sclerosis; NAWM=normal-appearing white matter; PPMS=primary
progressive multiple sclerosis; RRMS=relapsing-remitting multiple sclerosis;
SPMS=secondary progressive multiple sclerosis; PPMS=primary progressive multiple
sclerosis; WM=white matter.
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4.4. Tlw/T2w-ratio according to EDSS milestones

T1w/T2w-ratio z-scores in relapse- and progressive-onset MS patients according
to EDSS milestones in different brain compartments are summarized in Table 6 and
Figure 11.

In relapse-onset MS, compared to HC, T1w/T2w-ratio was significantly lower in
WM lesions (all FDR p<0.001) and NAWM (FDR p ranging from 0.008 to 0.023) starting
from mild disability (EDSS<3.0) and in the cortex starting from moderate disability
(EDSS>3.0) (FDR p ranging from 0.007 to 0.023). Conversely, T1w/T2w-ratio was
significantly higher in the striatum and pallidum only from EDSS>4.0 onward (FDR p
ranging from 0.001 to 0.005).
In PPMS patients, T1w/T2w-ratio was significantly lower in WM lesions starting at
EDSS<6.0 (FDR p<0.001) and significantly higher in the striatum and pallidum beyond
EDSS>6.0 (FDR p=0.001 and <0.001, respectively).

Between-group comparisons confirmed the described T1w/T2w-ratio behavior
along increasing disability levels (see Table 6 and Figure 10).
Results did not change when adjusting for treatment. No influence of DMT on T1w/T2w-
ratio within-group estimates (p>0.069) and between-group comparisons (p=>0.107) was

detected.
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Figure 11. Mean estimated T1w/T2w-ratio z-scores in relapse- and progressive-onset
MS patients according to EDSS milestones in different brain compartments.
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lesions, normal-appearing white matter, thalamus, striatum, pallidum and cortex,
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according to increasing disability levels, in (A) relapse-onset and (B) progressive-onset
MS patients (linear models). See main text and Table 6 for further details.
Abbreviations: EDSS=Expanded disability status scale; NAWM=normal-appearing
white matter; T1w/T2w-ratio=T 1 weighted/T2weighted-ratio;, WM=white matter.
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Table 6. Mean estimated T1w/T2w-ratio z-scores in relapse- and progressive-onset MS

SIA 19SU0-2A1SS21301J

SIA 1osuo-asdejoy

A
5 orso OSLO) (6LE'D) (2zro) (@ey'D oo B0000)  (69T1)  LO0'D) (bETD)  (€20°0) (991D (998°0) (HTOD o0
m 60L°0 L3800~ PPTO TLTO 70000 60S0-  T000  66°0- 8000  6LV0- €TLO  8TO0-
< . . . . . . . . . . . .
S (oo OED G0 (ED pe- G O7CD Geew (D Qe G (e G2 wnene
1) 2 pa'q
ot prog HO00) (FE9D (STv0) (€9€D) o0 (@00'0)  (1e€D)  @ooo)  (zzTD)  (0080)  (¥96°0) (€5T0) (IET'D)  ypyurng
'S 100°0> .60 8FE0  0ITO 10000> 0190  T00°0> L850 €90 8900 LVI'O  STIO ;
2 . (zozo) (zsz1) (608°0) (9s€'1 . (@pe0) (99z'1)  (1ss0) (czr'D)  (6v0'0) (zzo'D) (0080) (S60°1)
S0£°0 0€1°0 snureey
m 0600  ¥9€0 6080  €£S0°0 LIS0  9£0°0 Z8E0  0ZI'0-  ¥PZ0'0 LSS0~ LEYO0  6£0°0
= . (szro) (gez1) (Tzbo) (99¢1) . (0z000) (zso'D)  (800'0) (bzT)  (610°0) (€801 (£200) (s8I'D)
= $91°0 801°0 INMVN
S PSE0  €0T0  TOSO  6TT0- 9000  6LE0- 70000 08Y'0- S0000  €L0- 8000 6£T0-
o
b 100°0 (100°0>) (z6s'1) (100°0>) (L9¢1) 100°0> (1000>) (9oc') (1000>) (Lz1'D) (100°0>) (2L0'1) (100°0>) (¥1s1)  suoisy|
o 100°0> .626'€- 100°0> 960°S- 100°0> (6V6'v-  100°0> LISV~ T100°0> (99Lt- 10000> €81+ WM
o
2 d d
& g @iad (as) uad) (as) d ¢ y @ @daan (@) ([@dap) (@s) ( y @)
m ® d uBIA d uBIA ® Mn.“.m UBIA d WeIAl d UBIAl Mm.“,m uBIAl
9]
A (9g=u) 92 sSa@ (6€=1) 9 > SSAA (89=u) 9 < SSAH (89=m) (sp=10) (8L1=u)
0 9>SSAdA> ¥ p>SSad>¢ € >Ssad
o
en
=
ho)
S
o
Q
Q
<
@
o
.0
=
o

55



p values of the test for the nullity (i.e., healthy population expected value) of the mean
estimated z-scores in each group and of significant between-group comparisons are reported
(linear models). FDR correction (Benjamini-Hochberg procedure) was applied to account for
the overall number of tests. Bold values denote statistical significance (p<0.05).

p*Heterogeneity among MS patients’ groups, classified according to EDSS milestones.
bSignificant post hoc comparisons vs EDSS<3 (FDR p range: <0.001-0.021; FDR p range:
<0.001-0.045).

Significant post hoc comparisons vs 3< EDSS<4 (FDR p range: <0.001-0.015; FDR p
range: <0.001-0.034).

dSignificant post hoc comparisons vs 4< EDSS<6 (FDR p=0.009; FDR p=0.023).
°Significant post hoc comparisons vs EDSS<6 (FDR p range: 0.001-0.014; FDR p range:
0.004-0.037).

Abbreviations: CIS=clinically isolated syndrome; EDSS=Expanded Disability Status
Scale; FDR=false discovery rate; MS=multiple sclerosis; NAWM=normal-appearing
white matter; WM=white matter.
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4.5. Analysis of associations

Associations between clinical and MRI variables with T1w/T2w-ratio in MS
patients are summarized in Table 7.

A longer disease duration, higher EDSS score, higher brain T2-hyperintense WM
LV, and a lower NBV were significantly associated with a lower T1w/T2w-ratio in T2-
hyperintense WM lesions (3 ranging from -1.168 to 0.005, FDR p ranging from <0.001
to 0.011) and with a higher T1w/T2w-ratio in the pallidum and striatum (8 ranging from
to -0.005 to 0.286, FDR p ranging from <0.001 to 0.040). A longer disease duration was
also significantly associated with a lower cortical T1w/T2w-ratio (3=-0.014, FDR
p=0.036), whereas a higher brain T2-hyperintense WM LV was associated with a lower
T1w/T2w-ratio both in the cortex and NAWM (3=-0.313, FDR p=0.010 and  =-0.442,
FDR p<0.001).
Results did not change when adjusting for treatment. No significant interaction effects on
the associations due to DMT were detected (p>0.102), with no effect on the differences

of association between relapse-onset and progressive-onset disease course (p>0.118).
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Table 7. Associations between disease duration, Expanded Disability Status Scale

SA -9AISSAIZ04 g

S
= , ,
m.m (1£8°0) 180 (2S8°0) £#8°0 (200°0) 100°0 (0TH "0) 90€°0 m%%% (8S£'0) 6£T°0 m%%% A€N
el
5 2 (062°0) (601°0) (£01°0) AT 0
= = . . . . . . . . nei
m 7 O6v'0)zLe0  (s1€0190z0 ) 0 (00570) 96€°0 €600~ (16£°0) 690 110~ TLURE gLl
s w g (891°0) 5600  (6€1°0) 2L0'0 (001°0) 181°0 (ZS8°0) 6£8°0 (620°0) 9000 (SLz0) 21’0 (920°0)9€0'0  SSad  MUEIPUL
o = @ . .
- ) ) ) : ) ) ) . (900°0) . ) (500°0) uopeInp
25 m (9s70) LEEO  (909°0) 81570 (910°0) 0100 (0TFO) $OEO o . (505°0) S0+°0 5 00°0- 55831
= 8 .
mm m (005°0) s6€°0  (8L9°0) ¥T9°0 Aw%%%.v (16€°0) $9T°0 (1000) 1000  (T€9'0) 6550 (100°0) 1000  A€N
[
g
g 23 Ozv0) Y0c0  (950°0) £10° (06T°0) (100°0>) armro (100°0>) 100" (sor'o AT
m 2 5 0T'0) ¥0€°0  (9€0°0) €10°0 150~ 100°0> 7TV 0 100°0>) 100°0> o 7] ureig oner
S = -MTL/MLL
0 & .
M s & (0£1°0) 9900  (651°0) 980°0 (£01°0) 8LI'0 (865°0) +0S°0 aw%me (1es°0) 1€v°0 (820°0) TZO0  SSAA NMVN
[P aut
=
—~.z : : oneIn
> m,m (1s1°0) 0800 (5£2°0) SLT'0 (910°0) 2200 (2LT'0) L9T'0 Aw%%%.v (06+°0) LLE'O AW%%%.V mewm%
= e .17 .
o 8 :
= 25 (L18°0) L9L°0  (180°0) 8€0°0 (£00°0) 900°0 A“um.uwv (100°0) 000 (100°0>) L00°0> (100°0) S000  A€N
S5 = =
S .ET . : . : :
S5 a . ) (100°0>) (sLz'0) (100°0>) (st1°0) . . (801°0) AT
=23 (050°0) 0200 "y ULt 100'0> qor-  JOVOIT00> ol g s
. — n =
.90 . . . . (100°0>) (s€0'0) (zeo'o)
9.8 ¢ . . . . SUOISI] A
R (£00°0) 100°0> (050°0) 120°0 (0T1°0) 8LT'0 100°0> 7ST'0- (110°0) €£00°0 <600- ssad
= =5
o @ . : : oneIn
£329 (910°0) 000 (Z140) L8T0 (610°0) 020°0 A“MW.WW w%%%.v (100°0>) 100°0> Aw%%%.v Pt
= b an :
O
52 m (dygnd  (dygad @s)d (dyaa) d @s)d (duap d asd
g2 SI
® am nm Jasuo-asdefax SIAL JISUO-IAISSAIT01 ] SIAL Jsuo-dsdedy SN
A ¢
2EE
e e

58



(180 sLL'o  (Te9'0) #9s°0 (200'0) 1000 (0+0°0) $10°0 (100°0) 200'0  (0S0°0) 0200  (100°0) TOO'0  A€N
. ) ) ) (s67°0) . . (or1°0) . ) (¥01°0) !
(2€9°0) 9950  (£81°0) 601°0 6150 (220°0) L00O'0 86T 0 (010°0) €000 160~ 71 ureg ones
: -MZ /ML
(e81°0) so1'0  (06%'0) LLE'D (601°0) L60°0 (Z10°0) $00°0 (£0°0) L8O'O-  (801°0) ¥SO0 Awm%% ssad [ean10))
. . . . . . . . (900°0) . ) (90070) uonyeInp
(991'0) 260'0  (+65°0) 6870 (L10°0) 2100 (L00°0) Z00°0 10°0- (9€0°0) €10°0 b10°0- sswosI(]
) . ) ) (£00°0) (100°0>) (100°0) . ) (100°0)
(s59°0) €650  (+67°0) 061°0 €000~ 100°0> <00°0- (100°0>) 100°0> C000~ AN
(865°0) 86¥°0  (5¥8°0) 6180 (91€°0) €200 (Zr0°0) 910°0 (ST1°0) €0€°0  (0¥0"0) S10°0  (L11°0) 98T°0 Swwhm opel
: -MTL/MIL
(Loz0) €21°0  (Z00°0) 100°0> (TO1°0) 19€°0 AMWMNWV (Z£00) 961°0 (100°0>) 100°0> (8Z0°0) 6610  SSAA wnpied
uoneIn
(TLz0) $91°0  (010°0) €000 (910°0) 8+0°0 (100°0) 100°0> (900°0) ¥20°0 (100°0>) 100°0> (900°0) 9200 uwmuz%
) . ) ) (£00°0) (100°0>) (100'0) . ) (100°0)
(z€9'0) sss°0  (160°0) €70°0 900'0- 100°t> 000~ (100°0>) 100°0> b00'0- AEN
(8L9°0) 8290 (s#8°0) #18°0 (05£0) £80°0 (SS0°0) +200 (S11°0) 1920 (1S0°0)2Z00 (TI1°0) 6520 Swwum onel
: -MTL/MLL
(890°0) 1€0°0  (+00°0) T00'0 (4IT1°0) LLED A“WN.NWV (0£0°0) zz1'0 (100°0>) 100°0> (820°0) 6¥1°0  SSAA WmeLns
uonein
(890°0) 1€0°0  (010°0) €000 (810°0) £50°0 (260°0) SFO'0 (900°0) T10°0  (#10°0) S00°0  (900°0) L10°0 owﬁ.&wz%

Beta coefficients (B) and p values from linear models are reported. FDR correction

(Benjamini-Hochberg procedure) was applied to account for the overall number of tests.

Bold values denote statistical significance (p<0.05).

=false discovery rate;
normal-appearing white matter;

standard error; WM=white matter.

Expanded Disability Status Scale; FDR

lesion volume; MS=multiple sclerosis; NAWM

NBV=normalized brain volume; SE

Abbreviations: EDSS

LV
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S. DISCUSSION

In this study, we evaluated T1w/T2w-ratio in the different brain compartments in
a large multicenter cohort of HC and MS patients including the main disease clinical
phenotypes. This allowed us to obtain relevant information regarding the trajectories of
T1w/T2w-ratio occurring with aging and how clinical phenotypes, severity of disability
and structural brain damage accumulation are associated with brain T1w/T2w-ratio
abnormalities in MS patients.

In HC, we found that T1w/T2w-ratio increased over time, reaching a plateau
around 50-60 years of age for all the brain compartments, suggesting that, in addition to
myelin density, other substrates may contribute to maturational and aging processes. In
MS patients, heterogeneous T1w/T2w-ratio alterations were detected in specific brain
compartments according to disease clinical phenotypes and levels of disability. In
particular, compared to HC, T1w/T2w-ratio was lower in T2-hyperintense WM lesions
and NAWM already from the earliest phases of the disease and from mild levels of
disability, whereas a lower cortical T1w/T2w-ratio was detected only in RRMS and
SPMS patients and beyond accrual of moderate levels of disability. Interestingly, a
significant higher T1w/T2w-ratio was found in the striatum and pallidum especially in
patients with PMS and more severe disability; thalamic values were intermediate and did

not change much.

5.1. T1w/T2w-ratio in normal brain aging

In line with previous studies,!’® 77 the analysis on HC showed that T1w/T2w-
ratio varied across the adult lifespan in the different brain compartments. In particular,
T1w/T2w-ratio gradually increased until mid-age, followed by a plateau in all the
investigated structures. Of note, in the deep GM nuclei, especially in the pallidum and
striatum, a steeper increase occurred in the first decades. Different physiological
processes may explain our findings. T1w/T2w-ratio has been suggested to be associated
with myelin density.!3” Accordingly, the process of brain myelination may contribute to
the increase of Tlw/T2w-ratio at least in the first decades of life.!”®!8! Since iron

144, 182

influences both signal on T1- and T2w images and it co-localizes with myelin in

the cortex and WM,!4% 182 18 it may also contribute, together with myelin
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macromolecules, to T1w/T2w-ratio values.!** In T2 spin echo sequences, the effect of
iron in reducing T2 relaxation time is related to water diffusivity. Specifically, it is evident
when the diffusion distance and the size of the cells (where iron is presumably
compartmentalized) are comparable in terms of diameter.!** 135 Considering the relatively
low myelin content within the deep GM nuclei (except for the thalamus and globus
pallidus),'8¢ 187 the observed trajectories support the contribution of iron and
neurodegeneration in determining the increase of T1w/T2w-ratio with healthy aging.!8%
18 'When myelination is accomplished, there is no further iron accumulation in
oligodendrocytes.!®> 10 However, microglia and astrocytes continue to accumulate iron
during adulthood and senescence, % ! possibly explaining the high iron levels found in
the basal ganglia in post-mortem studies,'®> 8% 192 and the age-related increase of

susceptibility on quantitative susceptibility mapping studies.!*3-193

5.2. T1w/T2w-ratio in multiple sclerosis brain

The most relevant results are those we obtained from the evaluation of T1w/T2w-
ratio in the different brain compartments of MS patients according to their disease
severity.
In line with a previous study,'® we found a significantly lower T1w/T2w-ratio in T2-
hyperintense WM lesions in all the clinical phenotypes and already from mild disability.
According to histopathological studies,!** % demyelination, axonal damage and loss of
iron may explain our findings (Figure 12). Interestingly, more severe damage was found
in patients with SPMS and more severe disability. Our findings suggest that, although the
pathological processes occurring in focal WM lesions are similar across the MS spectrum,
a more severe disease is characterized by more relevant lesional microstructural
abnormalities.!®7- 198

In the NAWM, compared to HC, T1w/T2w-ratio was significantly lower already
from mild disability levels and in RRMS and SPMS patients, but not in those with CIS
and PPMS. Although in contrast with some previous reports,!>% 164 our results in RRMS
patients are consistent with other studies,!6%-16% 166 showing no significant differences in
the early phases of the disease but only in patients with a longer disease duration.
Discrepancies among studies may be explained by heterogeneities in the cohorts of MS

patients investigated, often with small sample sizes and short disease duration, and in the
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methods applied to quantify T1w/T2w-ratio. Despite this, our results further confirm that
NAWM is characterized by the occurrence of microstructural abnormalities, with
inflammation, demyelination, gliosis and axonal damage (Figure 12),?! already from the
early phases of the disease, as already shown by previous DT imaging!'®®- 2% and MT
MRI20!-2%4 gtudies.

In line with previous studies, ' 16>

compared to HC, cortical T1w/T2w-ratio was
significantly lower from moderate levels of disability and in RRMS and SPMS patients,
but not in those with CIS and PPMS. Although we did not evaluate cortical lesions, our
findings further support the role of cortical involvement in determining clinical
disability.20%- 206

Unexpectedly, we found no differences in NAWM and cortical T1w/T2w-ratio
between PPMS patients and HC nor a significant decline in SPMS compared to RRMS
patients.
MS patients with a progressive disease course and more severe disability are characterized
by a progressive reduction of myelin and oligodendrocytes, typically rich of iron, thus
promoting a further decline of T1w/T2w-ratio in the NAWM and cortex. However, age-
related physiological iron increase in oligodendrocytes and myelin may act in the opposite

).27, 207

direction (Figure 12 Moreover, a more substantial microglia activation and

astrogliosis with a patchy iron redistribution, especially in PMS patients, may also
contribute to explain our findings.?!- 12

The most complex results of our work came from the assessment of deep GM
nuclei of MS patients, where T1w/T2w-ratio showed an opposite behavior compared to
the other brain compartments. Compared to HC, T1w/T2w-ratio in the pallidum and
striatum was significantly higher from moderate levels of disability and in all disease
clinical phenotypes, except for patients with CIS. Of note, the highest T1w/T2w-ratio
values were found in SPMS and PPMS patients. Our findings are consistent with previous
studies that evaluated T1w/T2w-ratio in other neurodegenerative diseases.!!> 152,208, 209
Patients with Parkinson disease showed higher T1w/T2w-ratio in the substantia nigra.!'>?

209 cortical

In Alzheimer disease,!>! Huntington disease?®® and multiple system atrophy,
and WM T1w/T2w-ratio, respectively, were significantly higher compared to HC. Our
results in the pallidum and striatum, together with the demonstration of significantly

higher T1w/T2w-ratio in brain regions, known to be specifically affected by other
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diseases, suggest that T1w/T2w-ratio may reflect ongoing neurodegenerative processes
(Figure 12).

Interestingly and differently from the other deep GM nuclei, we found no
significant alterations of TIw/T2w-ratio values in the thalamus in MS patients,
independently from the clinical phenotype and clinical disability. Heterogeneous
pathological processes including demyelination, microglia activation, neuronal loss and
iron accumulation may affect the thalamus in MS and may influence T1w/T2w-ratio in
opposite ways.?!%212 Of note, discordant evidence exists regarding thalamic iron
concentration in this condition, with the majority of pathological and MRI studies
suggesting no differences in thalamic iron content compared to HC,!"* 2!l 213 pot
confirmed by others showing decreased iron.'®% 214 The peculiar morphological
architecture of the thalamus, characterized by more abundant WM fibers and iron-rich
oligodendrocytes compared with other structures (i.e., pallidum, striatum) likely

contribute to explain our findings in this nucleus.!*?
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Figure 12. Overview of the different pathological substrates of MS and their possible
effects on T1w/T2w-ratio.

The pathological mechanisms involved in MS may influence T1w/T2w-ratio with
opposite behaviors and heterogeneously in the different brain compartments investigated
in the study. Demyelination/inflammation (yellow) and axonal damage (pink) are likely
to reduce T1w/T2w-ratio; conversely, iron accumulation (red), microglia activation
(violet) and astrogliosis (green) may increase T1w/T2w-ratio. In T2-hyperintense WM
lesions, NAWM and cortex, the effects of demyelination/inflammation and axonal
damage on TIw/T2w-ratio are likely to be more prominent than those of iron
accumulation (red), microglia activation (violet) and astrogliosis (green), thus promoting
an overall reduction of T1w/T2w-ratio. On the other hand, in the striatum and pallidum,
the effects of microglia activation (violet) and astrogliosis (green), and, above all, iron
accumulation (red) are likely to be more prominent, thus resulting in an overall increase
of Tlw/T2w-ratio. In the thalamus, the effects of the different pathological processes
counteract each other, thus nullifying differences in T1w/T2w-ratio. Created with
biorender.com.

Abbreviations: MS=multiple sclerosis; NAWM=normal-appearing white matter;

T1w/T2w-ratio=T 1 weighted/T2weighted ratio, WM=white matter.

5.3.  Associations with clinical and MRI parameters

Regarding the clinical relevance of this metric, differently from previous
studies,'#® 10 the significant associations found between both EDSS score and disease
duration with T1w/T2w ratio in T2-hyperintense WM lesion, cortex, striatum, and
pallidum, suggest a gradual and progressive accumulation of clinically relevant
microstructural tissue abnormalities in the different brain compartments.

The significant associations between higher brain T2-hyperintense WM LV and
lower TIw/T2w-ratio in the NAWM and cortex and higher T1w/T2w-ratio in the
pallidum and striatum suggest that diffuse abnormalities may be, at least partially,
secondary to retrograde degeneration due to the accumulation of focal demyelinating T2-
hyperintense lesions in the WM. Moreover, the associations with brain volume also
suggested the relevance of T1w/T2w-ratio values as a surrogate measure of irreversible

tissue loss.
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5.4. Limitations

This study has some limitations. First, we evaluated T1w/T2w-ratio as a global
measure in all the investigated brain compartments with a cross-sectional approach. Since
different regions are characterized by specific cyto-architectural features and MS may
affect the different regions with spatial and temporal heterogeneities, future studies are
needed to better evaluate MS pathology at a regional level and in a longitudinal setting to
explore the dynamic patterns of T1w/T2w-ratio and their associations with disease
progression. Second, we did not evaluate cortical lesions, thus the results found for
cortical T1w/T2w-ratio may be influenced, at least partially, by focal cortical
demyelination.

Third, the observed T1w/T2w-ratio values showed a relatively high variability,
possibly related also to the multicenter design. Indeed, even though the proposed method
uses a calibration to reduce the intensity variability, different scans and sequences were
used. However, appropriate adjustments for site were included in the statistical models to
provide site-specific T1w/T2w-ratio z-scores that were used in subsequent statistical
analyses. Finally, MS patients were older than HC, thus requiring statistical age

adjustment.
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6. CONCLUSIONS

In summary, in HC we demonstrated an increase of T1w/T2w-ratio with age in all
the investigated brain compartments. In MS patients, we observed lower T1w/T2w-ratio
values in T2-hyperintense WM lesions and NAWM already from the earliest phases of
the disease and from mild levels of disability, whereas a lower cortical T1w/T2w-ratio
was detected only in RRMS and SPMS patients and beyond accrual of moderate levels
of disability. Conversely, higher T1w/T2w-ratio was found in the striatum and pallidum
especially in patients with PMS and more severe disability. Altogether, our data suggest
that T1w/T2w-ratio results from several pathological substrates, including inflammation,
demyelination, neurodegeneration and iron accumulation. Given its broad availability,
the T1w/T2w-ratio may represent a clinically relevant method to investigate in vivo the

heterogeneous processes affecting the brain of MS patients.
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