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ABSTRACT

Background: Multiple sclerosis (MS) is a chronic neuroinflammatory and neurodegenerative
disease and a common cause of neurologic disability. MS pathology is characterized by
demyelination, neuroaxonal loss and atrophy. Magnetic Resonance Imaging (MRI) is an
essential tool in diagnosing and monitoring MS, but its clinical value could be even further
expanded by more advanced and quantitative MRI methods, which may also provide additional
pathophysiological insights.

Purpose: The overall aim of this thesis was to quantify MS pathology using volumetric brain
MRI, ultra-high field brain and cervical spinal cord MRI as well as a newly developed rapid
myelin imaging technique in relation to cognitive and physical MS disability.

Study I, a prospective 17-year longitudinal study of 37 MS participants with 23 age/sex-
matched healthy controls for comparison at the last follow-up. Longitudinal volumetric brain
1.5 Tesla MRI during the second half of the study showed that lesion accumulation and corpus
callosum atrophy were the most strongly associated neuroanatomical correlates of cognitive
disability, with the lesion fraction being an independent predictor of cognitive performance 8.5
years later.

Study I1, a prospective cross-sectional study of 35 MS participants and 11 age-matched healthy
controls using 3 and 7 Tesla MRI. The study demonstrated involvement of both grey and white
matter in MS, not only the brain but also the cervical spinal cord, associated with MS disability.
Lesions appeared in proximity to the cerebrospinal fluid (CSF), with special predilection to the
periventricular and grey matter surrounding the central canal in secondary progressive MS.

Study III, a prospective in vivo (71 MS participants and 21 age/sex-matched healthy controls)
and ex vivo (brain tissue from 3 MS donors) study at 3 Tesla, showed that a new clinically
approved and feasible rapid myelin imaging technique correlates well with myelin stainings
and produces robust in vivo myelin quantification that is related to both current and future
cognitive and physical disability in MS.

Study IV, an in-depth topographical analysis based on Study III, mapped the distribution of
demyelination, both in vivo and ex vivo, in the periventricular and perilesional regions of the
brain. A gradient of demyelination with predominance near the CSF spaces was seen. Measures
of clinical disability were consistently and more strongly associated with the myelin content in

normal-appearing tissue compared to the intralesional myelin content.

Conclusions: Lesions and atrophy contribute to cognitive and physical disability in MS but to
a varying degree, likely dependent on the relative involvement of white vs. grey matter. Both
focal lesions/demyelination as well as diffuse demyelination in normal-appearing white matter
shows an apparent gradient from the CSF, which differ between relapsing-remitting and
progressive MS subtypes/phases. The growing utility and clinical availability of advanced and
quantitative MRI techniques holds promise for improved monitoring of MS pathology and
likely represents a vital tool for assessing the efficacy of potential remyelinating/reparative
therapies in MS.



SAMMANFATTNING

Bakgrund: Multipel skleros (MS) &r en kronisk inflammatorisk sjukdom som drabbar hjirna
och ryggmérg. MS é&r en vanlig orsak till neurologisk funktionsnedséttning och kidnnetecknas
av skador pa isoleringen kring nervtradar, myelin, samt vivnadsforlust. Magnetkamera (MR)
har en central roll for att kunna diagnosticera MS samt folja sjukdomsforloppet och
behandlingssvaret. Det kliniska virdet av MR skulle dock kunna forbéttras ytterligare genom
mer avancerade MR-tekniker, vilket ocksd kan leda till Okad fOrstaelse for
sjukdomsmekanismerna vid MS.

Syfte: Det Overgripande syftet med denna doktorsavhandling var att objektivt méta
omfattningen av vévnadsskador vid MS med nya MR-tekniker (automatiska 3D-
volymmaitningar, MR med ultrahdg féltstyrka och en nyutvecklad MR-teknik som gor det
mojligt att mita halten av myelin 1 hjdrnan) samt stélla dessa nya mitvérden i relation till klinisk
funktionsforméga och utfall.

Studie I, en 17-arsuppfoljning av 37 personer med MS samt 23 friska kontrollpersoner.
Langtidsuppfoljning med 3D-volymmatt av hjdrnan vid 1,5 Tesla visade att det frimst var
mingden av MS-plack och vidvnadsforlust i hjarnbalken som var kopplat till nedsatt
tankeformaga vid MS och att framtida funktionsnedséttning delvis kunde forutspds av MR.

Studie I, en jamforelse av 35 personer med MS och 11 kontrollpersoner som undersoktes med
tvd MR-kameror av hogsta kliniskt tillgéngliga féltstyrka (3 och 7 Tesla). Studien pavisade att
inte bara den vita substansen (dér det finns mycket nervtrddar och myelin), utan 4ven den graa
substansen (dir nervcellskropparna finns) drabbas vid MS, sévil 1 hjarnan som i ryggmérgen.
MS-skadorna uppstér frimst i omraden som stér i nidra kontakt med ryggmérgsvitskan.

Studie III, en studie av 71 personer med MS och 21 kontrollpersoner samt hjdrnvdvnad fran 3
donatorer som avlidit med MS, utférd med 3 Tesla MR. Studien visade att en nyutvecklad
kliniskt godkédind MR-teknik for att mita myelinhalten i hjédrnan har god 6verensstimmelse med
métning av myelinhalten med mikroskopi. Tekniken ar robust, relativt snabb och ger
méitvirden som dr kopplade till badde nuvarande och framtida funktionsnedséttningar vid MS.

Studie IV, utgoér en mer fordjupad analys dir den nya MR-tekniken i Studie III, som har en
tydligare kénslighet for just myelin, anvéndes for att bekrifta fynden fran Studie II; ndmligen
att MS-skadorna &r mer utbredda i omrdden i1 hjarnan nira ryggmairgsvitskan. Dessutom
pavisade tekniken utbredd forlust av myelin i omraden av hjdrnan som sag frisk ut pa vanlig
MR och att myelinhalten var starkare kopplade till funktionsnedsittning &n vanliga 3D-
volymmatt.

Slutsatser: MS-skador till f6ljd av inflammationshérdar och vivnadsforlust bidrar i varierande
grad till funktionsnedsittning beroende pd det relativa engagemanget av den vita/graa
substansen i hjdrnan och ryggmirgen. MS-skadorna 4r mest utbredda i omraden néira
ryggmargsvitska. Nya avancerade MR-tekniker mojliggor forbattrad kartlaggning av MS-
skador och kommer sannolikt vara ett viktigt verktyg for utviardering av nya behandlingar som
syftar till att stimulera 1dkning av skadad vdvnad vid MS.
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1. INTRODUCTION

1.1 MULTIPLE SCLEROSIS
1.1.1 Overview and historical background

Multiple sclerosis (MS) is a chronic and progressive inflammatory, demyelinating, and
degenerative autoimmune disease of the brain and spinal cord (Filippi et al., 2018; Reich et al.,
2018; Rovira and Barkhof, 2018). MS is the leading cause of non-traumatic neurological
disability in young adults aged 30-40 years (Dutta and Trapp, 2011; Ahlgren ef al., 2014).
Approximately 2.5 million people worldwide suffer from MS, with the largest prevalence in
North America and Europe (Rovira and Barkhof, 2018). The etiology of MS remains uncertain;
however, studies indicate the importance of genetic, lifestyle and environmental risks,
highlighted in the observation of twice as many women diagnosed with MS as compared to
men (Figure 1, Olsson et al., 2017; Rovira and Barkhof, 2018). MS is the cause of a significant
loss of health-related quality of life for those diagnosed, particularly in those in the more
advanced disease stages (Rovira and Barkhof, 2018). Moreover, there is a substantial economic
burden due to MS, with an associated annual estimated cost in Sweden of €600 million (Berg
et al., 2006). Notably, there currently is no verified cure for MS, nor do any of the current
disease-modifying treatments fully arrest disease activity (Reich et al., 2018).

Clinically, MS is classified into
three subtypes: relapsing-remitting
(RRMS), secondary progressive
(SPMS) and primary progressive
(PPMS) (Lublin ef al., 2014), with
RRMS being the most prevalent at
diagnosis of approximately 85-
90% (Brownlee et al., 2017). Since
MS can affect any part of the
central nervous system (CNS),
there is a wide range of clinical
presentations with a variety of
affected neurological functions;
these include vision, sensation,
mobility, balance, sphincter, and
cognition (Kister et al., 2013).

Over time and with increasing

Figure 1. The climb.
A representation the daily challenges that those affected by MS

disease duration, more progressive

physical and cognitive dysfunction must overcome and the pursuit of the research community in

will typically become evident broadening our understanding of MS to better raise all those
(Rovira and Barkhof, 2018). affected by the disease.



The diagnosis of MS is based on the presence of clinical symptoms, MRI findings and analysis
of the cerebrospinal fluid according to the McDonald criteria, which have been revised based
on scientific findings, most recently as of 2017, as illustrated in Figure 2 and Table 1
(Thompson et al., 2018). The fundamental element of the MS diagnosis is demonstrating an
inflammatory attack in the CNS in at least two different locations (Dissemination In Space,
DIS) at two different periods of time (Dissemination In Time, DIT) (Table 1, Thompson et al.,
2018). While it was previously necessary for a patient to be affected by two clinical relapses to
be diagnosed with RRMS, MRI provides the means to substitute DIS and DIT without waiting
for another clinical inflammatory attack. This ability to provide an early and accurate diagnosis
with appropriate initiation of treatment has been shown to be essential for the patient since it
slows the progression of cognitive and physical disability (Giovannoni et al., 2015).

Up until the 1990s, there was no effective disease-modifying therapy for MS. Today, there are
several increasingly effective treatments, including modulators of inflammatory mediators,
immune cell migration inhibitors, cell depleting or induction therapies, immunomodulators
with intracellular mechanisms of action, tolerization therapies, regenerative and
neuroprotective strategies. However, due to the emphasis of therapies addressing the
inflammatory component of the disease, the treatment options for those in the progressive
phase of the disease remain minimal with limited success and require further attention moving
forward. More therapies are undergoing clinical trials, and of particular interest are those that
may enhance the remyelinating potential of axons.

1.1.2 Genetic, lifestyle and environmental risk factors

The risk of developing MS is a complex balance between genetic, lifestyle and environmental
interaction (Olsson et al., 2017). The convoluted relationship of these multifactorial
interactions is most well evidenced by the clinical heterogeneity observed across those who
develop MS (Piehl, 2021). The factors affecting disease severity and prognosis at diagnosis
remain undetermined, nevertheless, progress is ongoing by large-scale multi-center consortium
studies with diverse cohorts IMSGC, 2019).

Genetic factors: The genetic predisposition in developing MS is classically exemplified
through familial studies, where the heritability for MS was estimated to be 64% and the
likelihood of developing MS was approximately 7-times greater for those with a sibling with
MS, as compared to the general population of Sweden (Westerlind et al., 2014). The more
clearly defined linkage between genes and modifying risk factors for developing MS are the
relationships found within the major histocompatibility complex (MHC) molecule (the human
leukocyte antigen [HLA] in animals). Located on the surface of nucleated cells, the major
histocompatibility complex presents endogenous and exogenous antigens found within the cell
to passing screening T-lymphocytes (Esiri and Gay, 1990; IMSGC, 2019). The genetic variants
coding for products comprising the molecular machinery of the MHC have varying degrees of
affecting one’s likelihood for the development MS. For example, The HLA class I HLA-
A*02:01 is associated with protection against developing MS, whereas HLA class II HLA-



DRB1*15:01 increases one’s likelihood of developing the disease (Olsson et al., 2017). A
large-scale extensive effort to extract MS heritability via a genome-wide association study of
47,429 MS participants and 68,374 control participants found that genome-wide and suggestive
effects contribute to 48% of the MS heritability (IMSGC, 2019). Genome-wide mapping also
indicated microglia, several peripheral immune pathways and an X-linked locus (IMSGC,
2019).

Lifestyle factors: One of the more commonly associated lifestyle-risk contributors to the
development of MS, and many other diseases, is smoking (Olsson et al., 2017). This is believed
to be compounded by a genetic-lifestyle interaction with the HLA MS risk variants (Hedstrom
et al., 2011c). Adolescence has been implicated as a critical time for heightened risk in
developing MS, particularly concerning obesity and night shift work (Olsson et al., 2017). An
increased likelihood for women developing MS was associated with obesity early in life,
independent of one’s body mass index at the time of diagnosis (Munger et al., 2013). Shift
work, working throughout the evening and night, has also been associated with an increase in
developing MS, not only in adolescence (before age 20) but to a lesser degree later in life
(Hedstrom et al., 2011a, 2015). The observed greater proportion of women diagnosed with
MS, while classically defined chromosomally, has been increasing at a rate that remains
unexplained by changing population gender ratios alone (Koch-Henriksen and Serensen, 2010;
Westerlind et al., 2014). Therefore, the interactions between lifestyle and environmental factors
with chromosomal sex, including the X-linked loci indicated in the genome-wide mapping
study, should be further researched (Olsson et al., 2017; IMSGC, 2019).

Environmental factors: Environmental exposure to various viruses, organic solvents, and
living in a higher latitude has been associated with a higher risk of developing MS (Olsson et
al.,2017). Even passive exposure to smoking is related to an increased likelihood of developing
MS (Hedstrom et al., 2011b). This is potentially due to the increased role of immune-
surveillance within the respiratory system, and additionally emphasized by organic solvent
exposure that may potentially also act through lung irritation (Barragan-Martinez et al., 2012).
There is a long-standing observation of a latitude-dependent gradient of incidence and
prevalence of MS, whereby a positive association has been observed with ascending latitude
within Europe, that persists even when accounting for known genetic contributing factors
(HLA-DRBI1) (Simpson et al, 2011). These meta-analysis findings are suggestive of
ultraviolet radiation or active vitamin D levels playing an important role in the development of
MS. Interestingly, studies of half-siblings, adoptees, and step-siblings observed no micro-
environmental effect on the development of MS, suggesting that these environmental factors
act more so at the macroscopic and population-level than individually (O’Gorman et al., 2012).
Viral exposure has also been linked to the development of MS, this theory is known as virus-
induced autoimmunity in the brain (Mentis et al., 2017).



1.1.3 Etiology and pathophysiology

The pathophysiology of MS has been theorized from the first observations of the disease. The
predilection of early-onset lesion manifestation and expansion into the periventricular region
of the brain led to the proposal of a causative disease agent or agents infiltrating the CNS via
the CSF (Marburg, 1906; Dawson, 1916; Fog, 1965; Lumsden, 1970). An alternative
mechanism, emphasizing perivenous lesion formation, was proposed after immune cell
infiltrates in the parenchyma were identified to be of a subependymal perivenular origin
(Adams et al., 1987). More recent neuropathological findings, however, suggest that these two
outside-in mechanisms may not be mutually exclusive, but instead represent two concurrent
spatio-temporal immunological processes that work in concert with each other at differentially
evolving relative rates throughout the disease course (Figure 3, Calabrese et al., 2015;
Lassmann, 2019).

MS pathology is most notably distinguished by lesions, representing focal demyelination that
develop around a post-capillary central vein (NAIMS et al., 2016). This process is related to
blood-brain barrier disruption, whereby the upregulated integrins on the surface of
lymphocytes recognize the adhesion molecules on the blood vessels’ endothelial surface and
interact to facilitate extravasation into the parenchyma (Rovira and Barkhof, 2018; Piehl,
2021). An additional site of lymphocytic penetration into the brain is the choroid plexus’
fenestrated epithelium mediated blood-CSF barrier (Vercellino et al., 2008). Much of our
pathomechanistic understanding of MS is based on artificial biological models mimicking MS,
most notably experimental autoimmune encephalitis (EAE), where an MS-like inflammatory
response is induced by triggering immune-mediated demyelination in species, such as mice,
rats, or even marmosets, to observe and catalog the pathological immune cascade (Lassmann
and Bradl, 2017; Reich et al., 2018). This type of analysis has most evidently implicated the
role of T-cells in driving the inflammatory demyelination, specifically helper CD4" and
cytotoxic CD8" T-cells (Reich et al., 2018). However, it should be noted that comparable
proportions of myelin reactive T-cells have also been observed in those without MS, suggesting
dysfunction beyond myelin targeting or additional factors yet to be understood (Reich et al.,
2018). Importantly, B-cells have been observed to play a significant role in the pathophysiology
of MS, but also in other autoimmune diseases such as systemic lupus erythematosus,
rheumatoid arthritis and type-1 diabetes mellitus. However, MS stands out from these diseases,
in that the dysregulation of autoreactive B-cells occurs only in the peripheral lymphoid organs
instead of centrally in the bone marrow, possibly a consequence of regulatory T-cell
dysfunction (Li and Bar-Or, 2019). The most substantial indicator of the importance of B-cells
is the success of B-cell depleting therapies (Piehl, 2021), particularly the amount of therapies
targeting memory B-cells (Ineichen et al., 2020). Myeloid lineage cells, macrophages and
microglia have been linked to the oxidative damage of both myelin and axons (Mahad et al.,
2015). The chronic oxidative stress environment in MS is highly destructive to the delicate
balance of mitochondrial functioning, including, energy production, increased production of
reactive oxygen species, and dysregulated calcium ion buffering, which all have been observed
in demyelinated axons (Mahad et al., 2015).
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The plausible viral pathophysiology of MS, also referenced as viral-induced autoimmunity, has
been indicated by linking exposure to numerous viruses. Some of the most notable of these
viral candidates include species from the Herpesviridae family, where especially the Epstein-
Barr virus (human herpesvirus-4, EBV) has been suggested to play a central role in triggering
the disease (Ascherio et al., 2001). However, also other herpes viruses, such as human
herpesvirus-6 (HHV-6) (Challoner et al., 1995), cytomegalovirus (human herpesvirus-5) and
varicella-zoster virus (human herpesvirus-3, VZV), as well as non-herpes viruses e.g., human
endogenous retroviruses (HERV), measles and influenza have been implicated (Mentis et al.,
2017). However, the specific mechanism by which a virus may potentially cause MS is less
clear and requires further study. The more commonly known mechanism of viral-mediated
autoimmunity is molecular mimicry, whereby the immune cells mistakenly identify self-cells’
myelin proteins as those of endogenous viral proteins (Mentis et al., 2017). While our
understanding of viruses and the role they play in autoimmunity has substantially developed,
the specific role viruses play in the pathophysiology of MS remains imprecise (Mentis et al.,
2017). Additionally, the recent findings of inflammatory neurologic manifestations of the
current coronavirus disease 2019, COVID-19, pandemic necessitates the demand for further
understanding of viral-induced autoimmunity (Klironomos et al, 2020), particularly
considering coronaviruses have been linked with autoimmune diseases (Almqvist et al., 2020).

1.1.4 Diagnosis

The diagnosis of MS is difficult due to the variable clinical presentation. Thus, there have been
numerous concerted efforts to identify the signs and characteristics unique to MS. One of the
earlier more established efforts to coordinate MS diagnosis was by Schumacher from 1965-
1983 (Schumacher et al., 1965), followed by Poser that was applied from 1983-2001 (Poser et
al., 1983) and finally McDonald from 2001-present (McDonald et al., 2001) with revisions in
2005 (Polman et al., 2005), 2010 (Polman et al., 2011), and 2017 (Thompson et al., 2018).
Through increased understanding of the disease, these various diagnostic criteria been refined
and resulted in decreasing the average time to diagnosis, as demonstrated here, in Figure 2.
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Figure 2. The decreasing time to MS diagnosis in Sweden. Indicated by the three latest major MS
diagnostic criteria (Schumacher, Poser, McDonald). Image courtesy of Leszek Stawiarz at the Swedish
NEURO Registries and presented as the best Epidemiological Work at ECTRIMS 2019, Stockholm.



However, the diagnosis of MS for the past two decades has been centered around the McDonald
criteria and emphasized the role of MRI in the diagnosis of MS (McDonald ef al., 2001). The
focus of the MS diagnosis is to demonstrate the dissemination of lesions in both time and space

(DIT and DIS, respectively). The dissemination references that MS is a dynamic disorder that

evolves not only over time but throughout the regions brain and spinal cord. The integration of

MRI into the diagnostic criteria as a paraclinical tool alongside clinical observations has greatly

increased the sensitivity and specificity of MS diagnosis and facilitated the differential

diagnosis of mimicking disorders (Bakshi et al., 2008; Thompson et al., 2018). The diagnostic
criteria for MS and the basis of DIT and DIS, as of the latest revision from 2017, are depicted
here in Table 1 (Thompson et al., 2018).

Clinical

presentation

2+ relapses,
2 different

regions

Diagnosis and supportive paraclinical evidence

MS diagnosis
DIT and DIS demonstrated clinically. No additional paraclinical

evidence is necessary but MRI should be performed as a baseline
scan and to rule out potential mimics.

2+ relapses,

DIS needed for MS diagnosis
Another clinical relapse implicating a different CNS region or

I region MRI DIS*.
1 relapse, Clinically Isolated Syndrome, DIT needed for MS diagnosis
2 regions Second clinical relapse or MRI DIT** or CSF oligoclonal bands
o Radiologically Isolated Syndrome
Only incidental DIS and DIT can be radiologically determined but a clinical relapse is
MRI findings

still necessary for MS diagnosis

Table 1. Simplified diagnostic criteria to highlight the role of paraclinical evidence to
demonstrate Dissemination in Space (DIS) and Time (DIT), adapted from the 2017 McDonald
criteria revisions (Thompson et al., 2018).

*Lesions in 2+ regions (periventricular, cortical/juxtacortical, infratentorial, spinal).

** Simultaneous contrast-enhancing and non-enhancing lesion(s) or new/enlarged lesion(s) on

follow-up.



1.1.5 Clinical manifestations and subtype

MS clinical course: There are three traditionally recognized clinical phenotypes in MS,
referred to as RRMS, SPMS, and PPMS (Thompson et al., 2018). The RRMS stage represents
the most common presentation of MS at diagnosis and is characterized by restricted episodes
of worsening termed relapses. These may also be referred to as ‘attacks’, ‘flare-ups’ or
‘exacerbations’ (‘skov’ in Swedish) and are defined by sudden onset of new or worsening of
existing neurologic deficits lasting >24 hours. In most cases symptoms of a relapse evolve over
hours and days, followed by a variable degree of restoration of functioning. After some years
or several decades, the RRMS stage is followed by a phase of relentless progression of
symptoms, termed SPMS (Figure 3). The conversion of RRMS to SPMS is typically gradual
and difficult to pinpoint exactly in time, emphasized here in Figure 3 that illustrates such a
disease course. In a minority, roughly 10-15%, MS presents as a progressive disease from
onset, PPMS, which typically begins later in life compared RRMS and at a comparable age to
that of the RRMS to SPMS conversion phase (Reich et al., 2018; Rovira and Barkhof, 2018).
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Figure 3. Hlustration of a potential MS disease;r I(T)?lrse and underlying contributing pathology.
As the disease progresses, potentially beginning with the stages of radiologically and clinically isolated
syndromes preceding clinically definite MS, further developing into the RRMS phase with overt relapses
and inflammatory activity, the neurodegenerative aspect becomes more evident in the SPMS.

Note, patients may enter the disease course in the progressive phase (PPMS).

More recently two disease stages preceding a formal diagnosis of MS have been described;
clinically isolated syndrome (CIS) and radiologically isolated syndrome (RIS) (Lublin et al.,
2014). CIS is defined by a single bout or relapse, but without enough clinical or paraclinical
evidence that is in support of the two cornerstones of MS diagnosis (see further below)
(Thompson et al., 2018). RIS refers to incidental MRI findings fulfilling radiological criteria
for MS, however, in the absence of any corresponding clinical manifestation. This is, typically,
a consequence of MRI being acquired for another indication or atypical/unspecific symptoms,
most commonly headache (Granberg et al., 2013).



The RRMS and SPMS stages of the disease are often considered to be distinct temporal phases
with their own related characteristic pathologies and a slow transition of separation. However,
there is increasing evidence that these processes are not as temporally distinct as previously
thought, but rather that the disease mechanisms share considerable overlap and evolve at
different relative rates (Lassmann, 2019). The RRMS subtype is most commonly associated
with neuroinflammatory events in the CNS, particularly blood-brain permeability resulting in
contrast enhancing lesions and active lesion development. Whereas SPMS has a prominent
neurodegenerative component, including neuroaxonal degeneration resulting in atrophy of the
brain and spinal cord regions. It has long been held that disability in the RRMS phase is driven
mainly by the accumulation of lesions that, depending on location, will produce variable
degrees of neurological dysfunction, leading to a stepwise worsening of clinical disability
(Compston and Coles, 2008). In contrast, during the progressive stages of MS, worsening
disability becomes more continuous as a result of chronic inflammation and neurodegeneration.
However, there have been recent observations calling for a revision of this long-held
perspective. One such example is a significant proportion of clinical disability worsening
during the relapsing stage of MS left unexplained by relapses. Observed in a recent study of
data from the phase III OPERA trials, approximately 80-90% of confirmed disability
worsening occurred in the absence of recorded relapses (Kappos et al., 2020). Additionally,
neuroaxonal degeneration has been identified even in the earliest disease stages (Granberg et
al., 2017), including that of CIS (Deppe et al., 2016). Together, these observations suggest that
there is an evolution of MS pathology throughout the disease course that is vital to understand
the possibility of therapeutically intervening with existing drugs, as well as to indicate future
druggable targets.

1.1.6 Clinical disability measures

The earliest measures of tracking MS disease activity/progression and inferring the pathology
within the CNS was by the attentive monitoring of disability, particularly considering the
domains that are most prominently affected at the clinical presentation of MS. Sensory
disturbances account for some of the more stereotypical features of RRMS. These episodic
symptoms include temporary one-sided vision loss due to unilateral optic neuritis, double-
vision, numbness/tingling in extremities, limb weakness or clumsiness, and bowel/bladder
dysfunction (Rovira and Barkhof, 2018). Additionally, there are often cognitive symptoms that
manifest in the form of fatigue, depression, anxiety, cognitive impairment and sensory loss.
Thus, there are numerous clinical scores to capture such a variable disability profile. Here, only
the tests directly related to this thesis will be described. Physical disability is one of the more
classically identifiable aspects of MS. Particularly due to the more direct nature of the
manifestations, such as gait dysfunction or limb weakness. Whereas cognitive dysfunction is
more ambiguous and indirectly quantifiable. Therefore, the following metrics have been
proposed and are typically applied in-clinical to track disability and disease progression.



The Expanded Disability Status Scale (EDSS) score ranges from 0, no indication of MS-related
disability, to 10, representing an MS-related death. The EDSS is a composite of numerous sub-
scores that is primarily weighted towards physical disability, despite having a cognitive sub-
score. The EDSS score is determined by a neurologist and is the result of both physical
examination and questions to the patient. However, a limitation with the EDSS is that
ambulation will have a disproportionate impact compared to other functions, such as cognitive
dysfunction. The timed 25-foot walking test measures ambulatory disability by walking 25 feet
as swiftly as possible. The 9-hole peg test is a measure of fine motor ability, where the
participant must place and then remove nine pegs from a bord. The MS Impact Scale (MSIS)
is a self-report questionnaire based on the day-to-day activities of the individual over the two
weeks prior (Hobart et al, 2001). The MSIS provides two sub-scores, representing both
physical and cognitive disabilities. The Symbol Digit Modalities Test (SDMT) details the
functioning of information processing speed, which is a cognitive domain typically affected in
MS. The SDMT is the most routinely acquired cognitive score for MS (Forn ef al., 2009). The
SDMT is a substitution (deciphering) test where the participant has 90 seconds to translate
symbols to the unique corresponding number as found in a reference key, thus, lower scores
are more favorable and higher scores are more indicative of disability. The Rey—Osterrieth
Complex Figure Test copy (ROCFT) reflects a variety of cognitive processes, including
visuospatial capabilities, working memory, attention and executive functioning (Shin et al.,
2006). The test entails the recreation of a complex line drawing from memory. The F-A-S test
is indicative of verbal fluency (Lezak et al., 2012). The participant has 60 seconds to name as
many words as possible beginning with the letter F, then the letter A and finally the letter S
with intermittent breaks in-between. Importantly, this test is language-specific and
considerations for native speaking must be considered. The Rey Auditory Verbal Learning Test
(RAVLT) is a neuropsychological assessment focused on verbal memory with encoding and
delayed recall. The test consists of a list of 15 words that are read to the participant who is then
asked to recall as many words as possible five times over. This is followed by a second
interference list that is similarly read to the reader and asked to recall; however, this list is only
meant to overwrite the first list. Finally, the participant is asked to recall as many words from
the first list as they can, this is the encoding portion. Lastly, in the retention portion, after about
20 minutes, the testee is again asked to recall as many words from the first list as they can.

1.1.7 Disease-modulatory therapies

Drugs that aim to benefit the long-term outcomes of clinical disability, annual relapse rate and
MRI activity in MS are referred to as disease-modulatory therapies (DMTs) (Piehl, 2021). The
importance of early treatment (in alignment with the ‘time is brain’-concept) is highlighted by
the long-term outcome studies of the first DMTs. Early initiation of treatment with interferons
has been found to be associated with a 47% reduction in all-cause mortality after 21 years,
despite that, this treatment is considered moderately effective at best, by today’s standards
(Goodin et al., 2012). The addition of more efficacious treatment options (Briick ef al., 2013),



better treatment monitoring (Brownlee et al., 2017) and earlier diagnosis for more swift
therapeutic intervention can altogether be expected to improve the long-term prognosis of MS.

MS DMTs act on different aspects of, for the most part, the adaptive immune response. In
contrast to several other autoimmune conditions, cytokine and interleukin inhibitors have not
proven to be effective, but rather, as with blockers of tumor necrosis factor, to exert a negative
effect on disease activity. Instead, interferon-beta became the first approved DMT in the 1990s,
later joined by glatiramer acetate, a random mix of oligopeptides made of basic amino acids
being common in myelin (Piehl, 2021). A subsequent breakthrough was made when
natalizumab, which inhibits the flux of lymphocytes across the blood-brain barrier, was
approved in the mid-2000s. This was later followed by fingolimod, which inhibits the
recruitment of lymphocytes from lymph nodes and was approved around 2010. In the last
decade more than a handful of new DMTs have been approved, including the oral compounds
teriflunomide, dimethyl fumarate and cladribine, and the infusion drugs alemtuzumab,
ocrelizumab and ofatumumab. The increased availability of multiple DMTs has led to an
intense discussion about optimizing therapy to improve long term outcomes. The perspective
of the escalation strategy suggests that a moderately effective DMT should be applied first and
then changed to a highly effective DMT if the initial choice is not desirably effective. An
alternative perspective that has gained significant momentum recently, is to first apply more
highly effective DMTs from the beginning in order to limit potential CNS damage in the long
run. However, the current format of most clinical trials is too short in duration to substantially
inform on the long-term patient outcomes, thereby creating a need for real-world comparative
benefit-risk studies across numerous DMTs. It is important to note that these studies will not
hold the same weight as does clinical evidence, which likely contributes to the differences
found in DMT choices around the world. The more recent evolution of ongoing DMTs
prescribed in Sweden is exemplified here in Figure 4.
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Figure 4. Distribution of Treatments over the last two decades in Sweden. Image courtesy of Leszek
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A further complication is that there are a variety of different mechanisms of action for the
various DMTs applied in MS. Interferon-beta and glatiramer acetate, both given by self-
administered injections, have been considered a mainstay in MS treatment since their
introduction. However, their modest efficacy and low tolerability have necessitated a search
for more ideal therapeutic options. Both T- and B-cells have been strongly implicated in the
pathogenic mechanism of MS and they are, therefore, logical intervention targets.
Alemtuzumab is an anti-CD52 monoclonal antibody that targets both memory T- and B-cells
(Katsavos and Coles, 2018; Piehl, 2021), translating into high effectiveness, but safety concerns
such as secondary autoimmunity and cerebrovascular disease limit its use (Piehl, 2021).
Similarly, the use of natalizumab, a highly effective VLA-4 blocker impeding the
transmigration of lymphocytes into the brain, is limited by its risk of progressive multifocal
leukoencephalopathy (PML), a severe opportunistic brain infection. More recently, targeting
of B-cells with antiCD20 monoclonals such as ocrelizumab and ofatumumab has emerged as
a treatment option combining high effectiveness with a tolerable safety profile (Ineichen ef al.,
2020). For example, ocrelizumab exerts a striking effect on the appearance rate of new focal
MRI lesions, which were reduced by 97-98% compared to interferon-1a in the second year of
the study (Hauser et al., 2017). Unique to Sweden, rituximab, an older antiCD20 approved for
rheumatoid arthritis and lymphoma, has become the most common DMT prescribed to MS
patients as shown in Figure 4.

The most characteristic feature of MS is demyelination, so naturally, there is a strong aim for
the development of therapeutically facilitated myelin repair, termed remyelination, to support
the recovery of those diagnosed with MS. The balance of remyelination and demyelination is
a battle fought in each lesion. Remyelination is a process primarily mediated by the initial
recruitment and subsequent differentiation of oligodendrocyte progenitor cells (Prineas ef al.,
1993; Lassmann, 2018). Some oral small molecule compounds have been derived with some
remyelination potential observed. For example, clemastine was observed to have the potential
to stimulate oligodendrocyte mediated remyelination in silica on high throughput screening of
compounds on artificial 3D axon-mimicking conical micro-pillar arrays (Mei ef al., 2014). A
clinical effect of clemastine in improving nerve conduction in MS-associated chronic optic
neuropathy was later shown (Green et al., 2017), with additional compounds in clinical trials.
These novel agents provide an opportunity to further improve the management of MS through
the combination of existing DMTs aiming to halt demyelination with novel therapies that
improve remyelination potential (Piehl, 2021). However, this also creates a demand to improve
methods of gauging remyelination in living patients undergoing treatment by imaging or CSF-
/blood-soluble biomarkers.

1.1.8 COVID-19 concerns in MS

The current COVID-19 pandemic has caused a bevy of global concerns and the field of MS
has not been left exempt. Specifically, the virulence of SARS-CoV-2 has emphasized concerns
for those with MS undergoing DMT to modulate immune-mediated processes that would leave
them vulnerable to more severe development of COVID-19. A recent publication based on the
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French MS registry data reported an increased risk of a more severe COVID-19 disease course
among those with advanced age, disability level and comorbidity, with a more limited
interacting effect of DMT (Louapre et al, 2020). Among different DMTs, antiCD20s
compared to other DMTs have been associated with increased risk of a severe disease course,
but not mortality (Sormani ef al., 2020). Additionally, the role of genetic variance, population
risk and environmental factors both for MS and COVID-19 seems to be moving the target for
risk of developing COVID-19 in MS.

An additional concern, unspecific to MS, is the demonstrated neurotropism of SARS-CoV-2
and the neurologic manifestations of COVID-19 that have been well-demonstrated, specifically
by MRI (Almgqvist et al., 2020; Klironomos et al., 2020). The potential for future pathological
development due to SARS-CoV-2 exposure and COVID-19 development that has been
proposed between other human coronaviruses and MS by tissue extraction (Burks et al., 1980),
gene expression (Stewart et al., 1992), RNA isolated in the CSF (Cristallo ef al., 1997) and
antibodies isolated from sera of people with MS (Hovanec and Flanagan, 1983). Therefore, it
is important that there be long-term follow-up of those developing severe COVID-19, not only
for patient monitoring but also to learn more about the role of virus exposure and potential

development of autoimmune disease development by the aforementioned mechanisms.
1.2 MAGNETIC RESONANCE IMAGING IN MULTIPLE SCLEROSIS
1.2.1 Background and physical principles of MRI

The principles of MRI are complex and span across the fields of quantum physics, nuclear
chemistry, electromagnetism, mathematics, cryogenics, engineering and medicine (McRobbie
et al., 2006). These complexities are beyond the scope of this summary, thus only a simplified
description is presented. Instead of relying on ionizing radiation as is done for X-ray, computed
tomography or positron emission tomography (PET), MRI relies on the manipulation of atomic
nuclei by magnetic fields. The strong primary static magnetic field is produced by a
superconducting magnet, typically with a field strength of 1.5 or 3 Tesla (T), with 7 T recently
becoming clinically approved. Clinical MRI is focused on hydrogen atoms, which are abundant
in the human body and a nucleus that only consists of one positive component (a proton)
surrounded by a single negative component (an electron), which, in a simplified view, can be
imagined to function as does a bar magnet. When protons are introduced to a strong magnetic
field, they will align with (parallel) or opposed to (antiparallel) the magnetic field, resulting in
a small net excess in the parallel direction. A stronger magnetic field will produce more protons
in parallel alignment that can then be manipulated for the purposes of imaging (McRobbie et
al., 2006). Thus, a stronger magnetic field results in higher measurable signal. Importantly, the
protons also spin at a rate that is directly proportional to the magnetic field strength (42.58
MHZz/T), known as the Larmor frequency.

The imaging is performed by applying spatial and temporal variations to the magnetic field
using gradient coils and stimulating the protons using radiofrequency pulses that resonate with
the Larmor frequency. These variations and stimuli are referred to as pulse sequences and it is
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by highly specific timing and duration that these pulses manipulate the hydrogen protons. It is
also these pulse sequence variations that produce the characteristic loud banging, knocking and
high-pitched beeping noises that are associated with the MRI scanning. The gradient coils are
hardware on the inside of the MRI scanner tunnel (bore) that generate magnetic fields
(gradients) that in turn affects the protons’ spin to slightly change in frequency or phase,
making spatial encoding possible. Each gradient directionality has its own respective coil for
slice selective localization within the sagittal (x), coronal (y) and axial (z) planes. Further, the
transmit radiofrequency coils, also within the MRI scanner, emit energy in the form of
radiofrequency waves that resonate with the hydrogen protons causing them to spin in phase
and raising them to the higher energy state. After the transmit pulse is turned off, the protons
will start to spin increasingly out of phase (the timing of which is referred to as T2/T2*
relaxation) and they will return to their original low-energy state of being aligned with the main
magnetic field (the timing of which is referred to as T; relaxation). The echoes of these
processes are captured by receive coils, which are loops of copper wiring where the spinning
protons, when in phase, induce measurable currents. The receiving coil for the head typically
looks similar to a helmet and needs to fit snugly to capture the weak signal emitted from the
spinning protons. The key attribute that allows for the differentiation of atoms and the
generation of the final image by the receive radiofrequency coils is the unique local micro-
environment surrounding the individual hydrogen protons, which will affect the manner and
time in which these protons return or relax back from their high energy state to their equilibrium
state.

1.2.2 Paraclinical role of MRl in MS diagnosis

Magnetic Resonance Imaging (MRI) is the most valuable paraclinical tool in MS, since it
facilitates diagnosis, monitors disease status and response to treatment (MAGNIMS, 2015,
MAGNIMS et al., 2015b; Filippi et al., 2016). The most apparent MRI finding in MS is lesions,
that, depending on the type of MRI sequence used, will appear brighter or darker relative to the
surrounding normal-appearing tissue. Diagnostically, typical MS lesions will occur in
periventricular, cortical/juxtacortical and infratentorial brain regions and the spinal cord
(Bakshi et al., 2008; Thompson et al., 2018). Examples of characteristic MS lesions are shown
on the following page in Figure 5. The optic nerves are another predilection site, but it has yet
to become part of the radiological diagnostic criteria. MRI is becoming increasingly sensitive
to MS pathology and as we learn more of the biomarkers we currently have and identify new
markers of disease, the role of MRI expands. Additionally, MS specificity has been heightened
by the clinical implementation of ultra-high field 7 T MRI in observing more lesions,
specifically cortical lesions (Mainero ef al., 2009), the central vein sign (NAIMS et al., 2016),
a paramagnetic rim on T>*-weighted or susceptibility-weighted images (Absinta et al., 2013;
Kilsdonk et al., 2014; Thompson et al., 2018).

There have been organized efforts to coordinate MRI acquisitions in MS by expert panels. The
Magnetic Resonance Imaging in MS (MAGNIMS), Consortium of Multiple Sclerosis Centers
and the Swedish MS Society, have recommended standardized MRI protocols for MS (Simon
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et al.,2006, MAGNIMS et al., 2015b; Vagberg et al., 2017). One of the most often referenced
conventional MRI volumetrics that correlates with clinical disability is the lesion
volume/fraction, typically acquired from Tz-weighted Fluid-Attenuated Inversion Recovery
(T>-FLAIR) and contrast-enhancing lesions on Ti-weighted imaging. Longitudinal studies
have identified T> lesion volume as a key and important component in the progression of MS
(Fisniku et al., 2008; Dwyer et al., 2018; Ouellette et al., 2018). Neurodegeneration is acquired
often in a research setting and increasingly in a clinical setting and is assessed using volumetric
analysis of T1-weighted images to segment the various brain structures that have been found to
correlate with disease disability and progression, including the thalamus (Cifelli et al., 2002),
cortex (Sailer et al., 2003, Ouellette et al., 2020b), corpus callosum (Granberg et al., 2015)
hippocampus and spinal cord (Ouellette et al., 2020b). Despite the advances in MRI, the
associated findings have not fully accounted for the variability seen in MS patients’ clinical
disability, termed as the ‘clinico-radiological paradox’ (Barkhof, 2002). It is therefore
important to continue to probe the underlying subtle changes that characterize MS pathology.

Periventricular  Juxtacortical/
(Dawson’s fingers) cortical

Spinal cord

Figure 5. Characteristic MS lesions. MRI examples of characteristic lesions at 3 T that

contribute to fulfilling the MS diagnostic criteria in key areas of interest.

1.2.3 Conventional MRI techniques in MS

Ti-weighted imaging: Ti-weighted images are produced by the local environmental
differences around protons that affect the longitudinal relaxation rate at which protons in the
high energy state return to the low energy state of net magnetization equilibrium. Most of the
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signal or brightness in Ti-weighted imaging, particularly in the brain, is representative of fat
that has a very fast longitudinal relaxation time. Whereas fluids, such as CSF, have longer
longitudinal relaxation times, less signal and appear darker. The more typical parameters for
Ti-weighted sequences entail short echo and medium repetition times. Modern Ti-weighted
images commonly convey reasonably accurate 3D structural information, which can be applied
to monitor volumetrics of tissues and/or anatomical structures by manual delineation or
automatic/semi-automatic segmentation tools. When imaging the brain, much of the Ti-
weighted signal and contrast is derived from hydrogen protons interacting with the fatty acids
comprising myelin, the lipid-rich insulation wrapping the length of the nerve fibers (axons). In
MS, the focal loss of signal on Ti-weighted images relative to the surrounding normal-
appearing tissue is interpreted as a loss/damage of myelin and possibly axonal loss. These Ti-
weighted hypointense lesions were formerly often referred to as ‘black holes’ on spin-echo Ti-
weighted images and were the first biomarker applied to monitor MS pathology in vivo (Rocca
et al., 2017). This terminology has in recent days become somewhat obsolete since gradient-
echo based Ti-weighted images are often applied in MS today, where most (or at high field
strengths all) lesions are hypointense to a varying degree, making it hard to define an arbitrary
cut off for what would be considered a ‘black hole’. It has been shown that the traditional black
holes are to a larger extent characterized by more severe demyelination, axonal degeneration
and permanent disability than those lesions not visible on spin-echo T1-weighted imaging. Our
current understanding of Ti-weighted hypointense lesions has evolved and is summarized by a
systematic review of 59 key studies, to be related to longitudinal physical disability by EDSS
(Rocca et al., 2017). The primary limitation of Ti-weighted hypointense lesions as a
quantifiable biomarker is that they are not fully indicative of MS pathology, as they do not
reflect the full extent of lesions present, but rather those that are the most pathologically
advanced. However, when combined with more contemporary lesion identification sequence
methods there is a stronger relation to EDSS physical disability (Akaishi et al., 2020).

T2-weighted imaging: T>-weighted images are similarly produced by the local environmental
differences around the individual atoms that affect the transverse relaxation rate at which the
precession of in-phase protons becomes de-phased over time. T>-weighted sequences typically
have longer echo and repetition times. T> relaxation times are always shorter than that of the
corresponding T relaxation times. The longer the T relaxation time, the brighter the signal
intensity on T>-weighted imaging, this is primarily found in fluids, such as CSF. This sensitivity
to water is one of the main advantages in MS. Where lesions are localized pockets of focal
inflammation and edema, the swelling is revealed as a hyperintense signal relative to the
surrounding tissue. However, this sensitivity to water content can be problematic. This is
emphasized in the periventricular region, where an increased number of MS-specific lesions
occur, and the intense signal from the ventricular system drowns out the contrast within the

surrounding tissues.

T,*-weighted imaging: Importantly, note that the MRI hardware makes the magnetic field as
homogeneous, or as stable and constant, as possible. However, once a person is placed in the
middle of the MRI the magnetic field is drastically perturbed and becomes ‘imperfect’ based
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on the inherent magnetic susceptibility differences of tissues in the body. It is these field
imperfections that are the premise of T>*-weighted imaging. The T>* ‘apparent’ relaxation
time is the combination of the T> spin-spin relaxation further quickened by the local magnetic
field inhomogeneities produced within tissues. Various tissues throughout our body have
varying magnetic properties and these differences between tissues are significant enough to
create local magnetic field gradients between the tissue that can be imaged (McRobbie et al.,
2006). This type of imaging is often applied at 7 Tesla because the T>* effects increase
exponentially with the field strength, thus improving the contrast-to-noise ratio in the T>*-
weighted images that also provides means of ultra-high resolution.

Proton density (PD) weighted imaging: Proton density (PD), rather intuitively, is reflective
of the proton concentration within a given tissue, which produces a proportionate amount of
signal (brightness) to that of the respective proton concentration. PD-weighted imaging is
essentially the maximum signal without traditional Ti- or T2-weighted, with a long repetition
time for complete T, relaxation and a short echo time to avoid a loss of contrast by T2/T>*
effects (McRobbie et al., 2006).

Inversion recovery (IR) imaging: IR sequences are a common type of clinically applied MRI
sequence, primarily due to their improved lesion-to-normal tissue contrast. They fundamentally
entail one inversion pulse that selectively suppresses the signal of a specific tissue type, which
allows better interpretation of the remaining signal. Fluid-attenuated IR (FLAIR), as the
name indicates, selectively suppresses the signal associated with fluids. In the brain, the signal
that is most predominantly suppressed is that of the CSF. This sequence has particular
importance in the clinical imaging of MS since lesions often occur close to the ventricles.
Moreover, neurodegeneration over time produces ventricular expansion and widening of the
sulci, both of which contain CSF. A notable aspect of T>-FLAIR imaging is that only the typical
CSF signal is suppressed, whereas edema produced by localized inflammation, remains bright
as with traditional T>-weighted imaging. It should be noted that artifacts can more easily
manifest on FLAIR imaging due to flow, i.e., trying to suppress the signal of a moving target.
Therefore, 3D imaging has been key in overcoming the production and interference of artifacts
on Tr-weighted FLAIR, nevertheless, lesions sometimes need to be verified on some of the
aforementioned imaging techniques, namely PD-, T- or T>-weighted images (Naganawa et al.,
2004). Examples of T>-FLAIR images alongside the corresponding lesion mask volumes are
shown on the following page to the right in Figure 6. Short Tau IR (STIR) is often referred
to as short Tt IR because it is a T based imaging technique that suppresses the signal from fatty
tissues. STIR imaging is typically applied in MS diagnostics to capture optic neuritis. Double
IR has two inversion pulses that, as a combination of FLAIR and STIR, suppress the signal
from both CSF and fat, which is particularly useful in isolating cortical lesions. Phase-
Sensitive IR is another Ti-based sequence that has demonstrated sensitivity to identifying
cortical lesions.
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1.2.4 Conventional MRI biomarkers in MS

The radiological report is conducted by (neuro)radiologist(s) based on the images provided in

the current and any previous MRI exams. The intent of the report is to concisely convey the

information contained therein with a clinical focus supporting patient management and

describing the presence of MRI disease activity and progression (Rovira and Barkhof, 2018).

Some of the specific relevant findings in a radiological report could include the: total Tz lesion

number, number of new/enlarging lesions, qualitative (categorical) description of T»- and Ti-

weighted lesion load (mild, moderate and severe), and qualitative (categorical) description of

brain atrophy (normal, mild, moderate and severe) (Rovira and Barkhof, 2018). Within the

context of this work, ‘conventional’
references the biomarkers of MS-related
pathology that have been traditionally
applied within a research context. This is
because the methodology applied in-clinic,
counting total or new lesions, either
continuously or on an ordinal scale, is a
method that, alone, would not be an
acceptable approach at a research peer-

reviewed level.

Lesions: The conventional approach used to
describe lesions in MS research began by
counting lesions, comparable to what is
currently done in the clinical setting.
Enumerating total lesions and new lesions,
at follow-up, either continuously or
categorically by mild, moderate and severe.
It is important to note that as the disease
progresses, lesions can slowly expand,
simultaneously the brain atrophies under the
environment of chronic inflammation. The
effect of these two processes is that lesions
may become confluent, thereby distorting
the value of the lesion count. Furthermore, a
small lesion in an eloquent location may
have a stronger clinical manifestation than
that of a large lesion in a non-critical
topography. A more current research
method of presenting the lesion pathology in
MS is by segmenting lesions volumetrically,
but the lesion volume should then be
normalized by the size of the intracranial

Synthetic T,-FLAIR Lesion mask volume

Figure 6. T>-FLAIR lesion segmentation. Synthetic
T>-FLAIR images alongside the corresponding
semi-automatic lesion masks in a; A. 40-year-old
female with RRMS, 14-year disease duration, EDSS
1.0, SDMT z-score -1.0 B. 33-year-old female with
RRMS, 1.3-year disease duration. EDSS 2.0, SDMT
z-score -3.0. C. 50-year-old female with SPMS, 17-
year disease duration, EDSS 3.5, SDMT z-score -2.5
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volume to produce the lesion fraction. However, each individual lesion is highly unique, with
a variable profile of concurrent de- vs. remyelination, which makes it very difficult to
succinctly convey the overall picture of lesion pathology with one number. Examples of lesions
alongside the corresponding T>-FLAIR volume from which they were based are presented in
Figure 6.

Atrophy: In clinical practice, atrophy is often qualitatively and categorically described as
normal, mild, moderate, or severe. However, the coarseness of these metrics and subjective
interpretation removes much of the sensitivity for monitoring patients. Therefore, more current
methodologies include automatic segmentation pipelines based on standardized anatomical
atlases. These techniques segment and subsegment most all of the distinct anatomical regions
of the CNS, such as those highlighted here in Figure 7.

Coronal Sagittal Axial

Figure 7. Neuroanatomical volumes.

Volumetric rendering of neuroanatomic regions of interest that have been found to be affected by MS
pathology and contribute to MS-related neurologic disability: the corpus callosum (cyan), the thalamus
(plum), and the hippocampus (navy) in the left hemisphere of a 55-year-old female patient with SPMS.

1.2.5 Non-conventional MRI and advanced imaging biomarkers

MRI has been a revolutionary tool in the medical field, allowing clinicians to detect and
monitor pathologies in vivo (Laule and Moore, 2018). Conventional MRI weightings are
arbitrarily scaled, which means that they cannot easily be compared between patients between
scanners over time or between sites and remain unspecific to MS pathology (MAGNIMS et
al., 2015a; Laule and Moore, 2018; Filippi et al., 2019). The slow implementation of more
advanced and quantitative MRI in clinics is primarily attributed to their inherent technical
complexity and difficulty in processing, analysis and interpretation of the images (MAGNIMS
et al., 2015a). Rather, non-conventional imaging techniques are most often applied in a
research basis and, less often, in treatment trials (MAGNIMS et al., 2015a; Filippi et al., 2019).
With next-generation treatments aiming to promote repair, protection or stimulate
remyelination (Briick et al., 2013, MAGNIMS et al., 2015a; Green et al., 2017), MS-specific

microstructural imaging techniques that monitor lesion activity, myelin dynamics and axonal
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density will prove valuable to determine treatment efficacy (MAGNIMS et al., 2015a; Laule
and Moore, 2018; Filippi et al., 2019).

Before new imaging methods can be applied for patient care in clinics, there are important
considerations that must be made beforehand. First, the biological meaning of what is being
imaged must be described, i.e., a validation of the tissue-specificity, typically done by
histopathological correlation. Second, the assessment of precision, repeatability and
reproducibility should be made to determine the measurement variability/error of the technique
to then consider if the method is reliable over time. Standardization of the MRI acquisition
strategy and harmonizing the data processing pipeline are very important factors to mitigate
variability and ensure comparability of data between sites (Véagberg et al., 2017). Importantly,
there must also be an evaluation of the clinical significance of the metrics produced by the
technique, ideally compared to other imaging biomarkers, elsewise there is no rationale for the
particular technique. Another very important consideration is how interpretable the results are
clinically. Particularly for radiologists, who already have a bevy of numbers and indices to
consider and report on, to facilitate their conclusions and support neurologists’ decision

making.

While lesions and atrophy are well-established biomarkers for the prognosis of MS, there is
still much to be considered in the non-lesioned ‘normal-appearing’ white and grey matter,
which have been histopathologically shown to have diffuse/subtle MS pathology (Filippi et al.,
2019). Recent advances in MRI acquisition and analysis, especially new quantitative MRI
methods, have led to promising non-conventional imaging techniques to probe the MS tissue
microstructure (MAGNIMS et al., 2015a). Many of these techniques aim to capture the
pathological processes that precede lesion formation and subsequent axonal degeneration. Each
technique holds promise, though they all present their own unique strengths and limitations to
being applied clinically. A review of some of the most popular techniques in MS is provided
below.

Ty*-weighted imaging: The field imperfections that produce variable disturbances in the
magnetic field, best captured in T>*-weighted imaging (but also Ti- and T>-weighted), have
been demonstrated to be related to the tissue-microenvironmental architecture (Langkammer
et al., 2010; Cohen-Adad et al., 2012). Specifically, these magnetic field inhomogeneities are
derived from the presence of iron, an element with well-understood magnetic properties. The
physiological role of iron in the CNS remains undetermined, but it has been identified in the
form of ferritin, transferrin and iron, in varying degrees, in the oligodendrocytes that produce
the myelin lamellae around the axons (Connor and Menzies, 1996). Quantitative T>*
relaxometry measures have been applied to capture the tissue microstructure (Mackay et al.,
1994) through the introduction of multiple echoes in T>*-weighted imaging and quantitative
fitting of the relaxation curve allows for the characterization and distribution of iron and the
myeloarchitecture (Langkammer et al., 2010; Cohen-Adad et al., 2012; Mainero et al., 2015;
Louapre et al., 2018).
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Luekocortical lesion around a meningeal vein

Figure 8. The MS central vein sign.

Examples of the MS characteristic central vein sign in white matter and grey matter lesions on
susceptibility-weighted imaging (SWI) at 650-micrometer 3D resolution in two participants diagnosed
with RRMS at 3 T.

Susceptibility-weighted imaging (SWI) is another promising method to assess MS
pathophysiology, which is based on more advanced T>* imaging (MAGNIMS et al., 2015a).
In clinical MRI, the image viewed by the radiologist is usually the magnitude image. The SWI
technique applies post-processing that integrates information from the phase image with the
magnitude image. Clinically, the T>* shortening caused by the paramagnetic deoxygenated
blood on SWI can help identify the central venule, exemplified above in Figure 8, within focal
white and grey matter lesions (i.e., the central vein sign), which are specifically indicative of
MS (NAIMS et al., 2016; Filippi et al., 2019). Susceptibility imaging is also able to identify a
hypointense rim around white matter lesions (Hagemeier ef al., 2014), which may indicate the
surrounding macrophages clearing the myelin debris in an active lesion leading to iron
deposition and generation of free radicals (Absinta ez al., 2013). The phase image can be further
analyzed using quantitative susceptibility mapping (QSM) (Li et al., 2011; Wang and Liu,
2015) to assess underlying tissue magnetic susceptibility differences in a quantitative manner
(Haacke et al., 2015). QSM has demonstrated sensitivity to iron deposition, blood and its
oxygenation level, myelin density and the venous capillary network (MAGNIMS et al., 2015a;
Wang and Liu, 2015).

Diffusion-weighted imaging: Advanced diffusion-weighted imaging is an MRI technique that
can provide a description of the molecular diffusion of water within a certain defined area.
Diffusion Tensor Imaging (DTI) is a mathematical approach to describe diffusivity. DTI is
used to evaluate the microstructure of the axon bundles in the CNS and can be used to follow
and visualize tracts, a process known as tractography (Filippi et al., 2012). DTI and
tractography function on the simplified principle that axons are structurally analogous to straws
bundled together in fibers, where water can readily diffuse along the length of the axon but is
restricted in the perpendicular direction due to the mechanical barrier of the axonal membrane
and myelin lipid bilayers.
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In participants with MS, mean diffusivity,
radial diffusivity and fractional anisotropy (a
composite measure of the axial and radial
diffusivity) were found to significantly differ
in MS participants with high disability as
compared to those with low disability (Oh et
al., 2013). Radial diffusivity has been linked

to myelin sheath integrity (Kronlage et al., |

2017) and electrophysiological markers of
demyelination, while axial diffusivity and
fractional anisotropy are more closely related
to axonal integrity (Tu et al, 2016). The
dynamic pathophysiology of MS entails
inflammation, de-/re-myelination and
potential axonal loss, which is a problematic
scenario for axial and radial diffusivity to
disentangle (Winklewski et al., 2018). More
advanced diffusion methods have been
proposed that incorporate multiple diffusion
weightings applied in many directions into the
model, such as Neurite Orientation Dispersion
and Density Imaging (NODDI), featured here
in Figure 9 (Zhang et al., 2012) or Composite
Hindered and Restricted Model of Diffusion
(CHARMED) (Assaf and Basser, 2005; De
Santis et al., 2019; Toschi et al, 2019).
Pathology in the normal-appearing non-
lesioned tissue was identified in participants
diagnosed with early MS using both NODDI
(Granberg et al., 2017) and CHARMED

Figure 9. Advanced diffusion modeling.

T>-FLAIR images of two apparently similar MS
lesions in a young female with RRMS. NODDI
reveals that the posterior lesion (left-most in the
image) is differentiated by less pronounced
axonal loss, more edema and heterogenous
microstructural alignment as compared to the
frontal lesion (right-most in the image). The
Intra-neurite fraction is representative of axonal
density. The isotropic fraction infers CSF or
edema. The neurite dispersion index is suggestive
of axonal fanning. NODDI measures are a

quantitative unitless scale of 0-1.

T,-FLAIR
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Healthy control

Figure 10. REMyDI myelin imaging.

(De Santis et al, 2019). The potential
maximum capability of diffusion MRI has
been recently demonstrated at in vivo 760-
micrometer resolution, however, acquired
across 9 different MRI sessions (Wang et
al., 2020).

Myelin imaging: Conventional MRI is
sensitive to MS pathology but does not
specifically reflect the histopathological
hallmark of the disease, demyelination, nor
the diffuse pathology in normal-appearing
tissues (MAGNIMS et al., 2015a; Laule
and Moore, 2018). Therefore, different
myelin-imaging techniques have been
developed as more sensitive and tissue-
specific approaches to quantify myelin,
including one such method shown here in
Figure 10. The reference technique of
myelin imaging is known as myelin water
imaging or myelin water fraction, which
uses a multi-echo spin-echo approach to
construct a multi-exponential T» decay
curve (Mackay et al., 1994). The T» decay
curve is used to isolate the signal from fast
relaxing water that is confined between the
myelin lipid bilayer wrappings about the
axon. Some other methodologies have also
been developed to isolate the fast-relaxing
myelin water signal. One of the first being
gradient spin-echo imaging (Oshio and
Feinberg, 1991; Prasloski et al., 2012). A
more recent method is steady-state imaging
or multicomponent driven equilibrium
single pulse observation of Ti and T:
(Deoni et al., 2008), which applies multiple

T>-weighted FLAIR image and the corresponding myelin map in four representative study participants.

Healthy control: a 56-year-old female healthy control. PPMS: a 53-year-old female participant (9-
year disease duration, EDSS score 3.5, SDMT z-score -0.4). RRMS: a 40-year-old female participant
(14-year disease duration, EDSS score 1.0, SDMT z-score -1.0. SPMS: a 44-year-old female
participant (19-year disease duration, EDSS score 7.5, SDMT z-score -3.7).
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flip angles to observe the signal differences of two short gradient echoes and resolve the
intracellular vs. extracellular water compartments (Laule and Moore, 2018). In MS
participants, multicomponent driven equilibrium single pulse observation of T; and T has
found a relationship between the myelin water fraction and worsening EDSS. scores (Kolind
etal.,2012). The same method also identified lower myelin content in normal-appearing white
matter in PPMS as compared to controls (Kolind et al., 2015.

- Nntrols

Myelin sensitive T;/T, ratio

Figure 11. Topographical distribution of myelin.
Sampled at the mid-cortical depth on a group level of 26 participants with RRMS (all below 5-years
disease duration) and 24 controls. A trend of lower myelin relative content in the superior frontoparietal

regions was visually identified in RRMS participants.

In Magnetization Transfer imaging, protons are simplified to exist in two states, those that are
freely diffusing and those that are bound or closely related to molecular interactions of the
much larger macromolecules (MAGNIMS ef al., 2015a). The bound protons can be saturated
using off-resonance radio frequency pulses, after which the magnetization is transferred to the
free protons and can be imaged by MRI. The magnetization transfer results in a corresponding
signal decrease, compared to the same imaging without the off-resonance pulse, and is
expressed as the ratio between the two states, Magnetization Transfer Ratio (MTR)
(MAGNIMS et al., 2015a). The relative concentration of myelin-bound protons is considered
to biologically reflect the degree of myelination in the CNS (MAGNIMS et al., 2015a). In
SPMS participants, MTR in the normal-appearing white and grey matter correlates with MS
functional composite scores. However, it has been reported that MTR myelin estimates are
confounded by inflammation and edema, which raises specificity concerns in the inflammatory
environment of MS (Vavasour et al., 2011). Inhomogeneous magnetization transfer ratio
(Girard et al., 2015) aims to address this issue, correlating more strongly with physical
disability in various white matter structures than conventional MTR (Van Obberghen et al.,
2018). Quantitative MT has been shown to have increased sensitivity to capture remyelination,
compared to myelin water fraction, likely attributed to the lower measurement variability in
quantitative MT compared to myelin water imaging (Levesque et al., 2010). Another recent
method is the macromolecular proton fraction (Yarnykh, 2012), which has been histologically
validated in rats (Khodanovich et al, 2017) and shown cross-sectional correlations with
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physical and cognitive disability in grey and white matter in
MS (Yarnykh et al, 2015). Currently, Inhomogeneous
magnetization transfer ratio and QSM have demonstrated the
highest myelin specificity, as determined by the coefficient of
determination (R?), however, most techniques have never been

directly compared (van der Weijden et al., 2020).

Some emerging in vivo myelin imaging methods have been
developed more recently. These, however, warrant further
investigation and validation to determine how they can be
applied to monitor MS disease progression and treatment
response. The T1/T2-weighted ratio demonstrated sensitivity to
myelination, by taking advantage of the differing MRI signal
intensities across the cortex, driven primarily by the
differences in myelination (Sigalovsky et al., 2006; Glasser
and Van Essen, 2011). The method proposes that the degree of
myelination directly/indirectly affects the Ti-weighted and Ta-
weighted signal in opposite directions and that the ratio thus
results in an increase in the contrast-to-noise ratio between low
and high myelinated regions while simultaneously canceling
out intensity field bias from the images (Glasser and Van
Essen, 2011). The Ti/T>-weighted ratio could discriminate
between myelinated and demyelinated cortex ex vivo
(Nakamura ef al., 2017) and, shown on the page prior in Figure
11, was able to detect differences in both the cortex and the
white matter of early-stage MS patients compared to controls
(Granberg et al., 2017). However, the Ti/T>-weighted ratio is
only a reliable myelin marker in the cortex since its specificity
to myelin in white matter is limited (Klaver et al., 2015;
Arshad et al., 2017; Righart et al., 2017), therefore further
validation is necessary. Rapid Estimation of Myelin for
Diagnostic Imaging (REMyDI) (Warntjes et al., 2016) is based
on synthetic MRI, a multi-echo saturation-recovery
quantitative MRI sequence is used to perform simultaneous
PD-, Ti- and T>-mapping (Warntjes et al., 2008). REMyDI
(Figure 10) is estimated by assuming a magnetization
exchange between the intracellular and extracellular water
compartments, where myelin reduces the observable Ri, Ry,
and PD values (Warntjes et al., 2016). REMyDI has been
clinically approved, validated in ex vivo MRI (Warntjes et al.,

2017, Ouellette et al., 2020a), found to be more sensitive to
Figure 12. 7T MRI of the full cervical spinal cord (C1-C7). In a 40-year-old female RRMS participant

(3-vear disease duration, EDSS score 2) without any spinal cord lesions.
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MS lesions than the corresponding individual relaxometry measures (Hagiwara et al., 2017a,
b) and related to clinical measures of MS neurologic disability (Ouellette et al., 2020a).

Flgure 13 Cortzcal lesion with central vein sign at 7 T. Cortical lesions capturd uzng T, -wezghted

imaging at ultra-high field 7 T MRI with the corresponding central vein(s) (red arrow) in a 45-year-
old male diagnosed with RRMS (4-year disease duration, EDSS score 2). Due to the convoluted nature

of the cortex some of the central vein(s) may seem peripherally located in the 2D slice.

Ultra-high field 7 T MRI: The increased signal and contrast at 7 T compared to conventional
1.5/3 T imaging allows for higher spatial resolution imaging, so that smaller more eloquent
structures may be more clearly visualized, as shown in Figures 12-14 (Ouellette et al., 2020b).
MS has historically been characterized primarily as a white matter disease. Despite
histopathological studies demonstrating lesions and demyelination occur in grey matter
structures (Lucchinetti ef al., 2011), in vivo MRI had great difficulty to visualize these findings
(Barkhof, 2002) since lesions are often located at CSF interfaces, which causes problematic
partial volume effects. Ultra-high field MRI can identify MS cortical lesions and subtype them
(Mainero et al., 2009). Cortical lesions, shown in Figure 13, and are found in roughly 90% of
MS participants at 7 T even in the early stages of the disease (Granberg et al., 2017).
Longitudinally, cortical lesions were found to progress in roughly 80% of MS participants over
a time span of 1.5 years and to have an even greater accumulation rate than the white matter
lesions (Treaba ef al., 2019), these findings, therefore, overturn the previous reigning dogma
of MS as a white matter disease. Quantitative T>" imaging at 7 T was able to identify a gradient
in cortical pathology extending inward from the subpial CSF surface and thalamic pathology
extending inwards from the periventricular CSF surface (Mainero et al., 2015; Louapre et al.,
2018). The increased resolution at 7 T also supports the utility of the ‘central vein sign’, a novel
biomarker for MS diagnosis (NAIMS et al., 2016), portrayed in Figure 13. SWI at 7 T
demonstrated a heightened sensitivity to iron deposition and could identify lesions with a
‘smoldering rim’ representing microglia/macrophages that have taken up the iron-associated
myelin debris (Dal-Bianco ef al., 2017). The increased signal of 7 T MRI also aids in imaging
the spinal cord, meanwhile the increased contrast also aids in imaging the small grey-white
matter border (Barry et al., 2018, Ouellette et al., 2020b), as shown in Figures 12 and 14.
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Figure 14. 7 T imaging of cervical levels (1-4).

A 42-year-old female healthy volunteer, 45-year-old male RRMS participant (4-year disease duration,
EDSS score 2) and 36-year-old male SPMS participant (20-year disease duration, EDSS score 6.5).

Molecular imaging: Positron Emission Tomography (PET) is distinct from each of the
aforementioned MRI techniques since it relies on the injection of a radioactive isotope in the
body and directly images a specific molecular target. However, PET can be applied in
conjunction with MRI and warrants further discussion. For example, the MRI-based myelin
imaging techniques may be capable of indirectly imaging myelin through the associated fast
relaxing signal (Laule and Moore, 2018), whereas PET imaging can use off-target
[''C]Pittsburgh compound B (PiB) binding to image myelin (Stankoff et al., 2011), despite
being developed as an amyloid imaging tracer for Alzheimer’s disease, but has shown
sensitivity to demyelination and remyelination in a rodent model (de Paula Faria et al., 2014)
and found to capture myelin dynamics in the lesions of MS patients (Bodini et al., 2016). ['!C]-
PBR28 is a molecular marker that aims to quantify the expression of the translocator protein, a
marker of activated microglia/macrophages (Herranz et al., 2016). A multimodal PET and 7 T
MRI study found that activated microglia/macrophages are present within the cortex, cortical
lesions, deep grey matter, and normal-appearing white matter. Moreover, this activation is
related to poor clinical outcome, and partly to neurodegeneration (Herranz et al., 2016).
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2. AIMS OF THIS THESIS

The overall purpose of this thesis was to quantify MS pathology using volumetric brain MRI,
ultra-high field brain and cervical cord 7 T MRI, as well as a newly developed rapid myelin
imaging technique, in relation to cognitive and physical MS disability.

The specific objectives of each study were to:

Study I (1) Investigate the long-term progression of cognitive and physical disabilities
in MS and their neuroanatomical correlates based on volumetric brain MRI;
(i1) Explore the predictive value of the volumetric imaging markers.

Study 11 (1) Characterize the extent of grey and white matter lesions and atrophy in the
cervical spinal cord in MS; (ii) Evaluate whether spinal cord lesions
preferentially occur in close proximity to CSF surfaces, possibly implying an
association with CSF-mediated inflammatory factors; and (iii) Investigate the
relationship between brain and spinal cord pathology and their relative
contributions to neurological disability.

Study IIl'  Validate REMyDI ex vivo and apply it in vivo in MS; (i) First by
histopathological analysis in postmortem MS tissue to study its tissue
specificity; (ii)) Assess scan—rescan repeatability measures in both healthy
controls and MS participants; (iii) Apply the technique in a prospective cohort
of healthy controls and MS participants with longitudinal clinical follow-up.

Study IV (i) Characterize the distribution of pathological demyelination using both in
vivo and ex vivo techniques in MS; (i) Determine the correlation between the

distribution of demyelination and MS-related physical and cognitive disability.
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3. MATERIALS AND METHODS

3.1 ETHICAL CONSIDERATIONS

These studies were conducted in accordance with the Declaration of Helsinki and were
approved by the respective local Institutional Review Boards at both research sites. Written
informed consent was obtained from all the in vivo participants preceding study enrolment. The
ex vivo brain tissue samples were donated to the Rocky Mountain Tissue bank with informed
consent. The specific study ethical permits for the respective institutions are as follows:

Study I

EPN 21/95: Baseline data acquisition for the cohort.

EPN 04-906/4: First follow-up (9-year) data acquisition for the cohort.

EPN 2012/858-31/2: Second follow-up (17-year) data acquisition for the cohort.
Study II

IRB MGH 2007P001274: MRI and clinical data acquisition for the cohort.
Studies I1I and IV

EPN 2013/1635-31/2: Acquire the SyMRI sequence in vivo.

EPN 2016/2024: Process the SyMRI sequence to extract the REMyDI myelin content.

IRB MGH 2007P001274: Acquire and analyze the ex vivo brain tissue samples.

3.2 PROCEDURES AND PARTICIPANTS

Study I. A prospective longitudinal cohort consisting of 37 participants with MS according to
the, at the time of study initiation, concurrent diagnostic criteria (Poser et al., 1983) (26
females; 42410 years old; 11+8.5 years disease duration; median EDSS 4.5, range 0.0-8.0),
were consecutively recruited from the Department of Neurology, Karolinska University
Hospital in Huddinge. At baseline, 23 participants were diagnosed with RRMS, 11 with SPMS
and 3 with PPMS. Baseline study involvement consisted of standardized neurological and
neuropsychological testing but only a standard 2D brain MRI. Clinical and volumetric 3D brain
MRI were completed after 9 years and 17.5 years (mean 17.5+0.4 years). All of the participants
enrolled participated in the initial 9-year follow-up, while 23 participants remained at the last
time point (18 females; 57£8.0 years old, 27+6.9 years disease duration; median EDSS of 6.0
(range 1.5-8.0); 3 RRMS, 20 SPMS, 0 primary progressive MS). Losses to follow-up at the
final time point were due to: death (N=5), acquired MRI contraindications (N=3), declined
further participation (N=3), unreachable (N=3).
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Study II. We prospectively enrolled 35 study participants diagnosed with MS (20 RRMS, 15
SPMS) according to the concurrent 2010 McDonald criteria (Polman et al., 2011). The specific
inclusion criteria were as follows: between 18 to 65 years of age; on stable DMT or off DMT
for at least three months; absence of relapse(s) within the preceding three months and no
corticosteroid use within a month prior to study enrolment. All of the RRMS participants were
within five years of disease onset and considered in the early stage of the disease. We also
recruited 11 age-/gender-matched healthy volunteers (five females, age 43.5+£9.1 years) as
controls. The general exclusion criteria included MRI contraindications, significant medical
history or comorbidities, and/or any neurological disease (other than MS).

Studies III and IV. Studies III and IV consisted of ex vivo and in vivo sub-studies. The
prospective ex vivo sub-study consisted of three coronal hemispheric brain tissue samples from
different donors with MS that were acquired from the Rocky Mountain Tissue Bank. All donors
were diagnosed with SPMS, including a 46-year-old female, a 71-year-old female and a 56-
year-old male. The prospective in vivo sub-study included 92 consecutively enrolled
participants, including 71 participants diagnosed with MS in accordance to the concurrent 2010
McDonald criteria (Polman et al., 2011) accounting for all MS subtypes and an additional 21
age-/gender-matched controls. The pre-defined exclusion enrolment criteria were MRI
contraindications, neurological comorbidities or a history of head trauma; none of which
applied to the cohort. Study participants were grouped into healthy controls (N=21), RRMS
(N=53), SPMS (N=15) and PPMS (N=3). Study III additionally included a repeatability cohort
(13 MS, 19 controls) that were scanned once and again after repositioning to assess the
robustness of the myelin model. In Study IV, the progressive MS (PMS) participant group
consisted of the SPMS (N=15) and PPMS (N=3) participants.

3.3 CLINICAL EVALUATIONS

Study I. Physical disability in participants with MS was assessed with the Expanded Disability
Status Scale (EDSS) by the same neurologist (S.F.) at all time points (Kurtzke, 1983). The
standardized neuropsychological evaluation of all participants at all of the time points was
administered by the same neuropsychologist (A.B.). The testing battery consisted of four tests,
representing different cognitive functions. The specific tests were the; Symbol Digit Modalities
Test (SDMT), Rey—Osterrieth Complex Figure Test copy (ROCFT), F-A-S Verbal Fluency
Test (FAS) and Rey Auditory Verbal Learning Test (RAVLT) with encoding and 30-min
retention. However, due to a different native spoken language other than the testing language
(Swedish), FAS was not performed in one patient and one control. Additionally, one patient
was unable to participate in the SDMT and ROCFT at follow-up due to impaired vision
following optic neuritis. The raw test scores were normalized into z-scores based on normative
reference data concerning age, gender and educational level (Hawellek et al., 2011; Lezak et
al., 2012). Abnormally low values were defined as being less than two standard deviations of
the normative score. Cognitive impairment was defined as having an abnormally low score in
any one of the four tests representing unique cognitive domains. To reduce the dimensionality

of the results, we transformed the cognitive measures into a singular weighted metric, a
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cognitive index reflecting the overall global neuropsychological functioning by extracting the
principal component analysis of the transformed z-scores of all tests in RStudio 0.99.489
(Hawellek et al., 2011).

Study II. Neurologic disability was assessed using the EDSS (NV=35) within a week from the
imaging procedures as part of the MS participants standard clinical work-up with the referring
physician. Ambulatory disability was determined by the timed 25-foot walking test. Disability
in fine motor skill was determined by 9-hole peg test. The SDMT, while routinely applied and
reflective of cognitive disability was not chosen to be included since this study primarily relates
the spinal cord and physical disability, but also to limit the number of variables in the study.

Studies III and IV. Physical disability (EDSS) in participants with MS was assessed by an
experienced neurologist in MS (S.F.) (Kurtzke, 1983), except for one patient (N=70). Cognitive
disability was measured using the SDMT (Langdon et al., 2012) (N=48). Baseline clinical
assessments were made within six months of the MRI acquisition. Longitudinal cognitive and
physical disability assessment was repeated for both EDSS (N=70) and SDMT (N=32), with a
mean respective follow-up time of 2.0+0.8 years and 1.5+0.4 years. The raw SDMT scores
were then normalized into z-scores, similarly to Study I. Additionally, in Study IV, we also
included the MSIS physical (N=40) and psychological (N=39) (Hobart et al., 2001), and
EuroQol-5D (EQ-5D, N=38) as a quality-of-life indicator (Balestroni and Bertolotti, 2012).

3.4 MRI ACQUISITION

Study I. Volumetric brain MRI was performed at the latter two time points (9- and 17.5-year
follow-up) using clinical 1.5 T MRI scanners: Siemens Magnetom Symphony and Avanto
(Siemens Healthcare, Erlangen, Germany). The mean time between the follow-ups was 8.3+0.4
years. T>-FLAIR images were acquired for lesion segmentation (resolution 1.0x1.0x3.0 or
1.0x1.0x1.5 mm?; inversion pulse flip angle 180°/variable 120°; repetition, echo and inversion
times 9000/5000, 7.0/3.1, 3000/1100 ms). Ti;-weighted 3D images were obtained for
volumetric analysis (resolution 1.0x1.0x1.5 mm?; flip angle 15°; repetition, echo and inversion
times 1350/1910, 110/411, 2500/1800 ms).

Study II. All of the study participants had brain and spinal cord imaging on a research-grade
7 T MRI scanner (Siemens Healthcare, Erlangen, Germany). Spinal imaging was acquired with
an in-house developed 19-channel receive array and a 4-channel transmit array coil (Zhao et
al., 2014). The imaging protocol consisted of both axial and sagittal 2D multi-echo fast low-
angle shot (FLASH) T,"-weighted spoiled gradient-echo sequences (axial and sagittal:
repetition, echo time = 500, 7.8/13.73/18.42 ms, flip angle = 55°, resolution = 0.4x0.4x3.0
mm?). Axial acquisitions were aligned perpendicularly to the spinal cord. The entire cervical
spinal cord (C1 to C7) was imaged axially using two or three slabs at perpendicular alignment
depending on the natural degree of spinal cord curvature, as demonstrated in Figure 15 on the
following page. To enhance image quality by mitigating bulk movement all study participants
were coached preceding the scanning acquisition to lessen physiological noise such as
swallowing, respiration and lingual movement (Kearney ef al., 2015).
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Brain 7 T imaging was performed in 29 of
35 MS participants and all the controls
with a custom-built 32-channel phased-
array head coil to acquire a 2D single-echo
FLASH T,"-weighted spoiled gradient-
echo pulse sequence (repetition time, echo
time = 1700, 21.8 ms, resolution =
0.33x0.33x1.0 mm?®) for cortical lesion
segmentation. Study participants were
additionally scanned on the 3 T Skyra
CONNECTOM  scanner  (Siemens
Healthcare, Erlangen, Germany) using a
custom-made 64-channel head coil to
acquire a 3D Ti-weighted multi-echo
magnetization-prepared rapid gradient-
echo sequence (MEMPRAGE,
repetition/inversion/echo  times: 2530,
1100, 1.15/3.03/4.89/6.75 ms, flip angle
7°, resolution 1.0x1.0x1.0 mm?®) for
cortical surface reconstruction and to
measure cortical thickness. Additionally, a
3D T2-FLAIR (repetition, inversion, echo
time = 5000, 1800, 393 ms, resolution
1.0x1.0x1.0 mm?®) was acquired at 3 T for

manual lesion segmentation.

Studies III and IV. The ex vivo sub-study
MS brain tissue specimens were scanned
at room temperature to ensure even
temperature throughout the tissue. The
quantitative multi-parametric sequence
(Warntjes et al., 2008) was acquired using
a Siemens Trio 3 T MRI scanner and a 32-
channel head coil to obtain a high signal-
to-noise ratio. High-spatial resolution was
of primary importance to reduce partial
volume effects and allow for better
registration with histology, (coronal:
resolution: 0.39x0.39x2.0 mm?, with a
0.75 distance factor, repetition, echo time:
2400 ms, 25/101 ms, flip angle 120°, 6
averages, total acquisition time 32:47

Native Acquisition

Native image Native image

Lesion segmentation
Lesion mask = Lesion mask

Native image

Lesion mask

White matter
Grey matter

White Matter
Grey matter
lesion fractions

Figure 15. Spinal cord at 7 T.

A 32-year-old female participant with RRMS (4.8-year
disease duration, EDSS score 2.5). Acquisition with full
cervical coverage aligned orthogonally to the spinal
cord to reduce partial volume effects. Spinal cord
lesions were manually segmented in Slicer and then
combined with the white matter and grey matter tissue
segmentations from SCT to isolate the grey matter and
white matter lesion fractions.
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minutes). SYMRI (version 11.0 beta 4 for Mac; Synthetic MR, Linkdping, Sweden) was used
to extract the Ri, R2 and PD maps. To compensate for the fixation and temperature effects, the
R and R» rates were rescaled by a factor of 3.3 and 1.9 respectively, based on correction factors
available in the literature (Birkl ez al., 2016). SyMRI was also used to generate PD-weighted
images (repetition and echo time = 8000, 10 ms) for manual tissue segmentation. The in vivo
sub-study applied the same scanner, model, software and sequence that were used ex vivo,
however the synthetic MRI sequence was acquired in a more clinically feasible time frame
(axial, voxel size: 0.9x0.9x3.0 mm? with a 0.5 distance factor, repetition, echo, effective
inversion times: 4260, 22/100, 150/580/2000/4130 ms, flip angle 120°). The duration of the
acquisition varied from 6:50-7:47 minutes, due to the number of slices to cover the full
intracranial volume. A 12-channel head coil was used in vivo since it was routinely applied in
the clinical MS protocol and allowed for large head sizes and headphones for patient comfort.
The SyMRI processing suite was then used to produce the quantitative maps, tissue maps,
REMyDI, Ti-weighted images (repetition, echo times: 500, 10 ms) and T>-FLAIR images
(repetition, echo, inversion times: 15000, 100, 3000 ms).

3.5 IMAGE PROCESSING

Lesion segmentation. Across Studies I, III and I'V the respective T>-FLAIR images were used
to perform probabilistic segmentation of MS lesions in Lesion Segmentation Toolbox (versions
2.0.12 and 2.0.15 in Studies I and III/IV respectively, Technische Universitdt Miinchen,
Munich, Germany). Initial probabilistic maps were thresholded by a value of 0.5 to binary
lesion masks in FMRIB Software Library (FSL, version 5.0, Oxford University, Oxford, UK)
(Jenkinson et al., 2012). The binarized lesion masks were then manually corrected and then
cross-reviewed by trained raters (R.O. and M.P.) to be finally verified by an experienced rater
(T.G., radiologist) in ITK-SNAP (version 3.6.0, University of Pennsylvania, Philadelphia,
USA) (Yushkevich et al., 2006). Examples of lesion masks from LST are shown in Figure 6.

The lesion masks in Study II, for the brain and spinal cord, were fully manually segmented on
the T, -weighted gradient-echo image in Slicer (Figure 15, page prior) (v. 4.2.0) (Fedorov et
al., 2012), based on the consensus by two experienced raters (C.A.T and C.M.). Cervical spinal
cord lesions were axially segmented and then confirmed on the corresponding sagittal
acquisition. Spinal cord lesion fractions were quantified as the proportion of lesioned tissue in
grey and white matter respectively, by combining the lesion mask with the grey and white
matter segmentations. Representative examples of spinal cord lesion segmentations are shown
in Figure 15. Before manual segmentation of brain lesions, the two axial T, -weighted imaging
slabs were boundary-based registered together into the same space as the 3 T anatomical
FreeSurfer reconstructions as previously detailed (Greve and Fischl, 2009; Mainero et al.,
2015; Louapre et al., 2018). Brain 7 T scans had to be discarded in 6 of the 46 study participants
because of severe motion artifacts. For those with motion the brain lesion segmentation was
instead manually done using the 3 T 3D T-weighted FLAIR volumes. Brain lesion volumes
were extracted using FSLstats.
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Figure 16. Periventricular myelin and lesion mapping schema.

The synthetic T>-FLAIR is used as input for semi-automatic lesion segmentation by LST. Synthetic T-
weighted image used as input for SPM to segment the white matter (WM), to then subtract the lesion
mask to create the (normal-appearing white matter) NAWM mask. The CSF mask is automatically
produced in SyMRI and was manually edited to contain only the ventricular system and choroid plexa.
Ten voxel-wise concentric dilations were seeded from the ventricular system mask using FSL tools to
generate the periventricular dilation mask. Periventricular voxel-wise dilations were masked to
represent the white matter, NAWM and lesioned masks. The mean REMyDI myelin value within the

respective layers was extracted using FSL tools.
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Volumetric segmentations. For Study I the intracranial volume, grey matter fraction, white
matter fraction, thalamic fraction and hippocampal fraction (Figure 7) were segmented using
VolBrain 1.0 (Universitat Politécnica de Valéncia, Valencia, Spain). The corpus callosal
fraction (Reuter et al., 2012) was extracted from brain reconstructions processed using the
longitudinal stream of FreeSurfer (v5.3.0, Harvard University, Boston, USA). To reduce
individual scaling effects, all measurements were normalized to the intracranial volume,
yielding the grey matter fraction, white matter fraction, lesion fraction, corpus callosal fraction,
hippocampal fraction and thalamic fraction.

For Study II, the segmentation of the cervical spinal cord and cross-sectional areas
measurements were obtained with the Spinal Cord Toolbox (SCT, v3.0.1) (De Leener et al.,
2017), a publicly available free tool (Figure 15). SCT begins with “PropSeg” algorithm that
applies a support vector machine that identifies the spinal cord center (Gros et al., 2018), then
SCT applies a deformable model to propagate the tubular surface around the spinal cord edge
and along the length of the cord (De Leener et al., 2014). The grey and white matter were then
obtained by first registering each individual to the PAMS0 template (De Leener ef al., 2018)
by a combined multi-atlas template-based approach (Dupont et al., 2017), chosen because of
the inherent T, -weighted image contrast. The grey and white matter tissue segmentation was
done on the axial spinal images. Cervical spinal cord cross-sectional areas (mm?, at C2-C3) for
both grey and white matter were automatically calculated in SCT. The cortical surface
reconstruction was generated using FreeSurfer (v. 5.3.0) (Fischl, 2012) with the 3D 3 T T;-
weighted (MEMPRAGE) images as input. White matter hypointensities and defects in the
topological cortical surface due to white matter and leukocortical lesions were semi-
automatically corrected by lesion in-painting in FreeSurfer. The mean cortical thickness and
total intracranial volume were calculated from the finalized reconstructions. The ventricular

system including the choroid plexa and white matter segmentations were also from FreeSurfer.

For Studies III and IV, the quantitative maps in SyMRI were used to calculate the intracranial
volume (Ambarki et al., 2012; Granberg et al., 2016). To extract the myelin content specifically
in normal-appearing grey and white matter, semi-manual segmentations were performed. The
Ti-weighted images were segmented using Statistical Parametric Mapping 12 (SPM,
University College London, London, UK) (Ashburner and Friston, 2005), to obtain
probabilistic maps of the grey matter and white matter. The T>- FLAIR-based lesion mask was
subtracted from the WM mask to produce the normal-appearing white matter (NAWM) mask
using FSL. The ventricular mask from Study II was derived by combining the different
ventricles and choroid plexus segmentations in FreeSurfer. However, the ventricular mask in
Study IV was extracted from the quantitatively derived CSF mask in SyMRI due to the inherent
registration of the CSF mask. Moreover, FreeSurfer has been optimized on a 3D Ti-weighted
image acquired at 3 T, and the SyMRI volume is a 2D acquisition with rather thick slices. The
SyMRI CSF mask was manually edited to include only the ventricular system (including
choroid plexa) by a trained rater (R.O.) to be reviewed by a radiologist (T.G.) and finalized by
expanding the volume by one voxel, using FSL tools, to account for CSF partial voluming
effects. The processing pipeline for Study IV, is shown fully in Figure 16 on the page prior.
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Figure 17. Periventricular dilation mapping schema. A representative example of the CSF-proximity
mapping in the periventricular region for Study Il in an SPMS participant (female, 63-years-old, 33-
year disease duration, EDSS score 2). The ventricle and choroid plexus segmentations (FreeSurfer) were
combined, from which concentric 3D voxel-wise dilations expanded radially using scikit-image. The
concentric dilation map was then masked to isolate the lesion dilation map, which can then measure
lesion fraction as a function of distance from the ventricular system CSF.

Distance-based sub-segmentations. The concept of distance-based voxel-wise lesion
segmentations was first conceptually applied in Study II (Figure 17) for the spinal cord and
then the brain using scikit-image (version 0.14.1) NumPy and SciPy to create a concentric layer
map on the basis of distance from the CSF. In the brain, concentric dilations were seeded in the
ventricular system, which is continuous with the central canal. In the spinal cord, dilations
began at the inner central canal CSF-surface, to project through the central spinal cord tissue
outwardly ending at the outer subpial CSF-surface (van der Walt et al., 2014; Louapre et al.,
2018). In the brain, dilations began at the ventricle and white matter CSF surface and extended
into the surrounding white matter (Figure 17). Concentric voxel-wise dilations expanded with
10 iterations, in widths of 2 and 4 voxels, in the cervical spinal cord and brain respectively
(Louapre et al., 2018). The layer directly bordering the ventricular CSF-surface was removed
in Study II, based on the recommendation of a previous spinal cord study, because of CSF
signal producing partial volume effects (Kearney et al., 2014; Liu et al., 2015). Lesions were
mapped as a function of CSF-proximity from the central canal and ventricular surfaces by
isolating the lesion volumes from the MS participants’ spinal cord and brain lesion
segmentation in FSL tools. The participant’s individual dilation level lesion volume was then
normalized to the total lesion volume of each MS patient and the volume of each respective
concentric dilation level both in the spinal cord and brain. This process was for all lesion
mapping techniques. A subgroup analysis was also done where the rank difference between
MS subtypes was calculated in the cervical spinal cord and brain.

The periventricular concentric dilation scheme for Study IV was again seeded in the ventricular
system, first dilated by one voxel accounting for CSF signal contamination, and then expanded
outwards into the parenchyma in 10 voxel-wise iterations. The periventricular dilation mask
was then selectively masked using three tissue-specific masks, the NAWM, WM and lesions,
using FSL tools, highlighted in Figure 16. Mapping of the periventricular lesion fraction was
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done by normalizing the individual lesion volume captured in that individual dilation layer by
the total lesion volume in the brain and the volume of the individual dilation layer (as
administered in Study III). Lastly, the lesion mask was separately iteratively eroded and
concentrically expanded from the lesion border, masked by the WM mask, and combined to
create the perilesional volume, using FSL tools. Lastly, the mean myelin content of the
individual concentric rings within the periventricular WM/NAWM dilation maps and median
perilesional maps were extracted from the REMyDI myelin map using FSL tools, as shown
here in Figure 18.

Synthetic Voxel-wise erosion Voxel-wise Voxel-wise dilation .
T,- FLAIR and dilation scheme lesion erosion from lesion surface Perilesional map

 + L"‘I

|
Intralesional Extralesional

T ) (T
Figure 18. Perilesional myelin mapping schema. A 40-year-old female participant with RRMS (14-

year disease duration, EDSS score 1.0, SDMT z-score -1.0). The lesion mask is separately and
sequentially eroded and expanded. The mean REMyDI myelin value within the respective layers is then

extracted.

3.6 HISTOLOGICAL EVALUATION

The histological slicing and the three staining methods were conceptualized and executed by a
trained histological technician (I.P.) and first optimized on sections from a bovine brain tissue
sample of comparable size with the intent to ensure an even staining uptake across the sample’s
entirety. All of the histological analyses were conducted by the same trained histological
technician. The slicing procedure was guided by the in vivo MRI images such that we could
attain the most optimal level for comparison of in vivo MR images to the 10-micrometer thick
cryomacrotome ex vivo slices. The PLP-immunostaining was based on PLP1 primary
monoclonal antibody: plpcl Mouse/IgG2a (Cat# MA1-80034) kit was used for the staining
procedure. Luxol Fast Blue-cresyl echt violet staining was administered through an American
Master Tech Scientific kit (Cat# KTLFB). The Bielschowsky silver staining was applied by the
standardized method. The PD-weighted image was used to guide the registration of the MRI
and histological images using a ANTsRegistration (v2.1.0, Tustison et al., 2014) and are shown
in Figure 19.
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Figure 19. Myelin imaging. Coronal whole-hemisphericl 0 um-thick brain tissue samples from three
SPMS donors. Top row: Frontal coronal brain tissue sample from a 46-year-old donor. Middle row:
Parietal coronal brain tissue sample from a 7 I-year-old donor. Bottom row: Frontotemporal coronal

brain tissue sample from a 56-year-old. Scale bars for the corresponding rows are presented in cm.
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3.7 STATISTICAL ANALYSES

Software and statistical significance. All statistical analyses were performed in IBM SPSS
Statistics versions 23, 24, and 25 for Mac (IBM, Armonk, USA) for studies I, II and HI/IV
respectively. A statistical significance threshold of P<0.05 (two-tailed, equal variances not
assumed) was used across all studies.

Normality. The normality of the data was determined by the Shapiro-Wilk test, histogram
analysis and ensuring both the skewness and kurtosis values were within a range of +1 for all
studies. Typically, measures of anatomical and tissue volumes were normally distributed, this
was also true for the myelin quantification measurements. Meanwhile, metrics regarding
lesions (volume, count, fraction) and EDSS scores were non-normally distributed.
Additionally, when able, we chose to graphically present the data points and allow the reader
a visual grasp of the data’s distribution.

Bivariate correlations: The bivariate correlations between parametric variables were
calculated using Pearson correlation and Spearman's correlation for non-parametric data. The
voxel-wise comparison of histological and REMyDI based myelin content was done using

Pearson correlation

Group comparison. Group-level comparisons for parametric variables were compared by the
independent sample t-test (equal variance not assumed) and one or more non-parametric
variables by independent samples Mann—Whitney U-test (both two-tailed). Sex differences
between MS participants and controls were assessed by a chi-squared test (two-tailed).
Differences in age were considered using independent samples t-test (two-tailed). The lesion
fraction dilation layer group differences were assessed through Mann-Whitney U-test (two-
tailed, equal variance not assumed) and represented graphically by displaying the Mann-
Whitney rank difference. Paired non-parametric variables were assessed by the Wilcoxon
signed-rank test (two tailed). The normally distributed dilation layer periventricular myelin
content group differences in Study IV were assessed by independent samples t-test (two-tailed).

Multiple comparison correction. False discovery rate correction for multiple comparisons
was applied for each of the two clinical disability measurements across the corresponding
baseline, longitudinal and corrected comparisons (Benjamini and Hochberg, 1995) in Study I
and Study III. However, exploratory lesion fraction (Study II) and myelin mapping analyses
(Study IV) were not corrected for multiple comparisons, rather the data was presented
graphically to provide the reader their own opportunity to determine the bearing of the findings.

Regression analysis. Individual multiple stepwise linear regressions in Studies I, II and III
with the clinical disability metrics as the dependent variable and respective MRI metrics as
independent variables were accomplished by transforming the non-parametric variables, for
example by logio or square root transformation. Regression results are provided as the
respective standardized coefficients (f).
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4. RESULTS
4.1 STUDY |

Progression of cognitive impairment

Cognitive dysfunction was observed to develop in a predominantly linear manner on a group
level in MS over time, as illustrated in Figure 20A. When considering the contour plot in Figure
20B, we can see that cognitive dysfunction is often coupled with physical disability measured
by EDSS (p=—0.47, P<0.001). However, in some participants with MS, there was a sparing of
cognitive functioning despite severe physical disability or vice versa. Among the six
participants with an EDSS above 6.0 and an impaired cognitive index z-score below 0, four
were imaged with spinal MRI, to reveal spinal cord lesions in three participants (75%). Changes
in all neuropsychological tests over the disease duration were rather modest. SDMT had the
highest proportion of abnormally low z-scores (40%), followed by ROCFT (24%), RAVLT
encoding (18%), FAS (17%) and RAVLT retention (9%). The largest cognitive decline over
the disease duration was observed by the ROCFT, while SDMT and RAVLT revealed more
modest changes. The FAS remained relatively stable throughout the disease course.

A Cognitive dysfunction Kaplan-Meier curve B - Cognitive and physical disability contour plot
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Figure 20. Progression of cognitive dysfunction in MS over the disease duration.

A. Kaplan-Meier curve demonstrating a predominantly linear trend in the cumulative prevalence of

cognitive impairment. B. Cognitive function (cognitive index) and physical disability (color contours)

is often linked to each other but may also be decoupled, showing mainly cognitive or physical disability.

Progression of lesion accumulation and atrophy

The neuroinflammatory and neurodegenerative progression, measured through the lesion
accumulation and atrophy rates were also found to develop linearly on a group level but with
large inter-individual differences. Lesion accumulation expanded, on average, at a rate of 7.2%
per year. Whereas the annual grey and white matter atrophy rates were 0.70% and 1.3%

respectively. The annual atrophy for the neuroanatomical volumes were: corpus callosum
(2.5%), thalami (0.20%) and hippocampi (—0.56%.).
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Figure 21. Neuroanatomic and tissue correlates of cognitive dysfunction. Associations of cognitive

functioning with tissue and neuroanatomical volume fractions in MS patients and controls.

Neuroanatomical and tissue correlates of cognitive dysfunction

The cognitive index was found to correlate with imaging measurements in both MS participants
and controls, illustrated in Figure 21. Cognitively impaired participants with MS had lower
white matter (29.2+£5.3% vs. 34.1+4.5%, P=0.002), corpus callosal (0.098+0.06% vs.
0.17+0.05%, P<0.001), thalamic (0.50+0.13% vs. 0.66+0.13%, P<0.001) tissue fractions and
a higher lesion fraction (2.8+2.0% vs. 1.1£1.1%, P<0.001) compared to cognitively preserved
MS participants. However, there was no difference identified in the hippocampal fraction
between cognitively impaired and preserved individuals (0.5/£0.08% vs. 0.51%0.06%,
P=0.67). There was a trend for less grey matter fraction in cognitively impaired participants
with MS (46.5+4.4% vs. 49.0+3.6%, P=0.039) but this did not survive correction for the false
discovery rate. Multiple linear regression analysis showed that the cognitive index in MS was
most influenced by the lesion and corpus callosal fractions and also for the SDMT and RAVLT
encoding tests. However, only the lesion fraction was significant for RAVLT retention and
only the corpus callosal fraction for ROCFT. FAS was also associated with the combination of
hippocampal fraction alongside lesion fraction. A stepwise linear regression including only the
first MRI time-point to test for a potential predictive value was highly comparable to that of
the longitudinal regression results. The value of the MRI baseline brain volumetrics for the
prediction of cognitive performance 8.5 years later was found for the lesion fraction (5=-0.53,
P=0.003) and corpus callosal fraction (f=0.42, P=0.01). Even when accounting for the
baseline cognitive performance, the lesion fraction remained as an independent predictor (5=-
0.35, P=0.008), highlighting the influence of the lesion fraction on cognitive dysfunction.
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4.2 STUDY I
Spinal cord and brain MRI results

Cervical spinal cord lesions were identified in 29 of the 35 (83%) participants with MS; in 14
of the 20 (70%) with RRMS (median 2, range 0-9 lesions) and in all 15 with SPMS (median 4,
range 2-9 lesions). The SPMS participants tended to have higher cervical spinal cord lesion
count (P=0.074). Participants with MS had a lower mean C2-C3 cross-sectional cord area
relative to healthy controls, in both the grey matter (6.8+1.5 vs. 7.70+0.94 mm?, P=0.021) and
white matter (52.8+£9.2 vs. 58.144.9 mm?, P=0.019). However, there were no significant
differences detected between RRMS and SPMS groups. There was a higher proportion of
lesioned spinal cord tissue in SPMS vs. RRMS participants in the grey and white matter, mostly
in the white matter (RRMS 2.6+2.9 vs. SPMS 9.3+13.3 %, P=0.05). Naturally, the spinal cord
grey and white matter lesion fractions were strongly related to each other (p=0.91, P <0.001).
Likely related to the observation that all of the MS participants with spinal cord lesions had
lesion portions affecting the grey and white matter tissues, except for two of the MS participants
(1 SPMS and 1 RRMS) who had solely white matter spinal cord lesions. Those diagnosed with
MS also had thinner cortices versus controls (2.33+0.12 vs. 2.41+0.07 mm, P=0.017), and
within the MS participants, there was more profound cortical thinning in those with SPMS than
with RRMS (2.26+0.10 vs. 2.40+0.10 mm, P<0.001). There was a positive association between
spinal cord grey and white matter lesion fractions and the brain white matter lesions (=0.39,
P=0.021 and r=0.37, P=0.033).

Lesion mapping as a function of distance from CSF

The results of the brain periventricular lesion mapping are graphically summarized in Figure
22. By applying brain periventricular CSF-proximity lesion mapping using inside-out
assessment white matter MS lesions in the brain were found to more likely occur nearest the
ventricular system. The gradient pattern of lesions originating nearer the CSF, was present in
both disease stages and particularly more evident in those with SPMS. This is reflected in that
the normalized lesion fraction percent was higher in participants diagnosed with SPMS as
compared to RRMS, across nearly every periventricular layer, but highest in the two layers
nearest the CSF, being layer 1 (3.3+£6.2% vs. 0.8+1.1%, P=0.002) and layer 2 (3.3+£6.5% vs.
0.3£1.8%, P=0.004).

The results of the cervical spinal cord and brain lesion mapping are graphically summarized in
Figure 22. Through inside-out CSF-proximity mapping, spinal cord lesions were found to have
a distribution closely corresponding to that of a pseudo-bell curve pattern, being skewed
towards either of the two CSF-surfaces of the spinal cord. When comparing the whole lesion
fraction in RRMS and SPMS participants, we identified that the bimodal inner versus outer
skewness observed in the whole MS cohort was driven by RRMS participants’ greater
likelihood for lesion development nearer the outer subpial aspect of the cervical cord and SPMS
participants’ likelihood for lesion development nearer the inner aspect of the central canal. The
whole lesion fraction was greater in RRMS participants relative to SPMS participants at layer
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7 (2.844.9% vs. 1.0+1.1%, P=0.005), layer 8 (3.4£2.2% vs. 0.4£1.1%, P<0.001), layer 9
(1.2+2.5% vs. 0.0+0.5%, P=0.002) from the central canal CSF-surface to the subpial CSF-
surface. In SPMS participants, compared to RRMS participants, lesions were mostly located in
the layers nearest the central canal CSF-surface, within layer 1 (1.6+5.1% vs. 0.0+1.1%,
P=0.029), layer 2 (2.6+£6.1% vs. 0.2£1.6%, P=0.023), layer 3 (2.6+5.5% vs. 0.6£2.4%,
P=0.016) and layer 4 (2.4+3.4% vs. 0.8+2.9%, P=0.057) from the central canal to the cord
perimeter. These lesion distributions were mostly maintained when only considering the tissue
specific lesion fractions within the grey and white matter. The white matter spinal cord lesion
component distribution pattern was very similar for all MS participants and disease subtypes.
The grey matter lesion distribution also maintained a comparable pattern, but slightly shifted
more internally with a narrower distribution across fewer levels, that is likely a result of the
anatomical distribution of grey matter in the spinal cord.
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Figure 22. CSF-proximity lesion mapping. Box-and-whisker plots presenting the normalized lesioned
fractions in the respective radial dilation layers. Top row: Brain. Mapping the lesion fraction from the
ventricular surface to the surrounding periventricular white matter. Bottom row: Spinal cord. Mapping
the lesion fraction from the inner central canal surface to the outer sub-pial surface. Exploratory
comparison of individual-level lesion fraction vs. the median of the inner-most level (*P-value < (.05,
**Pvalue < 0.01, ***P-value < 0.001 by Wilcoxon signed-rank test, two-tailed, equal variances not
assumed). Right side: Bar graphs. Depict the rank difference between MS subtypes for the respective
dilation layers. Exploratory comparison of RRMS vs. SPMS participants (+P-value <0.05, ++P-value
< 0.01, +++P-value < 0.001, by Mann-Whitney U-test (two-tailed, equal variances not assumed).
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Clinical correlations with spinal cord and brain MRI metrics

Using stepwise linear regression it was identified that cortical thickness is the most significant
(B=-0.55, R°=0.30, P=0.002) contributor to physical disability (EDSS), a combined model
(R?=0.44) of white matter lesion fraction in the spinal cord (8=0.44, P=0.01) and brain
(=0.40, P=0.02) are the most significant contributors to fine motor skill disability (9-hole peg
test), a combination of (R?=0.32) cortical thickness ($=-0.48, P=0.008) and spinal cord grey
matter cross-sectional area (f=-0.37, P=0.035) as the most significant contributors to reduced
walking speed (timed 25-foot walk).

4.3 STUDY Il
Ex vivo MRI-histological correlations

The REMyDI myelin quantification method correlated (P<0.001 for all) with both myelin-
specific histological staining methods across each of the three samples: proteolipid protein-
immunostaining (r=-0.73, r=-0.63, r=-0.66) and Luxol Fast Blue (r=-0.66, r=-0.61, r=-0.63).
Voxel-wise correlation graphs for the three individual samples and respective staining methods
are shown in Figure 23. Generally, the correlations to the axonal Bielschowsky silver staining
(r=-0.58, r=-0.48, r=-0.63; all P<0.001) were numerically lower than the more myelin-
specific staining counterparts. The histological myelin staining methods were also in agreement
with one-another, proteolipid protein-immunostaining vs. Luxol Fast Blue (r=-0.92, r=-0.93,
r=0.91). The individual quantitative maps (PD, R1 and R2) demonstrated a nonlinear
relationship with myelin histology stains, indicating that additional factors influence the R1
and R2 maps and therefore are not able to, alone, sufficient to estimate the myelin content. The
PD demonstrated a linear relationship but to a lesser degree than that of REMyDI.

- Samp!e1 ors Sample 2 - o '_VSavmpIe 3

P <0.001 r=-0.63 o r=-0.66
N =20,791 P.<10:001 : . P <0.001

(=
2 N.=16,876 00 N = 26,910
e § 2 2
iy 8 21sof 2150
S g% g
25 5
= €S S 100
SE® 5
-
OE = 50 50
o
0 0 0
0 10 20 30 40 0 10 20 30 40 0 10 29 3(2) 40
REMyDI myelin content (%) REMyDI myelin content (%) REMyDI myelin content (%)
r=-0.66
250 . 250 h . = 250
LB
N =20,791 . b < 0.001

N=16,376 N =26.910

@
S

optical density
e

White matter
Grey matter
Lesion

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
REMyDI myelin content (%) REMyDI myelin content (%) REMyDI myelin content (%)

Luxol Fast Blue
optical density

50 50 50

Figure 23. Voxel-wise REMyDI myelin specificity plots with myelin-specific stainings. Three MS
brain tissue samples’ voxel-wise Pearson correlations of the REMyDI myelin maps with the
histological stain uptake optical densities for PLP-IHC and LFB. Respective tissue voxel count (N).
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In vivo repeatability

The whole-brain REMyDI myelin fraction was found to be robust with a low overall mean
coefficient of variance (CoV) at 1.2+1.5%, median 0.58% (range 0.0-6.5%). In the MS cohort,
the mean CoV was 0.82+0.75%, median 0.68% (range 0.0-2.6%). In healthy controls, the
overall whole-brain mean CoV was 1.4£1.8%, median 0.58% (range 0.0-6.5%). The overall
tissue-specific myelin fractions were also found to be robust, with a mean CoV in the NAWM
0f 0.5240.63%, median 0.29% (range 0-3.0%) and in the NAGM of 1.1+£0.81%, median 0.87%
(range 0-2.9%), respectively.

In vivo group comparison

There was no significant difference in age or sex between the MS participant and control
groups. There was no significant difference between males and females in any of the
conventional or REMyDI myelin quantification MRI metrics across all participants, or
selectively within the control/MS subgroups. The MS participants were found to have lower
myelin fractions in the whole-brain (/7.8+1.6 vs. 12.6+0.9 %, P=0.004) and NAWM (9.6+1.7
vs. 10.6+1.0 %, P=0.001) compared to controls. The RRMS participants had lower whole-
brain (/2.0+1.4 vs. 12.6+£0.9 %, P=0.026) and NAWM (9.8%1.5 vs. 10.6+1.0 %, P=0.009)
myelin fractions than controls. Participants diagnosed with SPMS also had lower whole-brain
brain (/1.1+£2.0 vs. 12.6+£0.9 %, P=0.014) and NAWM (8.9+2.1 vs. 10.6+1.0 %, P=0.010)
myelin fractions than controls. However, no significant differences in myelin content were

observed between the MS subtypes.
In vivo clinical correlations

Physical disability, measured by EDSS (N=70), correlated with the whole-brain (p=-0.26,
P=0.032) and NAWM (p=-0.26, P=0.032) myelin content as well as the lesion volume fraction
(p=0.36, P=0.002) at baseline. At 2-year clinical follow-up, EDSS (N=70) again correlated
with whole-brain (p=-0.41, P<0.001) and NAWM (p=-0.41, P<0.001) myelin content as well
as the lesion volume fraction (p=-0.40, P=<0.001) and the NAWM volume fraction (p=-0.41,
P=0.008). However, after correcting for baseline EDSS, only the myelin content in the whole-
brain (p=-0.30, P=0.013) and NAWM (p=-0.30, P=0.011) were significantly correlated with
longitudinal EDSS. Linear regression identified that the baseline EDSS was most strongly
influenced by the lesion fraction, but at 2-year follow-up the whole-brain myelin fraction was
identified as the strongest contributor, shown in Figure 24.

Cognitive disability, measured by SDMT, correlated with the whole-brain (»=0.56, P<0.001)
and NAWM (r=0.54, P<0.001) myelin content as well as the NAWM volume fraction (r=0.42,
P=0.003) at baseline. At 1.5-year follow-up, the NAGM myelin content tended to be correlated
with SDMT scores (r=0.38, P=0.034), even after correcting for baseline SDMT. Stepwise
linear regression identified the baseline SDMT score was most strongly related with whole-
brain myelin fraction and, longitudinally, mostly associated with a combination of whole-brain
and NAGM myelin fractions, shown to the right in Figure 24.
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Figure 24. Relations of MRI volumetrics with clinical disability.

Linear regression of the clinical disability metrics with magnetic resonance imaging metrics. EDSS
was treated as a continuous variable and was log transformed and normalized lesion fraction by
the square root to become approximately normally distributed. RRMS (blue), SPMS (red) and PPMS
(green). SE = standard error.

4.4 STUDY IV
Periventricular myelin mapping

The periventricular myelin mapping results and group differences are portrayed on the
following page in Figure 25. As expected, all three groups (healthy controls, RRMS and PMS)
demonstrated a gradient of regional myelination differences in the periventricular NAWM and
WM . However, the RRMS and PMS groups had significantly lower myelin content as
compared to the healthy controls in both the NAWM and WM. Additionally, not only was the
myelin content lower nearest the ventricular system in RRMS and PMS participants, but the
degree to which it was reduced was also greatest nearest the ventricular system. This pattern of
demyelination was most pronounced nearer the ventricular system and was observed in MS
participants in both the WM (including focal lesions) and diffusely in the NAWM. Myelin
content in the periventricular NAWM was lowest in RRMS participants in layers 1-4
(P<0.0001) and in PMS participants in layers 1-3 (P<0.0001), relative to the myelin content
in healthy controls. Meanwhile, the myelin content in the periventricular WM including lesions
was lowest in RRMS participants in layers 1-7 (P<0.0001) and in PMS participants in layers
1-4 (P<0.0001), as compared to healthy controls. However, despite the fact that those with
PMS tended to have lower myelin content within the periventricular NAWM and WM layers
than those with RRMS, no layers between the MS subgroups had significantly different myelin

content values.
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Figure 25. Periventricular myelin content mapping.

A. Representative participant. Tr-FLAIR image alongside the corresponding NAWM and WM
dilation maps (magenta to cyan) for a 34-year-old female participant with RRMS (1.3-year disease
duration, EDSS score 2.0, SDMT z-score -3.0). B. Myelin mapping results. The mean myelin content
across the periventricular NAWM and WM layers in healthy controls (green), RRMS (blue), PMS
(red) participants. C. Exploratory group comparisons. The group-level mean percent difference of
the periventricular NAWM and WM REMyDI values within the identified layer between the two
respective groups by independent samples t-test, two-tailed, equal variances not assumed. *P-value
<0.05, **P-value <0.01, ***P-value <0.001, ****P-value <0.0001.
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Both RRMS and PMS subgroups had
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a PMS subtype had greater median
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Figure 26. Perilesional myelin mapping

A. Representative participant. T2-FLAIR image with the corresponding perilesional map for a 35-
year-old female participant with RRMS (7-year disease duration, EDSS score 1, SDMT z-score -0.8).
B. Myelin mapping results. The myelin content for the perilesional layers in RRMS (blue) and PMS
(red). Paired comparisons of the myelin content with the outermost perilesional myelin content
(indicated by +), by Wilcoxon signed-rank test **P-value <0.01, ****P-value <0.0001. Paired non-
parametric of the myelin content in the outermost perilesional NAWM value (indicated by +)
compared to the myelin content in each individual perilesional layer by Wilcoxon signed-rank test
**P-value <0.01, ****P-value <0.0001. C. Group comparison. Exploratory group-level comparison
of myelin content between MS subtypes by Mann-Whitney U-test, *P-value <0.05, two-tailed.
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the surrounding normal-appearing tissue, specifically extralesional layers 1-4. Group
comparison of RRMS and PMS participants found that those layers bordering the lesion edge
differed most, including intralesional layer 1 and extralesional layers 1-3, by Mann-Whitney
U-test, P<0.05.

Clinical disability correlates of demyelination gradients

The correlational plots of the clinical disability metrics and myelin maps are displayed below
in Figure 27. The metrics that were consistently associated with the periventricular NAWM
myelin content were baseline SDMT scores, follow-up EDSS scores, baseline MSIS physical
and psychological scores. The metrics that were consistently associated with the periventricular
WM myelin content were baseline SDMT scores, baseline and follow-up EDSS scores and
baseline MSIS physical. The metrics that were consistently associated with the periventricular
lesion fraction were baseline and follow-up EDSS scores. Interestingly, the metrics that were
consistently associated with the perilesional myelin content were baseline SDMT scores,
baseline and follow-up EDSS scores, baseline MSIS physical and psychological scores;
however, only with the extralesional portion of the perilesional myelin values, apart from EDSS
at follow-up.

Periventricular NAWM myelin content Periventricular WM myelin content

* =P<0.05
*%=P<0.01
X.=P<0.001

ok
*x

*k
¥%=P<0.0001

SDMT
Basline
m Follow-up

= EQ-5D

EDSS
=== Basline
Follow-up

Correlation coefficients (p/r)
Correlation coefficients (p/r)

5 7 8
Periventricular NAWM layers Periventricular WM layers

Periventricular lesion fraction Perilesional myelin content

Correlation coefficients (p)
<) <)

IS S o

Correlation coefficients (p)

<3
)

o
©

3 5 - ¥ g E .
Periventricular lesion layers Perilesional layers

Figure 27. Myelin mapping correlations with clinical disability.

Measured by SDMT baseline (red) and follow-up (orange), EQ-5D (yellow), EDSS baseline (light
blue) and follow-up (dark blue), and MSIS physical (green) and psychological (light green) with the
four respective techniques.
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Ex vivo myelin mapping

The ex vivo myelin mapping results are depicted below in Figure 28. The ex vivo REMyDI and
histological periventricular NAWM and WM myelin mapping patterns shared visible
consistency to the patterns observed in vivo by REMyDI for the MS participants; Presenting
with a similar gradient of lower myelin content nearest the ventricular system that gradually
increases and plateaus further into the parenchyma. Moreover, the sigmoid pattern of the
perilesional area observed in vivo was also comparably represented to varying degrees in the
ex vivo myelin mapping graphs. In total, 16 lesions (N=7, 7, 2 respectively) were captured, the
majority were periventricular (N=9). Interestingly, the ex vivo REMyDI myelin mapping
patterns presented with greater dynamic variance throughout the tissues relative to the
respective histological staining methodologies.
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Figure 28. Ex vivo myelin mapping.
A. Segmentation maps. Left, sample 1 in blue. Middle, sample 2 in red. Right, sample 3 in green.
Mapping procedures were done the same as for the in vivo myelin mapping presented in Figures 25

and 26. B. Myelin mapping results. The x-axes’ color bars match those of the segmentation maps.
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5. DISCUSSION

Study |

The combination of long-term neurological, neuropsychological and radiological evaluations
in this study is unique compared to previous studies, which have focused on either disability
monitoring or MRI follow-up, but typically lack the combination of both. The results of this
study highlight the application of volumetric MRI throughout the MS disease course in relation
to disability. Interestingly, some of the volumetric markers did not change much throughout
the disease course and, generally, there was substantial intra-individual variability. However,
when considering the association of some volumetrics with respect to cognitive functioning,
there were several interesting findings. This underlines the importance of contextualizing
volumetrics within the framework of an individual’s clinical neurologic disability profile.

The volumetric biomarkers that were most predominantly associated with future
neuropsychological functioning were the T> white matter lesion fraction and corpus callosal
fraction. Lesions are certainly the pathological hallmark of the disease and have previously
been demonstrated to contribute to disability progression. The importance of the callosal
atrophy probably relates to the biological importance of the corpus callosum in connecting the
two hemispheres and being essential for most bi-hemispheric functioning and communication.
Moreover, it is composed of tightly bundled groupings of axons with high degrees of
myelination, making it prone to MS pathology (Granberg ef al., 2015; Gongalves et al., 2018).

From a neuropsychological perspective, the use of a multi-faceted test battery with
complementary tests provided insights into which of tests were most reflective of cognitive
dysfunction in MS. Interestingly, tests that correspond to widespread functions, thus being
especially vulnerable to structural and functional disconnections, were the most sensitive to
capture cognitive impairment and progression. This resonates well with the aforementioned
neuroanatomical findings where lesions and callosal damage likely contributes to
disconnections. Another intriguing observation in this study was the preservation of cognitive
functioning but pronounced physical disability in some MS participants, and vice versa in
others. MRI has the potential to resolve this clinico-radiological paradox. For example, among
the six participants with an EDSS >6.0, cognitive index z-score >0, four had also been imaged
with spinal MRI, which revealed spinal lesions in three participants (75%). Due to
physiological reasons, lesions in critical locations of the spinal cord may result in severely
impeded ambulation with preserved cognitive functions. Meanwhile, cognitive impairment
with relative sparing of physical abilities could be related to cortical lesions (though unable to
determine at 1.5 Tesla). Notably, these notions were indeed later supported by our findings in
Study II, where advanced imaging of both the brain and spinal cord was applied.

The value of applying a cognitive index as a composite measure of neuropsychological
functioning in a single numeric representation seems to hold clinical value by reducing the
dimensionality of the data into a meaningful metric that is more approachable to clinicians,
comparable to the EDSS and composing sub-scores. It would be interesting to see if a similar
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analog could be developed and integrated into the visual platform of the Swedish MS registry
shown here in Figure 29, which provides visual feedback to those with MS and their caretakers,

thus promoting its use and coverage.
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Figure 29. The progression of clinical disability in MS.
Represented by EDSS (N=10,653) and SDMT (N=5,680) scores over disease duration across all
available patients at Karolinska University Hospital in Huddinge, Stockholm, Sweden according to the
Swedish MS Registry. Image courtesy of Leszek Stawiarz, Swedish NEURO Registries (Dec 30", 2020).

In terms of immediate clinical interpretation, Study I demonstrated that cognitive impairment
progresses continuously in MS, accompanied by atrophy and lesion accumulation, suggesting
that interventions that can effectively address these pathological processes hold importance at
all disease stages, even in late stages where DMTs are typically not used today.

Study Il

In this study, we applied ultra-high field strength MRI (7 T) to characterize the distribution and
proportion of grey and white matter involvement of MS pathology in the brain and cervical
spinal cord. Rarely has 7 T been applied to image the spinal cord in MS to date, and the
combination of the two, as well as a focus of the uncharted territories of grey matter
involvement (particularly in the spinal cord), provides novelty to the study. Brain and spinal
cord lesion distributions were mapped based on proximity to the CSF surfaces, inspired by
previous hypotheses and studies regarding the concept of a pathological gradient in MS that is
related to CSF-proximity. In the brain, a periventricular gradient was seen in both RRMS and
SPMS and was more pronounced in the progressive phase. In the cervical spinal cord, we
observed a greater propensity of spinal cord lesions to manifest near the CSF interfaces in the
subpial surface in early RRMS and around the central canal in SPMS. Thus, MS pathology was
found mainly with proximity to CSF not only in the brain but also in the spinal cord.

The pathogenic cause of MS is unknown, and many of the mechanisms driving the gradient
differences between subtypes remain uncertain. However, meningeal inflammation in the CSF-
interface along the subpial surface has been histopathologically identified in CIS and RRMS
(Frischer et al., 2009; Lucchinetti et al., 2011; Zurawski et al., 2017), but is more typically
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demonstrated in those with progressive MS (Magliozzi et al., 2010; Howell et al., 2011). A
potential explanation may be related to the relative size of the CSF pools from which the
segmentations were seeded, with the lateral ventricles of the brain being relatively much larger
than that of the central canal in the spinal cord. Overall, the observations of Study II are in
support of the historic outside-in theory of CSF-/ependymal-mediated inflammatory
pathogenesis for MS demyelination, whereby CSF-borne immune cytotoxic factors could
potentially penetrate the parenchyma to provoke focal lesion formation/expansion and produce
a gradient of diffuse demyelination and/or lesion formation. An interesting side note is that
enlarged perivascular spaces are more common in MS than in controls, as shown in a recent
meta-analysis (Granberg ef al., 2020), and that the diameter of these enlarged perivascular
spaces are not related to brain atrophy in MS (as may be hypothesized) but instead strongly
linearly related to the T and T> lesion volumes (data not yet published). Indeed, our PET
studies have shown signs of compartmentalized inflammation with activated microglia
especially in the SPMS stage of MS, potentially supporting this hypothesis (Herranz et al.,
2016, 2019). Further explorations along these lines of thought would require longitudinal
follow-up at 7 T, ideally combined with microstructural quantitative MRI and also include
monitoring of CSF flow dynamics to support the pathophysiological hypothesis. Moving
forward, future studies should also include imaging of the whole spinal cord and examine the
pathology of the spinal cord based on CSF-proximity using quantitative MRI metrics and ex
vivo correlation probing the microstructural aspects of the disease.

Furthermore, this study clearly demonstrates the clinical utility of 7 T MRI, which is now
clinically approved. Currently, there is only one 7 T scanner in Sweden, a national research
facility in Lund. From a clinical standpoint, our findings stress the need for additional clinical
ultra-high field resources in Sweden, in agreement with numerous other studies showing its
clinical value also in other pathologies such as epilepsy, brain tumors, cerebrovascular diseases,
and also whole-body applications (Kraff et al., 2015). Certainly, 7 T MRI would not replace
1.5/3 T as the clinical workhorses but rather be applied in an application specific manner (Kraff
et al., 2015). A heightened sensitivity to pathology could be of particular use at the diagnostic
stage of MS, aiming to even further reduce the time to diagnosis and initiation of DMT. Seeing
the socio-economic disease burden of MS, where treatment and diagnostics only constitutes a
small fraction of the financial burden of the disease, the case for investment in such equipment
close to a large population center of patients with MS would be strategically prudent. This
overall positive socio-economic aspect of such diagnostics is supported by the fact that clinical
7 T scans are indeed reimbursed by health insurance companies in the United States. This being
said, such a large financial investment would likely entail nationally coordinated efforts and
collaborations between regions and all leading medical and technical faculties in Sweden. It is
my sincere hope that this thesis may provide a spark and contribute towards such a development

in advancing patient care in Sweden.
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Studly Il

This study aimed to systemically validate a fast quantitative myelin imaging technique intended
for clinical application. First, by evaluating the specificity to myelin using two myelin-specific
histological stains, but also demonstrating that the tissue specificity was weighted towards
myelin rather than that of axons (which is inherently hard to disentangle seeing their spatial co-
localization). Second, the variability of the technique was determined to be very low, by scan-
rescan measures in both healthy volunteers and participants diagnosed with MS. Finally, the
clinical utility of the myelin imaging technique was highlighted by the finding that myelin
measures were more strongly related to clinical disability measures than conventional
volumetric measures at the time of scanning but also to one’s future physical and cognitive
disability status.

The myelin specificity analyses were truly a translative collaborative effort between
histopathology and radiology. Much of the effort on the histopathological side was in
producing high quality and homogenous staining uptake across a whole-coronal hemispheric
brain sample and also in cutting the brain tissue samples without damaging the tissue by
causing micro-tears. Meanwhile, the radiological/physical complexity arose mainly in the ex
vivo imaging scanning fixated samples at room temperature using components intended for

clinical application as well as the co-registration of the MRI and histological images.

There are relatively few previous studies attempting to histologically validate myelin imaging
techniques (van der Weijden et al., 2020). This is partly due to the methodological challenges
mentioned above, but also due to difficulty in acquiring tissue samples and also that the field
is constantly changing with more techniques that are perpetually being elaborated upon. The
REMyDI MRI-based myelin imaging correspondence with histological myelin stains was
moderate (0.60< r <0.79), which is comparable but slightly below previously reported
correlation coefficients of other myelin imaging techniques (van der Weijden et al., 2020).
However, these correlations are potentially due to the stark differences in methodology. An
important methodological consideration in this study was the voxel-wise comparison of
REMyDI based myelin quantification with histological staining for myelin. This is, to the
authors’ knowledge, the first example of such analysis for myelin imaging validation. In
preceding studies, manual selection of regions of interest has typically been used for MRI-
histopathological correlations. Opponents would argue that the manual regions of interest
approach is more favorable, due to the difficulties in registering the MRI with histological
images that distort at sectioning, which is true. However, an inherent risk of bias in the manual
delineation is the ability to, unblindedly choose the regions of interest with the most favorable
agreement between techniques. The validation pipeline developed for this thesis may now be
applied to other quantitative MRI techniques to increase our understanding of their tissue
specificity and also to other diseases to heighten our understanding of their pathophysiological
processes by in vivo monitoring.
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The repeatability of a method is essential when the intent is to monitor the dynamic in vivo
pathophysiological evolution throughout the disease course, which is certainly of key
importance in chronic and dynamic disease processes such as in MS. The repeatability of
REMyDI is among the best reported for myelin imaging techniques (Piredda ef al., 2021).
Additionally, without tissue specificity and without monitoring a particular process related to
the disease in question, there is no reason for applying the method. Therefore, an important
consideration in terms of the clinical value of the method is whether or not these myelin
measures are related to disease and disability progression, and how do they compare to more
conventional metrics? The REMyDI measures were more strongly related to cognitive and
physical disability as compared to conventional volumetric markers. This highlights the
potential additional value of non-conventional imaging markers for clinical use. Perhaps the
most promising finding is that the myelin measures were predictive of future disability, though
further validations of these findings are warranted.

Study III demonstrates that REMyDI myelin imaging correlates well with myelin and provides
a robust in vivo quantification of myelin that is related to baseline and follow-up clinical
disability metrics. Beyond the detection of demyelination within lesions, there was also a
reduction of myelin content in the normal-appearing tissues, highlighting the increased
sensitivity to subtle/diffuse MS pathology compared to conventional MRI. The clinical
application of REMyDI is also favorable due to the relatively short acquisition and image
processing times as well as CE marking and FDA approval. However, an inherent drawback is
that the method requires commercial licensing and that the sequence is currently 2D-based with
rather thick slice thickness and gaps between slices to reduce inter-slice crosstalk. Nonetheless,
REMyDI remains a promising technique to monitor the dynamic demyelination and
remyelination profiles of lesions throughout the clinical course of MS and will likely prove
valuable in pathophysiological monitoring. Importantly, the most promising utility of REMyDI
may likely be in the benchmarking of DMTs in clinical trials for compounds claiming to have
remyelination potential, such as clemastine. Furthermore, the greater the number of diagnostic
tools at radiologists’ disposal, specifically those that are able to probe the mechanisms of
various pathology, the better. This relevancy has been evidenced most recently by the novel
SARS-CoV-2 and COVID-19 pandemic, where advanced techniques will likely help our
understanding of the underlying processes of the acute and long-term neurological
complications of this new disease.

Study IV

In this study, we elaborated on the CSF-proximity mapping technique from Study II in
combination with the myelin imaging method validated in Study III to characterize the
distribution of demyelination present in the periventricular and perilesional areas of the brain
in ex vivo MS brain tissue samples and an in vivo heterogeneous cohort of MS participants.
Further, we correlated four common clinical measures of physical and cognitive disability in
MS with the distribution of myelin content in the periventricular and perilesional regions.
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We observed more pronounced demyelination in the WM nearest the ventricular system of MS
participants, as compared to healthy individuals, present even when solely looking at the
normal-appearing tissue. This periventricular white matter demyelination gradient and diffuse
demyelination in the NAWM was similarly demonstrated in the histological stainings of the ex
vivo samples. Additionally, when sampling from the inner lesion core to the surrounding
NAWM tissue, the pattern of demyelination resembled that of a sigmoid curve, with significant
demyelination diffusely extending beyond the lesion border. This diffuse extralesional
demyelination was found to significantly differ between MS subtypes and was also more
significantly related to physical and cognitive disability than the intralesional demyelinated
content. This sigmoid pattern of perilesional myelin content was partially preserved in ex vivo
samples, however, the abbreviated number of lesions in the samples limits the results.

Similarly, to Study II, these findings are in support of a possible CSF-borne immune cytotoxic
factor-mediated pathogenic mechanism for demyelination in MS. This study most conceptually
differs from Study II by additionally targeting diffuse demyelination rather than just focal
lesion formation visible on MRI to a radiologist. Despite these differences, the periventricular
patterns of lesion formation and diffuse white matter injury are evidently similarly linked.
These periventricular patterns of demyelination have been previously demonstrated using MTR
(Filippi et al., 1998; Liu et al., 2015; Brown et al., 2017) and T>* relaxometry at 7 T (Louapre
et al., 2018). However, the perilesional myelin mapping method that is uniquely applied in this
work is more singularly informative. Moreover, the ex vivo findings that echo those of the in
vivo patterns using both MRI-based myelin imaging and histological stainings for myelin adds
accreditation to the observations.

The mechanics of immune cells migration into and pathogenic perpetuation of disease-driving
mechanisms throughout the brain remain to be fully revealed. Certainly, at present
technological standing, MRI cannot identify specific immune cells, but by linking the MRI-
based demyelination patterns to observations made in histopathological examination, more
light can be shed onto the evolution and trajectory of MS pathology. Our understanding of
blood-brain barrier disruption followed by focal lesion formation predominantly mediated by
T-cells around a central post-capillary venule is well described in EAE animal models.
However, the blood-brain barrier may not be the only site of penetration into the CNS, nor may
T-cells be the only pathological immune cell perpetuating MS pathology (Piehl, 2021). The
choroid plexus has been identified as a point of immune cell entry into the brain (Vercellino et
al., 2008). The proposed immune activation cascade of the choroid plexus is believed to be
related to an upregulation of the molecular machinery necessary for adhesion and migration of
immune cells (Marques et al., 2009); Thereby promoting lymphocyte access to the resident
antigen-presenting cells of the choroid plexus, in turn leading to further inflammatory
activation and subsequent tissue damage (Vercellino et al., 2008; Martirosian et al., 2016).
Once the immune cells are present within the CNS, the pathological potential of these cells
varies. Not all cells in and around lesions are perpetuating demyelination, and therein lies the
difficulty in identifying the key pathogenic cells that do not belong. The T- and B-cells likely
play a crucial role in the initiation of an autoinflammatory cascade. While T-cells may be more
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readily involved in the focal inflammatory demyelination of lesions, B-cells may play a
stronger role in generating an autoinflammatory cascade resulting in CSF soluble inflammatory
neurotoxic factor(s) that either indirectly or directly damages myelin (Adams et al., 1987,
Magliozzi et al., 2010; Lassmann, 2019). Our findings in Study IV again support that the
readily applicable REMyDI myelin quantification method has enough sensitivity to capture
varying patterns of both focal and diffuse demyelination in MS. Additionally, this shows that
these myelin gradient profiles are correlated to common clinical measures of disability in MS.

General Discussion

The main goals of our research

A common theme of the discussions in these works is directly related to the goals of our
research group at large and indicates the “Why?” of one’s research, a concept that cannot be
too often reflected upon. By wielding the sensitivity and specificity of MRI in reducing the
time to diagnosis, we can help get the person with MS onto the most ideal DMT and hopefully
spare their CNS from further injury. From interacting with participants diagnosed with MS,
they are sometimes relieved at the point of their diagnosis, which might seem counterintuitive.
However, this is due to the variability in the presentation of MS and how elusive the diagnosis
can often be. The disease is so insidious that people with MS may often believe they are at fault
or that something is wrong with them, that they are just “clumsy” or “forgetful”, when this
could not be further from the truth. It is the disease, not the person, that is causing these issues.
These are symptoms, not character traits. Setting these manifestations aside, as a consequence
of the disease, allows the patients their lives back, where they may now set their focus on
aspects beyond the disease once they are on effective treatment.

The consideration of sensitivity versus specificity in MS diagnostics is also very intriguing
because of the dynamics between one-another change throughout the MS disease course. At
the time of diagnosis, the most prudent consideration is the specificity for MS pathology,
currently, those fulfilling the McDonald criteria. However, when monitoring tissue destruction
in the brain of someone with known MS, there is a justifiable shift towards sensitivity in
monitoring demyelination or neuroaxonal degeneration. Notably, the processes associated with
normal aging also cause white matter signal changes and ventricular expansion that are
similarly expected to also occur in MS. Techniques with higher sensitivity to
neuroinflammatory and neurodegenerative processes become more relevant throughout the
disease course until specific markers can indicate a potential conversion from RRMS to SPMS
that may require alternative therapeutic considerations.

The next goal is using the sensitivity of MRI to monitor these patients and ensure that the DMT
chosen is the most ideal, and to also monitor for adverse effects. As technological
advancements, from both a hardware and processing standpoint, further aim to extract more in
vivo microstructural information, we can garner more information about the dynamic
pathophysiological processes using MRI. Lastly, MRI measures can be applied as outcomes
for benchmarking clinical trials of hopeful DMTs in MS. However, we must consider if the
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more traditional measures of new/expanding lesions and volume/atrophy changes are too
coarse of a measure to capture positive outcome in treatment. Additionally, are the applied MRI
outcomes too far downstream from the DMT intervention? Seemingly, the most direct linkage
between MRI specificity and treatment outcome is that of therapies targeting remyelination.
Whereby, the applied MRI sequence can directly visualize and measure the intended outcome,
as opposed to indirectly gauging an effect of the intended mechanism of action for the DMT.
Take for example a DMT that aims to limit lymphocyte influx into the brain, which is
intimately connected with the formation of focal lesions, where a treatment effect on the
accumulation of new T»-lesions is a straightforward interpretation. In contrast, MRI atrophy
metrics remain an indirect measure of the combined effect of several simultaneous and related

disease processes, making results more difficult to interpret.
Clinical implementation of quantitative MRI

The implementation of quantitative MRI metrics of MS pathology into clinical practice has
several obstacles to overcome. The confidence in the methodologies must also be well
demonstrated before clinical application. Certainly, much of the aforementioned analyses are
necessary when applying for CE marking and FDA approval. Not only are these validation
considerations important for the MRI protocol but also any imaging analysis and processing
methods. Here, we chose to use the SyMRI application of REMyDI for myelin quantification
because the sequence and processing suite are already clinically approved, meaning we could
apply them in a clinical setting alongside our standardized MS MRI protocol. Importantly, the
implementation of other quantitative MRI analysis in the clinic can, partially, be facilitated by
similar extensive validation. Inevitably, however, the process of obtaining regulatory approvals
and clinically worthy implementation tools entails considerable financial backing. Thus, there
is a fundamental financial nature to be considered in the process of clinical introduction that is
often left unmentioned in scientific texts, as some of those values are perceived to be in
contradiction with one another. Therefore, formal CE marking and FDA approval are typically
the final hurdles left un-surpassed by these advanced MRI methods. Where they are instead
left to be applied solely in a research setting.

Time is a key aspect not only in the diagnosis of MS patients but also in treatment monitoring
and the interpretation of the MRI reads by the neuroradiologist. Therefore, one of the features
that require essential development when considering the clinical application is the processing
time and computational power necessary to produce the final image/volume and the complexity
in reading/interpreting the output. A highly computationally intense processing method may
likely be too demanding for clinics and may require substantial investment in an institution’s
computational processing network beforehand. Interpretation of multiple non-intuitive metrics
may leave the reader hesitant for further inquiry. Additionally, the data needs to not only be
produced and analyzed with a formally organized approach but needs an accompanying
streamlined aesthetically presented user interface. This would be to lessen the interpretational
burden for the clinicians and allow for better appreciation of the patients’ current and former
status. The programming necessary for this step involves substantial time investment.
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One of the more interesting observations of MRI in MS is the degree of discrepancy between
what has been developed and used in MS research compared to what is currently used in clinical
practice. Certainly, the flexibility and acceptance of the clinical audience must be well-
considered. There exists a natural and healthy skepticism about the incorporation of unproven
methodologies in a formal clinical setting, especially when the methods are for-profit based
and not made freely available. This is an equitable consideration. Medical practices and
guidelines are purposefully regulated at higher levels. One cannot develop a technique and
claim its validity without rigorous safety and efficacy assessments. The choices of the research
community must be held to the highest of ethical standards and not do research the easy and
fast way, but the correct way. Cherry-picking results and forcing through studies must be
avoided in these critical analyses, because it is selfish to do so when the true benefactors are
the patients. However, the rigidity of the clinical community cannot be left unaccountable in
this discussion. Simply consider the long-reigning dogma of MS as a white matter disease
despite decades-old histopathological evidence of the disease (Lumsden, 1970), followed by
numerous examples of in vivo evidence at 3 T (Kidd et al., 1999) and more resoundingly
identified at 7 T near a decade prior (Mainero et al., 2009). It took nearly two decades for the
surmounting evidence to be considered and warrant inclusion into the MRI diagnostic criteria
from juxtacortical to juxtacortical/cortical. It is unlikely that quantitative microstructural MRI
methods would be incorporated into the McDonald criteria. Nonetheless, the kinship of
supportive relations between the clinic and research communities needs to be further advanced
to best suit the patients’ needs. Through the collaborative driven effort between clinicians and
researchers, those affected by MS will benefit.
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6. CONCLUSIONS

The MRI quantification of MS pathology is a field that is continuously progressing, predicated
on both the great clinical need and the opportunity for MRI to address these needs. The patients
must come first. Our obligation, as a field, in applying MRI in MS is to i. reduce the time to
diagnosis; ii. provide more sensitive treatment monitoring; iii. shed light on the pathological
processes in MS and their evolution; and iv. facilitate the benchmarking and development of
future therapeutic strategies in MS. Altogether, these goals aim to foremost benefit patients and
spare them from this sometimes horrendously debilitating disease. The current standing of
clinical MRI monitoring in MS must progress for the direct benefit of those with MS.
Quantitative in vivo MRI biomarkers have begun demonstrating strong potential for a
prominent future role in clinics. This is particularly evident in MS, where MRI is applied so
prolifically and has already become so key to the diagnosis. However, there remain important
aspects to address moving forward; in the development, validation and understanding of these
tools and in the incorporation of these measures into clinical practice. With patients in mind,
we stride forth and continue these efforts.
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7. FUTURE ASPECTS

Further studies should aim to expand upon the findings of the present studies. This is most
ideally done through standardized longitudinal MRI follow-up in order to monitor the
evolving relationship between the clinical metrics in parallel to changes in the MRI metrics.
This would be important when aiming to study the dynamic effects of demyelination versus
remyelination over time in MS. Ideally, further development could also aim to involve more
patients of the various MS subtypes to study the differences in underlying demyelinating
pathology in vivo between the different clinical phenotypes, which would be especially
interesting with regards to PPMS that remains a distinct clinical subtype. In conjunction with
clinical values, ‘myelin content profiles’ based on patterns of demyelination as assessed by
MRI could be studied longitudinally to assess if it can add predictive information in terms of
identifying patients that are likely to convert from RIS or CIS to clinically definite MS, or
from RRMS to SPMS. Developing a method specific reference myelin atlas based on age
and sex could facilitate the detection of even more subtle demyelination in normal-appearing
tissue on an individual level. The complexity of imaging the process of demyelination is a
difficult one because, effectively, it is quantifying something that is absent. Thus, a myelin
atlas would provide direct comparison to healthy individuals. Comparing myelin content
across different anatomical structures would hold informative value, particularly in the spinal
cord, cortex and subcortical grey matter regions where demyelination may be especially
difficult to identify. Importantly, myelin loss does not occur only in MS, there are other
disorders that entail a demyelinating pathological component, including neuromyelitis optica,
acute disseminated encephalomyelitis, MOG-antibody disease, leukodystrophies and
developmental disorders. Myelin imaging may also hold potential value for imaging diseases
where demyelination may occur via indirect pathophysiology, such as for dementia disorders,
movement disorders, stroke and malignancies.

Moving forward, an emphasis on the development and validation of quantitative MRI
techniques demonstrating increased microstructural tissue sensitivity and specificity can
allow for better interpretation and understanding of the MRI signal changes associated with
pathophysiological changes. Acquisition of intact tissue samples of the brain and spinal cord
to be scanned potentially, in situ, to be compared with histological measures would also be
valuable. Ideally, there would be several tissue samples from donors diagnosed with various
neurodegenerative disorders. Additionally, the chosen MRI measures should be
comprehensible and acquired at multiple field strengths (1.5/3/7/9.4 T) and at both clinically
comparable resolution and the maximally possible resolution to further bridge the gap
between MRI and microscopy. Potential corresponding candidate histological analysis for
discerning pathological biomarkers include: proteolipid immunohistochemistry for lipids;
Luxol Fast Blue for lipids; Turnbull staining for iron distribution; Bielschowsky silver stain
for axons; immunohistochemistry labeling of synapses by synaptophysin (SVP-38),
haematoxylin and eosin; anti-CD20 immunohistochemistry for B cells; anti-CD4/CD8
immunohistochemistry for T cells; anti-aquaporin-4 immunohistochemistry as a glymphatic
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system marker; and immunohistochemistry labeling of hyperphosphorylated tau, B-amyloid
and a-synuclein for disease specific markers.

Additionally, the concurrent multi-modal application of advanced quantitative MRI imaging
alongside additional imaging modalities in conjunction with clinical, imaging, immunologic,
or pathologic metrics can expand the definition of disease activity. Myelin imaging
techniques (MacKay and Laule, 2016, Ouellette et al., 2020a), high field diffusion-weighted
imaging (De Santis et al., 2019; Yu et al., 2019) and magnetization transfer (Filippi et al.,
1998; Kearney et al., 2014; Liu et al., 2015; Brown et al., 2017, 2019) have shown promise
to assess the microstructural dynamics of tissue damage in MS. Molecular imaging of
activated microglia/macrophages by '"C-PBR28 in conjunction with 7 T MRI captured
increased immune activity in the cortex and white matter of MS patients (Herranz et al.,
2016). Comparative analysis of the various tissue specificities demonstrated by different
advanced quantitative MRI methodologies may also provide better insight for clinical
implementation and help to weigh the numerous options. While there have been some very
well-done meta-analyses in the field of myelin imaging (Piredda ef al., 2021), the techniques
are rapidly evolving and more are being developed. Instead, more direct comparative
evidence can be gathered from the acquisition of numerous myelin imaging techniques on
several different whole-sample brain tissue sections. Naturally, this approach should be done
in conjunction with other advanced quantitative imaging methodologies, ideal candidates
would include: advanced diffusion-weighted imaging techniques (NODDI and CHARMED)
and quantitative T>* imaging. Moreover, the ex vivo histopathological analyses should not be
limited to querying the pathological dynamics in MS, but also other diseases including
Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), Parkinsonian syndromes,
and also more novel diseases such as the neurological manifestations of COVID-19
(Klironomos et al., 2020).

Bringing together multiple fields is truly key in the understanding MS. There is a great
opportunity in combining lifestyle, environmental and genetic factors in MS registry-based
studies. Combining neuroimaging biomarkers with CSF/blood-borne biomarkers can link the
observed neuroimaging and molecular medicine definitions of disease activity to better
characterize the pathophysiological processes driving the chronic inflammation found in MS.
Neurofilament light chain has shown sensitivity to neurodegeneration and has been found to
discern treatment effects in MS (Delcoigne et al., 2020), but remains unspecific to MS
(Lassmann, 2019). Myelin basic protein found in the CSF is also very interesting to compare
with measures of myelin imaging, particularly in monitoring those with disease progression
and an increase of myelin basic protein without lesion formation, potentially indicating
diffuse demyelination as the culprit. CSF-borne markers of axonal (Neurofilament light
chain) and synaptic integrity (Bsn, bassoon, presynaptic cytomatrix protein) would be ideal
candidates for comparison with advanced diffusion metrics (NODDI and CHARMED). On
a final note, MRI has proved to be of immense importance for elucidating pathogenetic
mechanisms and drug development in MS in the past. With this thesis, my aim has been to
demonstrate how MRI can play a similar role also in the future, in turn translating into better
care of our patients and improving their long-term outcomes.
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