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ABSTRACT

Multiple sclerosis (MS) and neuromyelitis optica spectrum disorders (NMOSD) are distinct
autoimmune inflammatory diseases of the central nervous system (CNS), with largely distinct
treatment strategies. Both conditions cause recurrent inflammation primarily affecting the
optic nerve, spinal cord, and brain. NMOSD is typically associated with aquaporin-4
antibodies (AQP4-IgG) and targets astrocytes, whereas MS is driven by cell-mediated
autoreactivity against myelin, leading to demyelination. Diagnosing MS and NMOSD relies
heavily on conventional MRI, but overlapping imaging features often complicate
differentiation. Although AQP4-IgG detection is the diagnostic gold standard for NMOSD,
its availability is limited, and assay sensitivity varies, leading to potential false-negative
results. Misdiagnosis remains a challenge, highlighting the need for new, accessible,

non-invasive diagnostic tools.

Advanced, non-conventional MRI techniques, such as diffusion-weighted imaging,
T1 relaxation rates, quantitative susceptibility mapping, and volumetry, offer deeper insights
into CNS pathology by assessing both macro- and microstructural pathological processes,
even in regions that appear normal on conventional imaging. This thesis investigates whether
such techniques can distinguish relapsing-remitting MS from AQP4-IgG-positive NMOSD
(AQP4-NMOSD) by assessing damage in the brain and cervical spinal cord compared to
healthy controls.

In the brain, neurite density index (NDI) in white matter tracts was examined,
differentiating between lesion-traversing and lesion-free fibres. The cerebral cortex was
evaluated based on T1 relaxation rates, identification of cortical lesions, and volumetric
analysis. Volumetric analyses were also performed for white matter and deep grey matter.
Additionally, in MS, the study explored the relationship between lesion-free white matter
fibres and both cortical lesions and paramagnetic rim lesions. In MS, NDI reductions were
widespread across both lesion-traversing and lesion-free white matter fibres, along with white
matter volume loss. In contrast, AQP4-NMOSD showed NDI reduction only in
lesion-traversing fibers and no white matter atrophy. Lower T1 relaxation rates were
observed in most cortical regions in MS, but only in a few regions in AQP4-NMOSD.
Neither disease showed cortical atrophy, though deep grey matter volume was reduced in

MS. Notably, MS exhibited a negative correlation between cortical lesion burden and NDI in



lesion-free white matter fibres, whereas no association was observed with paramagnetic rim

lesions.

To assess damage in the cervical spinal cord, cross-sectional area (CSA) and diffusion
tensor imaging metrics were used. A significant decrease in CSA was observed in
AQP4-NMOSD patients but not in MS patients. Both groups showed a trend toward lower
fractional anisotropy in normal-appearing white matter, but no significant differences in grey
matter mean diffusivity were found, despite the common presence of spinal cord
inflammation in the AQP4-NMOSD group (18/20 AQP4-NMOSD patients had a history of

transverse myelitis).

This thesis reveals distinct CNS damage patterns in MS and AQP4-NMOSD. MS
exhibits widespread neurodegeneration affecting white matter and cortical/deep grey matter.
In contrast, AQP4-NMOSD shows white matter damage most likely originating from axonal
disruption by white matter lesions. Additionally, AQP4-NMOSD is marked by extensive
cervical spinal cord volumetric changes and potential normal-appearing white matter damage
arising from spinal cord attacks. These findings suggest that non-conventional MRI
techniques could improve disease differentiation, enhancing diagnostic accuracy. Further

validation is necessary before integrating these imaging metrics into clinical practice.



STRESZCZENIE

Stwardnienie rozsiane (SM) i NMOSD (ang. neuromyelitis optica spectrum disorders) to
odrebne autoimmunologiczne choroby zapalne osrodkowego uktadu nerwowego (OUN) o
roznych strategiach leczenia. Powoduja nawracajace zapalenia nerwow wzrokowych, rdzenia
kregowego 1 moézgu. NMOSD jest zazwyczaj zwigzane z przeciwcialami przeciw
akwaporynie-4 (AQP4-1gG) i prowadzi do uszkodzenia astrocytow, podczas gdy SM wynika
z autoreaktywno$ci komorek przeciwko mielinie, prowadzac do demielinizacji. Diagnoza
opiera si¢ gtownie na konwencjonalnym obrazowaniu metodg rezonansu magnetycznego
(ang. magnetic resonance imaging, MRI), lecz naktadajace si¢ cechy obrazowe znacznie ja
utrudniaja. Wykrycie AQP4-IgG jest ztotym standardem diagnostycznym NMOSD, jednak
dostepnos¢ tej metody jest ograniczona, a czuto$¢ testOw zmienna, co moze prowadzi¢ do
wynikow falszywie negatywnych. Poprawna diagnoza jest wyzwaniem, co podkresla

potrzebe nowych narzedzi diagnostycznych.

Zaawansowane techniki MRI, takie jak obrazowanie dyfuzyjne (ang.
diffusion-weighted imaging), wspotczynnik relaksacji T1, badanie podatnosci magnetyczne;j
(ang. quantitative susceptibility mapping) oraz wolumetria, umozliwiaja oceng zmian makro-
1 mikrostrukturalnych, nawet w obszarach wygladajacych na nienaruszone na obrazowaniu
konwencjonalnym. W pracy zbadano, czy te techniki moga odr6zni¢ rzutowo-remisyjne SM
od NMOSD z AQP4-IgG (AQP4-NMOSD), analizujagc uszkodzenia w mozgu i szyjnym

odcinku rdzenia kregowego w poréwnaniu do grupy kontrolne;.

W mozgu oceniono indeks gestosci neurytow (ang. neurite density index, NDI) w
wioknach istoty bialej przechodzacych przez zmiany oraz wolnych od zmian. Zbadano kore
mézgowa za pomoca wspotczynnika relaksacji T1, obecnosci zmian korowych oraz
wolumetrii. Przeprowadzono takze analiz¢ wolumetrii istoty bialej oraz glebokiej istoty
szarej. Dodatkowo, w SM, zbadano zwigzek migdzy widknami istoty biatej wolnymi od
zmian a zar6wno zmianami korowymi, jak i zmianami z ragbkiem paramagnetycznym. W SM,
NDI bylo obnizone w wtdknach istoty biatej przechodzacych przez zmiany oraz wolnych od
zmian, a takze zaobserwowano utrat¢ objetosci istoty bialej. Natomiast w AQP4-NMOSD
obnizone NDI zostalo zaobserwowane tylko w widknach przechodzacych przez zmiany, bez
atrofii istoty biatej. Nizsze wspotczynniki relaksacji T1 zaobserwowano w wiekszosci

obszaréw korowych w SM, ale tylko w nielicznych w AQP4-NMOSD. Zadna z choréb nie



wykazala zmian objetosci kory mozgowej, cho¢ objetos¢ glebokiej istoty szarej byta
obnizona w SM. Co istotne, w SM zaobserwowano negatywng korelacj¢ migdzy liczba zmian
korowych a NDI w wtoknach istoty biatej wolnych od zmian, podczas gdy nie stwierdzono

takiej zaleznosci w przypadku zmian z rabkiem paramagnetycznym.

Aby oceni¢ uszkodzenia w szyjnym rdzeniu kregowym, zastosowano pomiar
wolumetryczny (ang. cross-sectional area, CSA) i obrazowanie za pomocg tensora dyfuzji.
Zaobserwowano spadek CSA u pacjentow z AQP4-NMOSD, ale nie u pacjentow z SM. Obie
grupy wykazaty tendencj¢ do nizszej anizotropii frakcyjnej w normalnie wygladajace;j istocie
biatej. Nie stwierdzono réznic w $redniej dyfuzyjnosci w istocie szarej, pomimo obecnosci
stanu zapalnego rdzenia kregowego w grupie AQP4-NMOSD (18/20 pacjentow z
AQP4-NMOSD mialo histori¢ zapalenia rdzenia).

Praca ta ukazuje rozne wzorce uszkodzeh OUN w SM i1 AQP4-NMOSD. SM
wykazuje rozlegla neurodegeneracje, ktéra dotyczy istoty biatej, kory mézgowej i glebokiej
istoty szarej. AQP4-NMOSD pokazuje uszkodzenia istoty bialtej, najprawdopodobniej
wynikajagce z uszkodzenia aksondéw przez zmiany w istocie biatej. Dodatkowo
AQP4-NMOSD charakteryzuje si¢ rozleglymi zmianami objetosci szyjnego rdzenia
kregowego oraz potencjalnymi uszkodzeniami normalnie wygladajacej istoty bialej
wynikajacymi z zapalenia rdzenia. Wyniki sugeruja, ze niekonwencjonalne techniki MRI
moga poprawi¢ roznicowanie tych choréb, zwiekszajac dokladnos¢ diagnostyczng. Dalsza

weryfikacja jest niezbedna przed wdrozeniem tych metryk do praktyki kliniczne;.
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1. INTRODUCTION

1.1. Characterisation of MS and NMOSD

1.1.1. Background

Multiple sclerosis (MS) and neuromyelitis optica spectrum disorders (NMOSD, previously
termed neuromyelitis optica, NMO, or Devic’s disease) are distinct autoimmune
inflammatory demyelinating diseases of the central nervous system (CNS), which typically
present with acute attacks of optic neuritis (ON), transverse myelitis (TM) and
brain/brainstem inflammation (Jurynczyk et al., 2015). MS, which is more common, was first
described in 1838 by a French physician, Jean Martin Charcot, who reported the clinical
features of MS in association with disseminated pathological lesions found post-mortem and
termed it la sclérose en plaques (sclerosis in scattered patches; Charcot & Oliver, 1876). In
1894, another French physician, Eugéne Devic, reported a case of a female patient with
severe bilateral ON followed by severe TM and death. He referred to the condition as
neuro-myélite optique aigué (acute neuromyelitis optica; Jarius & Wildemann, 2013). Based
on pathological findings, Devic discussed the relationship of his case with MS, at the same
time recognising its unique features, such as the simultaneous ON and TM and the lack of
significant cerebral involvement (Jarius & Wildemann, 2013). Following this initial report,
NMO was subsequently considered a severe variant of MS, with a particular predilection for
involving the optic nerves and spinal cord (Mandler, 2006). The classical NMO phenotype
consisted of severe simultaneous or sequential bilateral ON and TM, but further reports
described patients who had a milder clinical course, unilateral ON, or ON and TM separated
by months or years. After the introduction of MRI to clinical practice, it has been recognised
that TM in NMO is characterised by a lesion continuously spanning at least three segments of
the spinal cord (longitudinally extensive transverse myelitis, LETM), which is distinct from
short-segment lesions observed in MS (Fazekas et al., 1994). A critical milestone in the
history of NMO occurred in 2004 when Vanda Lennon and colleagues from Mayo Clinic,
Rochester, Minnesota, discovered that approximately 70% of patients with NMO had serum
antibodies binding to mouse brain in a characteristic perivascular pattern (Lennon et al.,
2004), which subsequently have been identified to be directed against the water channel

aquaporin-4 expressed on astrocytic foot processes (Lennon et al., 2005). The high specificity
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of serum antibodies against AQP4 facilitated the expansion of the NMO spectrum to include
specific forms of the disease, such as isolated ON, isolated TM, and brain or brainstem
syndromes. To reflect this broadening, the term NMOSD (NMO spectrum disorders) was
introduced (Wingerchuk et al., 2007). By 2015 consensus, the terms NMOSD and NMO have
become unified and include both AQP4-IgG positive (AQP4-NMOSD) and AQP4-IgG
negative patients as well as patients with unknown AQP4-IgG status for whom serologic

testing is currently unavailable (Wingerchuk et al., 2015).

Since MS and NMOSD were first described, considerable advances have been made
in understanding the pathogenesis, diagnosis, and treatment of these diseases. This chapter
will outline the current state of knowledge on the epidemiology, pathological mechanisms,
clinical symptoms, diagnosis, and treatment of MS and NMOSD, emphasising their
differences, which may inspire further progress in optimising differential diagnosis. Given
that the main focus of this thesis is to implement non-conventional magnetic resonance
imaging (MRI) to identify in vivo differences between the two diseases relevant to their
distinct pathology in the brain and the spinal cord, this section will also delineate MRI
techniques previously used to study pathology in MS and NMOSD, their pitfalls and
potential ways to overcome them that have been implemented in this thesis. Lastly, the

rationale for the thesis and the primary research goals will be defined.

1.1.2. Epidemiology and demographics

According to a global report by Walton et al. (2020), MS is the most common
inflammatory/demyelinating disease of the CNS. Approximately 2.8 million people are
estimated to have MS worldwide, with a prevalence of 35.9 per 100,000 population. Over the
past decade, the prevalence of MS has increased across all world regions. The combined
incidence rate from data reported by 75 countries is 2.1 per 100,000 persons per year. The
median age of disease onset is 23 to 24 years, with the initial symptoms rarely manifesting
before the age of 10 or after the age of 60 (Walton et al., 2020). Women exhibit a twofold
higher likelihood of having MS compared with men (Louis et al., 2021).

Before the discovery of AQP4-IgG, epidemiological reports likely underestimated the
number of NMOSD cases due to reliance on inadequate diagnostic criteria, leading to

worldwide inconsistencies in classification and terminology (Louis et al., 2021). The most
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recent international diagnostic criteria (Wingerchuk et al., 2015) have almost doubled the
frequency of NMOSD cases as it has allowed for the diagnosis in all AQP4-IgG positive
patients, including those with single and isolated attacks. Additionally, screening cases
previously diagnosed as MS can now further increase the number of NMOSD cases because
of individuals for whom this diagnosis was not previously considered (Louis et al., 2021). A
recent report by Hor et al. (2020) states that the prevalence of NMOSD ranges between 0.5 to
4 per 100,000 worldwide, while the incidence is estimated to be around 0.5 to 0.8 new cases
per million population per year. Significantly, Asian and black populations are
disproportionately affected, with the prevalence in the latter being up to 11.5 per 100,000
population and incidence as high as 7.3 per million. AQP4-NMOSD has a female-to-male
ratio of 9 to 1, and its mean age of onset is around 40 years (Hor et al., 2020), which is
approximately 10 years older than MS (see Table 1). Nevertheless, AQP4-NMOSD can
manifest at any age, with around 4% of cases occurring in children and around 30% in

individuals older than 50 (Louis et al., 2021).

1.1.3.  Pathophysiology
1.1.3.1.  Generation of autoimmune response

MS is a chronic inflammatory disease of the CNS, which is considered to be driven by an
autoimmune response directed against myelin. Key myelin proteins, including myelin basic
protein, proteolipid protein, and myelin oligodendrocyte glycoprotein, have been proposed as
primary autoantigen targets, though their precise roles in disease pathogenesis remain unclear
(Dendrou et al.,, 2015). The immune response is primarily mediated by activated
proinflammatory T cells, which migrate across the blood-brain barrier (BBB) and initiate a
pathogenic immune response, releasing proinflammatory cytokines, activating resident
microglia, and recruiting additional immune cells, ultimately leading to demyelination and
axonal damage (Lassmann, 2006). While the role of B-cells in the formation of the
autoimmune response in MS has not been fully elucidated, their contribution to MS
pathophysiology has been increasingly recognised as crucial. They are thought to advance
disease progression through antibody-independent mechanisms, including antigen
presentation to T cells, secretion of pro-inflammatory cytokines, and participation in
lymphoid structures in the meninges (Comi et al., 2020). Additionally, clinical trials of B-cell

depleting therapies, such as anti-CD20 antibodies, have demonstrated their significant
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efficacy in reducing disease activity and relapses, further highlighting the essential role of B

cells in MS pathogenesis (Hauser et al., 2017; Montalban et al., 2017).

Unlike MS, which is considered a cell-mediated autoimmune disease, AQP4-NMOSD
is an antibody-mediated disease with AQP4-IgG being the dominant pathogenic antibody
responsible for initiating the autoimmune reaction (Lennon et al., 2004). AQP4-specific
immune response is likely generated in the peripheral immune system. The production of
AQP4-IgG by B cells is stimulated by interleukin 6 (IL-6), which promotes B cell
differentiation into antibody-producing plasmablasts, enhances antibody production, and
supports the survival of pathogenic B cells (Bennett et al., 2009). The AQP4-IgG enters the
CNS through the BBB, which is thought to be disrupted by AQP4-specific T cells and
pro-inflammatory cytokines, or through the cerebrospinal fluid-brain barrier (CSF-brain
barrier) at highly permeable sites, including the area postrema (Papadopoulos & Verkman,
2012; Wingerchuk et al., 2015). Since AQP4 is the primary water channel protein in the CNS,
with the highest concentration in perivascular and subpial astrocyte foot processes
(Vandebroek & Yasui, 2020), its loss due to autoimmune attack disrupts water homeostasis
(Gleiser et al., 2016). Furthermore, the binding of the AQP4-IgG triggers a cascade of
destructive processes, including complement activation and antibody-mediated cytotoxicity
(Hinson et al., 2007). In addition, pro-inflammatory infiltrates, including activated microglia,
T cells, and macrophages, contribute to the inflammatory cascade, further exacerbating tissue
injury (Jarius et al., 2014). Previously perceived as a primarily demyelinating disease like
MS, NMOSD is now recognised as an autoimmune astrocytopathy characterised by patterns
of astrocyte damage, dysfunction and loss, which results in secondary demyelination and
neurodegeneration (see Figure 1 for a graphical representation of different pathophysiological

mechanisms in MS and NMOSD; Carnero & Correale, 2021).
1.1.3.2. Mechanisms of lesion formation

The inflammatory infiltrate within MS white matter lesions primarily includes T cells (both
CD4+ and CD8+), B cells, plasma cells, macrophages, and activated microglia (Dendrou et
al., 2015). Initially, the inflammatory process starts around postcapillary venules and veins,
leading to perivenous demyelinated plaques, which eventually fuse together to form confluent
lesions (Barnett & Prineas, 2004). Moreover, myelin-reactive cells in MS lead to the

destruction and loss of oligodendrocytes, which causes almost complete loss of myelin with
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relative preservation of axons (Kutzelnigg et al., 2005). Apart from white matter lesions,
which are the most typical of MS pathology, MS is also characterised by cortical
demyelination, which can form in two different ways. Some cortical lesions develop similarly
to white matter lesions and form around veins with inflammatory infiltrates, including T
cells, B cells, macrophages, and microglia, contributing to local tissue damage (Peterson et
al., 2001). Other cortical lesions are likely caused by a CSF soluble factor possibly produced
by B cell follicles (Howell et al., 2011). Rather than being intracortical, these lesions are
located in the subpial cortex in the proximity of the CSF (Dendrou et al., 2015). Acute active
lesions in MS are associated with ongoing, active demyelination and represent the pathologic
basis of clinical attack (Filippi et al., 2019). Perivascular and parenchymal inflammatory
lymphocyte infiltrates are present in the acute active lesions as well as macrophages recruited
to phagocyte myelin debris from destroyed myelin sheaths (Popescu et al., 2013).
Oligodendrocyte injury in acute lesions is still considered variable, with both early
destruction and relative preservation, and signs of simultaneous remyelination are present
(Briick et al., 1995). Despite relative axonal sparing, axonal injury is evident during active
inflammatory demyelination and is associated with attack-related disability accumulation

(Popescu & Lucchinetti, 2012).

Lesions in NMOSD are distinct from MS (due to complement activation) and contain
inflammatory infiltrates consisting primarily of B lymphocytes and macrophages, with
relatively small involvement of T lymphocytes (Hinson et al., 2007). Interestingly, unlike
MS, NMOSD lesions often contain granulocytes, including eosinophils and neutrophils,
which are likely attracted by degradation products from severe inflammation (Huda et al.,
2019). These cells exacerbate tissue damage through the release of cytotoxic enzymes and
reactive oxygen species. Almost all NMOSD lesions, irrespective of their location or stage of
development, are characterised by considerable loss of AQP4 immunoreactivity, which
occurs in areas with extensive vasculocentric complement deposition (Misu et al., 2007).
However, some lesions associated with clinical recovery in NMOSD do not exhibit
immunopathological markers of terminal complement activation despite showing evidence of
AQP4 immunoreactivity loss (Kawachi & Lassmann, 2017). It is hypothesised that within
these lesions, AQP4-IgG binding triggers the internalisation of AQP4 channels on astrocyte
foot processes, disrupting water homeostasis and potentially causing transient dysfunction

without sustained complement activation (Misu et al., 2013). This mechanism may contribute
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to the observed recovery, as internalised AQP4 may be restored over time. Unlike in MS,
cortical lesions are very rarely present in NMOSD patients (Wingerchuk et al., 2015). If
present, they are characterised by widespread neuronal loss in cortical layers II to IV as well
as loss of AQP4 immunoreactivity on astrocytes in layer I with the absence of complement
deposition, microglia activation, and meningeal inflammation (Kawachi & Lassmann, 2017).
Neuronal loss in the cortical grey matter of NMOSD patients is partly attributed to
anterograde or retrograde axonal degeneration resulting from acute NMOSD lesions or could

represent a result of the loss of trophic support following astrocyte damage (Saji et al., 2013).

1.1.3.3.  Chronic active lesions and smouldering inflammation in

MS

During the course of the disease, active MS lesions can follow different trajectories: they may
become inactive, exhibiting a variable degree of microglia activation and reactive gliosis, or
they may become chronically active (Lassmann, 2018). Chronic active MS lesions are
characterised by a dense presence of activated microglia and macrophages containing myelin
degradation products rich in iron. These products are concentrated at the lesion edges and
diminish toward the inactive centre. Their presence is a key feature of chronic active lesions,
allowing for their identification by MRI, as will be discussed in the section on
non-conventional MRI methods. In these so-called smouldering lesions, perivascular
proinflammatory infiltrates are present despite the BBB appearing intact, allowing
inflammation to persist behind the closed BBB (Popescu et al., 2013). Chronic active lesions
are typical of MS (Lassmann, 2018). A recent meta-analysis by Kwong et al. (2021)
estimates that the prevalence of chronic active lesions ranges from 47.6% to 88.2% at the
patient level and from 2.3% to 41.0% at the level of individual lesions. Smouldering
inflammation has not been reported in NMOSD; therefore, its identification strongly points

toward MS pathology (Kawachi & Lassmann, 2017).
1.1.3.4. Remyelination

Remyelination is the process through which new myelin sheaths are formed around axons
after damage, primarily through the activity of oligodendrocyte precursor cells (Franklin &
Ffrench-Constant, 2008). In demyelinating diseases like MS and NMOSD, remyelination is a
critical process as it may restore conduction velocity, protect axons from degeneration, and

promote functional recovery (Chang et al., 2002). In the early stages of MS, remyelination
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often occurs effectively, leading to partial recovery of nerve function (Chari, 2007). However,
in chronic MS lesions, remyelination is often incomplete or fails due to inflammation, glial
scar formation, and a loss of oligodendrocyte precursor cells' function or recruitment
(Kuhlmann et al., 2008). Clinical trials of myelin regeneration in MS have mainly focused on
patients with ON, as remyelination in the optic nerve can be accurately quantified using
visual evoked potentials and optical coherence tomography (Lubetzki et al., 2020). The trials
conducted so far have shown promising results; however, developing remyelination therapies
for MS is still ongoing, and further validation is needed (Cadavid et al., 2017; Green et al.,
2017).

In NMOSD, remyelination is also typically ineffective and may be inhibited by
astrocytopathy, which has been shown to induce changes in microglial morphology, leading
to an inflammatory state that can inhibit remyelination (Luo et al., 2023; Yao et al., 2016).
Other processes that likely hinder remyelination in NMOSD include oligodendrocyte
apoptosis and the ineffective differentiation of oligodendrocyte precursor cells into mature
oligodendrocytes (Wrzos et al., 2014). The targeting of oligodendrocyte precursor cell
differentiation to generate mature myelinating oligodendrocytes and restore myelin sheaths is

considered pivotal for successful remyelination in both MS and NMOSD (Luo et al., 2023).
1.1.3.5. Diffuse white matter damage outside of lesions

Widespread diffuse tissue injury in brain and spinal cord non-lesional white matter is an
essential feature of MS pathology. It is characterised by extensive microglia activation,
axonal swelling, and neurodegeneration (Kawachi & Lassmann, 2017). Although
non-lesional white matter injury is in part thought to originate from anterograde and
retrograde neurodegeneration (Dziedzic et al., 2010), it is not only caused by white matter
lesions, as it does not appear to be significantly related to white matter lesion load
(Kutzelnigg et al., 2005). Another possible mechanism contributing to non-lesional white
matter damage in MS is the presence of cortical lesions, where oxidative damage has been
linked to oligodendrocyte and neuronal injury, with the latter also impacting axons and
dendrites (Fischer et al., 2013). Additionally, studies have demonstrated that meningeal
inflammation strongly correlates with diffuse degeneration in non-lesional white matter
(Androdias et al., 2010; Haider et al., 2016). These results suggest that cortical damage may

play a significant role in driving widespread tissue injury beyond visible lesions.
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While it is currently understood that damage in NMOSD is solely secondary to acute
attacks, it is still being investigated whether NMOSD is associated with subclinical or
non-attack-related pathology, including non-lesional white matter degeneration (Kawachi &
Lassmann, 2017). Recent studies have identified dystrophic changes in Miiller cells within
the retina independent of ON episodes (Oertel et al., 2017; You et al., 2019). Moreover,
neurodegeneration in AQP4-deficient regions, such as myelin-preserved periplaque white
matter, suggests that demyelination is not essential for neurodegeneration in NMOSD.
Abnormalities in astrocytic glutamate transporters and N-methyl-D-aspartate receptor
subunits have been observed in AQP4-depleted areas, even with intact myelin, highlighting
glutamate imbalance as a key driver of glial-neuronal interactions and neurodegeneration
(Hinson et al., 2008). An additional mechanism likely to result in non-lesional white matter
injury is anterograde and retrograde degeneration of axons following their transection by
lesions (Hokari et al., 2016; Misu et al., 2013). Nevertheless, there appears to be no concrete
pathophysiological evidence that non-lesional white matter damage is present in NMOSD,
and a direct comparison between MS and NMOSD, analysing the severity of this disease

mechanism, is still missing (Kawachi & Lassmann, 2017).
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Figure 1. Graphical representation of different pathophysiological mechanisms in MS
and NMOSD. (A) In MS, the autoreactive T and B lymphocytes and macrophages infiltrate
the CNS through disrupted BBB and cause damage to oligodendrocytes, leading to
demyelination and subsequent neurodegeneration. (B) In NMOSD, the B lymphocytes secrete
AQP4-IgGs, which disrupt astrocyte functions, leading to their damage, further BBB
disruption, complement-mediated cytotoxicity, and proinflammatory infiltrates entering the
CNS. This causes secondary demyelination and leads to retrograde and anterograde
neurodegeneration. (Original figure created with BioRender.com); MS = multiple sclerosis;
NMOSD = neuromyelitis optica spectrum disorders; CNS = central nervous system; BBB =
blood brain barrier; AQP4 = aquaporin-4; IgG = immunoglobulin G.
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1.1.4. Disease course and clinical manifestations

Most MS patients initially present with acute attacks, typically characterised by good or
complete recovery and separated by periods of remission (relapsing-remitting MS, RRMS).
These patients might eventually transition into a secondary-progressive MS (SPMS) phase,
marked by a gradual accumulation of disability, with or without acute exacerbations. Natural
history studies indicate that the rate of progression of RRMS to SPMS is over 50% within 10
years and approximately 90% within 25 years if left untreated (Barzegar et al., 2021).
Approximately 15% of MS patients begin the disease with a progressive course known as
primary progressive MS (PPMS). Disability progression in PPMS occurs in the absence of
relapses from the onset; however, it is not considered pathophysiologically distinct from
SPMS (Lublin et al., 2014). The progressive phase is considered highly atypical of NMOSD,
which is characterised by a purely relapsing course. While some patients might have a single
attack due to a milder disease course, short disease duration, or effective attack-preventing
treatment, the disease is always considered as potentially relapsing and requires long-term

treatment (Wingerchuk et al., 2015).

While MS attacks can result in inflammation in various regions of the brain,
brainstem, cerebellum, optic nerve and spinal cord, NMOSD predominantly affects the optic
nerve and the spinal cord, with brain/brainstem attacks being less common and occurring in
NMOSD-typical high AQP4 expression sites, such as periependymal, periventricular areas
(Jurynczyk et al., 2015). Compared with MS, NMOSD attacks tend to be more severe and
can lead to permanent disability, such as blindness or severe motor impairment, even with a
single attack (Mealy et al., 2019). A joint UK and Japanese study found that after a median
disease duration of 75 months, 18% of studied patients had developed a permanent bilateral
visual disability, 34% had a permanent motor disability, 23% had become wheelchair-bound,
and 9% had died (Kitley et al., 2012a). Another study reported that in NMOSD, mortality
ranges from 9% to 32% and is primarily attributed to respiratory failure in the context of
myelitis located in the cervical segment of the spinal cord (Mealy et al., 2018). In NMOSD,
neurologic disability typically accumulates with each attack, which makes appropriate and
early intervention essential to lessen the severity of an NMOSD relapse and substantially
reduce attack-related disability accumulation (Tackley et al., 2016). In MS, the attacks tend to
be milder and associated with better recovery (Louis et al., 2021), while disability mainly

progresses independently of relapse activity (progression independent of relapse activity),
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resulting in a gradual build-up of disability occurring silently between relapses and later (Tur
et al., 2023). As stated above, this type of disability progression between attacks does not
typically occur in NMOSD and is considered a red flag for the diagnosis (Louis et al., 2021).

Clinical disability in MS is commonly assessed using the Expanded Disability Status
Scale (EDSS), a tool developed by Kurtzke to evaluate neurological impairment in MS
(Kurtzke, 1983). The EDSS assesses the severity of disability through a comprehensive
neurologic examination, focusing on several functional systems, including pyramidal,
cerebellar, brainstem, sensory, bladder, visual, and cognitive functions. The scale ranges from
0 (no disability) to 10 (death due to MS), with incremental steps indicating increasing levels
of disability. In NMOSD, EDSS serves a similar function in tracking disease progression, as

currently, no specific scales exist to assess NMOSD-related disability (Levy et al., 2022).
1.1.4.1.  Optic neuritis

ON typically presents with retrobulbar pain associated with visual loss, which is a common
presentation in both MS and NMOSD. ON is the first attack in about 20% of MS patients and
64% of NMOSD patients (Balcer, 2006; Jurynczyk et al., 2017). ON attacks in NMOSD are
usually more severe when compared with MS-related ON and are associated with poor
recovery (Huda et al., 2019). A study by Jiao et al. (2013) estimated that at 5 years from the
disease onset, 41% of AQP4-NMOSD patients are blind in either eye and 9% in both eyes. In
contrast, in MS, the (2008) study regarding the ON Treatment Trial reported that 77% of MS
patients maintained a visual acuity of at least 6/6 even after 15 years following an episode of
acute unilateral ON, with only 2 out of 294 patients experiencing a visual acuity below 6/12.
Isolated simultaneous bilateral optic neuritis represents another feature predominantly linked
with NMOSD, rarely observed in MS. Research on NMOSD indicates that bilateral
manifestations at the onset occur in approximately 6—8% of AQP4-NMOSD patients, and it
may develop at any point in up to 20% of cases (Jarius et al., 2012). Conversely, in an
investigation focusing on the incidence of ON in MS, only 2 out of 472 patients were

identified with bilateral presentation (see Table 1; Burman et al., 2011).
1.1.4.2.  Transverse myelitis

Inflammation of the spinal cord is most frequently seen in the cervical and thoracic spine

segments in both MS and NMOSD (Louis et al., 2021). However, TM presentation in
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NMOSD is distinct and more severe than in MS (Wingerchuk et al., 1999). Spinal cord
involvement in NMOSD is typically characterised by longitudinally extensive lesions that
span more than three contiguous vertebral segments (Ciccarelli et al., 2019). LETM is
considered a hallmark of NMOSD (see Table 1) and is thought to be a major cause of severe
disability accumulation, which often presents as para- or tetraplegia depending on which
spinal cord segment was involved (Huda et al., 2019). In the acute phase, TM in NMOSD can
lead to a median EDSS score of 7, which indicates that a patient can no longer walk more
than 5 meters without the aid and is essentially restricted to a wheelchair (Cacciaguerra &
Flanagan, 2024; Kurtzke, 1983). TM in MS typically affects less than two contiguous
vertebral segments (Bot et al., 2004). Only up to 3% of MS patients may present with LETM,
and its presence is considered a significant red flag for the diagnosis of MS (Kitley et al.,
2012b). Consistent with the greater severity of spinal cord pathology observed in NMOSD
compared with MS, patients with NMOSD experience worse motor and sensory outcomes

and require assistance with ambulation at earlier disease stages (Jurynczyk et al., 2015).
1.1.4.3.  Brain/brainstem syndromes

Brain attacks are typical for MS and less common in NMOSD, which classically is a disease
of the optic nerve and the spinal cord (Louis et al., 2021). MS brain attacks may present with
a wide spectrum of symptoms, including hemiparesis, sensory loss, and cerebellar symptoms,
including tremor, ataxia, or dysarthria (Wilkins, 2017). While MS attacks predominantly
affect the white matter around the lateral ventricles, NMOSD attacks typically occur in
regions with high AQP4 expression (see Table 1), including periependymal areas around the
third and fourth ventricles (such as the area postrema and hypothalamus) and the aqueduct of
Sylvius (Pittock et al., 2006). Area postrema syndrome, characterised by unexplained,
persistent hiccups, nausea, or vomiting, is often associated with lesions in the dorsal medulla
and affects approximately 20% of NMOSD patients at disease onset and up to 40% over the
disease course (Louis et al., 2021). Similar to LETM, area postrema syndrome is a hallmark
of NMOSD and is not typically observed in MS (Qiu et al., 2011). Interestingly, while AQP4
is also highly expressed in the cerebellum, cerebellar attacks are rare in NMOSD, which
indicates that AQP4 expression patterns in the brain do not fully explain the location of
lesions (Kermode, 2008). A more detailed description of the topology and characteristics of
brain and brainstem, and spinal cord lesions in MS and NMOSD will be presented in the

subchapter, which is related to conventional MRI findings.
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1.1.5. Blood and cerebrospinal fluid biomarkers

While MRI is the most important diagnostic tool in MS, CSF examination can also provide
valuable insights, as IgG abnormalities are common. More than 95% of patients exhibit
oligoclonal bands on CSF gel electrophoresis (Louis et al., 2021). However, it is worth noting
that oligoclonal bands are not specific to MS and can be observed in up to 30% of patients
with other neurological inflammatory diseases, including NMOSD (see Table 1; Wingerchuk
et al., 2007). The revised 2017 McDonald criteria have facilitated early detection of MS by
incorporating CSF oligoclonal bands testing as markers of disease progression over time

(McNicholas et al., 2019).

In NMOSD, AQP4-IgG detected in the patient’s serum serves as a sensitive (~70%)
and highly specific (~100%) biomarker (Jeyalatha et al., 2022). A cell-based assay, whether
fixed or live, is the most accurate method for its detection (Waters et al., 2016). The detection
of AQP4-IgG has become an integral part of the diagnostic process as reflected by the current
criteria by Wingerchuk et al. (2015), which stratify the diagnosis into AQP4-NMOSD
patients and patients who were either AQP4-IgG negative or with unknown serostatus. It is
commonly accepted that AQP4-IgG negative NMOSD patients are a highly heterogeneous
cohort, likely composed of different distinct diagnoses involving atypical MS and NMOSD
mediated by yet undiscovered antibodies (Jurynczyk et al., 2022). In those patients, diagnosis
presents significant challenges, as evidenced by the high level of disagreement among experts

when evaluating individual cases (Jurynczyk et al., 2016).

Notably, the test for AQP4-IgG is currently the gold standard for NMOSD diagnosis.
However, the most recent report by Holroyd et al. (2019), which assessed the assay’s
availability in 60 participating countries from all WHO world regions, states that low-income
countries had poor availability of the assay compared with high-income countries and that
48% of African and Eastern Mediterranean countries had no access to the test at all.
Additionally, it has been reported that antibody levels may decline during periods of NMOSD
remission and that different types of antibody assays have variable sensitivity and can
produce false-negative results (Waters et al., 2012). As evidenced, the diagnosis of NMOSD
is highly reliant on serologic testing; however, due to significant variability in the availability
and quality of these tests, it is not possible to differentiate MS from NMOSD based on

serologic testing alone.
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1.1.6. Conventional MRI findings

The diagnosis of MS and NMOSD is critically reliant on MRI, which serves as a cornerstone
for identifying characteristic lesion patterns and distributions, alongside clinical evaluation,
CSF/blood analysis, and the exclusion of mimicking conditions (Louis et al., 2021). Current
MS diagnostic criteria (2018) focus on the importance of two crucial elements in MS
diagnosis (i.e., dissemination in space and time). Dissemination in space describes the
involvement of at least two anatomically different CNS locations, illustrating a multifocal
process. On the other hand, dissemination in time denotes that disease activity is recurring
and exacerbations/relapses have occurred at different dates. Dissemination in time and space
can be demonstrated using MRI, with dissemination in time being evident with one new T2
or contrast-enhancing lesion on any follow-up scan or the presence of both
contrast-enhancing and non-enhancing lesions at any time. Dissemination in space is
characterised by one or more T2 lesions in at least two of four specified areas (i.e.,

periventricular, juxtacortical or cortical, infratentorial, spinal cord).

In NMOSD, the most recent criteria by Wingerchuk et al. (2015) state that in
AQP4-NMOSD patients, only a single core clinical characteristic (e.g., ON, TM, area
postrema syndrome, or brainstem syndrome) is necessary for the diagnosis. For diagnosing
patients negative for AQP4-IgG or those with undetermined serostatus, a minimum of two
core clinical characteristics manifesting in at least two distinct regions are required
(Wingerchuk et al., 2015). Additionally, one of these characteristics must include ON,
LETM, or area postrema syndrome (Wingerchuk et al., 2015). MRI plays a crucial role in
supporting these clinical criteria by providing detailed imaging of the affected regions, which

can help distinguish NMOSD from other conditions (Kim et al., 2015).
1.1.6.1.  Brain and optic nerve MRI
1.1.6.1.1.  White matter lesions

Brain lesions are present in more than 95% of MS patients (Louis et al., 2021) and in
approximately 50% to 89% of AQP4-NMOSD patients (Kim et al., 2015). MRI sequences
used for clinical evaluation in MS and NMOSD primarily include T1-weighted, T2-weighted,
fluid-attenuated inversion recovery (FLAIR), and contrast-enhanced sequences (Geraldes et

al., 2018). Focal lesions are typically identified by hyperintensity on T2-weighted/FLAIR
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images and, if acute, appear as contrast-enhanced foci on T1-weighted images (Filippi et al.,

2019).

MS brain lesions are typically round or ovoid, well-demarcated, with asymmetric
distribution in both cerebral hemispheres (Filippi et al., 2019). They are located in the
periventricular, juxtacortical, cortical, and infratentorial regions. Periventricular MS lesions
adjacent to the lateral ventricles (see Figure 2A) usually follow the path of deep medullary
veins, resulting in their primary orientation being perpendicular to the lateral ventricles
(Filippi et al., 2016). These lesions typically have an ovoid shape when viewed on the axial
plane and are commonly referred to as Dawson's fingers (see Figure 2B), a term derived from
Dawson's original pathological characterisation (see Table 1; Dawson, 1916). Most lesions in
MS are centred around a vein, which can be detected by overlaying T2/FLAIR images and
susceptibility-weighted imaging (SWI) sequences, providing good contrast from the veins
(Sati et al., 2016). These lesions, known as the central vein sign, are commonly observed in
periventricular areas and are a distinguishing MRI feature of MS. They are characterised by a

small vein centrally located within white matter lesions, reflecting perivenular inflammation.

Brain lesions in NMOSD can be both nonspecific and specific. Nonspecific lesions
typically appear as dot-like or patchy lesions, are less than 3 cm in diameter, and are usually
located in the deep white matter, brainstem, or cerebellum (Kim et al., 2010). Lesions typical
of NMOSD occur primarily during the acute cerebral attacks and include periependymal
lesions surrounding the lateral ventricles (see Figure 3A), extensive hemispheric lesions (see
Figure 3B), and long corticospinal tract lesions (see Table 1; Kim et al., 2015; Kim et al.,
2012). NMOSD lesions usually lack the central vein sign. A recent study evaluating the
diagnostic performance of the central vein sign estimated that the median proportion of

CVS-positive lesions was 62.1% in MS and 10.7% in AQP4-NMOSD (Cagol et al., 2024).
1.1.6.1.2.  Juxtacortical and cortical lesions

Cortical lesions typically present as small focal abnormalities confined to or spanning the
cortical width and are difficult to detect using routine sequences like FLAIR (Calabrese et al.,
2010). To improve sensitivity in detecting cortical lesions, advanced sequences that enhance
the contrast between the cortex and white matter, such as double inversion recovery (DIR) or
phase-sensitive inversion recovery (PSIR), have been proposed (Sethi et al., 2012). Cortical

lesions are strongly suggestive of an MS diagnosis, occurring in approximately 60% of MS
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patients compared with 5% of AQP4-NMOSD patients (Cagol et al., 2024). In MS,
juxtacortical (i.e., at the junction between the white matter and grey matter) and cortical
lesions (see Figure 2C) can be observed in all cortical areas, including the cerebellum (Pareto
et al., 2015). What is more, juxtacortical lesions with a U—fibre—type morphology (see Figure
2D) are highly specific for MS and are not typically seen in NMOSD (Matthews et al., 2013).
If present, cortical lesions in NMOSD are typically juxtacortical and are more commonly

observed during the acute phase (Kim et al., 2012, 2016).
1.1.6.1.3.  Infratentorial lesions

An infratentorial lesion is characterised by a T2-hyperintense anomaly located in the
brainstem, cerebellar peduncles, or cerebellum. In MS, infratentorial lesions can occur in the
pons, midbrain, and cerebellar white matter, including the cerebellar peduncles (Filippi et al.,
2019). Similar to white matter lesions, they are typically round or ovoid in shape and
well-demarcated. In NMOSD, infratentorial lesions are characteristically located in areas rich
in AQP4, occurring around the cerebral aqueduct and in the dorsal brainstem adjacent to the
fourth ventricle, including regions such as the area postrema and the solitary tract
(Cacciaguerra et al., 2019). Interestingly, medullary lesions in NMOSD can also be

contiguous with cervical spinal cord lesions (Wingerchuk et al., 2015).
1.1.6.1.4.  Optic nerve lesions

Optic nerve imaging is less widely used in MS due to its limited clinical utility for differential
diagnosis, as optic neuropathy in MS can often be diagnosed clinically, and MRI findings
may not significantly alter management decisions in most cases (Sastre-Garriga et al., 2024).
Optic nerve lesions in MS are typically focal, short, and tend to involve the anterior segments
of the optic nerve, often sparing the optic chiasm (Filippi et al., 2019). On MRI, these lesions
may be associated with inflammation and mild swelling during episodes of acute ON, with
gadolinium enhancement indicating active demyelination (Toosy et al., 2014). In contrast,
ON in NMOSD is typically associated with longitudinally extensive optic nerve lesions
(involving more than 50% of the length of the nerve), which have a predilection to locate in

the posterior segments of the optic nerve, including the optic chiasm (Khanna et al., 2012).
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1.1.6.2.  Spinal cord MRI

The inflammatory process in the spinal cord is typically identified by hyperintensity on
T2-weighted images and hypointensity on T1-weighted images (Filippi et al., 2019). In MS,
spinal cord lesions are detected in 75% to 90% of patients (Ciccarelli et al., 2019). They
appear hyperintense on T2-weighted sequences and can occur along the entire spinal cord,
although they are most commonly located in cervical spine segments (see Figure 2E). What is
more, MS spinal cord lesions have a predisposition to involve peripheral white matter in the
lateral and posterior columns with frequent involvement of adjacent grey matter. Spinal cord
lesions in MS are often small, multiple, take up less than half of the cord cross-sectional area,

and do not exceed two vertebral segments (Ciccarelli et al., 2019).

Spinal cord involvement in patients with AQP4-NMOSD who have TM presents with
distinct radiological appearances from MS. LETM, characterised by spinal cord lesions
extending over three or more vertebral segments (see Figure 3C), is one of the hallmark
radiological features of NMOSD (Wingerchuk et al., 2015). However, the longitudinal
extension of spinal cord lesions in NMOSD is typically more pronounced, with the median
lesion length spanning seven vertebral segments and reaching a maximum of up to 16
segments (Ciccarelli et al., 2019; Murchison et al., 2015). Additionally, spinal cord lesions in
NMOSD are commonly observed in the cervical and upper thoracic segments rather than in
the lower thoracic and lumbar regions, with a predilection for the AQP4-rich central gray

matter (Kim et al., 2015).
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Figure 2. Examples of conventional MRI findings in MS. (A) Axial FLAIR showing
periventricular and subcortical lesions. (B) Sagittal FLAIR showing Dawson's fingers type
lesions. (C) Axial PSIR showing juxtacortical lesions. (D) Axial PSIR showing juxtacortical
lesion with a U-fiber—type morphology. (E) Sagittal T2 showing multiple small spinal cord
lesions. (Original figure based on MRI images obtained at the Laboratory of Brain Imaging,
Nencki Institute of Experimental Biology); MS = multiple sclerosis; MRI = magnetic
resonance imaging; FLAIR = fluid attenuated inversion recovery; PSIR = phase sensitive
inversion recovery.

Figure 3. Examples of conventional MRI findings in NMOSD. (A) Sagittal FLAIR
showing periependymal lesion surrounding the lateral ventricle. (B) Axial FLAIR showing
extensive and confluent hemispheric lesions. (C) Sagittal T2 showing LETM. (Original figure
based on MRI images obtained at the Laboratory of Brain Imaging, Nencki Institute of
Experimental Biology) NMOSD = neuromyelitis optica spectrum disorders; MRI = magnetic
resonance imaging; FLAIR = fluid-attenuated inversion recovery; LETM = longitudinally
extensive transverse myelitis.
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1.1.6.3. Limitations of conventional MRI

Conventional MRI sequences are routinely used in clinical practice for diagnosing and
distinguishing inflammatory demyelinating diseases of the CNS. These sequences rely on
basic lesion characteristics such as shape, location, and number (see Table 1), but they fail to
reflect the microstructural differences that underpin distinct pathologies. Studies, such as
Matthews et al. (2013), have shown that certain MRI findings, like Dawson's fingers type
lesions or subcortical U-fibre lesions, can help differentiate MS from NMOSD with high
specificity. In contrast, abnormalities like LETM or extensive, bilateral optic nerve lesions
are strongly suggestive of NMOSD. However, similarities in imaging findings are common
as MS and NMOSD share clinical features, including episodes of ON, TM, and brain or
brainstem attacks, which correspond with inflammatory lesions visible on MRI. It was shown
that around 27% of NMOSD patients presented with brain lesions that met diagnostic criteria
for MS (Matthews et al., 2013). This overlap, present not only in the brain but also in the
spinal cord, complicates diagnosis, particularly in early or atypical cases where lesion
characteristics may not be distinct. Lesion size and distribution in the spinal cord can
resemble MS in some NMOSD cases, with LETM resolving into smaller, MS-like lesions
over time (Smith et al., 2023). Additionally, the timing of the MRI examination can influence
interpretation, as short spinal cord lesions may represent the early evolution of LETM,
causing NMOSD to resemble MS (Jarius et al., 2023). These complexities highlight the
limitations of conventional MRI in distinguishing MS from NMOSD, particularly in cases
where clinical and radiological features overlap is more pronounced (Jurynczyk et al., 2022;

Matthews & Palace, 2014).

Because conventional MRI cannot assess macro- and microstructural properties such
as axonal integrity, myelin loss, or volume changes, it fails to capture the subtle tissue
changes that precede or coincide with visible lesions and contribute to disease progression.
This gap in imaging capability becomes especially important in conditions like MS and
NMOSD, where damage patterns may display subtle differences that are not easily detectable
by conventional methods. Therefore, moving beyond conventional MRI to incorporate more
advanced, non-conventional imaging techniques is crucial for capturing a more
comprehensive view of disease mechanisms, enabling better differentiation between MS and
NMOSD, and allowing for earlier intervention that could slow or even prevent irreversible

damage.
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Table 1. Key features of MS and NMOSD facilitating differential diagnosis

MS NMOSD

Most prevalent ethnicity Caucasian Caucasian with
over-representation of
Afro-American and Asian

Age of onset 20 - 40 y/o 30-50y/o
Disease course Relapsing or progressive Relapsing
Female to male ratio 3:1 9:1
Brain involvement on MRI 95% 50 - 89%

Brain lesions

Optic nerve involvement

Spinal cord lesions

Disability progression

Attack severity

Oligoclonal bands in CSF

AQP4-1gG in serum

Ovoid, well-demarcated

Periventricular Dawson finger
type lesions

Cortical lesions
Commonly unilateral
<2 vertebral segments
Predilection for peripheral white
matter
Largely independent of relapses
and progressive
Commonly mild with good

recovery

Most cases (95%)

Absent

Mainly non-specific
If specific — located in the area

postrema, solitary tract, or
corticospinal tracts

Bilateral in up to 20% of cases

>3 vertebral segments
Predilection for central grey
matter
Relapse dependent
Progressive disability is a red

flag

Commonly severe with poor
recovery

Typically absent, but may be
present in <30% of cases

Present in the majority of
patients (60 - 90%)

y/o = years old.
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1.1.7. Treatment

The mainstay of MS and NMOSD therapy is the management of acute attacks and the
prevention of relapses (Louis et al., 2021). In both conditions, treatment of acute attacks
consists of using intravenous steroids as they provide short-term clinical benefit by reducing
the severity and shortening the duration of the attacks (Ontaneda & Rae-Grant, 2009;
Sherman & Han, 2015). In patients who are resistant or refractory to steroids, plasma
exchange can be used as a second-line treatment (Berkovich, 2016). However, in NMOSD,
due to severe disability associated with the attacks, there is a lower threshold, compared with
MS, for using plasma exchange if the patient does not respond well to standard steroid

treatment (Bonnan et al., 2018).

Despite both MS and NMOSD being autoimmune demyelinating conditions, long-term
treatment preventing relapses is almost completely exclusive in both conditions (Kiimpfel et
al., 2024). In MS, disease-modifying therapies reduce the progression of the disease by
suppressing or modulating immune function (Louis et al, 2021). Their primary
anti-inflammatory effects are observed in the relapsing phase of MS, leading to a decrease in
the frequency of the relapses, reducing the accumulation of MRI lesions, and stabilising,
delaying, or occasionally modestly improving disability (Robertson & Moreo, 2016).
Evidence supports that disease-modifying therapies are most effective when introduced in the
initial stages of the disease (Hauser & Cree, 2020). Therefore, current clinical approaches
often recommend early treatment with highly effective medications, including 1) ocrelizumab
(Hauser et al., 2017), 2) rituximab (Salzer et al., 2016), 3) alemtuzumab (Cohen et al., 2012;
Coles et al., 2012), 4) natalizumab (Polman et al., 2006; Rudick et al., 2006), or 5) cladribine
(Cohen et al., 2012; Coles et al., 2012). Currently, available MS-modifying medications are
far less effective in progressive MS stages (Louis et al., 2021). Nevertheless, if patients with
progressive MS still exhibit notable disease activity like new MRI lesions or clinical
exacerbations, the use of certain drugs may be warranted. Therapies are limited and include
siponimod, approved for SPMS, and ocrelizumab approved to use in PPMS (Kappos et al.,
2018; Montalban et al., 2017). At present, treatment of MS progression remains an unmet

need and requires a greater understanding of the neurodegenerative component of the disease.

Recent studies elucidating the immune system pathomechanisms driving

AQP4-NMOSD have identified the complement system, the IL-6 pathway, and the B

31


https://paperpile.com/c/03PDyn/gvWli
https://paperpile.com/c/03PDyn/YQddr+Nz7Qk
https://paperpile.com/c/03PDyn/YQddr+Nz7Qk
https://paperpile.com/c/03PDyn/YaNwB
https://paperpile.com/c/03PDyn/xU1wY
https://paperpile.com/c/03PDyn/csuLH
https://paperpile.com/c/03PDyn/csuLH
https://paperpile.com/c/03PDyn/gvWli
https://paperpile.com/c/03PDyn/gi1EL
https://paperpile.com/c/03PDyn/ZiJrP
https://paperpile.com/c/03PDyn/O4VMh
https://paperpile.com/c/03PDyn/XSuZZ
https://paperpile.com/c/03PDyn/mArYg+hSRCC
https://paperpile.com/c/03PDyn/mArYg+hSRCC
https://paperpile.com/c/03PDyn/4sieE+AYOZ9
https://paperpile.com/c/03PDyn/mArYg+hSRCC
https://paperpile.com/c/03PDyn/gvWli
https://paperpile.com/c/03PDyn/ltAQz+r006p
https://paperpile.com/c/03PDyn/ltAQz+r006p

lymphocyte-mediated damage as possible new therapeutic targets for managing the disease.
These observations prompted the development of three new AQP4-NMOSD-specific
therapies, which until 2019 did not exist: 1) inebilizumab (Cree et al., 2019), 2) eculizumab
(Pittock et al., 2019), and 3) satralizumab (Yamamura et al., 2019). Before the development
and approval of these therapies, oft-label drugs (e.g., rituximab, mitoxantrone), which were
also used for treating MS, were widely available for use in NMOSD (Kimbrough et al.,
2012). However, certain drugs effective in treating MS (beta-interferon, fingolimod,
natalizumab) have been linked to ineffectiveness or exacerbation of symptoms in NMOSD,
resulting in significant visual, motor, and sphincter disability (Jurynczyk et al., 2013; Palace

et al., 2010), as well as the development of extensive brain lesions (Jurynczyk et al., 2015).

1.2. Application of non-conventional MRI to study MS and NMOSD

1.2.1.  Non-conventional MRI findings

Compared with conventional MRI, novel non-conventional MRI techniques offer several
advantages: 1) they can identify subtle lesion characteristics, such as the presence of iron or
vessels within or around the lesions; 2) they enable quantitative measurements of metrics
related to demyelination and axonal loss, both within lesions and in normal-appearing brain
tissue, as well as in specific white and grey matter regions; and 3) they allow the assessment
of brain volume loss, including regional atrophy, all of which may serve as useful
discriminators in diseases with attack-related damage that show a predilection for specific

brain regions (Cortese et al., 2024; Granziera et al., 2021).
1.2.1.1.  Brain

1.2.1.1.1.  Volumetry

MRI-based brain volumetry is increasingly being used in the clinical setting to assess
macrostructural brain volume changes from structural MRI sequences like T1-weighted,
T2-weighted, and FLAIR images, which are present in most standard MRI protocols for
demyelinating diseases. Volumetric measures of brain structures, including white matter,
cortical grey matter, and deep grey matter, have been shown to be valid biomarkers of the
clinical state and disease progression in neurodegenerative, demyelinating diseases (Giorgio

& De Stefano, 2013).
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Brain atrophy is a well-recognized feature of MS (Cagol et al., 2022), with an
estimated annual rate of approximately 0.7 — 1%, compared with 0.2 — 0.3% in the healthy
population (Rocca et al., 2017). It affects both grey matter and white matter structures
throughout the CNS (Andravizou et al., 2019). In MS, deep grey matter atrophy is present
early in the disease and is associated with the fastest volume loss rate, which correlates with
disability progression (Eshaghi et al., 2018). Moreover, cortical grey matter atrophy has been
shown to be strongly linked with cognitive impairment, even more so than the volume of
white matter lesions (Lie et al., 2022). Although white matter atrophy in MS is less prominent
compared with deep grey matter or cortical atrophy, it is still considered to contribute to

disability progression and cognitive impairment (Sanfilipo et al., 20006).

Studies regarding brain atrophy in NMOSD are scarce and often report contradictory
findings. A recent study found that NMOSD patients had lower, though not statistically
significant, global brain, white matter, and grey matter volumes (Messina et al., 2022).
However, the study did find significantly lower cortical and brainstem volumes and optic
chiasm atrophy, particularly in patients who had experienced at least one episode of ON.
Other studies using volumetrics and voxel-based morphometry either found reduced white
matter and grey matter volumes in NMOSD compared with healthy controls (HC; Chanson et
al., 2013; Ota et al., 2015; von Glehn et al., 2014) or showed no evidence of atrophy at all
(Matthews et al., 2015).

1.2.1.1.2. TI1 relaxometry

Quantitative T1 mapping measures the T1 relaxation times, which are influenced by changes
in water content and macro/micro molecules within tissues, such as those caused by
demyelination and axonal loss in the brain (Laule et al., 2007). Whole-brain T1 mapping
offers a personalised approach assessing the extent of diffuse pathology by quantifying T1
changes relative to the normal distribution of T1 relaxation times in healthy individuals
(Bonnier et al., 2019). To date, T1 relaxometry has not been included in routine clinical
protocols in MS, partly due to the complexity of acquisition techniques, often leading to
reproducibility issues (Granziera et al., 2021). However, new, promising T1 mapping
approaches like magnetisation prepared 2 rapid acquisition gradient echo (MP2RAGE)
sequences have managed to provide highly reproducible T1 maps (Voelker et al., 2016).

Despite the difficulty in image acquisition and isolating the impact of macro/micro molecules
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on T1 measurements, research has demonstrated a strong correlation between T1 relaxation

values and myelin content in white matter and lesions in MS (Mottershead et al., 2003).

In a recent study by Rahmanzadeh et al. (2022b), T1 relaxation was shown to
distinguish between MS focal white matter lesions and cortical pathology from peri-plaque
white matter. Additionally, it demonstrated high sensitivity to normal-appearing grey matter
pathology, surpassing methods like quantitative susceptibility mapping (QSM), myelin water
fraction, and magnetisation transfer ratio (Rahmanzadeh et al., 2022b). What is more, T1
relaxation rates have been reported to decrease in the cortex of MS patients with disease
progression, which is attributed to an increase in iron deposition associated with

demyelination and neuronal degeneration (Steenwijk et al., 2016).

In NMOSD, assessment of T1 changes in lesion-free periependymal regions showed
no significant differences compared with HC (Pasquier et al., 2019). However, another study
demonstrated decreased T1 relaxation in the normal-appearing white matter (NAWM) of
patients with NMOSD compared with HC, but not when compared with patients with MS
(Chou et al., 2019).

1.2.1.1.3.  Quantitative susceptibility mapping

QSM involves imaging techniques used to measure the absolute concentrations of substances
based on their changes in local magnetic susceptibility, offering an improvement over
standard SWI by providing quantitative rather than qualitative susceptibility measurements
(Liu et al., 2015). In QSM, magnetic susceptibility is determined from local frequency shifts
in MRI signals obtained from phase images of gradient echo sequences using deconvolution
with a dipole kernel. QSM maps enable the quantification of paramagnetic trace elements like
iron in ferritin, deoxygenated haemoglobin in blood, and diamagnetic calcium (Kim et al.,
2023; Liu et al., 2015). Additionally, myelin and the microstructural anisotropy of white
matter can also cause local shifts in magnetic susceptibility due to the diamagnetism of

proteins and lipids (Granziera et al., 2021).

Susceptibility imaging, including SWI and QSM, has led to a breakthrough in the
understanding of the MS disease process (as studied in vivo) and has demonstrated a unique
potential of non-conventional imaging to provide clinically relevant information (Calvi et al.,
2022). A key finding is the paramagnetic rim observed at the edge of some MS chronic active

lesions (termed paramagnetic rim lesions, PRL), which an MRI-pathology correlation study
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has linked to activated iron-laden microglia/macrophages representing ongoing inflammation
and demyelination (Galbusera et al., 2023). The detection of PRL is a promising biomarker
for predicting disease progression and monitoring treatment efficacy while also being useful
in diagnosis. In a multinational study involving 438 individuals with diverse neurological
conditions, PRL were identified in 52% of MS patients, in contrast to only 7% of patients
with non-MS diagnoses, demonstrating a high specificity of 93% in distinguishing MS from
non-MS conditions (Maggi et al., 2020). Notably, paramagnetic rims were rarely observed

(less than 5%) in lesions associated with NMOSD (Sinnecker et al., 2012, 2016).

The possibility of applying QSM into clinical protocols is facilitated by existing
protocols utilising 2D or 3D gradient-echo sequences for T2*-weighted or
susceptibility-weighted imaging, which can also serve for QSM reconstruction if phase
images are available. However, widespread clinical implementation of QSM is hindered by
the absence of necessary algorithms on commercial scanners and the lack of consensus on the

optimal reconstruction algorithm (Langkammer et al., 2018).

1.2.1.1.4.  Diffusion-weighted imaging

Diffusion-weighted imaging (DWI) enables the characterisation of water motion within the
human body. In DWI, applying carefully structured diffusion gradients designed to dephase
and subsequently rephase spins of hydrogen atoms in the water molecules makes the MRI
signal sensitive to water movement in between the turning on and off of the gradients.
Additionally, by applying gradients in different directions, DWI is capable of assessing the
directionality of said movement. By applying mathematical models that use both signal
strength and direction, it is possible to assess the underlying tissue microstructure properties

(Le Bihan & Johansen-Berg, 2012).

Multiple DWI-based models are available to choose from, with diffusion tensor
imaging (DTI) being the most commonly used. The DTI model describes the Gaussian
process of anisotropic diffusion and can be depicted as an ellipsoid with three principal
directions, represented by eigenvectors and corresponding eigenvalues (O’Donnell & Westin,
2011). DTI can assess white matter fibre characteristics by quantifying parameters such as
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD). Importantly, FA and MD were validated as markers of microstructural
integrity in an MRI-postmortem study. A study by Schmierer et al. (2007) showed strong
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correlations between FA and MD in NAWM with myelin content and, to a lesser extent, axon
count, with FA being particularly sensitive to white matter integrity, showing significant
differences between myelinated and unmyelinated fibres. Currently, DTI protocols are
accessible on the majority of clinical scanners and could potentially be integrated into clinical
practice (Granziera et al., 2021). Nevertheless, DTI measurements may be unreliable in brain
regions with crossing fibres, which are estimated to affect between 30% and 90% of white
matter in the brain, as DTI cannot accurately represent multiple independent intra-voxel

orientations (Landman et al., 2010; Schilling et al., 2017).

To overcome the limitations of the DTI model, Neurite Orientation Dispersion and
Density Imaging (NODDI) was developed as a novel diffusion MRI biophysical model,
offering a more specific approach to studying brain tissue microstructure (Zhang et al., 2012).
NODDI utilises multi-shell diffusion MRI data to create a three-compartment model
composed of 1) an intracellular compartment with restricted anisotropic non-Gaussian
diffusion (i.e., neurite density index, NDI), 2) an extracellular compartment with hindered
anisotropic Gaussian diffusion, and 3) a free water compartment with free isotropic Gaussian
diffusion (i.e., isotropic volume fraction, ISO). Additionally, NODDI allows for calculating
the orientation dispersion index (ODI), which represents neurite directionality. Similar to DTI
metrics, NODDI measures have been validated by histopathological studies, which
demonstrated good correlation between ODI and histological measures of neurite orientation
dispersion in brain and spinal cord, and NDI, representing the density of axons and dendrites
in a given voxel, to correlate strongly with myelin and moderately with histology-derived
neurofilament density measures (Grussu et al., 2017; Mollink et al., 2017). Since the NODDI
model requires multi-shell data acquisition, its routine clinical application is challenging.
However, NODDI measurements are feasible in clinical settings with modern scanners that
support multi-shell diffusion protocols. Further studies are needed to assess reproducibility

and establish reference cut-offs for HC (Kamiya et al., 2020).

DTI has been used in MS to study both lesions and NAWM. When compared with
white matter from HC, white matter lesions typically exhibit increased MD and decreased FA
(Alshehri et al., 2022; Cercignani et al., 2000; Filippi et al., 2000; Hagiwara et al., 2019).
Interestingly, DTI has demonstrated abnormalities not only within lesions but also in NAWM,

where a similar yet less pronounced pattern of lower FA and higher MD (compared with HC)

has been observed (Filippi et al., 2000; Margoni et al., 2022; Tedone et al., 2023; Yu et al.,
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2019). Studies utilising the newer NODDI model support the presence of damage within
lesioned tissue as well as widespread abnormalities in NAWM. Similar to DTI findings, MS
patients exhibit lower NDI and ODI values in white matter lesions, with a less pronounced
reduction observed in NAWM compared with HC (Collorone et al., 2020; Hagiwara et al.,
2019; Schneider et al., 2017; Spano et al., 2018; Storelli et al., 2022). Additionally, when the
DTI and NODDI models were compared, NDI was shown to detect more pronounced and
widespread abnormalities than FA (Collorone et al., 2020; Granberg et al., 2017; Spano et al.,
2018).

DWI-based studies in patients with NMOSD are limited. Similar to MS, NMOSD
white matter lesions exhibit lower FA and higher MD and ISO when compared with healthy
white matter (Boaventura et al., 2025; Kato et al., 2022). Interestingly, findings on NAWM
damage in NMOSD remain inconclusive, with some studies reporting evidence of diffuse
injury evidenced by increased MD or decreased NDI within the whole brain NAWM
(Cacciaguerra et al., 2021; Liu et al., 2012; Nakaya et al., 2024; Sun et al., 2023), selective
damage (lower FA, lower NDI) to white matter tracts in visual, sensory, and motor systems
(Kato et al., 2022; Messina et al., 2022; Pichiecchio et al., 2012), or no damage at all
(Aboul-Enein et al., 2010; Matthews et al., 2015). Potential explanations for these
inconsistencies possibly include small sample sizes, methodological differences, and the

under-examined relationship between lesions and the surrounding white matter (Matthews et

al., 2015).
1.2.1.2.  Spinal cord

1.2.1.2.1.  Volumetry

Spinal cord volume is typically assessed using a 3D T1 or T2-weighted sequence with
isotropic resolution less than 1 mm in order to minimise the partial volume effect from the
surrounding CSF (Ciccarelli et al., 2019). The most common quantitative measure to evaluate
the spinal cord is the cervical spinal cord cross-sectional area (CSA; Casserly et al., 2018).
3D T1 or T2-weighted volumetric scans and spoiled T2*-weighted sequences can be used to
obtain high-quality images of the spinal cord with good tissue contrast, allowing for grey
matter segmentation and its volumetric assessment. Nowadays, automated methods utilising

registration of scans over time are thought to enhance the precision of spinal cord volume
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measurements, thereby allowing for the detection of treatment effects, which may facilitate

the inclusion of spinal cord atrophy assessment in clinical trials (Ciccarelli et al., 2019).

In MS, the majority of recent studies investigating spinal cord volume found
significantly lower CSA measures in MS patients compared with HC and significant links
between spinal cord atrophy and disability progression (Mina et al., 2021; Tsagkas et al.,
2018). Another study found a significant reduction in the volume of grey matter rather than
the whole cord in MS patients (Mariano et al., 2021). The rate of volume decrease in RRMS
is thought to be faster in the brain than in the spinal cord, which is likely due to the high

degeneration of cortical regions (Ciccarelli et al., 2019).

Interestingly, NMOSD patients are reported to experience larger volume decreases in
the spinal cord than in the brain, suggesting different pathogenic mechanisms than in MS
(Ciccarelli et al., 2019; Liu et al., 2015). The literature on spinal cord pathology in NMOSD
is scarce, and the exact relationship between cord atrophy and disability accumulation
remains unknown (Ciccarelli et al., 2019). Recent studies have reported significantly lower
CSA values in both cervical and thoracic cord segments in NMOSD as compared with HC
and found a significant negative relationship between CSA and EDSS (Lersy et al., 2021;
Mariano et al., 2021). These results suggest that spinal cord volumetry could have a role in

NMOSD diagnosis and disease monitoring.

1.2.1.2.2.  Diffusion-weighted imaging

In most clinical settings, the DTI model is a feasible option for imaging the spinal cord,
providing valuable insights into underlying microstructural changes (Wheeler-Kingshott et
al., 2014). However, obtaining DWI with the high b-values required for NODDI model
estimation is challenging due to the low signal-to-noise ratio and pronounced motion artefacts
(Grussu et al.,, 2015). While DTI is currently used primarily to investigate disease
mechanisms, a future possibility is that it could assist in prognosis and therapy planning,
offering a more personalised approach to patient care (Shim et al., 2020; Vedantam et al.,

2014).

Like brain lesions, white matter spinal cord lesions in MS are characterised by lower
FA than HC (Lersy et al., 2021; Mariano et al., 2021). Additionally, MS's spinal cord white
matter shows lower FA and higher MD values when compared with HC. Similar alterations

in FA and MD were observed when only non-lesional spinal cord white matter was assessed
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(Margoni et al., 2022). Importantly, a study aimed at evaluating the tissue integrity of major
cervical cord white matter tracts using DTI found that both FA and RD correlated with
clinical measures of disability, suggesting that DTI could serve as an imaging biomarker for

spinal cord tissue injury in MS (Naismith et al., 2013).

In NMOSD, DTI studies of the spinal cord consistently demonstrate alterations in
tissue integrity, including decreased FA in white matter and increased MD in both lesions and
whole cord white matter (Mariano et al., 2021; Rivero et al., 2014). Interestingly, higher RD
was observed in spinal cord white matter lesions in NMOSD patients compared with lesions
in MS patients, suggesting a distinct pattern of tissue destruction characterised by radial
expansion of water molecules, and was proposed as a potential diagnostic biomarker for
NMOSD (Klawiter et al., 2012). The non-conventional MRI methods described in this

subchapter are summarised in Figure 4.
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Figure 4. Graphical overview of non-conventional MRI methods. (Original figure); CSA
= cross-sectional area; QSM = quantitative susceptibility mapping; PRL = paramagnetic rim
lesions; DTI = diffusion tensor model; FA = fractional anisotropy; RD = radial diffusivity;
AD = axial diffusivity; NODDI = neurite orientation dispersion and density imaging; NDI =
neurite density index; ISO = isotropic volume fraction; ODI = orientation dispersion index;
NAWM = normal-appearing white matter.
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2. AIMS OF THE WORK

2.1. Rationale for the thesis

MS and NMOSD are two separate CNS inflammatory/demyelinating diseases with different
and largely mutually exclusive management. NMOSD is a mimic of MS, which may lead to
misdiagnosis. Despite the clinical and radiological overlap, MS and NMOSD are driven by
distinct pathomechanisms, which lead to differences in brain and spinal cord pathology
characteristics. While useful in many clinical situations, routine MRI identifies only a subset
of these features, mainly relating to the lesion shape, number, and location. The aim of this
work was to study whether non-conventional MRI of the brain and cervical spinal cord,
allowing for the assessment of processes at the microstructural level, may identify novel

discriminators between MS and NMOSD based on their distinct pathology.

2.2.  Research aims and research questions

Primary aim: To prospectively and cross-sectionally explore patterns of cerebral and
cervical spinal cord damage using non-conventional MRI in patients with MS and

AQP4-NMOSD compared with HC.

Secondary aims:

1. To identify and characterise patterns of cerebral white matter damage in MS and
AQP4-NMOSD by investigating: 1) damage in white matter fibres that traverse and

do not traverse through white matter lesions, and 2) white matter volume.

2. If white matter damage is identified in either MS or AQP4-NMOSD in fibres that do
not traverse through white matter lesions, explore other potential causes beyond

typical white matter lesions, including cortical lesions and chronic active lesions.

3. To assess cerebral grey matter abnormalities in MS and AQP4-NMOSD by
investigating: 1) T1 relaxation rates in the cortex, 2) cortical volume, and 3) deep grey

matter volume.

4. To evaluate patterns of cervical spinal cord damage in MS and AQP4-NMOSD

across: 1) the whole cord, 2) white matter, and 3) grey matter.
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3. METHODS

3.1. Participants

This prospective cohort study received approval from the bioethics committee at the Institute
of Psychiatry and Neurology in Warsaw, Poland (nr 8/2021). All participants signed a written
informed consent form. Twenty MS patients were enrolled from a disease-modifying
treatment clinic in the Department of Neurology, Wolski Hospital, Warsaw. Twenty NMOSD
patients were recruited from NMOSD clinics at the Wolski Hospital and the Department of
Neurology at the Warsaw Medical University. All MS patients met the revised McDonald's
criteria for RRMS (Thompson et al., 2018). All NMOSD patients met the revised 2015
NMOSD criteria (Wingerchuk et al., 2015) and tested positive for AQP4-IgG on a fixed
cell-based assay. All MS and NMOSD patients were scanned at least two months post their
last disease attack. Twenty HC, matched for sex and age with the AQP4-NMOSD cohort,
were recruited through social media channels of the Laboratory of Brain Imaging, Nencki
Institute of Experimental Biology, Polish Academy of Sciences in Warsaw. The exclusion
criteria included any contraindications to research MRI scanning, such as claustrophobia,
metal implants, or pregnancy. Additionally, HC were screened for conditions that may
confound the findings (i.e., neurological conditions). Recruitment of all participants occurred

between September 2021 and July 2022.
3.2.  Clinical data acquisition

Clinical data of MS and AQP4-NMOSD patients were obtained from clinical records
provided by treating neurologists at referring centres. This data included information on the
number of disease attacks and their phenotypes, the EDSS score at the time of the study scan,

and the current disease-modifying therapy.
3.3. MRI protocol

All study participants underwent scanning at the Laboratory of Brain Imaging, Nencki
Institute of Experimental Biology, Polish Academy of Sciences in Warsaw. MRI data were
collected using a 3T Siemens Trio scanner (Siemens Erlangen, Germany). Prior to the MRI
scan, all participants were instructed to remain as still as possible while lying down in the

scanner. The MRI protocol consisted of two imaging sessions (brain and cervical spinal
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cord), with the brain scan lasting approximately 43 minutes and the cervical spinal cord scan
lasting approximately 23 minutes, all conducted during a single visit. Participants were given
breaks of approximately 15 minutes between the sessions. A standard operation procedure
was used to ensure consistent acquisition in terms of participant positioning and set-up of
sequences. Data quality was evaluated following each acquisition, and the acquisition was

repeated if necessary.
3.3.1. Brain

During the brain imaging session, all participants were scanned using a 32-channel array head
coil. The protocol included: 1) T1 weighted magnetization-prepared rapid acquisition
gradient echo (MPRAGE): repetition time/echo time/inversion time = 2530/3.32/1100 ms,
acquisition time = 6 min; 2) FLAIR: repetition time/echo time/inversion time =
5000/388/2100 ms, both with 1 mm3 isotropic spatial resolution, acquisition time = 7 min; 3)
multi-shell DWI: repetition time/echo time/resolution = 3660/101 ms/2x2x2 mm3 isotropic
with b-values of 0/500/1250/2500 s/mm2 and 13/18/36/53 measurements per shell,
respectively, and an additional diffusion acquisition with 7 measurements of b-value 0 s/mm?2
with reversed phase encoding direction to correct for susceptibility-induced distortions,
acquisition time = 8 min; 4) T1 weighted magnetization-prepared rapid acquisition gradient
echo with 2 separate readouts at different inversion times (MP2RAGE): repetition time/echo
time/inversion time 1/inversion time 2 = 5000/2.96/700/2500 ms, and 1 mm3 isotropic spatial
resolution, acquisition time = 8 min; 5) T2*-weighted gradient echo, multi-echo QSM
sequence with repetition time/echo times = 27/4.65, 9.15, 13.65, 18.15, 18.15, 22.65 ms and
0.7x0.7%1.0 mm3 spatial resolution, acquisition time = 8 min; (6) PSIR sequence: repetition
time/echo time/inversion time = 4000/381/380 ms, with 0.9 mm3 isotropic spatial resolution,
acquisition time = 6 min. The whole scanning session lasted approximately 43 min. Due to
technical difficulties, the MP2RAGE sequence could not be acquired for three MS patients,
and the QSM sequence was not obtained for two HC and one MS patient.

3.3.2.  Cervical spinal cord

During the cervical spinal cord imaging session, all participants were scanned using a
12-channel array head and neck coil. The protocol included: 1) T2 weighted sequence:
repetition time/echo time = 2800/83 ms, with 0.8x0.6x3.0 mm? spatial resolution, acquisition

time = 4.5 min; 2) T1 weighted sequence: repetition time/echo time = 2000/3.21 ms, with 1
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mm?® isotropic spatial resolution, acquisition time = 5 min; 3) T2 weighted sequence:
repetition time/echo time = 2000/118 ms, with 0.8 mm’ isotropic spatial resolution,
acquisition time = 4.5 min; 4) DWI: repetition time/echo time/ = 600/99 ms, 0.9x0.9x5 mm?
spatial resolution, with b-values of 0/800 s/mm? 1/64 measurements per shell respectively,
and an additional diffusion acquisition with four measurements of b-value = 0 s/mm? with
reversed phase encoding direction to correct for susceptibility-induced distortions, acquisition
time = 4 min; 5) spoiled T2* Multi-Echo Data Image Combination (MEDIC) sequence:
repetition time/echo time = 600/13 ms, with 0.5 mm?® isotropic spatial resolution, acquisition
time = 5 min. Due to the participant's resignation, the cervical spinal cord protocol was not

obtained for one participant from the HC cohort.
3.4. MRI data analysis
3.4.1. Brain
3.4.1.1. Volumetry and lesions assessment

Segmentations of white matter lesions were obtained by manually tracing hyperintense
lesions on FLAIR images using FSLeyes software (McCarthy, 2022), following the
guidelines outlined by Filippi et al. (2019): 1) round to ovoid in shape, 2) ranging from a few
millimetres to more than one or two centimetres in diameter, with a minimum long-axis
length of 3 mm, 3) visible on at least two consecutive slices. Created binary lesion masks
were then coregistered with MPRAGE images using a rigid body transformation algorithm.
Subsequently, the lesion-filling function from FSL software was used to estimate intensity
values from surrounding white matter and fill in signal dropouts in MPRAGE images to
improve the registration and segmentation process. Each patient's T2-hyperintense white
matter lesion volume was calculated based on their respective lesion mask. Lesion-filled
MPRAGE images were fed to segmentation algorithms implemented in Freesurfer software
(Dale et al., 1999) to obtain the volumes of cerebral white matter, cerebral cortex, and deep
grey matter. All obtained volumetric measures were normalised by dividing them by the
estimated total intracranial volume (ETIV) to adjust for differences in cranium sizes. The

resulting value was then multiplied by 100 to represent a percentage of the ETIV.

PSIR and the corresponding FLAIR images were used to determine the number of

cortical lesions. Similar to the assessment of white matter lesions, the images were visually
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examined, and lesions were identified based on the guidelines provided by Filippi et al.
(2019). On PSIR, cortical lesions were defined as focal hypointense abnormalities relative to
the surrounding normal cortex, either confined entirely within the cerebral cortex or

extending into the subjacent white matter, and identified on at least two consecutive slices.
3.4.1.2. T1 relaxometry in the cerebral cortex

Cortical segmentation was performed using Freesurfer on the standard MPRAGE images.
Quantitative T1 relaxation rate maps for the cerebral cortex were calculated using the
MP2RAGE sequences. The MP2RAGE T1 relaxation rate maps were registered to
FreeSurfer's reconstructed image using the denoised UNIFIED images. The Ciftify utility
from the Human Connectome Project was employed to generate the grey matter ribbon and
project voxels with coordinates situated between the white and pial surfaces for sampling and
smoothing the T1 relaxation rate values (Glasser et al., 2013). Averaged estimates were then
extracted for the Destrieux atlas, which includes 150 regions of the cerebral cortex (Destrieux

et al., 2010).
3.4.1.3. Assessment of paramagnetic rim lesions

QSM maps were computed from multi-echo phase and magnitude T2*-weighted images
using the SEPIA Matlab toolbox. The Morphology Enabled Dipole Inversion algorithm (Liu
et al., 2011) was applied to unwrap phase data and estimate susceptibility maps, with CSF
used as a reference value. The QSM images were visually inspected for the presence of PRLs
and cross-referenced with the corresponding FLAIR images (see Figure 5). A lesion was
classified as a PRL if a hyperintense rim was visible on QSM on at least two consecutive

slices.
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FLAIR QSM

Figure S. Examples of PRL visible on FLAIR (depicted by white arrows) and
corresponding QSM images (depicted by black arrows). (A, B) A 29-year-old male with
RRMS. (C, D) A 42-year-old female with RRMS. (E, F) A 45-year-old female with RRMS.
(Original figure based on MRI images obtained at the Laboratory of Brain Imaging, Nencki
Institute of Experimental Biology); FLAIR = fluid-attenuated inversion recovery; QSM =
quantitative susceptibility mapping; RRMS = relapsing-remitting multiple sclerosis; MRI =
magnetic resonance imaging.
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3.4.1.4. Estimation of the NODDI model and lesion-informed

tractometry

DWI pre-processing followed the standard MRtrix3 pipeline (Tournier et al., 2019), including
denoising, Gibbs artefact removal, motion correction, eddy-currents correction, EPI
distortions correction based on the opposite phase-encoded b0 images, and intensity bias
correction. Additionally, the mean image calculated from b0 shells was created for
registration purposes. Quality control assessment for the DWI images was performed with an
automated EDDY QC framework (Bastiani et al., 2019). NDI maps were generated by fitting
the nonlinear three-compartment NODDI model to preprocessed DWI data using the NODDI
Matlab Toolbox (Zhang et al., 2012).

To perform tract segmentation, response functions for white matter, grey matter, and
CSF were estimated, and a multi-tissue constrained spherical deconvolution (CSD) algorithm
was used to obtain white matter fibre orientation distribution (Dhollander & Connelly, 2016).
CSD peaks, representing the dominant fibre orientations within a voxel, served as an input
into TractSeg to generate white matter tract segmentations (Wasserthal et al., 2018). For each
subject, TractSeg utilised the CSD-derived orientation data to generate 50 white matter tracts,
with 5,000 streamlines approximating fibre bundles computed for each tract. To exclude the
influence of lesions on the reconstruction of physiological white matter tracts, the accuracy of
tract segmentation performed by TractSeg was visually reviewed for any anomalies, but no

1ssues were identified.

The acquired tracts were segmented based on the binary lesion masks, which were

used as input for the MRtrix3 fckedit command with the following criteria:
1. Only streamlines that passed through the lesion mask were retained.

2. Streamlines that intersected any region defined by the lesion mask were

discarded.

As a result, two types of tract parts were obtained, with fibres appropriately selected
to represent the part of the tract traversing through and not traversing through white matter
lesions. To ensure robust analysis and minimize bias from incomplete data, any segmented
tract part containing fewer than 50 out of 5000 total streamlines was excluded from further

analysis (Wasserthal et al., 2020). For example, for a given tract, if the vast majority of fibers
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traversed a lesion, only the lesion-traversing part was used; conversely, if tract fibers did not

traverse a lesion, only the lesion-free part was analysed.

The NDI values along specific tracts were obtained with TractSeg’s tractometry
module (Wasserthal et al., 2020). The algorithm computed a central line for each tract and
divided the tract's streamlines into 100 segments. NDI values were then sampled at each
segment and aggregated (mean of all 100 segments) to yield a single value per tract. Mean
NDI values were obtained for whole unsegmented tracts (without division into fibres
traversing and not traversing through white matter lesions) as well as for tract fibres that
traversed and did not traverse through white matter lesions separately. To exclude focally
decreased NDI values within white matter lesions from the tract fibers passing through them,
an in-house algorithm was used to identify lesion locations along each tract. NDI values
associated with these focal lesion points (i.e., tracts segments directly affected by a lesion)

were then removed from calculating the mean.

To evaluate differences in lesion burden across individual tracts in MS and NMOSD,
bundle load (defined as the volume of streamlines passing through lesions divided by the total
volume of the tract of interest) was calculated for each of the 50 examined tracts (see Figure

6 for a detailed flowchart representing analysis steps in the brain-related dataset;

Chamberland et al., 2021).
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Figure 6. Flowchart of the brain-related dataset analysis process. Optic radiation is an
example of a segmented white matter tract - the white area represents fibres traversing
through a white matter lesion (depicted as a crossed circle). In contrast, the black area
represents lesion-free fibres. (Original figure); AQP4 = aquaporin-4; NMOSD =
neuromyelitis optica spectrum disorders; HC = healthy controls; MRI = magnetic resonance
imaging; MPRAGE = magnetization prepared rapid gradient echo; DWI = diffusion-weighted
imaging; FLAIR = fluid-attenuated inversion recovery; QSM = quantitative susceptibility
mapping; MP2RAGE = magnetization prepared 2 rapid gradient echo; PSIR = phase
sensitive inversion recovery; NODDI = neurite orientation dispersion and density imaging;
NDI = neurite density index.

48



3.4.2. Cervical spinal cord
3.4.2.1. Cross-sectional area

Cervical cord T2-weighted images were used to obtain mean CSA values between C2 - C7
spinal segments. T2 images were automatically segmented to generate a binary spinal cord
mask using the DeepSeg tool (Gros et al., 2019) from Spinal Cord Toolbox (SCT; De Leener
et al., 2017), and, if necessary, manually adjusted using FSLeyes. Subsequently, images were
manually labelled at the intervertebral level (posterior tip of each disc). Segmented spinal
cord and vertebral labels were then used to straighten and transform the images to the
PAM-50 spinal cord template (De Leener et al., 2018). Quality of the segmentation and
registration process was ensured by visually inspecting each step using the quality control
tool provided by SCT. CSA was computed for each vertebral level, and the average CSA

from C1 - C7 was employed for statistical analysis.
3.4.2.2. Diffusion tensor imaging

Spinal cord DWI preprocessing was carried out according to standard SCT protocol and
involved correction for susceptibility-induced distortions and motion. Subsequently, the DWI
images were registered to the PAM-50 template using a multimodal registration algorithm
(De Leener et al., 2018). The DTI model was then fitted to the preprocessed DWI data,

resulting in the generation of FA and MD maps.

To evaluate the DTI metrics within NAWM of the cervical spinal cord, binary lesion
masks were generated using the DeepSeglesion algorithm on axial MEDIC images, which
were coregistered to DWI images (Gros et al., 2019). Additionally, T2-weighted and
T1-weighted images were inspected to confirm the lesion location in the cervical spine, and
in some cases, manual mask adjustment was performed in FSLeyes. The resulting lesion
masks were then subtracted from the coregistered white matter atlas provided by the SCT
(Lévy et al., 2015) to create NAWM masks. Grey matter masks of the cervical spinal cord
were obtained using MEDIC images, which were segmented using the DeepSeg tool and
manually adjusted if necessary (grey matter masks of the cervical spinal cord were not
obtained for 1 HC, 3 AQP4-NMOSD patients, and 4 MS patients due to substantial artefacts
on MEDIC images). Mean FA in the NAWM and mean MD in grey matter were calculated

for each participant in the cervical spinal cord.
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3.5. Statistical analysis

Normality and equality of variance were tested for all variables. Differences in demographic
and volumetric characteristics were assessed with one-way Analysis of Variance (ANOVA)
with post hoc pairwise t-tests (Bonferroni correction for multiple comparisons), Welch's
t-test, or Mann-Whitney U test. Welch’s t-tests were used to assess between-group NDI
differences in individual tracts (Benjamini-Hochberg correction (p = 0.05) for multiple
comparisons). Pairwise Spearman’s Rank correlation was used to study the relationship
between lesion count (PRL, cortical lesions) and NDI in individual tracts
(Benjamini-Hochberg correction for multiple comparisons, p = 0.05). Between-group
comparisons for the cervical spinal cord analysis were done using one-way ANOVA with
post hoc pairwise t-tests (Bonferroni correction for multiple comparisons) or Welch's
ANOVA with post hoc Games-Howell tests (Tukey correction for multiple comparisons).

P-values were two-tailed, and statistical significance was set at 0.05.
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4. RESULTS

4.1. Sample demographics

The female-to-male ratio was 18:2 in each study group. The effect of diagnosis was
significant for age, F(2, 57) = 12.22, p < 0.001. Post hoc comparisons indicated that at the
study scan, MS patients were younger (M = 35.4, SD = 9.4 years old) when compared with
both AQP4-NMOSD patients (M = 50, SD = 13.2), p <0.001, and HC (M =48.8, SD =17.9),
p <0.001. MS patients had significantly lower EDSS compared with AQP4-NMOSD patients
M=21,8D=22vs. M=3.8,SD=1.9) U=297.5, p=.008. There were no statistically
significant differences in disease duration or time from the last attack to the study scan

between MS and AQP4-NMOSD (see Table 2).
4.2.  Analysis of the brain
4.2.1. White matter and cortical lesions assessment

MS patients had significantly higher white matter lesion volume when compared with
AQP4-NMOSD patients (M = 0.69, SD = 0.86 vs M = 0.23, SD = 0.36), #25.29) =-2.18,p =
0.04 (see Table 2). Three AQP4-NMOSD patients did not present with any brain lesions. In
AQP4-NMOSD patients, two white matter tracts did not have any lesion load in any patient
(right inferior cerebellar peduncle and right superior cerebellar peduncle). However, no
statistically significant differences in bundle load were observed in any white matter tract
between MS and AQP4-NMOSD (p > 0.05 for each tract; see Figure 7). At least one cortical
lesion was identified in 16 MS patients and 4 AQP4-NMOSD patients. MS patients had
significantly more cortical lesions than AQP4-NMOSD patients (M =7.8, SD =12.5 vs. M =
0.45, SD = 1.2), #(19.34) = -2.6, p = 0.02. At least one PRL was identified in 7 MS patients
(between 1 and 5 PRL per patient) and none of the AQP4-NMOSD patients.
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Table 2. Demographics and clinical/ MRI characteristics of patients and controls

MS AQP4-NMOSD HC

Sex, n (male/female) 20 (2/18) 20 (2/18) 20 (2/18)
Age, years, mean = SD 35 £ gFk* 5013 49+ 8
EDSS score, median (range) 1(0-6.5** 3.7(1-17.5) -
Disease duration years, mean + SD 47455 84+£7.5 -
Time fimsr?)lz‘rsntoa;:ﬁg‘ to study scan, 18.8+34.7 3594295 -
Brain lesions present, n 20 17 -
Ij(flﬁﬁf‘eh(s%ﬁgnmfg lesion 0.69 + 0.86** 0.23 4 0.36 -
PRL count, mean + SD (n) 1.1£1.7(7) - -
Cortical lesions count, mean = SD (n) 7.8 £12.5% (16) 0.45+1.2(4) -

Disease-modifying therapy at the time

of the scan, (n)

Number of patients who had previous

™, n

Cervical cord lesion present, n

Dimethyl fumarate (11)
Glatiramer acetate (1)
Interferon-beta (2)
Ocrelizumab (2)

Untreated (4)

11

10

Azathioprine (2)

Azathioprine +
Methylprednisolone (1)

Azathioprine +
Prednisolone (1)

Inebilizumab (3)

Intravenous -
immunoglobulin (1)

Methotrexate +
Methylprednisolone (1)

Prednisolone (3)
Rituximab (4)

Satralizumab (4)

18 -

*p <0.05, **p < 0.01, ***p <0.001; n = number of participants
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Figure 7. Mean bundle load in MS and AQP4-NMOSD. The AQP4-NMOSD bundle load
bar (pink) is overlaid on the MS bundle load bar (blue). The y-axis represents the percentage
of fibres in each tract with lesion involvement. Mean bundle load did not significantly differ
between diseases in any of the investigated white matter tracts (p > 0.05). MS = multiple
sclerosis; NMOSD = neuromyelitis optica spectrum disorders; AQP4 = aquaporin-4; AF =
arcuate fascicle; ATR = anterior thalamic radiation; CC = corpus callosum; CC 1 = rostrum,;
CC 2 = genu; CC_3 = rostral body; CC 4 = anterior midbody; CC_5 = posterior midbody;
CC_6 = isthmus; CC 7 = splenium; CG = cingulum; CST = corticospinal tract; FPT =
fronto-pontine tract; ICP = inferior cerebellar peduncle; IFO = inferior occipito-frontal
fascicle; ILF = inferior longitudinal fascicle; MCP = middle cerebellar peduncle; OR = optic
radiation; POPT = parieto-occipital pontine tract; SCP = superior cerebellar peduncle; SLF 1
= superior longitudinal fascicle I; SLF II = superior longitudinal fascicle II; SLF III =
superior longitudinal fascicle III; STR = superior thalamic radiation; ST FO =
striato-fronto-orbital; ST PREM = striato-premotor; T_OCC = thalamo-occipital; T PAR =
thalamo-parietal; T PREM = thalamo-premotor; UF = uncinate fascicle.

4.2.2.  White matter and grey matter volumetry

The effect of diagnosis was significant for normalised white matter volume, F(2, 57) = 4.89,
p = 0.01. Post hoc comparisons indicated that the normalised white matter volume in MS
patients (M = 28.36, SD = 2.52) was significantly lower than HC (M =31.3, SD =3.05),p =
0.008. No significant differences were found between AQP4-NMOSD patients (M = 29.8, SD
= 3.29) and both HC and MS patients.

The effect of diagnosis was also significant for normalised subcortical grey matter
volume, F(2, 57) = 8.83, p < 0.001. Post hoc comparisons indicated that the normalised
subcortical grey matter volume in MS patients (M = 3.35, SD = 0.31) was significantly lower
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than HC (M = 3.83, SD = 0.4), p < 0.001. No significant differences were found between
AQP4-NMOSD patients (M = 3.59, SD = 0.36) and both HC and MS patients.

No significant differences in normalised cortical volume were found between the

studied groups, F(2, 57) =0.72, p = 0.49.

4.2.3. Lesion-informed tractometry
4.2.3.1. NDI differences between MS and AQP4-NMOSD

When examining unsegmented white matter tracts, 17 out of 50 tracts showed significantly

lower NDI values in MS compared with AQP4-NMOSD (see Supplementary Table 1).

In white matter fibres traversing through white matter lesions, NDI was reduced in
MS for only one of the 48 assessed tracts (two white matter tracts did not have any lesion
load in any AQP4-NMOSD patient) when compared with AQP4-NMOSD (isthmus of the
corpus callosum, M = 0.58, SD = 0.05 vs. M = 0.63, SD = 0.04), #(31.66) = -2.56, p = 0.04.
(see Figure 8A; see Supplementary Table 2).

In white matter fibres not traversing through white matter lesions, MS patients
exhibited significantly lower NDI values in 6 of 50 tracts compared with AQP4-NMOSD
patients. These included: isthmus of the corpus callosum (M = 0.58 SD = 0.04 vs. M = 0.62
SD = 0.05), #37.73) =-2.70, p = 0.04; left corticospinal tract (M = 0.67, SD =0.03 vs. M =
0.70 SD = 0.03), #37.98) = -3.08, p = 0.02; left inferior cerebellar peduncle (M = 0.68, SD =
0.04 vs. M=0.72, SD = 0.02), #36.14) = -3.40, p = 0.01; left inferior longitudinal fascicle (M
=0.52, SD = 0.03 vs. M = 0.54, SD = 0.04), #(34.90) = -2.99, p = 0.02; middle cerebellar
peduncle (M = 0.72, SD = 0.03 vs. M = 0.75, SD = 0.04), #(31.67) = -3.11, p = 0.02; left
parieto-occipital pontine tract (M = 0.64, SD = 0.02 vs. M = 0.67, SD = 0.03), #36.08) =
-2.73, p = 0.04. (see Figure 8B; see Supplementary Table 3).
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Figure 8. Significant differences in mean NDI between MS and AQP4-NMOSD. (A)
White matter fibres traversing through white matter lesions show significantly lower NDI
values in MS patients when compared with AQP4-NMOSD patients. (B) White matter fibres
not traversing through white matter lesions show significantly lower NDI values in MS
patients when compared with AQP4-NMOSD patients. MS = multiple sclerosis; NMOSD =
neuromyelitis optica spectrum disorders; AQP4 = aquaporin-4; CC 6 = isthmus; CST =
corticospinal tract; ICP = inferior cerebellar peduncle; ILF = inferior longitudinal fascicle;
MCP = middle cerebellar peduncle; POPT = parieto-occipital pontine tract.

4.2.3.2. NDI differences between MS patients and HC

In the evaluation of unsegmented tracts, 48 out of 50 white matter tracts in MS patients
demonstrated a significant reduction in NDI compared with the corresponding tracts in HC

(see Supplementary Table 4).

After segmenting tracts based on lesion location, a decrease in NDI was identified in
40 out of 50 tracts in fibres traversing through white matter lesions and in 34 out of 50 tracts
in fibres not traversing through white matter lesions when compared with whole tracts from

HC (see Supplementary Table 5; see Supplementary Table 6).
4.2.3.3. NDI differences between AQP4-NMOSD patients and HC

In AQP4-NMOSD patients, the assessment of unsegmented tracts showed no significant
differences in NDI when compared with HC (see Supplementary Table 7).

55



Among tract fibres traversing through white matter lesions, 9 out of 48 white matter
tracts in AQP4-NMOSD patients showed a significant decrease in NDI compared with whole
tracts in HC. However, when assessing lesion-free fibres, no significant differences in NDI
were identified between AQP4-NMOSD patients and HC in any white matter tract (see
Supplementary Table 8; see Supplementary Table 9).

4.2.4. Analysis of cortical damage and paramagnetic rim lesions in

relation to white matter changes in lesion-free fibres

Next, cortical damage in MS and AQP4-NMOSD patients was evaluated using T1 relaxation
rates. In MS, the relationship between the count of cortical lesions as well as the count of
PRL and NDI in white matter fibres, not traversing through white matter lesions, was
examined separately. Compared with HC, cortical T1 relaxation rates were significantly
lower in 103 out of 150 cortical regions in MS patients (see Supplementary Table 10; see
Figure 9A) and in 4 out of 150 in AQP4-NMOSD patients (see Supplementary Table 11; see
Figure 9B). In AQP4-NMOSD these regions included: right central sulcus (M = 0.75, SD =
0.01 vs. M =0.77, SD = 0.01), #(32.25) = -3.26, p = 0.01; left central sulcus (M = 0.74, SD =
0.02 vs. M = 0.76, SD = 0.02), #(30.37) = -2.84, p = 0.03; right superior occipital gyrus (M =
0.73, SD = 0.02 vs. M = 0.75, SD = 0.01), #30.25) = -2.73, p = 0.04; right superior occipital
sulcus and transverse occipital sulcus (M = 0.73, SD = 0.02 vs. M = 0.75, SD = 0.01), #29.09)
=-2.60, p < 0.05. Also, MS patients had significantly lower T1 relaxation rates in 28 out of
150 cortical regions compared to AQP4-NMOSD (see Supplementary Table 12; see Figure
9C). In MS patients, the cortical lesion count showed a statistically significant negative
correlation with NDI in fibres not traversing through white matter lesions in 38 out of 50
white matter tracts (see Supplementary Table 13). However, no significant correlation was

found between PRL count and NDI values in any such tract.
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Figure 9. Significant differences in mean T1 relaxation rates observed between the
studied groups. (A) Among cortical regions, 103/150 exhibited significantly lower T1
relaxation rates in MS patients compared with HC. (B) 4/150 cortical regions showed
significantly lower T1 relaxation rates in AQP4-NMOSD patients compared with HC. (C)
28/150 cortical regions exhibited significantly lower T1 relaxation rates in MS patients
compared with AQP4-NMOSD patients. MS = multiple sclerosis; HC = healthy controls;
NMOSD = neuromyelitis optica spectrum disorders; AQP4 = aquaporin-4.

4.3.  Analysis of the cervical spinal cord
4.3.1. Assessment of lesions

Six AQP4-NMOSD and ten MS patients had at least one residual T2-hyperintense lesion in

the cervical spinal cord on the research scan (see Table 2).

4.3.2. Differences in cross-sectional area

The effect of diagnosis was significant for the spinal cord CSA, F(2, 56) = 3.58, p = 0.03.
Post hoc comparisons indicated that AQP4-NMOSD patients (M = 63.78, SD = 9.0) had
significantly lower whole cord CSA than HC (M = 70.75, SD = 6.54), p = 0.04. No
significant differences between AQP4-NMOSD and MS patients (M = 68.85, SD = 9.51) or
between MS patients and HC were found (see Figure 10).
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Figure 10. Between-group differences in mean CSA of the cervical spinal cord. Each data
point represents a value from a single participant. CSA = cross-sectional area; HC = healthy
controls; MS = multiple sclerosis; NMOSD = neuromyelitis optica spectrum disorders; n.s. =
not significant.

4.3.3. Differences in white and grey matter microstructure

The effect of diagnosis was significant for the FA in NAWM, F(2, 33.46) = 4.72, p = 0.02.
Post hoc analysis showed trends toward significance in comparison between AQP4-NMOSD
patients (M = 0.60, SD = 0.07) with HC (M = 0.65, SD = 0.03), p = 0.057, and MS patients
(M = 0.61, SD = 0.05) with HC, p =
AQP4-NMOSD and MS patients were found.

0.063. No significant differences between

No significant between-group differences were observed when assessing cervical

spinal cord grey matter MD, F(2, 48) = 1.07, p = 0.35.
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5. DISCUSSION

While traditional approaches like conventional MRI are generally reliable in typical MS and
AQP4-NMOSD cases, they often fall short in atypical or borderline presentations. These
cases carry a significant risk of misdiagnosis and consequent inappropriate treatment, leading
to long-term disability. New non-conventional MRI techniques have the potential to identify
distinctive features that could improve the characterisation and differentiation of MS and

AQP4-NMOSD, ultimately leading to more accurate diagnoses and better patient outcomes.

This thesis prospectively and cross-sectionally evaluated in vivo brain and cervical
spinal cord characteristics in MS and AQP4-NMOSD patients using non-conventional MRI
methods. Grey and white matter features were comprehensively assessed in both disorders
and compared with benchmark measurements from the HC group. In the brain, the study
examined NDI in white matter tracts, distinguishing between fibres that traverse through
T2-hyperintense white matter lesions and those that do not. The cerebral cortex was evaluated
using T1 relaxation rates, cortical lesion identification, and volumetry, with volumetric
analyses also performed for white matter and deep grey matter. Additionally, in MS, the
relationship between lesion-free white matter fibres and both cortical lesions and chronic
active lesions marked by a paramagnetic rim was investigated. In the cervical spinal cord, FA
in NAWM, MD in grey matter, and whole cord CSA were analysed to identify damage

patterns unique to each disorder.

This chapter will discuss the main findings of this research, address its strengths and
limitations, and explore potential directions for future studies. The concluding remarks will

provide key insights and contributions of the thesis.

5.1.  Unique cerebrospinal damage patterns in MS and AQP4-NMOSD

5.1.1.  Assessment of white matter changes in the brain

No statistically significant differences in lesion burden were found between MS and
AQP4-NMOSD across any white matter tract. When examining whole (unsegmented) white
matter tracts, MS patients exhibited a significant reduction in NDI across most tracts (48 out
of 50 tracts) when compared with HC. In contrast, no such reductions were observed in

AQP4-NMOSD patients. However, a more distinctive pattern emerged when the tracts were
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segmented into fibres traversing and not traversing through white matter lesions. In MS, NDI
reductions were widespread, affecting the majority of tract fibres regardless of whether they
traversed through white matter lesions (40 out of 50 tracts) or remained lesion-free (37 out of
50 tracts). In contrast, AQP4-NMOSD patients exhibited a more localised damage pattern,
with lower NDI occurring only in tract fibres traversing through white matter lesions (9 out
of 48 tracts) and never in lesion-free fibres. Moreover, normalised white matter volume was
significantly lower in MS patients when compared with HC, while no such effect was

observed in AQP4-NMOSD patients.

These findings provide further evidence that diffuse, non-lesional white matter injury
in MS cannot be solely attributed to anterograde and retrograde neurodegeneration from
white matter lesions (Kawachi & Lassmann, 2017). This conclusion is supported by the
observation that the majority of white matter fibres not traversing through any white matter
lesions at any location still exhibited decreased NDI values compared with whole tracts in the
cerebral white matter of HC, which suggests the involvement of additional, white matter
lesion-independent mechanisms driving neurodegeneration in MS. Conversely, in
AQP4-NMOSD patients, significant NDI reductions were observed in several tract fibres
traversing through white matter lesions, while fibres anatomically independent of these
lesions showed no such reductions. This pattern may reflect a lack of widespread
neurodegenerative mechanisms in white matter in AQP4-NMOSD, further supporting the
idea that axonal loss is primarily secondary to inflammatory attacks. Moreover, the extent of
neurodegenerative changes in AQP4-NMOSD lesions varies, with some white matter lesions
remaining asymptomatic (Kim et al., 2012), while others, particularly those presenting as
hypointense on T1-weighted images, are associated with more pronounced tissue destruction
and worse patient outcomes (Ghazanfari et al., 2024). This lesion heterogeneity in
AQP4-NMOSD could explain why only some lesion-traversing fibres show altered

microstructural integrity, while others remain unaftected.

The current study suggests that chronic neurodegenerative processes present in MS
(observed even at the individual tract level) and potentially absent in AQP4-NMOSD can be
used to discriminate between the two diseases. In a direct comparison between MS and
AQP4-NMOSD patients, six tracts with fibres not traversing through white matter lesions
were found to have significantly lower NDI in MS compared with AQP4-NMOSD. These

tracts are associated with pyramidal (left corticospinal tract), cerebellar (middle cerebellar
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peduncle, left inferior cerebellar peduncle, left parieto-occipital pontine tract), and cognitive
(left inferior longitudinal fascicle, isthmus of the corpus callosum) functions. The cerebellar
findings are especially noteworthy, as previous studies have demonstrated that loss of FA in
the cerebellum can occur even in the absence of white matter lesions. This change has been
observed in patients with early or mild MS, despite no detectable reduction in cerebellar
volume (Deppe et al., 2016; Rocca et al., 2004). Additionally, FA loss in the cerebellum has
been observed in patients with clinically isolated syndrome who had no infratentorial lesions,
and this loss was associated with shorter conversion times to clinically definite MS. (Kugler
& Deppe, 2018). Furthermore, when comparing MS and AQP4-NMOSD patients, one tract
(the isthmus of the corpus callosum) was identified in which fibres traversing through white
matter lesions exhibited significantly lower NDI in MS. This particular finding could be
attributed to heterogeneity in focal lesion demyelination and neurodegeneration severity in
MS (Lucchinetti et al., 2000). It is possible that the observed tract was affected by a heavier
load of chronic active lesions in the MS patient cohort. As these lesions exhibit severe tissue
demyelination with microglia activation, they may lead to more pronounced

neurodegeneration in the affected tract (Rahmanzadeh et al., 2022a).

5.1.2.  Grey matter abnormalities in the brain

In this study, cortical lesions were more commonly found in MS patients than in
AQP4-NMOSD patients, in whom these lesions were mostly absent. Although no normalised
cortical volume loss was identified in MS and AQP4-NMOSD patients compared with HC,
the T1 relaxation rates for the cerebral cortex were lower in the majority (103 out of 150) of
cortical regions in our MS patients compared with HC. This finding was observed in only 4
out of 150 cortical regions in AQP4-NMOSD patients. Moreover, MS patients showed
significantly lower T1 relaxation rates in 28 out of 150 cortical regions when compared with
AQP4-NMOSD patients. Subcortical grey matter volume was also found to be lower in MS,
compared with HC, which was not the case in AQP4-NMOSD patients.

The results further confirm that MS 1is characterised by extensive cortical and deep
grey matter changes, which likely reflect widespread cortical demyelination and
neurodegeneration (Calabrese et al., 2015; Rahmanzadeh et al., 2022b). They also suggest
that microstructural changes may be evident even when macrostructural (volumetric) changes

are not, demonstrating their potential value in the diagnostic process. In AQP4-NMOSD, the
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absence of widespread cortical alterations aligns with the understanding that the disease
primarily affects astrocytic function and perivascular tissue, sparing cortical grey matter to a

greater extent (Kawachi & Lassmann, 2017).

Interestingly, significant bilateral alterations in T1 relaxation times were observed in
the central sulcus (sensorimotor cortical areas) of AQP4-NMOSD patients, which could
indicate that neurodegeneration following severe TM attacks may extend to the brain via
anterograde and/or retrograde mechanisms. This issue remains underexplored, with only one
study by Papadopoulou et al. (2019) investigating volume changes in the ventral posterior
thalamic nucleus, which receives afferent white matter fibres from the spinal cord and
projects the information further to the cortex. Notably, no significant volume changes were

observed in AQP4-NMOSD patients with a history of TM.

5.1.3. The impact of cortical lesions and paramagnetic rim lesions on

white matter damage in MS

In MS, significant negative correlations were identified between the number of cortical
lesions and NDI in the majority of lesion-free white matter tracts (38 out of 50). This
relationship suggests that cortical pathology may contribute to diffuse neurodegeneration in
white matter, independent of white matter lesion burden. The findings also indicate that a
reduction in NDI within tract fibres not traversing through white matter lesions is more
closely associated with measures of cortical damage rather than chronic active lesions, as
PRL count showed no such relationship. This potential link between cortical lesions and
widespread white matter damage aligns with emerging evidence that cortical pathology plays
a critical role in the pathogenesis of MS, particularly in its progressive forms, and with
previous studies showing that meningeal inflammation correlates with diffuse NAWM
degeneration (Androdias et al., 2010; Haider et al., 2016). Cortical demyelination and
neurodegeneration may create a pro-inflammatory and neurotoxic environment, mediated by
mechanisms such as retrograde and anterograde degeneration of axons connecting cortical
and subcortical structures (Calabrese et al., 2015; Kolasinski et al., 2012). Moreover, studies
have suggested that cortical damage in MS can disrupt functional and structural connectivity,
which may further exacerbate white matter integrity loss, even in regions without visible
lesions (Krijnen et al., 2024; Tahedl et al., 2018). While these findings highlight the

importance of cortical pathology as a distinct and potentially significant driver of diffuse
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white matter changes in MS, the directionality of the relationship between cortical and white

matter damage remains to be further investigated.

5.1.4. Evaluation of volumetric and microstructural properties in the

cervical spinal cord

Analysis of CSA in the cervical spinal cord showed that AQP4-NMOSD patients had
significantly lower CSA compared with HC, highlighting substantial structural changes in
this group. This finding aligns with previous studies, which have demonstrated pronounced
spinal cord atrophy in NMOSD patients, likely due to the disease's propensity for severe
spinal cord inflammation and demyelination (Liu et al., 2015; Mariano et al., 2021). In
contrast, no significant differences in CSA were observed between MS patients and HC or
between MS and AQP4-NMOSD patients. These findings suggest that while both diseases
may involve spinal cord pathology, the extent and mechanisms of volume change differ

substantially (Mariano et al., 2021).

Reduced FA in the cervical spinal cord NAWM was found in both MS and
AQP4-NMOSD patients, compared with HC, although these differences did not reach
statistical significance. This finding could be indicative of microstructural damage related to
white matter integrity alterations, potentially reflecting axonal loss or demyelination, both of
which are important features of MS and AQP4-NMOSD pathology (Carnero & Correale,
2021; Rodriguez et al., 2022). The trend-level reduction in FA may be explained by early or
diffuse pathological changes that do not yet manifest as overt structural disruption detectable

by diffusion metrics at a statistically significant level.

Additionally, the current study assessed MD in the cervical spinal cord grey matter.
However, the analysis showed no significant differences between the studied groups. While
this finding aligns with typical MS pathology, which generally spares the central grey matter
(Ciccarelli et al., 2019), it was surprising given that spinal cord inflammation in
AQP4-NMOSD tends to predominantly affect the central grey matter, a region rich in AQP4
(Kim et al., 2015). It is possible that while damage to spinal cord white matter spreads
through axons transected by lesions, grey matter injury is more focal and localised, leading to

microstructural alterations only within the lesioned sites.
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5.2.  Strengths and limitations

The strengths of this study lie in its novel and meticulous methodological approach and
complex assessment of both the brain and cervical spinal cord. Previous studies investigating
white matter damage in MS and NMOSD have focused on assessing NAWM as a whole
region of interest. However, these approaches showed spurious results, and they did not
account for possible lesion-dependent degeneration along the tract. To address this issue, the
current study adopted a new methodology combining several advanced MRI-based tools to
investigate white matter damage in greater detail. Specifically, white matter damage was
evaluated using the biologically plausible NODDI model, with the NDI metric assessing
white matter integrity. This approach was combined with a convolutional neural
network-based method for white matter segmentation, allowing for the accurate identification
and quantification of neurodegeneration along well-defined anatomical tracts. To refine the
analysis, white matter tracts were segmented into fibres that either passed through white
matter lesions (ensuring that lesion points were excluded from the affected tract segments) or
remained lesion-free. This approach provided a more precise and detailed understanding of
white matter damage patterns, which might have been obscured by the influence of white
matter lesions. Moreover, the study employed state-of-the-art methodology to map Tl1
relaxation rates in the cerebral cortex. This advanced approach enabled a more precise
detection and quantification of microstructural changes that were not evident through
volumetric assessments. Unlike traditional volumetric measures, which primarily capture
macroscopic atrophy, T1 relaxation mapping provides a more sensitive marker of cortical
microstructural integrity, reflecting changes in myelination, water content, and cellular
composition (Granziera et al., 2021). This novel application enhances the ability to detect
early neurodegenerative processes that might otherwise go unnoticed, offering valuable

insights into disease mechanisms.

Despite this study's strengths, several limitations should be considered when
interpreting the findings. Due to the rarity of AQP4-NMOSD, the results are based on a
relatively small cohort of patients. Additionally, MS patients were, on average, younger and
less disabled than AQP4-NMOSD patients, reflecting the natural differences between the two
conditions, with AQP4-NMOSD often presenting at an older age and being highly disabling
early on (Wingerchuk et al., 2015). Despite these differences, MS was associated with greater
white and grey matter damage when compared with AQP4-NMOSD and HC. This result,
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combined with findings from Cox et al. (2016) and Giorgio et al. (2010), who demonstrated a
gradual decrease in NDI and grey matter volume with age, suggests that the observed effects
may be more pronounced in age-matched groups. Moreover, the tract segmentation approach,
dividing fibres into those traversing and not traversing through white matter lesions, was
based on visible hyperintensities from conventional FLAIR images and did not account for
lesions that may have resolved over time. However, it is essential to highlight that in MS,
white matter lesions typically accumulate over time rather than resolve (Todea et al., 2020).
Another limitation is that the heterogeneity of both AQP4-NMOSD and MS patient groups
when considering a history of TM may have hindered the detection of more pronounced
changes in the cervical spinal cord. However, this issue is unlikely to significantly impact the
overall findings, as most patients (18/20 in AQP4-NMOSD and 11/20 in MS) had
documented TM. Moreover, in MS, spinal cord pathology, including atrophy and
asymptomatic T2-hyperintense lesions, has been reported even in RRMS patients without
clinical signs of spinal cord involvement. This suggests that the spinal cord is often affected
by the disease, regardless of acute clinical episodes (Bischof et al., 2022; Bot et al., 2004). In
this study, MRI-based spinal cord assessment may also have been hindered by substantial
artifacts in MEDIC images, preventing grey matter mask extraction for one HC, three
AQP4-NMOSD patients, and four MS patients. These artifacts, likely resulting from
susceptibility effects or CSF pulsation, compromised image segmentation and led to data
loss, potentially affecting the reliability of the grey matter analysis. Lastly, the lesion-free
fibres assessed in the brain, particularly in the corticospinal tracts, may have been influenced
by spinal cord lesions and could be undergoing neurodegenerative changes due to retrograde
degeneration. However, no significant NDI differences were found in corticospinal
lesion-free white matter fibers between AQP4-NMOSD patients and HC, suggesting that any

potential retrograde effects may be subtle or regionally specific.

5.3. Future directions

Future studies should address several key aspects highlighted by the findings of this study.
Firstly, NODDI measurements are practical for clinical application but require multi-shell
diffusion-based protocols, which are accessible in most modern clinical MRI scanners.
However, additional studies are necessary to confirm reproducibility and to establish

reference cut-off values for healthy populations (Chung et al., 2016; Kamiya et al., 2020).
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If validated in well-defined cohorts of MS and AQP4-NMOSD patients, non-conventional
MRI metrics (e.g., NDI in lesion-free white matter fibres) could be incorporated to assist in
diagnosing challenging cases with minimal brain lesions or ambiguous conventional MRI
findings (Jurynczyk et al., 2022). It is also important to further investigate this effect in
AQP4-IgG negative NMOSD patients, as they could benefit from potential clinical
applications, given their frequent presentation of overlapping MS and NMOSD
characteristics (Jurynczyk et al., 2016). This thesis also provides further evidence for the
interdependence of cortical grey matter and diffuse white matter damage in MS (Androdias et
al., 2010; Haider et al., 2016). Future studies should aim to clarify this relationship's
directionality, which could provide valuable insights into the mechanisms underlying
neurodegeneration. Furthermore, it would be worth investigating lesion heterogeneity in the
MS and AQP4-NMOSD cohorts and assessing whether neurodegeneration in white matter
fibers traversing through white matter lesions differs between certain lesion types. It would
be especially interesting to compare non-chronic lesions with lesions exhibiting paramagnetic
rims and slowly expanding lesions in MS, as there is substantial evidence for the more
destructive role of these two lesion types (Calvi et al., 2023). Lastly, it would be valuable to
assess the potential brain damage resulting from spinal cord attacks in AQP4-NMOSD
patients. The effect of anterograde and trans-synaptic degeneration was previously reported in
AQP4-NMOSD in patients with a history of ON and was demonstrated in the optic pathways
at the level of the retina, thalamus, and visual cortex (Manogaran et al., 2016; Tian et al.,
2018). Although TM in AQP4-NMOSD is locally destructive, little is understood about
whether it is associated with neurodegenerative processes in the brain and, if so, how such

processes might correlate with clinical outcomes.

5.4. Concluding remarks

This study wunderscores the distinct pathophysiological mechanisms of MS and
AQP4-NMOSD, emphasizing the diverse and complex nature of neurodegeneration in these
conditions. The results provide further evidence that MS is likely driven by complex
inflammatory and neurodegenerative processes that extend beyond visible lesions, affecting
deep grey matter, non-lesional white matter, and cerebral cortex, while relatively sparing
cervical spinal cord, at least in the early stages of the disease. In contrast, AQP4-NMOSD is

primarily characterised by a localised, antibody-mediated, complement-dependent immune
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attack that leads to severe, focal damage, such as LETM and spinal cord atrophy. However,
this study also provides new evidence that AQP4-NMOSD does not exhibit the widespread,
non-attack-related neurodegenerative processes typically seen in MS, suggesting that the
neurodegenerative mechanisms in AQP4-NMOSD are more selective and localized to areas
directly affected by inflammation. Additionally, the findings, particularly the lower
NODDI-derived NDI in lesion-free white matter fibres in MS compared to AQP4-NMOSD,
suggest a potential diagnostic marker, with the increased damage to cerebellar tracts in MS

further highlighting a key region that may help distinguish between the two conditions.

The non-conventional MRI techniques used in this thesis, including tract
segmentation and lesion localisation, provide a robust framework for future research. These
approaches not only improve the understanding of white matter damage but also hold
promise for developing new diagnostic tools. Further validation will be essential to
integrating these imaging metrics into clinical practice, potentially enhancing the diagnosis

and management of MS and AQP4-NMOSD.
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6. SUMMARY AND CONCLUSIONS

The results presented in this work focus on investigating cerebrospinal white and grey matter

damage patterns through non-conventional imaging techniques in MS and AQP4-NMOSD

patients, with comparisons made to HC as reference measures. This section offers a concise

summary of the key findings of this thesis.

I.  The results regarding white and grey matter damage in the brain in MS and

AQP4-NMOSD patients indicate that:

A.

MS patients exhibit significantly lower normalised white matter and
subcortical grey matter volumes than HC, while no such volumetric changes
are observed in AQP4-NMOSD patients. No significant volumetric
differences are found between MS and AQP4-NMOSD patients.

Compared with AQP4-NMOSD, MS patients show significant NDI reductions
in fibres traversing through white matter lesions in 1 tract and in lesion-free

fibres in 6 tracts.

MS patients show significant reductions in NDI across most tracts, regardless
of whether the fibres traverse through white matter lesions (40 out of 50) or
are lesion-free (34 out of 50). In contrast, AQP4-NMOSD patients exhibit
NDI reductions only in white matter fibres that traverse through white matter

lesions (9 out of 48).

MS patients have significantly more cortical lesions than AQP4-NMOSD

patients, in whom cortical lesions are uncommon.

Compared with AQP4-NMOSD, MS patients exhibit significantly lower T1

relaxation rates in 28 out of 150 cortical regions.

Compared with HC, cortical T1 relaxation rates are significantly lower in 103
out of 150 cortical regions in MS patients and 4 out of 150 in AQP4-NMOSD

patients.
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I1.

III.

IV.

The investigation of the association between damage to lesion-free white matter
fibres in the brain and the presence of cortical lesions in MS patients

demonstrates that:

A. In MS patients, the cortical lesion count exhibits a statistically significant
negative correlation with NDI in white matter fibres that do not traverse

through white matter lesions in 38 out of 50 tracts.

The investigation of the association between damage to lesion-free white matter
fibres in the brain of MS patients and chronic active lesions, evidenced by the

presence of a paramagnetic rim, shows that:

A. In MS, no significant correlation is observed between PRL count and NDI in

white matter fibres that do not traverse through white matter lesions.

The results regarding cervical spinal cord damage in MS and AQP4-NMOSD

patients demonstrate that:

A. AQP4-NMOSD patients exhibit significantly lower CSA when compared with
HC, while no significant CSA alterations are observed in MS patients. No
significant CSA differences are found between MS and AQP4-NMOSD

patients.

B. AQP4-NMOSD and MS patients show lower NAWM FA in the cervical spinal

cord, though the differences are not statistically significant.

C. No significant MD alterations are observed in the cervical spinal cord grey

matter in the studied groups.

This study reveals distinct patterns of cerebrospinal damage in MS and

AQP4-NMOSD patients. MS 1is characterised by widespread neurodegeneration affecting

both grey matter and white matter diffusely, whereas, in AQP4-NMOSD, damage appears to

be focal and attack-related, without widespread changes. These differences can be detected

and quantified using non-conventional imaging techniques, which may serve as valuable

diagnostic tools for distinguishing between the two diseases.
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8. SUPPLEMENTARY MATERIAL

Supplementary Table 1. Comparison of NDI between MS and AQP4-NMOSD patients in unsegmented
white matter tracts

Tract M AQP4-NMOSD T-value Cohen's d p-value (FDR
M SD n M SD n corrected)
AF_left 0.58 0.06 20 0.62 0.06 20 -2.12 -0.67 0.08
AF right 0.59 0.05 20 0.63 0.05 20 -1.95 -0.62 0.10
ATR left 0.56 0.04 20 0.57 0.04 20 -1.18 -0.37 0.27
ATR right 0.56 0.03 20 0.57 0.04 20 -0.95 -0.30 0.37
CC_1 0.53 0.06 20 0.55 0.05 20 -1.03 -0.32 0.33
CC 2 0.54 0.06 20 0.57 0.05 20 -1.94 -0.61 0.10
CC 3 0.58 0.06 20 0.62 0.05 20 -2.24 -0.71 0.07
CC 4 0.61 0.05 20 0.64 0.05 20 -2.22 -0.71 0.07
CC 5 0.60 0.04 20 0.63 0.04 20 -2.46 -0.78 0.04*
CC 6 0.57 0.06 20 0.62 0.05 20 -2.92 -0.92 0.02*
cc 7 0.57 0.06 20 0.63 0.04 20 -3.31 -1.05 0.01%*
CG_left 0.53 0.05 20 0.56 0.05 20 -2.02 -0.64 0.09
CG right 0.55 0.04 20 0.57 0.05 20 -1.82 -0.57 0.12
CST left 0.67 0.03 20 0.70 0.03 20 -3.26 -1.03 0.01%*
CST right 0.68 0.03 20 0.70 0.03 20 -1.90 -0.60 0.11
FPT left 0.64 0.03 20 0.66 0.04 20 -1.14 -0.36 0.28
FPT right 0.65 0.03 20 0.66 0.04 20 -1.48 -0.47 0.18
ICP_left 0.68 0.04 20 0.71 0.03 20 -3.51 -1.11 0.01%**
ICP _right 0.69 0.03 20 0.70 0.04 20 -1.78 -0.56 0.12
IFO_left 048 0.06 20 0.54 0.05 20 -3.30 -1.04 0.01%**
IFO right 047 0.08 20 0.53 0.04 20 -2.81 -0.89 0.02*
ILF left 047 0.07 20 0.54 0.05 20 -3.74 -1.18 0.01*
ILF right 046 0.09 20 0.52 0.05 20 -2.67 -0.84 0.03*
MCP 0.72 0.04 20 0.75 0.03 20 -3.12 -0.99 0.01*
OR_left 0.50 0.06 20 0.55 0.04 20 -3.14 -0.99 0.01*
OR right 0.50 0.07 20 0.55 0.04 20 -2.64 -0.83 0.03*
POPT _left 0.62 0.04 20 0.66 0.03 20 -3.13 -0.99 0.01*
POPT _right 0.62 0.04 20 0.65 0.03 20 -2.92 -0.92 0.02*
SCP_left 0.67 0.02 20 0.68 0.03 20 -1.31 -0.41 0.22
SCP_right 0.67 0.02 20 0.69 0.03 20 -1.91 -0.60 0.11
SLF_III left 0.60 0.05 20 0.63 0.05 20 -1.87 -0.59 0.11
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SLF_III right 0.60 0.05 20 0.63 0.05 20 -2.10 -0.66 0.08

SLF_II left 0.61 0.06 20 0.64 0.05 20 -1.69 -0.53 0.14
SLF_II right 0.61 0.05 20 0.64 0.05 20 -1.92 -0.61 0.11
SLF 1 left 0.60 0.05 20 0.63 0.04 20 -2.19 -0.69 0.07
SLF I right 0.61 0.05 20 0.63 0.04 20 -1.90 -0.60 0.11
STR_left 0.61 0.04 20 0.63 0.04 20 -2.03 -0.65 0.09
STR_right 0.61 0.04 20 0.63 0.04 20 -1.46 -0.46 0.19
ST _FO_left 0.51 0.04 20 0.52 0.05 20 -0.92 -0.29 0.38
ST _FO_right 0.50 0.05 20 0.52 0.05 20 -1.19 -0.38 0.27
ST PREM left 0.58 0.04 20 0.60 0.05 20 -1.61 -0.51 0.16
ST PREM right 0.59 0.04 20 0.62 0.04 20 -1.87 -0.59 0.11
T_OCC_left 0.50 0.07 20 0.55 0.04 20 -3.21 -1.01 0.01*
T_OCC_right 049 0.07 20 0.55 0.04 20 -2.72 -0.86 0.03*
T_PAR_left 0.56 0.05 20 0.59 0.04 20 -2.00 -0.63 0.10
T_PAR right 0.55 0.05 20 0.58 0.04 20 -2.76 -0.87 0.02*
T_PREM_left 0.60 0.03 20 0.61 0.04 20 -0.68 -0.21 0.51
T_PREM right 0.61 0.03 20 0.62 0.04 20 -0.94 -0.30 0.37
UF _left 046 0.05 20 0.49 0.05 20 -2.25 -0.71 0.07
UF_right 045 0.04 20 0.48 0.04 20 -2.03 -0.64 0.09

*p <.05, *¥*p <0.01; AQP4 = aquaporin-4; NMOSD = neuromyelitis optica spectrum disorders; MS = multiple
sclerosis; NDI = neurite density index; n = number of participants; AF = arcuate fascicle; ATR = anterior
thalamic radiation; CC = corpus callosum; CC 1 = rostrum; CC_2 = genu; CC_3 = rostral body; CC 4 =
anterior midbody; CC_5 = posterior midbody; CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST =
corticospinal tract; FPT = fronto-pontine tract; ICP = inferior cerebellar peduncle; IFO = inferior
occipito-frontal fascicle; ILF = inferior longitudinal fascicle; MCP = middle cerebellar peduncle; OR = optic
radiation; POPT = parieto-occipital pontine tract; SCP = superior cerebellar peduncle; SLF I = superior
longitudinal fascicle I; SLF _II = superior longitudinal fascicle II; SLF III = superior longitudinal fascicle I1I;
STR = superior thalamic radiation; ST FO = striato-fronto-orbital; ST PREM = striato-premotor; T _OCC =
thalamo-occipital; T PAR = thalamo-parietal; T PREM = thalamo-premotor; UF = uncinate fascicle.
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Supplementary Table 2. Comparison of NDI between MS and AQP4-NMOSD patients in white matter

fibers traversing through white matter lesions

Tract Vs AQP4MOSD T-value Cohen's d p-value (FDR
M SD n M SD n corrected)
AF_left 0.59 0.04 18 0.62 0.06 11 -1.69 -0.69 0.18
AF _right 0.59 0.03 16 0.61 0.05 2 -1.68 -0.67 0.12
ATR_left 0.55 0.03 17 0.56 0.04 16 -0.59 -0.22 0.64
ATR_right 0.56 0.03 17 0.56 0.04 17 -0.34 -0.13 0.78
CC_1 0.53 0.05 16 0.53 0.05 11 -0.06 -0.02 0.96
CC_2 0.55 0.04 19 0.57 0.05 13 -1.17 -0.42 0.34
CC3 0.60 0.04 19 0.63 0.04 4 -1.63 -0.60 0.19
CC_ 4 0.62 0.04 19 0.64 0.04 14 -0.93 -0.36 0.45
CC_5 0.62 0.03 18 0.61 0.04 15 0.46 0.20 0.72
CC_6 0.59 0.05 19 0.63 0.05 11 -2.56 -0.87 0.04*
CC_17 0.62 0.04 19 0.64 0.03 12 -1.16 -0.39 0.34
CG_left 0.54 0.04 16 0.58 0.06 2 -0.99 -0.30 0.16
CG_right 0.55 0.05 15 0.56 0.06 7 -0.35 -0.15 0.78
CST_left 0.67 0.03 18 0.69 0.02 9 -2.44 -0.82 0.06
CST _right 0.69 0.03 16 0.69 0.03 10 0.06 0.02 0.96
FPT_left 0.65 0.02 19 0.66 0.04 10 -0.50 -0.20 0.69
FPT _right 0.65 0.02 18 0.65 0.04 13 0.06 0.02 0.96
ICP_left 0.65 0.04 3 0.68 0.01 8 -1.20 -0.89 0.41
IFO_left 0.50 0.04 19 0.53 0.05 7 -1.85 -0.64 0.14
IFO_right 0.48 0.05 18 0.51 0.05 9 -1.96 -0.66 0.12
ILF_left 0.48 0.06 16 0.52 0.04 12 -2.01 -0.72 0.11
ILF_right 0.46  0.06 16 0.50 0.04 9 -1.79 -0.64 0.15
MCP 0.69 0.07 9 0.75 0.01 13 -2.60 -1.04 0.07
OR_left 0.55 0.04 19 0.55 0.03 12 0.33 0.11 0.79
OR_right 0.53 0.03 16 0.54 0.04 13 -0.60 -0.22 0.63
POPT _left 0.63 0.02 19 0.64 0.04 14 -0.70 -0.31 0.57
POPT _right 0.63 0.03 18 0.64 0.03 13 -0.61 -0.23 0.63
SCP_left 0.69 0.02 6 0.71 0.01 14 -1.65 -1.05 0.28
SLF_III_left 0.58 0.04 14 0.60 0.05 10 -0.76 -0.38 0.55
SLF_III_right 0.59 0.05 13 0.62 0.06 10 -1.34 -0.59 0.28
SLF_II_left 0.60 0.04 15 0.63 0.04 9 -2.03 -0.83 0.12
SLF_II_right 0.60 0.04 16 0.62 0.05 8 -1.05 -0.44 0.39
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SLF I left 0.59 0.05 17 0.62 0.06 10 -1.49 -0.56 0.23

SLF I right 0.59 0.05 15 0.61 0.04 13 -1.08 -0.46 0.39
STR_left 0.61 0.03 17 0.60 0.02 8 0.84 0.34 0.50
STR_right 0.61 0.03 15 0.60 0.03 7 0.82 0.37 0.51
ST FO_left 0.51 0.04 16 0.53 0.05 9 -0.79 -0.32 0.52
ST _FO_right 0.52 0.04 15 0.50 0.05 12 1.00 0.44 0.42
ST PREM left 0.56 0.03 18 0.59 0.05 9 -1.38 -0.55 0.27
ST _PREM right 0.60 0.03 15 0.60 0.05 13 -0.40 -0.16 0.75
T_OCC_left 0.55 0.04 19 0.54 0.02 12 1.13 0.36 0.35
T_OCC_right 0.52 0.04 16 0.54 0.04 13 -1.23 -0.45 0.32
T _PAR left 0.56 0.03 20 0.57 0.03 14 -0.48 -0.18 0.70
T_PAR right 0.55 0.04 17 0.58 0.04 13 -1.71 -0.61 0.17
T_PREM_left 0.59 0.03 17 0.60 0.04 14 -0.71 -0.32 0.57
T_PREM right 0.60 0.03 15 0.61 0.05 10 -0.19 -0.09 0.88
UF_left 0.48 0.05 16 0.51 0.06 10 -1.34 -0.60 0.28
UF _right 0.46 0.05 15 0.47 0.06 9 -0.07 -0.03 0.96

*p <.05, **p < 0.01; AQP4 = aquaporin-4; NMOSD = neuromyelitis optica spectrum disorders; MS = multiple
sclerosis; NDI = neurite density index; n = number of participants; AF = arcuate fascicle; ATR = anterior
thalamic radiation; CC = corpus callosum; CC 1 =rostrum; CC_2 = genu; CC_3 = rostral body; CC 4 =
anterior midbody; CC_5 = posterior midbody; CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST =
corticospinal tract; FPT = fronto-pontine tract; ICP = inferior cerebellar peduncle; IFO = inferior
occipito-frontal fascicle; ILF = inferior longitudinal fascicle; MCP = middle cerebellar peduncle; OR = optic
radiation; POPT = parieto-occipital pontine tract; SCP = superior cerebellar peduncle; SLF I = superior
longitudinal fascicle I; SLF_II = superior longitudinal fascicle II; SLF _III = superior longitudinal fascicle III;
STR = superior thalamic radiation; ST FO = striato-fronto-orbital; ST PREM = striato-premotor; T OCC =
thalamo-occipital; T_PAR = thalamo-parietal; T PREM = thalamo-premotor; UF = uncinate fascicle.
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Supplementary Table 3. Comparison of NDI between MS and AQP4-NMOSD patients in white matter
fibers not traversing through white matter lesions

Tract v AQP4-NMOSD T-value Cohen's d p-value (FDR
M SD n M SD n corrected)
AF_left 0.59 0.05 20 0.62 0.06 20 -1.73 -0.55 0.17
AF _right 0.60 0.05 20 0.63 0.05 20 -1.74 -0.55 0.17
ATR_left 0.57 0.03 20 0.8 0.04 20 -0.64 -0.20 0.56
ATR_right 0.58 0.03 20 058 0.04 20 -0.20 -0.06 0.85
CC_1 0.54 0.05 20 055 0.05 20 -0.92 -0.29 0.42
CC_2 0.55 0.05 20 058 0.05 20 -1.76 -0.56 0.17
CC3 0.59 0.04 18 0.62 0.05 19 -2.09 -0.68 0.11
CC_ 4 0.63 0.03 15 0.65 0.04 18 -1.28 -0.43 0.28
CC_5 0.60 0.03 18 0.63 0.04 20 -2.33 -0.74 0.08
CC_6 0.59 0.04 20 0.62 0.05 20 -2.70 -0.85 0.04*
CcC_7 0.61 0.04 18 0.63 0.04 20 -1.99 -0.65 0.13
CG_left 0.54 0.04 20 056 0.05 20 -1.92 -0.61 0.13
CG_right 0.55 0.04 20 057 0.05 20 -1.82 -0.57 0.15
CST_left 0.68 0.03 20 0.70 0.03 20 -3.08 -0.97 0.02*
CST _right 0.69 0.03 20 0.70 0.03 20 -2.06 -0.65 0.11
FPT_left 0.65 0.02 20 0.66 0.04 20 -0.96 -0.30 0.40
FPT _right 0.65 0.02 20 0.66 0.04 20 -1.19 -0.38 0.30
ICP_left 0.68 0.04 20 0.72 0.03 20 -3.40 -1.08 0.01%*
ICP_right 0.69 0.03 20 0.70 0.04 20 -1.62 -0.51 0.19
IFO_left 0.52 0.03 17 055 0.04 20 -2.41 -0.77 0.07
IFO_right 0.51 0.04 18 054 0.04 20 -2.29 -0.74 0.08
ILF_left 0.50 0.03 19 054 0.05 20 -2.99 -0.95 0.02*
ILF_right 0.51 0.05 17 0.53 0.05 20 -1.04 -0.34 0.37
MCP 0.72 0.04 20 0.75 0.03 20 -3.11 -0.98 0.02*
OR_left 0.54 0.03 15 056 0.04 20 -2.10 -0.68 0.11
OR_right 0.54 0.03 14 056 0.03 19 -1.75 -0.59 0.17
POPT _left 0.64 0.02 20 0.67 0.03 20 -2.73 -0.86 0.04*
POPT _right 0.64 0.02 19  0.66 0.02 20 -1.93 -0.62 0.13
SCP_left 0.67 0.02 20 0.68 0.03 20 -1.33 -0.42 0.27
SCP_right 0.67 0.02 20 0.69 0.03 20 -1.93 -0.61 0.13
SLF_III_left 0.60 0.05 20 0.63 0.05 20 -1.75 -0.55 0.17
SLF_III_right 0.60 0.05 20 0.63 0.05 20 -1.97 -0.62 0.13
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SLF_II left 0.63 0.04 19 0.64 0.05 20 -1.21 -0.38 0.30

SLF_II right 0.62 0.04 20 0.65 0.05 20 -2.00 -0.63 0.12
SLF I left 0.61 0.03 19 0.63 0.04 20 -2.07 -0.66 0.11
SLF I right 0.62 0.03 19 0.64 0.04 20 -1.53 -0.49 0.22
STR_left 0.63 0.03 18 0.64 0.04 19 -0.65 -0.21 0.56
STR_right 0.63 0.03 19 0.64 0.03 20 -0.61 -0.20 0.58
ST _FO_left 0.52 0.04 20 0.52 0.05 20 -0.47 -0.15 0.67
ST _FO_right 0.51 0.04 20 0.52 0.05 20 -0.97 -0.31 0.40
ST PREM left  0.59 0.03 20 0.61 0.04 20 -1.51 -0.48 0.22
ST PREM right 0.60 0.04 20 0.62 0.04 20 -1.88 -0.59 0.14
T_OCC_left 0.54 0.03 16 0.56 0.04 20 -1.91 -0.62 0.13
T_OCC_right 0.54 0.02 14 0.56 0.03 19 -1.67 -0.56 0.19
T_PAR_left 0.59 0.03 20 0.61 0.04 20 -1.40 -0.44 0.24
T_PAR right 0.58 0.03 19 0.59 0.03 20 -1.25 -0.40 0.29
T_PREM_left 0.61 0.03 20 0.61 0.04 20 -0.07 -0.02 0.95
T_PREM right  0.61 0.03 20 0.62 0.04 20 -0.67 -0.21 0.55
UF_left 0.46 0.05 20 0.49 0.05 20 -2.31 -0.73 0.08
UF _right 0.46 0.04 20 0.48 0.04 20 -1.94 -0.61 0.13

*p <.05, **p <0.01; AQP4 = aquaporin-4; NMOSD = neuromyelitis optica spectrum disorders; MS = multiple
sclerosis; NDI = neurite density index; n = number of participants; AF = arcuate fascicle; ATR = anterior
thalamic radiation; CC = corpus callosum; CC 1 = rostrum; CC_2 = genu; CC_3 =rostral body; CC 4 =
anterior midbody; CC_5 = posterior midbody; CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST =
corticospinal tract; FPT = fronto-pontine tract; ICP = inferior cerebellar peduncle; IFO = inferior
occipito-frontal fascicle; ILF = inferior longitudinal fascicle; MCP = middle cerebellar peduncle; OR = optic
radiation; POPT = parieto-occipital pontine tract; SCP = superior cerebellar peduncle; SLF I = superior
longitudinal fascicle I; SLF_II = superior longitudinal fascicle II; SLF III = superior longitudinal fascicle I1I;
STR = superior thalamic radiation; ST FO = striato-fronto-orbital; ST PREM = striato-premotor; T OCC =
thalamo-occipital; T PAR = thalamo-parietal; T PREM = thalamo-premotor; UF = uncinate fascicle.
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Supplementary Table 4. Comparison of NDI in unsegmented white matter tracts between in MS patients
and whole tracts in HC

Tract s fe T-value Cohen's d p-value (DR
M SD n M SD n corrected)

AF left 058 0.06 20 0.64 0.04 20 -3.71 -1.17 0.00%*
AF right 059 0.05 20 0.65 0.04 20 -3.71 -1.17 0.00%*
ATR_left 056 0.04 20 0.59 0.02 20 -3.01 -0.95 0.01*
ATR right 056 0.03 20 0.59 0.03 20 -2.77 -0.88 0.02*
CC_1 053 0.06 20 0.56 0.04 20 -2.28 -0.72 0.06

CC 2 054 0.06 20 0.60 0.04 20 -3.84 -1.22 0.00%*
CC3 058 0.06 20 0.64 0.04 20 -3.98 -1.26 0.00%*
CC 4 0.61 0.05 20 0.67 0.03 20 -4.74 -1.50 0.00%*
CC5 059 0.04 20 0.65 0.03 20 -4.51 -1.43 0.00%*
CC_6 057 0.06 20 0.65 0.04 20 -4.66 -1.47 0.00%*
CcC_ 7 057 0.06 20 0.65 0.03 20 -5.04 -1.59 0.00%*
CG_left 053 0.05 20 058 0.03 20 -3.91 -1.24 0.00%*
CG_right 055 0.04 20 0.59 0.03 20 -3.78 -1.19 0.00%*
CST_left 0.67 0.03 20 0.71 0.02 20 -4.67 -1.48 0.00%*
CST _right 0.68 0.03 20 0.72 0.02 20 -3.84 -1.21 0.00%*
FPT left 064 0.03 20 0.67 0.02 20 -3.51 -1.11 0.00%*
FPT right 0.65 0.03 20 0.68 0.02 20 -3.35 -1.06 0.01%
ICP_left 0.68 0.04 20 0.72 0.03 20 -3.59 -1.14 0.00%*
ICP_right 069 0.02 20 0.71 0.03 20 -2.42 -0.77 0.05*
IFO_left 048 0.06 20 0.56 0.03 20 -4.96 -1.57 0.00%*
IFO right 047 0.08 20 0.55 0.03 20 -4.23 -1.34 0.00**
ILF_left 047 0.07 20 0.56 0.03 20 -5.38 -1.70 0.00**
ILF right 046 0.09 20 0.5 0.03 20 -4.38 -1.38 0.00%*
MCP 072 0.04 20 0.75 0.02 20 -3.44 -1.09 0.01

OR left 050 0.06 20 0.57 0.04 20 -4.50 -1.42 0.00%*
OR right 050 0.07 20 0.57 0.03 20 -4.09 -1.29 0.00%*
POPT left 0.62 0.04 20 0.67 0.03 20 -4.82 -1.52 0.00%*
POPT right 0.62 0.04 20 0.66 0.02 20 -4.24 -1.34 0.00%*
SCP_left 0.67 0.02 20 0.69 0.02 20 -2.42 -0.76 0.05*
SCP _right 0.67 0.02 20 0.69 0.02 20 -2.30 -0.73 0.06

SLF III left 0.59 0.05 20 0.65 0.04 20 -3.49 -1.11 0.00%*
SLF III right 0.60 0.05 20 0.65 0.04 20 -3.72 -1.18 0.00%*
SLF II left 0.61 0.06 20 0.67 0.03 20 -3.76 -1.19 0.00%*
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SLF_II right 0.61 0.05 20 0.67 0.03 20 -4.34 -1.37 0.00**

SLF 1 left 0.60 0.05 20 0.65 0.03 20 -4.13 -1.31 0.00**
SLF I right 0.61 0.05 20 0.66 0.03 20 -3.93 -1.24 0.00**
STR_left 0.61 0.04 20 0.65 0.02 20 -4.46 -1.41 0.00**
STR right 0.61 0.04 20 0.65 0.02 20 -3.65 -1.15 0.00**
ST _FO_left 051 0.04 20 0.54 0.03 20 -3.10 -0.98 0.01*
ST _FO_right 050 0.05 20 0.54 0.03 20 -2.97 -0.94 0.02*
ST PREM_left 058 0.04 20 0.62 0.03 20 -3.77 -1.19 0.00**
ST PREM right 059 0.04 20 0.63 0.03 20 -3.76 -1.19 0.00**
T_OCC_left 0.50 0.07 20 0.57 0.04 20 -4.27 -1.35 0.00**
T_OCC_right 049 0.07 20 0.57 0.03 20 -4.01 -1.27 0.00**
T_PAR_left 056 0.05 20 0.62 0.03 20 -4.16 -1.32 0.00**
T_PAR right 055 0.05 20 0.60 0.03 20 -4.19 -1.33 0.00**
T_PREM_left 0.60 0.03 20 0.63 0.02 20 -2.84 -0.90 0.02*
T_PREM right 0.61 0.03 20 0.63 0.02 20 -2.80 -0.89 0.02*
UF_left 046 0.05 20 0.1 0.03 20 -4.36 -1.38 0.00**
UF right 045 0.04 20 049 0.02 20 -3.75 -1.19 0.00**

*p <,05, ¥*p < 0,01, p*** < ,001; MS = multiple sclerosis; HC = healthy controls; NDI = neurite density index;
n = number of participants; AF = arcuate fascicle; ATR = anterior thalamic radiation; CC = corpus callosum;
CC_1 =rostrum; CC_2 = genu; CC_3 = rostral body; CC_4 = anterior midbody; CC_5 = posterior midbody;
CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST = corticospinal tract; FPT = fronto-pontine tract; ICP
= inferior cerebellar peduncle; IFO = inferior occipito-frontal fascicle; ILF = inferior longitudinal fascicle; MCP
= middle cerebellar peduncle; OR = optic radiation; POPT = parieto-occipital pontine tract; SCP = superior
cerebellar peduncle; SLF I = superior longitudinal fascicle I; SLF_II = superior longitudinal fascicle II; SLF 111
= superior longitudinal fascicle III; STR = superior thalamic radiation; ST FO = striato-fronto-orbital;

ST PREM = striato-premotor; T _OCC = thalamo-occipital; T PAR = thalamo-parietal; T PREM =
thalamo-premotor; UF = uncinate fascicle.
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Supplementary Table 5. Comparison of NDI in white matter fibers traversing through white matter
lesions in MS patients and whole tracts in HC

Tract ms T-value Cohen's d p-value (FDR
M SD n M SD n corrected)
AF left 0.57 0.04 18 0.64 0.04 20 -5.75 -1.87 0.00%%*
AF right 0.59 0.04 16 0.65 0.04 20 -441 -1.51 0.01%*
ATR_left 055 0.03 17 0.59 0.02 20 -4.28 -1.44 0.01%*
ATR right 056 0.03 17 0.59 0.03 20 -347 -1.14 0.01%*
CC_1 052 0.05 16 0.56 0.04 20 -2.53 -0.88 0.05
CC 2 055 0.04 19 0.60 0.04 20 -3.69 -1.19 0.01%*
CC3 0.60 0.04 19 0.64 0.04 20 -3.01 -0.97 0.02*
CC 4 0.62 0.04 19 0.67 0.03 20 -4.15 -1.34 0.01%*
CC5 0.61 0.03 18 0.65 0.03 20 -295 -0.97 0.02*
CC_6 059 0.05 19 0.65 0.04 20 -4.01 -1.30 0.01%*
CcC_ 7 0.62 0.04 19 0.65 0.03 20 -2.56 -0.83 0.05
CG_left 054 0.04 16 0.58 0.03 20 -3.58 -1.27 0.01%*
CG_right 055 0.05 15 0.59 0.03 20 -2.82 -1.04 0.03*
CST_left 0.67 0.03 18 0.71 0.02 20 -4.70 -1.55 0.00%**
CST _right 0.69 0.03 16 0.72 002 20 -3.63 -1.25 0.01%*
FPT left 0.65 0.02 19 0.67 002 20 -2.76 -0.88 0.03*
FPT right 0.65 0.02 18 0.68 0.02 20 -2.86 -0.93 0.02*
ICP_left 065 0.04 3 0.72 0.03 20 -2.72 -1.92 0.16
ICP_right 0.67 0.05 5 0.71 0.03 20 -1.55 -0.99 0.27
IFO_left 050 0.04 19 0.56 0.03 20 -4.88 -1.56 0.00%**
IFO right 048 0.05 18 0.55 0.03 20 -4.78 -1.59 0.00%**
ILF left 048 0.06 16 0.56 0.03 20 -5.05 -1.79 0.00%**
ILF right 046 0.06 16 0.55 0.03 20 -546 -1.94 0.00%%**
MCP 069 007 9 0.75 0.02 20 -2.77 -1.59 0.06
OR left 0.55 0.04 19 0.57 0.04 20 -1.72 -0.55 0.16
OR right 053 0.03 16 0.57 0.03 20 -3.65 -1.22 0.00
POPT left 0.63 0.02 19 0.67 0.03 20 -5.16 -1.65 0.00%%**
POPT right 0.63 0.03 18 0.66 0.02 20 -3.23 -1.07 0.01*
SCP_left 069 0.02 6 0.69 0.02 20 -0.01 0.00 0.99
SCP _right 0.68 0.03 6 0.69 0.02 20 -0.55 -0.30 0.67
SLF III left 0.58 0.04 14 0.65 0.04 20 -4.77 -1.67 0.00%%**
SLF III right 059 0.05 13 0.65 0.04 20 -3.28 -1.26 0.02
SLF II left 0.60 0.04 15 0.67 0.03 20 -5.55 -1.98 0.00%%**
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SLF_II right 0.60 0.04 16 0.67 0.03 20 -5.12 -1.79 0.00%**

SLF 1 left 0.59 0.05 17 0.65 0.03 20 -4.37 -1.49 0.01**
SLF I right 0.59 0.05 15 0.66 0.03 20 -4.56 -1.63 0.01**
STR_left 0.61 0.03 17 0.65 002 20 -443 -1.50 0.01**
STR right 0.61 0.03 15 0.65 0.02 20 -3.89 -1.35 0.01**
ST _FO_left 0.51 0.04 16 0.54 0.03 20 -2.66 -0.90 0.04*
ST _FO_right 052 0.04 15 0.54 003 20 -1.32 -0.46 0.28
ST PREM_left 0.56 0.03 18 0.62 0.03 20 -598 -1.95 0.00%**
ST PREM right 0.60 0.03 15 0.63 0.03 20 -348 -1.21 0.01**
T_OCC_left 0.55 0.04 19 0.57 004 20 -1.53 -0.49 0.21
T_OCC_right 0.52 0.04 16 0.57 0.03 20 -3.68 -1.26 0.00
T_PAR_left 0.56 0.03 20 0.62 0.03 20 -6.14 -1.94 0.00%**
T_PAR right 0.55 0.04 17 0.60 0.03 20 -3.68 -1.25 0.01**
T_PREM_left 059 0.03 17 0.63 002 20 -433 -1.46 0.01**
T_PREM right 0.60 0.03 15 0.63 002 20 -2.95 -1.04 0.02*
UF_left 048 0.05 16 0.51 003 20 -2.75 -0.98 0.04*
UF _right 046 0.05 15 0.49 002 20 -2.28 -0.85 0.08

*p <,05, ¥*p < 0,01, p*** < ,001; MS = multiple sclerosis; HC = healthy controls; NDI = neurite density index;
n = number of participants; AF = arcuate fascicle; ATR = anterior thalamic radiation; CC = corpus callosum;
CC_1 =rostrum; CC_2 = genu; CC_3 = rostral body; CC_4 = anterior midbody; CC_5 = posterior midbody;
CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST = corticospinal tract; FPT = fronto-pontine tract; ICP
= inferior cerebellar peduncle; IFO = inferior occipito-frontal fascicle; ILF = inferior longitudinal fascicle; MCP
= middle cerebellar peduncle; OR = optic radiation; POPT = parieto-occipital pontine tract; SCP = superior
cerebellar peduncle; SLF I = superior longitudinal fascicle I; SLF_II = superior longitudinal fascicle II; SLF 111
= superior longitudinal fascicle III; STR = superior thalamic radiation; ST FO = striato-fronto-orbital;

ST PREM = striato-premotor; T _OCC = thalamo-occipital; T PAR = thalamo-parietal; T PREM =
thalamo-premotor; UF = uncinate fascicle.
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Supplementary Table 6. Comparison of NDI in white matter fibers not traversing through white matter
lesions in MS patients and whole tracts in HC

Tract s fe T-value Cohen's d p-value (FDR
M SD n M SD n corrected)

AF left 0.59 0.05 20 0.64 0.04 20 -3.62 -1.14 0.01%*
AF right 0.60 0.05 20 0.65 0.04 20 -3.52 -1.11 0.01%*
ATR_left 0.57 0.03 20 059 0.02 20 -2.05 -0.65 0.11
ATR right 0.58 0.03 20 059 0.03 20 -1.34 -0.42 0.26
CC_1 0.53 0.05 20 056 0.04 20 -2.11 -0.67 0.11
CC 2 0.55 0.05 20 0.60 0.04 20 -3.59 -1.14 0.01%*
CC3 0.59 0.04 18 0.64 0.04 20 -3.76 -1.22 0.01%*
CC 4 0.63 0.03 15 0.67 0.03 20 -3.67 -1.25 0.01%*
CC5 0.60 0.03 18 0.65 0.03 20 -4.73 -1.54 0.01%*
CC_6 0.59 0.04 20 0.65 0.04 20 -4.75 -1.50 0.01%*
CcC_ 7 0.61 0.04 18 0.65 0.03 20 -3.75 -1.24 0.01%*
CG_left 0.54 0.04 20 0.58 0.03 20 -4.19 -1.33 0.01%*
CG_right 0.55 0.04 20 059 0.03 20 -3.86 -1.22 0.01%*
CST_left 0.67 0.03 20 071 0.02 20 -4.41 -1.40 0.01%*
CST _right 0.69 0.03 20 072 0.02 20 -3.80 -1.20 0.01%*
FPT left 0.65 0.02 20 0.67 0.02 20 -3.12 -0.99 0.02*
FPT right 0.65 0.02 20 0.68 0.02 20 -3.08 -0.97 0.02*
ICP_left 0.68 0.04 20 072 0.03 20 -3.48 -1.10 0.01%*
ICP_right 0.69 0.03 20 0.71 0.03 20 -2.23 -0.71 0.09
IFO_left 0.52  0.03 17 0.56 0.03 20 -4.13 -1.34 0.01%*
IFO right 0.51 0.04 18 0.55 0.03 20 -3.67 -1.20 0.01%*
ILF left 0.50 0.03 19 0.56 0.03 20 -5.64 -1.81 0.00%**
ILF right 0.51 0.05 17 0.55 0.03 20 -3.06 -1.04 0.02*
MCP 0.72 0.04 20 0.75 0.02 20 -3.46 -1.09 0.01%*
OR left 0.54 0.03 15 0.57 0.04 20 -2.95 -0.95 0.02*
OR right 0.54 0.02 14 0.57 0.03 20 -2.54 -0.84 0.06
POPT left 0.64 0.02 20 0.67 0.03 20 -3.69 -1.17 0.01%*
POPT right 0.64 0.02 19 0.66 0.02 20 -2.94 -0.94 0.02*
SCP_left 0.67 0.02 20 0.69 0.02 20 -2.46 -0.78 0.06
SCP _right 0.67 0.02 20 0.69 0.02 20 -2.29 -0.72 0.08
SLF III left 0.60 0.05 20 0.65 0.04 20 -3.44 -1.09 0.01%*
SLF III right 0.60 0.05 20 0.65 0.04 20 -3.63 -1.15 0.01%*
SLF II left 0.63 0.04 19 0.67 0.03 20 -3.74 -1.20 0.01%*
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SLF_II right 0.62 0.04 20 0.67 0.03 20 -4.25 -1.35 0.01**

SLF 1 left 0.61 0.03 19 0.65 0.03 20 -4.21 -1.35 0.01**
SLF I right 0.62 0.03 19 0.66 0.03 20 -3.77 -1.21 0.01**
STR_left 0.63 0.03 18 0.65 0.02 20 -2.31 -0.77 0.08
STR right 0.63 0.03 19 0.65 0.02 20 -2.20 -0.71 0.09
ST _FO_left 0.52 0.03 20 0.54 0.03 20 -2.52 -0.80 0.06
ST _FO_right 0.51 0.04 20 0.54 0.03 20 -2.59 -0.82 0.05
ST PREM left  0.59 0.03 20 0.62 0.03 20 -3.34 -1.06 0.01**
ST PREM right 0.60 0.04 20 0.63 0.03 20 -3.59 -1.13 0.01**
T_OCC_left 0.54 0.03 16 0.57 0.04 20 -2.43 -0.78 0.07
T_OCC_right 0.54 0.02 14 0.57 0.03 20 -2.37 -0.77 0.08
T_PAR_left 0.59 0.03 20 0.62 0.03 20 -2.62 -0.83 0.05*
T_PAR right 0.58 0.03 19 0.60 0.03 20 -2.07 -0.66 0.11
T_PREM_left 0.61 0.03 20 0.63 0.02 20 -2.08 -0.66 0.11
T_PREM right  0.61 0.02 20 0.63 0.02 20 -2.33 -0.74 0.08
UF_left 0.46 0.05 20 0.51 0.03 20 -4.37 -1.38 0.01**
UF _right 0.45 0.04 20 049 0.02 20 -3.93 -1.24 0.01**

*p <,05, ¥*p < 0,01, p*** <,001; MS = multiple sclerosis; HC = healthy controls; NDI = neurite density
index; n = number of participants; AF = arcuate fascicle; ATR = anterior thalamic radiation; CC = corpus
callosum; CC_1 = rostrum; CC 2 = genu; CC_3 = rostral body; CC_4 = anterior midbody; CC_5 = posterior
midbody; CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST = corticospinal tract; FPT = fronto-pontine
tract; ICP = inferior cerebellar peduncle; IFO = inferior occipito-frontal fascicle; ILF = inferior longitudinal
fascicle; MCP = middle cerebellar peduncle; OR = optic radiation; POPT = parieto-occipital pontine tract; SCP
= superior cerebellar peduncle; SLF I = superior longitudinal fascicle I; SLF_II = superior longitudinal fascicle
II; SLF_III = superior longitudinal fascicle I1I; STR = superior thalamic radiation; ST FO =
striato-fronto-orbital; ST PREM = striato-premotor; T_OCC = thalamo-occipital; T PAR = thalamo-parietal;
T PREM = thalamo-premotor; UF = uncinate fascicle.

99



Supplementary Table 7. Comparison of NDI in unsegmented white matter tracts between AQP4-NMOSD
patients and HC

AQP4-NMOSD HC p-value
Tract T-value Cohen's d (FDR
M SD n M SD n corrected)
AF left 0.62 0.06 20 0.64 0.04 20 148 0.47 0.18
AF right 0.63 0.05 20 0.65 0.04 20 148 0.47 0.18
ATR left 0.57 0.04 20 0.59 002 20 145 0.46 0.19
ATR right 0.57 0.04 20 0.59 003 20 1.24 0.39 0.25
CC 1 0.55 0.05 20 0.56 0.04 20 1.16 0.37 0.27
CC 2 0.57 0.05 20 0.60 004 20 1.64 0.52 0.15
CC3 0.62 0.05 20 0.64 0.04 20 1.60 0.51 0.16
CC 4 0.64 0.05 20 0.67 0.03 20 226 0.73 0.07
CC 5 0.63 0.04 20 0.65 0.03 20 1.62 0.51 0.16
CC 6 0.62 0.05 20 0.65 0.04 20 1.77 0.56 0.12
CC 7 0.63 0.04 20 0.65 003 20 214 0.68 0.08
CG_left 0.56 0.05 20 0.58 003 20 142 0.45 0.19
CG_right 0.57 0.05 20 0.59 003 20 143 0.45 0.19
CST _left 0.70 0.03 20 0.71 002 20 122 0.39 0.25
CST right 0.70 0.03 20 0.72 002 20 184 0.58 0.11
FPT left 0.66 0.04 20 0.67 0.02 20 1.55 0.49 0.17
FPT right 0.66 0.04 20 0.68 002 20 135 0.43 0.21
ICP_left 0.71 0.03 20 0.72 003 20 023 0.07 0.82
ICP_right 0.70 0.04 20 0.71 0.03 20 032 0.10 0.76
IFO_left 0.54 0.05 20 0.56 003 20 173 0.55 0.13
IFO_right 0.53 0.04 20 0.55 0.03 20 1.86 0.59 0.11
ILF left 0.54 0.05 20 0.56 0.03 20 1.87 0.59 0.11
ILF right 0.52 0.05 20 0.55 003 20 224 0.71 0.07
MCP 0.75 0.02 20 0.75 002 20 024 0.08 0.82
OR_left 0.55 0.04 20 0.57 004 20 170 0.54 0.14
OR right 0.54 0.04 20 0.57 003 20 1.84 0.58 0.11
POPT left 0.66 0.03 20 0.67 0.03 20 1.56 0.49 0.17
POPT right 0.65 0.03 20 0.66 0.02 20 1.39 0.44 0.20
SCP_left 0.68 0.03 20 0.69 0.02 20 0.84 0.26 0.42
SCP_right 0.69 0.03 20 0.69 0.02 20 0.02 0.01 0.98
SLF TIII left 0.63 0.05 20 0.65 0.04 20 144 0.45 0.19
SLF TII right 0.63 0.05 20 0.65 0.04 20 1.29 0.41 0.23
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SLF_II left 0.64 0.05 20 0.67 0.03 20 2.13 0.67 0.08

SLF_II right 0.64 0.05 20 0.67 0.03 20 191 0.60 0.11
SLF I left 0.63 0.04 20 0.65 0.03 20 1.75 0.55 0.13
SLF I right 0.63 0.04 20 0.66 0.03 20 2.02 0.64 0.09
STR_left 0.63 0.04 20 0.65 0.02 20 1.80 0.58 0.12
STR_right 0.63 0.03 20 0.65 0.02 20 1.96 0.62 0.10
ST _FO_left 0.52 0.05 20 0.54 0.03 20 192 0.61 0.11
ST _FO_right 0.52 0.05 20 0.54 0.03 20 1.51 0.48 0.18
ST PREM_left 0.60 0.05 20 0.62 003 20 144 0.46 0.19
ST _PREM right 0.62 0.04 20 0.63 0.03 20 1.48 0.47 0.18
T_OCC_left 0.55 0.04 20 0.57 0.04 20 1.50 0.48 0.18
T_OCC_right 0.55 0.04 20 0.57 0.03 20 1.77 0.56 0.12
T_PAR_left 0.59 0.04 20 0.62 0.03 20 230 0.73 0.06
T_PAR right 0.58 0.04 20 0.60 0.03 20 1.43 0.45 0.19
T_PREM_left 0.61 0.04 20 0.63 0.02 20 1.58 0.50 0.17
T_PREM right 0.62 0.04 20 0.63 0.02 20 1.37 0.43 0.21
UF_left 0.49 0.05 20 0.51 0.03 20 1.56 0.49 0.17
UF right 0.48 0.04 20 0.49 002 20 145 0.46 0.19

p <,05, **p < 0,01, ***p <,001; AQP4 = aquaporin-4; NMOSD = neuromyelitis optica spectrum disorders; HC
= healthy controls; NDI = neurite density index; » = number of participants; AF = arcuate fascicle; ATR =
anterior thalamic radiation; CC = corpus callosum; CC_1 = rostrum; CC_2 = genu; CC_3 = rostral body; CC 4
= anterior midbody; CC_5 = posterior midbody; CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST =
corticospinal tract; FPT = fronto-pontine tract; ICP = inferior cerebellar peduncle; IFO = inferior
occipito-frontal fascicle; ILF = inferior longitudinal fascicle; MCP = middle cerebellar peduncle; OR = optic
radiation; POPT = parieto-occipital pontine tract; SCP = superior cerebellar peduncle; SLF I = superior
longitudinal fascicle I; SLF_II = superior longitudinal fascicle II; SLF _III = superior longitudinal fascicle III;
STR = superior thalamic radiation; ST FO = striato-fronto-orbital; ST PREM = striato-premotor; T OCC =
thalamo-occipital; T_PAR = thalamo-parietal; T PREM = thalamo-premotor; UF = uncinate fascicle.
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Supplementary Table 8. Comparison of NDI in white matter fibers traversing through white matter
lesions in AQP4-NMOSD patients and whole tracts in HC

Tract bt = T-value Cohen's p(-l:;‘)lll;e
M SD n M SD n corrected)

AF left 0.61 0.06 12 0.64 0.04 20 1.48 0.61 0.24
AF right 0.62  0.06 11 0.65 0.04 20 1.35 0.58 0.28
ATR left 0.56  0.04 13 0.59 0.02 20 2.59 1.02 0.05
ATR right 0.56  0.04 13 0.59 0.03 20 1.97 0.77 0.12
CC 1 0.53 0.05 10 0.56 0.04 20 2.03 0.88 0.12
CC 2 0.57  0.05 14 0.60 0.04 20 1.76 0.65 0.16
CC3 0.62  0.04 12 0.64 0.04 20 0.91 0.34 0.45
CC 4 0.64  0.04 11 0.67 0.03 20 2.09 0.89 0.11
CC 5 0.61 0.04 8 0.65 0.03 20 2.61 1.20 0.06
CC 6 0.63 0.05 15 0.65 0.04 20 1.06 0.37 0.39
CC 7 0.64  0.03 16 0.65 0.03 20 1.40 0.48 0.26
CG_left 0.57  0.06 11 0.58 0.03 20 0.24 0.11 0.85
CG_right 0.56  0.06 9 0.59 0.03 20 1.60 0.83 0.22
CST _left 0.69  0.01 11 0.71 0.02 20 2.73 0.93 0.04*
CST right 0.68  0.03 9 0.72 0.02 20 3.12 1.36 0.03*
FPT left 0.66  0.04 14 0.67 0.02 20 1.04 0.40 0.39
FPT right 0.65 0.04 11 0.68 0.02 20 1.87 0.80 0.15
ICP_left 0.68  0.01 2 0.72 0.03 20 2.88 1.09 0.15
IFO_left 0.53 0.05 16 0.56 0.03 20 2.71 0.92 0.09
IFO_right 0.51 0.05 17 0.55 003 20 3.51 1.33 0.04*
ILF left 052  0.04 11 0.56 0.03 20 4.16 1.55 0.01%*
ILF right 049  0.04 13 0.55 0.03 20 0.44 0.17 0.00%*
MCP 0.75 0.01 4 0.75 0.02 20 2.18 0.73 0.74
OR_left 0.55 0.03 14 0.57 0.04 20 2.48 0.87 0.09
OR right 054  0.04 15 0.57 0.03 20 222 0.96 0.05
POPT _left 0.64  0.04 11 0.67 0.03 20 2.16 0.85 0.10
POPT right 0.64  0.03 12 0.66 0.02 20 -2.05 -1.22 0.10
SCP_left 0.71 0.01 2 0.69 0.02 20 2.30 1.16 0.32
SLF 1III left 0.60  0.05 7 0.65 0.04 20 2.43 1.04 0.11
SLF TII right 0.62  0.06 9 0.65 0.04 20 2.48 1.15 0.39
SLF 1II left 0.63 0.04 10 0.67 0.03 20 1.68 0.68 0.07
SLF 1I right 0.62  0.05 10 0.67 0.03 20 2.70 1.23 0.07
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SLF I left 0.62 0.06 13 0.65 0.03 20 4.89 2.13 0.18

SLF I right 0.61 0.04 8 0.66 0.03 20 3.60 1.65 0.06
STR_left 0.60  0.02 7 0.65 0.02 20 1.05 0.43 0.00**
STR_right 0.60  0.03 9 0.65 002 20 2.00 0.92 0.02*
ST FO_left 0.53 0.05 12 0.54 0.03 20 2.02 0.82 0.39
ST _FO_right 0.50  0.05 9 0.54 0.03 20 1.87 0.78 0.13
ST PREM_left 0.59 0.05 13 0.62 0.03 20 3.14 0.97 0.12
ST _PREM right 0.60  0.05 12 0.63 0.03 20 2.15 0.77 0.15
T_OCC_left 0.54  0.02 13 0.57 004 20 4.94 1.69 0.02*
T_OCC_right 0.54 0.04 14 0.57 0.03 20 1.62 0.59 0.09
T _PAR left 0.57 0.03 13 0.62 0.03 20 1.73 0.83 0.00%**
T_PAR right 0.58 0.04 14 0.60 0.03 20 1.46 0.70 0.19
T_PREM_left 0.60  0.04 10 0.63 002 20 0.23 0.12 0.18
T_PREM right 0.61 0.05 10 0.63 002 20 1.36 0.80 0.26
UF_left 0.51 0.06 9 0.51 0.03 20 1.54 0.49 0.86
UF _right 0.47 0.06 8 0.49 002 20 1.51 0.48 0.30

p <,05, **p < 0,01, ***p < ,001; AQP4 = aquaporin-4; NMOSD = neuromyelitis optica spectrum disorders; HC
= healthy controls; NDI = neurite density index; n = number of participants; AF = arcuate fascicle; ATR =
anterior thalamic radiation; CC = corpus callosum; CC_1 = rostrum; CC_2 = genu; CC_3 = rostral body; CC 4
= anterior midbody; CC_5 = posterior midbody; CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST =
corticospinal tract; FPT = fronto-pontine tract; ICP = inferior cerebellar peduncle; IFO = inferior
occipito-frontal fascicle; ILF = inferior longitudinal fascicle; MCP = middle cerebellar peduncle; OR = optic
radiation; POPT = parieto-occipital pontine tract; SCP = superior cerebellar peduncle; SLF I = superior
longitudinal fascicle I; SLF_II = superior longitudinal fascicle II; SLF _III = superior longitudinal fascicle III;
STR = superior thalamic radiation; ST FO = striato-fronto-orbital; ST PREM = striato-premotor; T OCC =
thalamo-occipital; T_PAR = thalamo-parietal; T PREM = thalamo-premotor; UF = uncinate fascicle.
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Supplementary Table 9. Comparison of NDI in white matter fibers not traversing through white matter
lesions in AQP4-NMOSD patients and whole tracts in HC

Tract MAQP4::DMOSD’1 v HCSD » T-value Cohen's d p-:oa::‘l:cg(;))R
AF_left 0.62  0.06 20 0.64 0.04 20 1.29 0.41 0.28
AF _right 0.63  0.05 20 0.65 0.04 20 1.40 0.44 0.24
ATR_left 0.58  0.04 20 0.59 0.02 20 1.09 0.35 0.35
ATR right 0.58 0.04 20 0.59 0.03 20 0.84 0.27 0.45
CC_1 0.55  0.05 20 0.56 0.04 20 1.07 0.34 0.36
CC.2 0.58  0.05 20 0.60 0.04 20 140 0.44 0.24
CC_3 0.62  0.05 19 0.64 0.04 20 1.25 0.40 0.29
CC 4 0.65 0.04 18 0.67 0.03 20 1.74 0.58 0.17
CC.5 0.63  0.04 20 0.65 0.03 20 1.61 0.51 0.19
CC_6 0.62  0.05 20 0.65 0.04 20 1.63 0.52 0.19
CC_ 7 0.63  0.04 20 0.65 0.03 20 1.64 0.52 0.19
CG_left 0.56  0.05 20 0.58 0.03 20 143 0.45 0.24
CG_right 0.57  0.05 20 0.59 0.03 20 147 0.47 0.23
CST_left 0.70  0.03 20 0.71 0.02 20 1.00 0.32 0.38
CST _right 0.70  0.03 20 0.72 0.02 20 1.55 0.49 0.21
FPT _left 0.66  0.04 20 0.67 0.02 20 140 0.44 0.24
FPT _right 0.66 0.03 20 0.68 0.02 20 1.23 0.39 0.29
ICP_left 0.71  0.03 20 0.72 0.03 20 0.22 0.07 0.84
ICP_right 0.70  0.04 20 0.71 0.03 20 032 0.10 0.78
IFO_left 0.54 0.04 20 0.56 0.03 200 1.23 0.39 0.29
IFO_right 0.54 0.04 20 0.55 0.03 20 1.26 0.40 0.29
ILF left 0.54 0.05 20 0.56 0.03 20 1.78 0.56 0.16
ILF right 0.53  0.05 20 0.55 0.03 20 1.94 0.61 0.13
MCP 0.75  0.02 20 0.75 0.02 20 0.26 0.08 0.81
OR_left 0.56 0.04 20 0.57 0.04 20 0.90 0.28 0.43
OR_right 0.56 0.03 19 0.57 0.03 20 0.67 0.22 0.55
POPT _left 0.67 0.03 20 0.67 0.03 20 058 0.18 0.59
POPT right 0.66 0.02 20 0.66 0.02 20 0.86 0.27 0.45
SCP_left 0.68 0.03 20 0.69 0.02 20 0.85 0.27 0.45
SCP_right 0.69 0.03 20 0.69 0.02 20 0.02 0.01 0.98
SLF_TII_left 0.63  0.05 20 0.65 0.04 20 141 0.45 0.24
SLF_III_right 0.63  0.05 20 0.65 0.04 20 1.22 0.39 0.29
SLF_II left 0.64  0.05 20 0.67 0.03 20 1.96 0.62 0.13
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SLF_II right 0.65 0.04 20 0.67 0.03 20 1.61 0.51 0.19

SLF 1 left 0.63 0.04 20 0.65 0.03 20 1.56 0.49 0.21
SLF I right 0.64 0.04 20 0.66 0.03 20 1.85 0.58 0.15
STR_left 0.64 0.04 19 0.65 0.02 20 1.41 0.46 0.24
STR right 0.63 0.03 20 0.65 0.02 20 1.42 0.45 0.24
ST _FO_left 0.52  0.05 20 0.54 0.03 20 1.67 0.53 0.19
ST _FO_right 0.52 0.05 20 0.54 0.03 20 1.34 0.42 0.26
ST PREM_left 0.61 0.04 20 0.62 0.03 20 1.00 0.32 0.38
ST PREM right 0.62 0.04 20 0.63 0.03 20 1.22 0.39 0.29
T_OCC_left 0.56  0.04 20 0.57 0.04 20 0.69 0.22 0.55
T_OCC_right 0.56 0.03 19 0.57 0.03 20 0.63 0.20 0.57
T_PAR_left 0.61 0.04 20 0.62 0.03 20 1.07 0.34 0.36
T_PAR right 0.59 0.03 20 0.60 0.03 20 0.72 0.23 0.53
T_PREM_left 0.61 0.04 20 0.63 0.02 20 1.46 0.46 0.24
T_PREM right 0.62 0.04 20 0.63 0.02 20 1.13 0.36 0.33
UF_left 049 0.05 20 0.51 0.03 20 1.54 0.49 0.22
UF _right 048 0.04 20 0.49 0.02 20 1.51 0.48 0.22

p <,05, **p < 0,01, ***p <,001; AQP4 = aquaporin-4; NMOSD = neuromyelitis optica spectrum disorders;
HC = healthy controls; NDI = neurite density index; n =number of participants; AF = arcuate fascicle; ATR =
anterior thalamic radiation; CC = corpus callosum; CC 1 =rostrum; CC_2 = genu; CC_3 =rostral body; CC 4
= anterior midbody; CC_5 = posterior midbody; CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST =
corticospinal tract; FPT = fronto-pontine tract; ICP = inferior cerebellar peduncle; IFO = inferior
occipito-frontal fascicle; ILF = inferior longitudinal fascicle; MCP = middle cerebellar peduncle; OR = optic
radiation; POPT = parieto-occipital pontine tract; SCP = superior cerebellar peduncle; SLF I = superior
longitudinal fascicle I; SLF_II = superior longitudinal fascicle II; SLF III = superior longitudinal fascicle I1I;
STR = superior thalamic radiation; ST FO = striato-fronto-orbital; ST PREM = striato-premotor; T OCC =
thalamo-occipital; T PAR = thalamo-parietal; T PREM = thalamo-premotor; UF = uncinate fascicle.
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Supplementary Table 10. Comparison of T1 relaxation rates in cerebral cortex between MS patients and

HC
MS (n=17) HC (n=20) p-value
Parcellation T-value Cohen's d (FDR
M SD M SD corrected)

lh_unknown 0.18 0.02 0.18 0.02 -0.35 -0.12 0.80
h_Fronto-marginal gyrus (of Wemicke) - o7 01 060 002 321 -1.02 0.02*
and sulcus
Ih_Inferior occipital gyrus (03) and 073 002 074 002  -1.95 -0.64 0.14
sulcus
lh_paracentral lobule and sulcus 0.74 0.02 0.76 0.02 -2.52 -0.81 0.05
h_subcentral gyrus (central opereulum) = 20 01 075 001 562 -1.90 0.00%*
and sulci
lh_transverse frontopolar gyri and sulci ~ 0.66 0.01  0.67 0.02 -3.10 -1.00 0.02*
Ih_anterior part of the cingulate gyrus 66 001 060 002  -3.38 -1.05 0.01%
and sulcus (aCC)
lh_middle-anterior part of the cingulate 069 001 071 002 330 1.06 0.01%
gyrus and sulcus (amCC)
lh_middle-posterior part of the cingulate 071 002 072 002 306 102 0.02%
gyrus and sulcus (pmCC)
Ih_posterior-dorsal part of the cingulate 072 00l 074 0.0 318 108 0.01%
gyrus (dpCC)
Ih_posterior-ventral part of the cingulate
gyrus (vpCC, isthmus of the cingulate 0.75 0.01 0.76 0.02 -2.88 -0.92 0.03*
gyrus)
Ih_Cuneus (06) 0.73 0.02 0.75 0.01 -2.98 -1.00 0.02*
Ih_opercular part of the inferior frontal 060 001 070 001 504 163 0.00%*
gyrus
lh_orbital part of the inferior frontal 068 002 070 001 339 112 0.01%
gyrus
lh_triangular part of the inferior frontal 068 001 069 001 88 095 0.03%
gyrus
Ih_middle frontal gyrus (F2) 0.67 0.01 0.68 0.01 -2.79 -0.90 0.03*
lh_superior frontal gyrus (F1) 0.68 0.01 0.69 0.01 -2.98 -0.97 0.02*
lh_long insular gyrus and central sulcus 068 001 070 001 408 134 0.00%%
of the insula
lh_short insular gyri 0.66 0.01 0.68 0.01 -4.20 -1.34 0.00**
h_middle occipital gyrus (o2, lateral - 71 51 073 001 200 097 0.03*
occipital gyrus)
lh_superior occipital gyrus (o1) 0.72 0.02 0.74 0.01 -3.61 -1.24 0.01*
Ih_lateral occipito-temporal gyrus 072 002 073 001  -3.09 -1.05 0.02*

(fusiform gyrus, 04-t4)
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lh_lingual gyrus, lingual part of the
medial occipito-temporal gyrus, (05)

lh_parahippocampal gyrus,
parahippocampal part of the medial
occipito-temporal gyrus, (t5)

lh_orbital gyri

lh_angular gyrus

lh_supramarginal gyrus

lh_superior parietal lobule (lateral part of
pl)

lh_postcentral gyrus

lh_precentral gyrus

lh_precuneus (medial part of p1)
lh_straight gyrus, gyrus rectus
lh_subcallosal area, subcallosal gyrus

lh_anterior transverse temporal gyrus (of
heschl)

lh_lateral aspect of the superior temporal
gyrus

lh_planum polare of the superior
temporal gyrus

lh_planum temporale or temporal plane
of the superior temporal gyrus

lh_Inferior temporal gyrus (t3)
lh_middle temporal gyrus (t2)

lh_horizontal ramus of the anterior
segment of the lateral sulcus (or fissure)

lh_vertical ramus of the anterior segment
of the lateral sulcus (or fissure)

lh_posterior ramus (or segment) of the
lateral sulcus (or fissure)

lh_occipital pole

lh_temporal pole

lh_Calcarine sulcus

lh_Central sulcus (Rolando's fissure)
lh_marginal sulcus of cingulate gyrus
lh_anterior circular sulcus of the insula
lh_Inferior circular sulcus of the insula

lh_superior circular sulcus of the insula

0.73

0.70

0.70
0.68
0.69

0.69

0.71
0.73
0.71
0.69
0.64

0.74

0.69

0.67

0.70

0.69
0.68

0.70

0.71

0.73

0.74
0.67
0.74
0.74
0.70
0.68
0.69
0.70

0.02

0.02

0.01
0.01
0.01

0.01

0.02
0.02
0.01
0.01
0.07

0.02

0.01

0.01

0.02

0.02
0.01

0.01

0.02

0.02

0.02
0.01
0.02
0.01
0.02
0.01
0.01
0.01

0.75

0.72

0.72
0.70
0.71

0.71

0.73
0.74
0.72
0.70
0.69

0.76

0.71

0.68

0.71

0.71
0.70

0.73

0.73

0.74

0.75
0.69
0.75
0.76
0.72
0.70
0.70
0.72
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0.02

0.02

0.02
0.01
0.01

0.02

0.01
0.02
0.01
0.02
0.03

0.02

0.01

0.02

0.02

0.01
0.01

0.02

0.02

0.02

0.02
0.03
0.02
0.01
0.01
0.02
0.02
0.01

-2.09

-4.39

-3.84
-4.72
-5.36

-3.82

-3.91
2.07
-4.46
-2.76
-2.49

-1.59

-3.40

-1.95

-2.17

-3.94
-4.68

-4.37

-4.04

-1.99

-2.67
-3.04
-2.91
-3.85
-3.64
-4.04
-2.99
-4.86

-0.69

-1.41

-1.24
-1.57
-1.83

-1.25

-1.32
-0.67
-1.43
-0.87
-0.87

-0.52

-1.14

-0.62

-0.71

-1.32
-1.55

-1.38

-1.32

-0.65

-0.87
-0.95
-0.96
-1.27
-1.24
-1.30
-0.96
-1.56

0.11

0.00**

0.01**
0.00**
0.00**

0.01%*

0.01**
0.11
0.00**
0.04*
0.06

0.22

0.01*

0.14

0.10

0.00%*
0.00%*

0.00**

0.00**

0.12

0.04*
0.02*
0.03*
0.01%*
0.01%*
0.00%*
0.02*
0.00%*



lh_anterior transverse collateral sulcus
lh_posterior transverse collateral sulcus
lh_Inferior frontal sulcus

lh_middle frontal sulcus

lh_superior frontal sulcus
lh_Intermediate sulcus of Jensen

lh_Intraparietal sulcus and posterior
transverse parietal sulcus

Ih_middle occipital sulcus and sulcus
lunatus (secondary intermediate sulcus)

lh_superior occipital sulcus and
transverse occipital sulcus (superior
intermediate sulcus)

lh_anterior occipital sulcus
lh_lateral occipito-temporal sulcus

lh_medial occipito-temporal sulcus and
lingual sulcus

lh_lateral orbital sulcus

lh_medial orbital sulcus, olfactory sulcus
lh_h-shaped orbital sulcus
lh_parieto-occipital sulcus
lh_pericallosal sulcus

Ih_postcentral sulcus

lh_Inferior part of the precentral sulcus
lh_superior part of the precentral sulcus
lh_suborbital sulcus

lh_subparietal sulcus

lh_Inferior temporal sulcus

lh_superior temporal sulcus

lIh_transverse temporal sulcus (heschl's
gyrus)

rh_unknown

rh_Fronto-marginal gyrus (of Wernicke)
and sulcus

rh_Inferior occipital gyrus (03) and
sulcus

rh_paracentral lobule and sulcus

rh_subcentral gyrus (central operculum)
and sulci

0.68
0.75
0.70
0.68
0.69
0.69

0.71

0.72

0.72

0.72
0.71

0.72

0.68
0.71
0.71
0.74
0.74
0.71
0.70
0.71
0.68
0.72
0.69
0.70

0.74

0.17

0.67

0.74

0.74

0.72

0.02
0.02
0.01
0.01
0.01
0.01

0.01

0.01

0.02

0.02
0.02

0.02

0.01
0.01
0.02
0.01
0.04
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.02

0.01

0.01

0.02

0.01

0.02

0.71
0.76
0.72
0.69
0.70
0.70

0.73

0.74

0.74

0.74
0.72

0.74

0.69
0.74
0.73
0.75
0.78
0.73
0.72
0.73
0.70
0.73
0.71
0.72

0.75
0.17

0.68

0.75
0.76

0.73
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0.02
0.03
0.01
0.01
0.01
0.02

0.01

0.03

0.02

0.03
0.02

0.02

0.02
0.02
0.02
0.02
0.03
0.02
0.01
0.02
0.02
0.01
0.01
0.01

0.02

0.02

0.02

0.02

0.02

0.02

-4.50
-1.42
-3.03
-4.48
-4.97
-1.75

-4.46

-2.24

-2.78

-2.48
-2.42

-4.60

-2.03
-4.41
-3.92
-3.24
-3.14
-3.55
-4.09
-3.11
-3.27
-3.65
-3.81
-3.33

-1.82

-0.65

-2.00

-1.41

-4.88

-2.86

-1.47
-0.46
-1.01
-1.46
-1.61
-0.56

-1.46

-0.70

-0.90

-0.79
-0.79

-1.52

-0.67
-1.38
-1.27
-1.03
-1.07
-1.15
-1.30
-1.00
-1.03
-1.18
-1.26
-1.13

-0.60

-0.21

-0.64

-0.47

-1.57

-0.94

0.00**
0.27
0.02*
0.00**
0.00**
0.18

0.00%*

0.09

0.03*

0.06
0.06

0.00**

0.12
0.00**
0.00**

0.02*
0.02*
0.01**
0.01**
0.02*
0.02*
0.01**
0.01**
0.01*

0.16

0.62

0.12

0.28

0.00**

0.03*



rh_transverse frontopolar gyri and sulci

rh_anterior part of the cingulate gyrus
and sulcus (aCC)

rh_middle-anterior part of the cingulate
gyrus and sulcus (amCC)

rh_middle-posterior part of the cingulate
gyrus and sulcus (pmCC)

rh_posterior-dorsal part of the cingulate
gyrus (dpCC)

rh_posterior-ventral part of the cingulate
gyrus (vpCC, isthmus of the cingulate

gyrus)
rh_Cuneus (06)

rh_opercular part of the inferior frontal
gyrus

rh_orbital part of the inferior frontal
gyrus

rh_triangular part of the inferior frontal
gyrus

rh_middle frontal gyrus (F2)
rh_superior frontal gyrus (F1)

rh_long insular gyrus and central sulcus
of the insula

rh_short insular gyri

rh_middle occipital gyrus (02, lateral
occipital gyrus)

rh_superior occipital gyrus (ol)

rh_lateral occipito-temporal gyrus
(fusiform gyrus, 04-t4)

rh_lingual gyrus, lingual part of the
medial occipito-temporal gyrus, (05)

rh_parahippocampal gyrus,
parahippocampal part of the medial
occipito-temporal gyrus, (t5)

rh_orbital gyri
rh_angular gyrus
rh_supramarginal gyrus

rh_superior parietal lobule (lateral part of
pl)
rh_postcentral gyrus

rh_precentral gyrus

0.65

0.67

0.69

0.72

0.73

0.76

0.74

0.69

0.68

0.69

0.67
0.68

0.67

0.67

0.71

0.73

0.76

0.75

0.72

0.69
0.70
0.70

0.70

0.72
0.74

0.01

0.01

0.01

0.01

0.01

0.03

0.02

0.01

0.02

0.01

0.01
0.01

0.01

0.01

0.01

0.01

0.01

0.02

0.01

0.01
0.01
0.01

0.01

0.02
0.01

0.67

0.69

0.71

0.74

0.75

0.78

0.76

0.71

0.70

0.70

0.68
0.69

0.68
0.68
0.73
0.75

0.77

0.76

0.74

0.71
0.71
0.71

0.72

0.74
0.75
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0.02

0.01

0.02

0.01

0.01

0.02

0.01

0.02

0.02

0.02

0.01
0.01

0.01

0.02

0.01

0.01

0.02

0.02

0.02

0.02
0.01
0.01

0.01

0.02
0.02

-2.30

-4.71

-3.88

-4.35

-3.94

-2.23

-2.26

-3.62

-2.50

-2.22

-3.25
-4.70

-2.62

-1.85

-3.82

-4.77

-1.83

-1.56

-3.39

-3.79
-3.29
-2.47

-4.30

-2.63
-2.85

-0.73

-1.51

-1.24

-1.38

-1.26

-0.76

-0.76

-1.15

-0.81

-0.72

-1.05
-1.51

-0.85

-0.60

-1.25

-1.60

-0.59

-0.51

-1.07

-1.20
-1.08
-0.82

-1.38

-0.88
-0.91

0.08

0.00**

0.01%*

0.00**

0.00**

0.09

0.08

0.01%*

0.06

0.09

0.01*
0.00**

0.05*

0.16

0.01**

0.00**

0.16

0.23

0.01*

0.01**
0.01*
0.06

0.00

0.05
0.03*



rh_precuneus (medial part of p1)
rh_straight gyrus, gyrus rectus
rh_subcallosal area, subcallosal gyrus

rh_anterior transverse temporal gyrus (of
heschl)

rh_lateral aspect of the superior temporal
gyrus

rh_planum polare of the superior
temporal gyrus

rh_planum temporale or temporal plane
of the superior temporal gyrus

rh_Inferior temporal gyrus (t3)
rh_middle temporal gyrus (t2)

rh_horizontal ramus of the anterior
segment of the lateral sulcus (or fissure)

rh_vertical ramus of the anterior segment
of the lateral sulcus (or fissure)

rh_posterior ramus (or segment) of the
lateral sulcus (or fissure)

rh_occipital pole

rh_temporal pole

rh_Calcarine sulcus

rh_Central sulcus (Rolando's fissure)
rh_marginal sulcus of cingulate gyrus
rh_anterior circular sulcus of the insula
rh_Inferior circular sulcus of the insula
rh_superior circular sulcus of the insula
rh_anterior transverse collateral sulcus
rh_posterior transverse collateral sulcus
rh_Inferior frontal sulcus

rh_middle frontal sulcus

rh_superior frontal sulcus
rh_Intermediate sulcus of Jensen

rh_Intraparietal sulcus and posterior
transverse parietal sulcus

rh_middle occipital sulcus and sulcus
lunatus (secondary intermediate sulcus)

0.72
0.69
0.58

0.76

0.71

0.68

0.72

0.72
0.69

0.72

0.71

0.74

0.75
0.69
0.75
0.75
0.72
0.69
0.70
0.70
0.73
0.78
0.71
0.68
0.69
0.70

0.73

0.73

0.01
0.01
0.11

0.02

0.01

0.02

0.02

0.01
0.01

0.01

0.02

0.01

0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.02
0.03
0.02
0.01
0.01
0.02

0.01

0.02

0.73
0.70
0.63

0.77

0.72

0.69

0.73

0.73
0.70

0.74

0.72

0.74

0.76
0.70
0.77
0.77
0.74
0.70
0.70
0.71
0.75
0.78
0.72
0.69
0.71
0.72

0.74

0.74
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0.01
0.02
0.10

0.02

0.02

0.02

0.02

0.02
0.01

0.03

0.02

0.02

0.02
0.02
0.02
0.01
0.01
0.02
0.02
0.02
0.02
0.04
0.02
0.01
0.02
0.03

0.01

0.02

-3.33
-2.40
-1.45

-1.02

-2.32

-2.72

-2.03

-2.65
-3.26

-4.02

-1.46

-1.65

-2.41
-2.60
-2.67
-4.70
-3.98
-2.80
-1.46
-2.99
-2.63
-0.23
-2.28
-3.39
-3.72
-2.78

-4.22

-1.84

-1.08
-0.76
-0.48

-0.33

-0.76

-0.87

-0.68

-0.86
-1.09

-1.27

-0.48

-0.53

-0.79
-0.84
-0.87
-1.57
-1.30
-0.89
-0.47
-0.96
-0.86
-0.07
-0.75
-1.10
-1.19
-0.90

-1.38

-0.60

0.01*
0.07
0.27

0.43

0.08

0.04*

0.12

0.04*
0.01*

0.00**

0.26

0.20

0.06
0.05*
0.04*

0.00**
0.00**
0.03*

0.26
0.02*
0.05*

0.86

0.08
0.01*

0.01**
0.03*

0.00**

0.16



rh_superior occipital sulcus and

transverse occipital sulcus (superior 0.74 0.01 0.75 0.01 -3.06 -1.02 0.02*
intermediate sulcus)

rh_anterior occipital sulcus 0.74 0.02 0.75 0.02 -1.67 -0.54 0.20
rh_lateral occipito-temporal sulcus 0.75 0.02 0.76 0.02 -1.31 -0.43 0.31
;ﬁl;n:;dillggipito'temporal suleusand 0 o) 002 076 002 -329 -1.07 0.01%
rh_lateral orbital sulcus 0.68 0.02 0.69 0.02 -2.67 -0.88 0.04*
rh_medial orbital sulcus, olfactory sulcus 0.69 0.02 0.72 0.03 -3.57 -1.12 0.01%*
rh_h-shaped orbital sulcus 0.69 0.01 0.72 0.02 -4.38 -1.38 0.00%*
rh_parieto-occipital sulcus 0.76 0.01 0.76 0.02 -1.72 -0.56 0.18
rh_pericallosal sulcus 0.72 0.07 0.78 0.03 -3.33 -1.16 0.02*
rh_postcentral sulcus 0.73 0.02 0.74 0.02 -2.32 -0.77 0.08
rh_Inferior part of the precentral sulcus  0.70 0.01 0.72 0.01 -3.34 -1.09 0.01*
rh_superior part of the precentral sulcus  0.72 0.01 0.74 0.02 -3.72 -1.18 0.01%*
rh_suborbital sulcus 0.67 0.01 0.69 0.02 -2.85 -0.90 0.03*
rh_subparietal sulcus 0.72 0.01 0.74 0.01 -3.94 -1.25 0.00**
rh_Inferior temporal sulcus 0.71 0.02 0.72 0.02 -2.18 -0.71 0.09
rh_superior temporal sulcus 0.72 0.01 0.73 0.01 -3.20 -1.05 0.02*
rh_transverse temporal sulcus (heschl's 075 001 076 0.0 197 063 0.13

gyrus)
p <,05, **p <0,01, ***p < ,001; MS = multiple sclerosis HC = healthy controls; 1h = left hemisphere; rh = right

hemisphere; n = number of participants.

111



Supplementary Table 11. Comparison of T1 relaxation rates in cerebral cortex between AQP4-NMOSD
patients and HC

AQP4-NMOSD p-value
Parcellation (n=20) HC (n=20) T.yalue Cohen'sd  (FDR
M SD M SD corrected)
lh_unknown 0.17 0.02 0.18 0.02 -1.43 -0.45 0.27
th_Fronto-marginal gyrus (of Wernicke) e 603 069 002 090 028 0.49
and sulcus
lh_Inferior occipital gyrus (03) and sulcus 0.75 0.03 0.74 0.02 0.69 0.22 0.60
lh_paracentral lobule and sulcus 0.75 0.02 076 0.02 -1.23 -0.39 0.34
Ih_subcentral gyrus (central operculum) o) 0> 572 001 035 0.1 0.80
and sulci
lh_transverse frontopolar gyri and sulci 0.66 0.03 0.67 0.02 -1.00 -0.32 0.44
lh_anterior part of the cingulate gyrus and 0.68 002 069 002 -121 038 0.35
sulcus (aCC)
lh_middle-anterior part of the cingulate 0.70 002 071 002 -1.62 051 021
gyrus and sulcus (amCC)
lh_middle-posterior part of the cingulate 071 002 072 002  -1.60 051 021
gyrus and sulcus (pmCC)
lh_posterior-dorsal part of the cingulate 073 002 074 002 -0.82 026 0.53
gyrus (dpCC)
lh_posterior-ventral part of the cingulate
gyrus (vpCC, isthmus of the cingulate 0.77 0.03  0.76 0.02 0.91 0.29 0.49
gyrus)
Ih_Cuneus (06) 074 0.03 075 0.01 -147 -0.47 0.26
lh_opercular part of the inferior frontal 0.70 002 070 001 130 041 031
gyrus
lh_orbital part of the inferior frontal gyrus 0.69 0.02 0.70 0.01 -0.43 -0.13 0.76
lh_triangular part of the inferior frontal 0.69 002 069 001 023 0.07 0.85
gyrus
Ih_middle frontal gyrus (F2) 0.68 002 068 001 -0.29 -0.09 0.83
lh_superior frontal gyrus (F1) 0.69 0.02  0.69 0.01 -0.96 -0.30 0.46
lh_l.ong insular gyrus and central sulcus of 0.69 002 070 001 168 053 0.20
the insula
lh_short insular gyri 0.67 0.01 068 0.01 -0.97 -0.31 0.46
th_middle occipital gyrus (02, lateral 072 002 073 001 -097  -031 0.46
occipital gyrus)
lh_superior occipital gyrus (o1) 0.73 0.02 0.74 0.01 -1.57 -0.50 0.23
th_lateral occipito-temporal gyrus 0.74 003 073 001 143 0.45 0.27

(fusiform gyrus, 04-t4)

112



lh_lingual gyrus, lingual part of the
medial occipito-temporal gyrus, (05)

lh_parahippocampal gyrus,
parahippocampal part of the medial
occipito-temporal gyrus, (t5)

lh_orbital gyri

lh_angular gyrus

lh_supramarginal gyrus

lh_superior parietal lobule (lateral part of
pl)

lh_postcentral gyrus

lh_precentral gyrus

lh_precuneus (medial part of p1)
lh_straight gyrus, gyrus rectus
lh_subcallosal area, subcallosal gyrus

lh_anterior transverse temporal gyrus (of
heschl)

lh_lateral aspect of the superior temporal
gyrus

lh_planum polare of the superior temporal
gyrus

lh_planum temporale or temporal plane of
the superior temporal gyrus

lh_Inferior temporal gyrus (t3)
lh_middle temporal gyrus (t2)

lh_horizontal ramus of the anterior
segment of the lateral sulcus (or fissure)

lh_vertical ramus of the anterior segment
of the lateral sulcus (or fissure)

lh_posterior ramus (or segment) of the
lateral sulcus (or fissure)

lh_occipital pole

lh_temporal pole

lh_Calcarine sulcus

lh_Central sulcus (Rolando's fissure)
lh_marginal sulcus of cingulate gyrus
lh_anterior circular sulcus of the insula
lh_Inferior circular sulcus of the insula

lh_superior circular sulcus of the insula

0.75

0.72

0.72
0.69
0.70

0.70

0.72
0.74
0.71
0.72
0.66

0.75

0.70

0.67

0.70

0.71
0.69

0.74

0.72

0.74

0.76
0.69
0.75
0.74
0.71
0.70
0.69
0.72

0.02

0.02

0.06
0.02
0.02

0.02

0.04
0.02
0.02
0.09
0.06

0.04

0.02

0.02

0.04

0.02
0.02

0.02

0.02

0.02

0.03
0.02
0.03
0.03
0.02
0.02
0.02
0.02
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0.75

0.72

0.72
0.70
0.71

0.71

0.73
0.74
0.72
0.70
0.69

0.76

0.71

0.68

0.71

0.71
0.70

0.73

0.73

0.74

0.75
0.69
0.75
0.76
0.72
0.70
0.70
0.72

0.02

0.02

0.02
0.01
0.01

0.02

0.01
0.02
0.01
0.02
0.03

0.02

0.01

0.02

0.02

0.01
0.01

0.02

0.02

0.02

0.02
0.03
0.02
0.01
0.01
0.02
0.02
0.01

0.85

-1.07

0.26
-1.70
-1.16

-1.93

-1.19
-0.30
-1.66
0.89
-1.80

-1.02

-0.46

-1.42

-1.86

0.30
-1.29

0.70

-1.50

-0.38

0.19
-0.37
0.34
-2.84
-1.81
-0.14
-2.31
-0.21

0.27

-0.34

0.08
-0.54
-0.37

-0.61

-0.38
-0.09
-0.52
0.28
-0.57

-0.32

-0.15

-0.45

-0.59

0.09
-0.41

0.22

-0.47

-0.12

0.06
-0.12
0.11

-0.90
-0.57
-0.04
-0.73
-0.07

0.51

0.41

0.85
0.19
0.38

0.14

0.37
0.83
0.20
0.49
0.17

0.44

0.74

0.27

0.16

0.83
0.32

0.59

0.25

0.78

0.88
0.79
0.80
0.03*
0.17
0.91
0.08
0.87



lh_anterior transverse collateral sulcus
lh_posterior transverse collateral sulcus
lh_Inferior frontal sulcus

lh_middle frontal sulcus

lh_superior frontal sulcus
lh_Intermediate sulcus of Jensen

lh_Intraparietal sulcus and posterior
transverse parietal sulcus

Ih_middle occipital sulcus and sulcus
lunatus (secondary intermediate sulcus)

lh_superior occipital sulcus and transverse
occipital sulcus (superior intermediate
sulcus)

lh_anterior occipital sulcus
lh_lateral occipito-temporal sulcus

lh_medial occipito-temporal sulcus and
lingual sulcus

lh_lateral orbital sulcus

lh_medial orbital sulcus, olfactory sulcus
lh_h-shaped orbital sulcus
lh_parieto-occipital sulcus
lh_pericallosal sulcus

Ih_postcentral sulcus

lh_Inferior part of the precentral sulcus
lh_superior part of the precentral sulcus
lh_suborbital sulcus

lh_subparietal sulcus

lh_Inferior temporal sulcus

lh_superior temporal sulcus

lIh_transverse temporal sulcus (heschl's
gyrus)

rh_unknown

rh_Fronto-marginal gyrus (of Wernicke)
and sulcus

rh_Inferior occipital gyrus (03) and sulcus
rh_paracentral lobule and sulcus

rh_subcentral gyrus (central operculum)
and sulci

rh_transverse frontopolar gyri and sulci

0.71
0.78
0.71
0.68
0.70
0.70

0.72

0.73

0.72

0.73
0.73

0.75

0.69
0.73
0.73
0.75
0.77
0.73
0.71
0.72
0.69
0.73
0.72
0.72

0.74

0.16

0.69

0.75
0.76

0.73

0.66

0.03
0.04
0.02
0.02
0.02
0.04

0.02

0.03

0.02

0.03
0.04

0.03

0.02
0.04
0.03
0.02
0.03
0.03
0.02
0.02
0.03
0.02
0.03
0.02

0.03

0.02

0.10

0.03
0.02

0.02

0.03
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0.71
0.76
0.72
0.69
0.70
0.70

0.73

0.74

0.74

0.74
0.72

0.74

0.69
0.74
0.73
0.75
0.78
0.73
0.72
0.73
0.70
0.73
0.71
0.72

0.75

0.17

0.68

0.75
0.76

0.73

0.67

0.02
0.03
0.01
0.01
0.01
0.02

0.01

0.03

0.02

0.03
0.02

0.02

0.02
0.02
0.02
0.02
0.03
0.02
0.01
0.02
0.02
0.01
0.01
0.01

0.02

0.02

0.02

0.02
0.02

0.02

0.02

0.22
1.66
-0.24
-2.12
-0.91
0.25

-1.46

-1.02

-2.35

-0.89
0.94

0.94

0.57
-0.72
-0.61
-0.35
-0.64
-0.19
-1.77
-1.35
-0.47
-0.80
1.52
0.25

-1.36

-1.73

0.42

0.19
-1.13

-1.14

-0.99

0.07
0.53
-0.08
-0.67
-0.29
0.08

-0.46

-0.32

-0.74

-0.28
0.30

0.30

0.18
-0.23
-0.19
-0.11
-0.20
-0.06
-0.56
-0.43
-0.15
-0.25
0.48
0.08

-0.43

-0.55

0.13

0.06
-0.36

-0.36

-0.31

0.86
0.20
0.85
0.10
0.49
0.85

0.26

0.43

0.07

0.49
0.47

0.47

0.67
0.58
0.64
0.80
0.63
0.88
0.17
0.29
0.73
0.54
0.25
0.85

0.29

0.18

0.77

0.88
0.39

0.38

0.45



rh_anterior part of the cingulate gyrus and

0.6 0.02 0.69 0.01 0.06 0.02 0.96
sulcus (aCC) ? ? ?
rh_middle-anterior part of the cingulate 0.71 002 071 002 -0.18 0.06 0.88
gyrus and sulcus (amCC)
rh_middle-posterior part of the cingulate 0.73 002 074 001 0.65 021 0.62
gyrus and sulcus (pmCC)
rh_posterior-dorsal part of the cingulate 0.74 002 075 001 074 023 0.57
gyrus (dpCC)
rh_posterior-ventral part of the cingulate
gyrus (vpCC, isthmus of the cingulate 0.78 0.03 0.78 0.02 0.27 0.08 0.84
gyrus)
rh_Cuneus (06) 0.75 0.02 076 001 -1.63 -0.52 0.21
rh_opercular part of the inferior frontal 0.70 002 071 002  -1.50 047 0.25
gyrus
rh_orbital part of the inferior frontal gyrus 0.69 0.02 070 0.02 -0.50 -0.16 0.72
rh_triangular part of the inferior frontal 0.69 002 070 002  -1.63 0.52 021
gyrus
rh_middle frontal gyrus (F2) 0.68 0.02 0.68 0.01 -0.89 -0.28 0.49
rh_superior frontal gyrus (F1) 0.69 0.02 0.69 0.01 -0.53 -0.17 0.70
rh_l.ong insular gyrus and central sulcus of 0.68 0.01 068 0.01 14 045 027
the insula
rh_short insular gyri 0.68 0.01 0.68 0.02 -0.34 -0.11 0.81
th_middle occipital gyrus (02, lateral = 5 505 073 001 030 -0.12 0.78
occipital gyrus)
rh_superior occipital gyrus (ol) 0.73 0.02 0.75 0.01 -2.73 -0.86 0.04*
rh_lateral occipito-temporal gyrus 077 002 077 002 012 004 0.92
(fusiform gyrus, 04-t4)
rh_lingual gyrus, lingual part of the 076 002 076 002 036  -0.1I 0.80
medial occipito-temporal gyrus, (05)
rh_parahippocampal gyrus,
parahippocampal part of the medial 0.73 002 074 0.02 -141 -0.44 0.28
occipito-temporal gyrus, (t5)
rh_orbital gyri 0.71 0.09 0.71 0.02 0.16 0.05 0.90
rh_angular gyrus 0.70 0.02 0.71 0.01 -1.84 -0.58 0.16
rh_supramarginal gyrus 0.70 0.02 0.71 0.01 -1.52 -0.48 0.24
;hﬁsupenor parietal lobule (lateral part of 0.70 0.03 072 0.0l 953 0.80 0.05
rh_postcentral gyrus 0.73 0.02 074 0.02 -2.03 -0.64 0.12
rh_precentral gyrus 0.75 0.02 075 0.02 -0.38 -0.12 0.78
rh_precuneus (medial part of p1) 0.73 0.02 0.73 0.01 -0.74 -0.23 0.57
rh_straight gyrus, gyrus rectus 0.73 0.13  0.70 0.02 0.84 0.26 0.52
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rh_subcallosal area, subcallosal gyrus

rh_anterior transverse temporal gyrus (of
heschl)

rh_lateral aspect of the superior temporal
gyrus

rh_planum polare of the superior temporal

gyrus

rh_planum temporale or temporal plane of

the superior temporal gyrus
rh_Inferior temporal gyrus (t3)
rh_middle temporal gyrus (t2)

rh_horizontal ramus of the anterior
segment of the lateral sulcus (or fissure)

rh_vertical ramus of the anterior segment
of the lateral sulcus (or fissure)

rh_posterior ramus (or segment) of the
lateral sulcus (or fissure)

rh_occipital pole

rh_temporal pole

rh_Calcarine sulcus

rh_Central sulcus (Rolando's fissure)
rh_marginal sulcus of cingulate gyrus
rh_anterior circular sulcus of the insula
rh_Inferior circular sulcus of the insula
rh_superior circular sulcus of the insula
rh_anterior transverse collateral sulcus
rh_posterior transverse collateral sulcus
rh_Inferior frontal sulcus

rh_middle frontal sulcus

rh_superior frontal sulcus
rh_Intermediate sulcus of Jensen

rh_Intraparietal sulcus and posterior
transverse parietal sulcus

rh_middle occipital sulcus and sulcus
lunatus (secondary intermediate sulcus)

rh_superior occipital sulcus and transverse

occipital sulcus (superior intermediate
sulcus)

rh_anterior occipital sulcus

0.60

0.77

0.72

0.69

0.73

0.72
0.70

0.73

0.71

0.74

0.76
0.70
0.76
0.75
0.73
0.69
0.71
0.71
0.74
0.79
0.71
0.68
0.70
0.71

0.73

0.74

0.73

0.74

0.08

0.03

0.02

0.02

0.02

0.02
0.02

0.02

0.03

0.02

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.02
0.02
0.02
0.03

0.02

0.02

0.02

0.03

0.63

0.77

0.72

0.69

0.73

0.73
0.70

0.74

0.72

0.74

0.76
0.70
0.77
0.77
0.74
0.70
0.70
0.71
0.75
0.78
0.72
0.69
0.71
0.72

0.74

0.74

0.75

0.75
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0.10

0.02

0.02

0.02

0.02

0.02
0.01

0.03

0.02

0.02

0.02
0.02
0.02
0.01
0.01
0.02
0.02
0.02
0.02
0.04
0.02
0.01
0.02
0.03

0.01

0.02

0.01

0.02

-1.01

0.76

-0.50

-0.27

-0.90

-1.06
-0.26

-1.84

-1.66

-0.48

-0.69
-0.32
-0.74
-3.26
221
-1.05
0.39
-1.39
-0.85
0.86
-1.37
226
-0.90
2.02

-2.35

-0.56

-2.60

-0.32

-0.32

0.24

-0.16

-0.08

-0.28

-0.34
-0.08

-0.58

-0.53

-0.15

-0.22
-0.10
-0.23
-1.03
-0.70
-0.33
0.12
-0.44
-0.27
0.27
-0.43
-0.72
-0.28
-0.64

-0.74

-0.18

-0.82

-0.10

0.44

0.56

0.72

0.84

0.49

0.42
0.85

0.16

0.20

0.73

0.60
0.81
0.57
0.01*
0.09
0.42
0.78
0.28
0.51
0.50
0.29
0.08
0.49
0.12

0.08

0.68

0.05*

0.81



rh_lateral occipito-temporal sulcus

rh_medial occipito-temporal sulcus and
lingual sulcus

rh_lateral orbital sulcus

rh_medial orbital sulcus, olfactory sulcus
rh_h-shaped orbital sulcus
rh_parieto-occipital sulcus
rh_pericallosal sulcus

rh_postcentral sulcus

rh_Inferior part of the precentral sulcus
rh_superior part of the precentral sulcus
rh_suborbital sulcus

rh_subparietal sulcus

rh_Inferior temporal sulcus

rh_superior temporal sulcus

rh_transverse temporal sulcus (heschl's
gyrus)

0.76

0.76

0.68
0.71
0.71
0.76
0.78
0.74
0.71
0.72
0.70
0.74
0.72
0.73

0.76

0.03

0.03

0.02
0.07
0.04
0.02
0.03
0.02
0.02
0.02
0.05
0.02
0.02
0.02

0.02

0.76

0.76

0.69
0.72
0.72
0.76
0.78
0.74
0.72
0.74
0.69
0.74
0.72
0.73

0.76

0.02

0.02

0.02
0.03
0.02
0.02
0.03
0.02
0.01
0.02
0.02
0.01
0.02
0.01

0.02

0.14

-0.06

-1.71
-0.65
-1.17
-0.50
-0.29
-0.81
-0.81
-2.36
0.87
-0.72
0.27
-0.88

0.03

0.04

-0.02

-0.54
-0.21
-0.37
-0.16
-0.09
-0.26
-0.26
-0.74
0.28
-0.23
0.08
-0.28

0.01

0.91

0.96

0.19
0.62
0.37
0.72
0.83
0.53
0.53
0.07
0.50
0.59
0.84
0.49

0.97

p <,05, **p < 0,01, ***p < ,001;AQP4 = aquaporin-4; HC = healthy controls; NMOSD = neuromyelitis

optica spectrum disorders; lh = left hemisphere; rh = right hemisphere; » = number of participants.

117



Supplementary Table 12. Comparison of T1 relaxation rates in cerebral cortex between MS and

AQP4-NMOSD patients

AQP4-NMOSD p-value
Parcellation MS (n=17) (n=20) T-value Cohen'sd (FDR
M SD M SD corrected)

Ih_unknown 0,18 0,02 0,17 0,02 -0.90 -0.30 0.49
lh_Fronto-marginal gyrus (of Wernicke) 067 001 068 0.03 108 0.33 0.41
and sulcus
lh_Inferior occipital gyrus (03) and sulcus 0,73 0,02 0,75 0,03 2.17 0.69 0.10
lh_paracentral lobule and sulcus 0,74 0,02 0,75 0,02 1.35 0.44 0.29
lh_subcctntral gyrus (central operculum) 070 001 0,72 0.02 429 137 0.00%%
and sulci
lh_transverse frontopolar gyri and sulci 0,66 0,01 0,66 0,03 1.13 0.35 0.39
lh_anterior part of the cingulate gyrus and 068 001 068 0.02 177 0.55 0.18
sulcus (aCC)
lh_middle-anterior part of the cingulate 069 001 0,70 0.02 135 0.43 0.29
gyrus and sulcus (amCC)
lh_middle-posterior part of the cingulate 071 002 071 0.02 150 0.50 025
gyrus and sulcus (pmCC)
lh_posterior-dorsal part of the cingulate 072 001 073 0.02 191 0.60 0.14
gyrus (dpCC)
lh_posterior-ventral part of the cingulate
gyrus (vpCC, isthmus of the cingulate 0,75 0,01 0,77 0,03 3.05 0.95 0.02*
gyrus)
lh_Cuneus (06) 0,73 0,02 0,74 0,03 0.63 0.20 0.63
lh_opercular part of the inferior frontal 0690 001 070 0.02 299 0.95 0.02%
gyrus
lh_orbital part of the inferior frontal gyrus 0,68 0,02 0,69 0,02 2.47 0.80 0.06
lh_triangular part of the inferior frontal 068 001 069 0.02 292 0.71 0.09
gyrus
Ih_middle frontal gyrus (F2) 0,67 0,01 0,68 0,02 1.90 0.60 0.14
lh_superior frontal gyrus (F1) 0,68 0,01 0,69 0,02 1.42 0.45 0.27
lh_lf)ng insular gyrus and central sulcus of 068 001 069 0.02 184 0.59 016
the insula
lh_short insular gyri 0,66 0,01 0,67 0,01 3.33 1.07 0.01*
th_middle occipital gyrus (02, lateral 0,71 001 072 002 139 045 0.28
occipital gyrus)
Ih_superior occipital gyrus (o1) 0,72 0,02 0,73 0,02 1.19 0.38 0.36
lh_lateral occipito-temporal gyrus 072 002 074 0.03 307 103 0.01%

(fusiform gyrus, 04-t4)
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lh_lingual gyrus, lingual part of the medial
occipito-temporal gyrus, (05)

lh_parahippocampal gyrus,
parahippocampal part of the medial
occipito-temporal gyrus, (t5)

lh_orbital gyri

lh_angular gyrus

lh_supramarginal gyrus

lh_superior parietal lobule (lateral part of
pD)

lh_postcentral gyrus

lh_precentral gyrus

lh_precuneus (medial part of p1)
lh_straight gyrus, gyrus rectus
lh_subcallosal area, subcallosal gyrus

lh_anterior transverse temporal gyrus (of
heschl)

lh_lateral aspect of the superior temporal
gyrus

lh_planum polare of the superior temporal
gyrus

lh_planum temporale or temporal plane of
the superior temporal gyrus

lh_Inferior temporal gyrus (t3)
lh_middle temporal gyrus (t2)

lh_horizontal ramus of the anterior
segment of the lateral sulcus (or fissure)

lh_vertical ramus of the anterior segment
of the lateral sulcus (or fissure)

lh_posterior ramus (or segment) of the
lateral sulcus (or fissure)

lh_occipital pole

lh_temporal pole

lh_Calcarine sulcus

lh_Central sulcus (Rolando's fissure)
lh_marginal sulcus of cingulate gyrus
lh_anterior circular sulcus of the insula
lh_Inferior circular sulcus of the insula

lh_superior circular sulcus of the insula

0,73

0,70

0,70
0,68
0,69

0,69

0,71
0,73
0,71
0,69
0,64

0,74

0,69

0,67

0,70

0,69
0,68

0,70

0,71

0,73

0,74
0,67
0,74
0,74
0,70
0,68
0,69
0,70

0,02

0,02

0,01
0,01
0,01

0,01

0,02
0,02
0,01
0,01
0,07

0,02

0,01

0,01

0,02

0,02
0,01

0,01

0,02

0,02

0,02
0,01
0,02
0,01
0,02
0,01
0,01
0,01

0,75

0,72

0,72
0,69
0,70

0,70

0,72
0,74
0,71
0,72
0,66

0,75

0,70

0,67

0,70

0,71
0,69

0,74

0,72

0,74

0,76
0,69
0,75
0,74
0,71
0,70
0,69
0,72
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0,02

0,02

0,06
0,02
0,02

0,02

0,04
0,02
0,02
0,09
0,06

0,04

0,02

0,02

0,04

0,02
0,02

0,02

0,02

0,02

0,03
0,02
0,03
0,03
0,02
0,02
0,02
0,02

2.53

3.44

1.65
1.34
2.32

1.01

1.05
1.67
1.20
1.61
0.91

0.15

231

0.45

-0.47

3.42
1.94

4.98

2.56

1.38

243
2.64
245
-0.01
1.35
3.43
0.07
4.02

0.81

1.12

0.51
0.42
0.73

0.32

0.33
0.53
0.37
0.49
0.31

0.05

0.74

0.14

-0.15

1.10
0.61

1.57

0.84

0.44

0.77
0.82
0.78
0.00
0.44
1.09
0.02
1.28

0.05

0.01*

0.21
0.30
0.08

0.44

0.42
0.20
0.36
0.22
0.49

0.90

0.08

0.75

0.73

0.01*
0.14

0.00**

0.05*

0.29

0.06
0.05*
0.06
0.99
0.29
0.01*
0.96
0.00%*



lh_anterior transverse collateral sulcus
lh_posterior transverse collateral sulcus
lh_Inferior frontal sulcus

Ih_middle frontal sulcus

lh_superior frontal sulcus
lh_Intermediate sulcus of Jensen

lh_Intraparietal sulcus and posterior
transverse parietal sulcus

Ih_middle occipital sulcus and sulcus
lunatus (secondary intermediate sulcus)

lh_superior occipital sulcus and transverse
occipital sulcus (superior intermediate
sulcus)

lh_anterior occipital sulcus
lh_lateral occipito-temporal sulcus

lh_medial occipito-temporal sulcus and
lingual sulcus

lh_lateral orbital sulcus

lh_medial orbital sulcus, olfactory sulcus
lh_h-shaped orbital sulcus
lh_parieto-occipital sulcus
lh_pericallosal sulcus

Ih_postcentral sulcus

Ih_Inferior part of the precentral sulcus
lIh_superior part of the precentral sulcus
lIh_suborbital sulcus

lIh_subparietal sulcus

lh_Inferior temporal sulcus

lIh_superior temporal sulcus

lh_transverse temporal sulcus (heschl's
gyrus)

rh_unknown

rh_Fronto-marginal gyrus (of Wernicke)
and sulcus

rh_Inferior occipital gyrus (03) and sulcus
rh_paracentral lobule and sulcus

rh_subcentral gyrus (central operculum)
and sulci

rh_transverse frontopolar gyri and sulci

0,68
0,75
0,70
0,68
0,69
0,69

0,71

0,72

0,72

0,72
0,71

0,72

0,68
0,71
0,71
0,74
0,74
0,71
0,70
0,71
0,68
0,72
0,69
0,70

0,74
0,17
0,67

0,74
0,74

0,72

0,65

0,02
0,02
0,01
0,01
0,01
0,01

0,01

0,01

0,02

0,02
0,02

0,02

0,01
0,01
0,02
0,01
0,04
0,01
0,01
0,01
0,01
0,01
0,01
0,01

0,02
0,01
0,01

0,02
0,01

0,02

0,01

0,71
0,78
0,71
0,68
0,70
0,70

0,72

0,73

0,72

0,73
0,73

0,75

0,69
0,73
0,73
0,75
0,77
0,73
0,71
0,72
0,69
0,73
0,72
0,72

0,74
0,16
0,69

0,75
0,76

0,73

0,66
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0,03
0,04
0,02
0,02
0,02
0,04

0,02

0,03

0,02

0,03
0,04

0,03

0,02
0,04
0,03
0,02
0,03
0,03
0,02
0,02
0,03
0,02
0,03
0,02

0,03
0,02
0,10

0,03
0,02

0,02

0,03

3.60
2.95
2.10
1.44
2.64
1.43

1.88

-0.05

1.35
2.51

4.02

2.30
1.74
2.59
2.02
2.53
2.27
0.96
1.05
1.93
1.80
3.81
2.60

0.17

-1.24

0.93

1.36
2.85

1.52

0.41

0.93
0.67
0.46
0.83
0.44

0.60

0.35

-0.02

0.43
0.78

1.26

0.74
0.53
0.82
0.63
0.85
0.71
0.30
0.33
0.60
0.57
1.19
0.83

0.05

-0.40

0.28

0.44
0.90

0.49

0.13

0.01**
0.03*
0.11
0.27
0.05*
0.27

0.15

0.40

0.96

0.29
0.06

0.00**

0.08
0.19
0.05*
0.12
0.05
0.08
0.47
0.43
0.14
0.17
0.01*
0.05*

0.89

0.34

0.49

0.29
0.03*

0.24

0.77



rh_anterior part of the cingulate gyrus and

sulcus (aCC)

rh_middle-anterior part of the cingulate

gyrus and sulcus (amCC)

rh_middle-posterior part of the cingulate

gyrus and sulcus (pmCC)

rh_posterior-dorsal part of the cingulate

gyrus (dpCC)

rh_posterior-ventral part of the cingulate

gyrus (vpCC, isthmus of the cingulate
gyrus)
rh_Cuneus (06)

rh_opercular part of the inferior frontal

gyrus

rh_orbital part of the inferior frontal gyrus

rh_triangular part of the inferior frontal

gyrus
rh_middle frontal gyrus (F2)

rh_superior frontal gyrus (F1)

rh_long insular gyrus and central sulcus of

the insula
rh_short insular gyri

rh_middle occipital gyrus (02, lateral
occipital gyrus)

rh_superior occipital gyrus (o1)

rh_lateral occipito-temporal gyrus
(fusiform gyrus, 04-t4)

rh_lingual gyrus, lingual part of the
medial occipito-temporal gyrus, (05)

rh_parahippocampal gyrus,
parahippocampal part of the medial
occipito-temporal gyrus, (t5)

rh_orbital gyri
rh_angular gyrus

rh_supramarginal gyrus

rh_superior parietal lobule (lateral part of

pl)

rh_postcentral gyrus
rh_precentral gyrus
rh_precuneus (medial part of p1)

rh_straight gyrus, gyrus rectus

0,67

0,69

0,72

0,73

0,76

0,74
0,69
0,68
0,69

0,67
0,68

0,67
0,67
0,71
0,73

0,76

0,75

0,72

0,69
0,70
0,70

0,70

0,72
0,74
0,72
0,69

0,01

0,01

0,01

0,01

0,03

0,02
0,01
0,02
0,01

0,01
0,01

0,01
0,01
0,01
0,01

0,01

0,02

0,01

0,01
0,01
0,01

0,01

0,02
0,01
0,01
0,01

0,69

0,71

0,73

0,74

0,78

0,75
0,70
0,69
0,69

0,68
0,69

0,68
0,68
0,72
0,73

0,77

0,76

0,73

0,71
0,70
0,70

0,70

0,73
0,75
0,73
0,73
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0,02

0,02

0,02

0,02

0,03

0,02
0,02
0,02
0,02

0,02
0,02

0,01
0,01
0,02
0,02

0,02

0,02

0,02

0,09
0,02
0,02

0,03

0,02
0,02
0,02
0,13

4.12

3.78

3.15

2.74

2.16

0.32

1.93

1.89

0.44

1.83
331

1.36

1.64

2.09

1.03

1.74

0.94

2.03

1.06
0.78
0.59

0.10

0.52
2.23
1.85
1.27

1.30

1.21

0.99

0.87

0.71

0.10

0.61

0.61

0.14

0.58
1.04

0.45

0.53

0.65

0.33

0.55

0.30

0.65

0.32
0.25
0.19

0.03

0.17
0.71
0.58
0.38

0.00**

0.01%*

0.02*

0.04*

0.10

0.81

0.14

0.14

0.75

0.16
0.01*

0.29

0.20

0.11

0.43

0.18

0.47

0.12

0.42
0.55
0.66

0.94

0.71
0.09
0.16
0.34



rh_subcallosal area, subcallosal gyrus

rh_anterior transverse temporal gyrus (of
heschl)

rh_lateral aspect of the superior temporal
gyrus

rh_planum polare of the superior temporal
gyrus

rh_planum temporale or temporal plane of
the superior temporal gyrus

rh_Inferior temporal gyrus (t3)
rh_middle temporal gyrus (t2)

rh_horizontal ramus of the anterior
segment of the lateral sulcus (or fissure)

rh_vertical ramus of the anterior segment
of the lateral sulcus (or fissure)

rh_posterior ramus (or segment) of the
lateral sulcus (or fissure)

rh_occipital pole

rh_temporal pole

rh_Calcarine sulcus

rh_Central sulcus (Rolando's fissure)
rh_marginal sulcus of cingulate gyrus
rh_anterior circular sulcus of the insula
rh_Inferior circular sulcus of the insula
rh_superior circular sulcus of the insula
rh_anterior transverse collateral sulcus
rh_posterior transverse collateral sulcus
rh_Inferior frontal sulcus

rh_middle frontal sulcus

rh_superior frontal sulcus
rh_Intermediate sulcus of Jensen

rh_Intraparietal sulcus and posterior
transverse parietal sulcus

rh_middle occipital sulcus and sulcus
lunatus (secondary intermediate sulcus)

rh_superior occipital sulcus and transverse
occipital sulcus (superior intermediate
sulcus)

rh_anterior occipital sulcus

0,58

0,76

0,71

0,68

0,72

0,72
0,69

0,72

0,71

0,74

0,75
0,69
0,75
0,75
0,72
0,69
0,70
0,70
0,73
0,78
0,71
0,68
0,69
0,70

0,73

0,73

0,74

0,74

0,11

0,02

0,01

0,02

0,02

0,01
0,01

0,01

0,02

0,01

0,02
0,01
0,02
0,01
0,01
0,01
0,01
0,01
0,02
0,03
0,02
0,01
0,01
0,02

0,01

0,02

0,01

0,02

0,60

0,77

0,72

0,69

0,73

0,72
0,70

0,73

0,71

0,74

0,76
0,70
0,76
0,75
0,73
0,69
0,71
0,71
0,74
0,79
0,71
0,68
0,70
0,71

0,73

0,74

0,73

0,74
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0,08

0,03

0,02

0,02

0,02

0,02
0,02

0,02

0,03

0,02

0,02
0,02
0,02
0,02
0,02
0,02
0,02
0,02
0,02
0,03
0,02
0,02
0,02
0,03

0,02

0,02

0,02

0,03

0.66

1.77

1.66

2.79

1.17

1.08
2.33

2.21

-0.36

0.86

1.31
2.33
1.60
0.65
1.28
1.98
1.94
1.41
1.51
1.19
0.64
0.33
2.01
0.56

0.44

1.07

-0.24

0.22

0.58

0.54

0.91

0.39

0.34
0.75

0.71

-0.11

0.27

0.42
0.75
0.51
0.21
0.41
0.64
0.62
0.45
0.49
0.38
0.21
0.10
0.63
0.18

0.14

0.35

-0.08

0.37

0.62

0.17

0.20

0.03*

0.37

0.41
0.08

0.09

0.80

0.51

0.31
0.08
0.22
0.62
0.32
0.13
0.14
0.27
0.25
0.36
0.63
0.81
0.12
0.68

0.75

0.41

0.85

0.37



rh_lateral occipito-temporal sulcus 0,75 0,02 0,76 0,03 1.13 0.36 0.39

rh_medial occipito-temporal sulcus and

lingual sulcus 0,74 0,02 0,76 0,03 2.67 0.85 0.04*
rh_lateral orbital sulcus 0,68 0,02 0,68 0,02 0.78 0.25 0.55
rh_medial orbital sulcus, olfactory sulcus 0,69 0,02 0,71 0,07 1.18 0.36 0.37
rh_h-shaped orbital sulcus 0,69 0,01 0,71 0,04 1.32 0.41 0.31
rh_parieto-occipital sulcus 0,76 0,01 0,76 0,02 0.95 0.30 0.47
rh_pericallosal sulcus 0,72 0,07 0,78 0,03 3.24 1.14 0.02*
rh_postcentral sulcus 0,73 0,02 0,74 0,02 1.35 0.44 0.29
rh_Inferior part of the precentral sulcus 0,70 0,01 0,71 0,02 2.03 0.65 0.12
rh_superior part of the precentral sulcus 0,72 0,01 0,72 0,02 0.67 0.21 0.62
rh_suborbital sulcus 0,67 0,01 0,70 0,05 2.09 0.64 0.12
rh_subparietal sulcus 0,72 0,01 0,74 0,02 2.35 0.73 0.08
rh_Inferior temporal sulcus 0,71 0,02 0,72 0,02 2.05 0.65 0.12
rh_superior temporal sulcus 0,72 0,01 0,73 0,02 1.69 0.54 0.19
rh_transverse temporal sulcus (heschl's 075 001 0.6 0.02 211 0.67 011

gyrus)

p <,05, ¥*p < 0,01, ***p < ,001;AQP4 = aquaporin-4; MS = multiple sclerosis HC = healthy controls;
NMOSD = neuromyelitis optica spectrum disorders; lh = left hemisphere; rh = right hemisphere; n = number
of participants.

123



Supplementary Table 13. Pairwise correlations between NDI in white matter fibres not traversing

through white matter lesions and the number of cortical lesions in MS patients

Variablel Variable 2 Rho n p-value (FDR corrected)
CL LIT AF left -0.68 20 0.00%*
CL LIT AF right -0.80 20 0.00%%*
CL LIT ATR left -0.55 20 0.02*
CL LIT _ATR right -0.57 20 0.01*
CL LIT CC_1 -0.81 20 0.00%%*
CL LIT CC_ 2 -0.84 20 0.00%%*
CL LIT CC_3 -0.84 18 0.00%%*
CL LIT CC 4 -0.55 15 0.04*
CL LIT CC_5 -0.56 18 0.02*
CL LIT CC_6 -0.73 20 0.00%**
CL LIT CC_7 -0.70 18 0.00**
CL LIT CG _left -0.84 20 0.00%%*
CL LIT CG right -0.78 20 0.00%**
CL LIT CST left -0.58 20 0.01*
CL LIT CST right -0.50 20 0.04*
CL LIT FPT left -0.74 20 0.00%%*
CL LIT FPT right -0.67 20 0.00**
CL LIT ICP_left -0.33 20 0.18
CL LIT ICP_right -0.09 20 0.72
CL LIT IFO_left -0.28 17 0.30
CL LIT IFO right -0.56 18 0.02*
CL LIT ILF left -0.57 19 0.02*
CL LIT ILF right -0.52 17 0.04*
CL LIT MCP_BI -0.21 20 0.38
CL LIT OR left -0.35 15 0.23
CL LIT OR right -0.57 14 0.04*
CL LIT POPT left -0.44 20 0.07
CL LIT POPT right -0.24 19 0.33
CL LIT SCP_left -0.28 20 0.25
CL LIT SCP right 0.16 20 0.51
CL LIT SLF III left -0.68 20 0.00%*
CL LIT SLF III right -0.80 20 0.00%%*
CL LIT SLF 1II left -0.65 19 0.01*
CL LIT SLF 1II right -0.77 20 0.00%**
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CL
CL
CL
CL
CL
CL
CL
CL
CL
CL
CL
CL
CL
CL
CL
CL

LIT SLF I left

LIT SLF I right
LIT STR left

LIT STR right

LIT ST FO_left
LIT ST FO_right
LIT ST PREM left
LIT ST PREM right
LIT T OCC left
LIT T OCC right
LIT T PAR left
LIT T PAR right
LIT T PREM left
LIT T PREM right
LIT UF left
LIT UF right

-0.83
-0.72
-0.67
-0.63
-0.68
-0.63
-0.76
-0.74
-0.35
-0.61
-0.54
-0.34
-0.66
-0.71
-0.59
-0.65

20

0.00%**
0.00**
0.01%*
0.01%*
0.00**
0.01%*

0.00%**

0.00%**

0.21
0.03*
0.02*

0.18

0.00**

0.00**
0.01*

0.00**

*p <,05, ¥*p < 0,01, ***p < 0,001; MS,= multiple sclerosis; NDI = neurite density index; CL= cortical lesions
count; n = number of observations; AF = arcuate fascicle; ATR = anterior thalamic radiation; CC = corpus
callosum; CC_1 = rostrum; CC_2 = genu; CC_3 = rostral body; CC_4 = anterior midbody; CC_5 = posterior
midbody; CC_6 = isthmus; CC_7 = splenium; CG = cingulum; CST = corticospinal tract; FPT = fronto-pontine
tract; ICP = inferior cerebellar peduncle; IFO = inferior occipito-frontal fascicle; ILF = inferior longitudinal
fascicle; MCP = middle cerebellar peduncle; OR = optic radiation; POPT = parieto-occipital pontine tract; SCP

= superior cerebellar peduncle; SLF I = superior longitudinal fascicle I; SLF_II = superior longitudinal fascicle
II; SLF_III = superior longitudinal fascicle I1I; STR = superior thalamic radiation; ST FO =
striato-fronto-orbital; ST PREM = striato-premotor; T OCC = thalamo-occipital; T PAR = thalamo-parietal;
T PREM = thalamo-premotor; UF = uncinate fascicle.
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