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Neuroinflammation, neurodegeneration and demyelination of brain, spinal cord and
optic nerves are attributed to multiple sclerosis (MS) pathogenesis. Conventional
magnetic resonance imaging (MRI) is mainly used for evaluation of inflammatory
activity and diffuse atrophy in diagnosis and follow-up in MS. Diffusion tensor imaging
(DTI) implementation makes it possible to reveal microstructural alterations in normal
appearing white matter tracts, undetectable in conventional MRI. Positron emission
tomography (PET) in vivo molecular imaging of activated microglia with translocator
protein (TSPO) binding radioligand, provide additional information on the
inflammatory activity in normal appearing white matter (NAWM) as well as in the
differentiation between the chronic active and inactive MS lesion type. Combination of
both imaging modalities will enable a better understanding of MS pathology and can
possibly contribute to the prediction of a progressive course of the disease.

The aim of this research was to evaluate structural and molecular brain changes using
combined MR and PET in vivo imaging techniques in MS patients compared to healthy
controls (HC), with correlational analyses of DTI data to TSPO-PET radioligand
binding. The data of 55 MS patients with both RRMS (n = 40) and SPMS (n = 15)
disease types and 15 healthy subjects were acquired from previously performed MS
imaging studies in Turku PET Centre.

KEYWORDS: Multiple sclerosis, diffusion tensor imaging, PET, MRI, disease
progression
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REVIEW OF LITERATURE

1.1 Multiple sclerosis

Multiple sclerosis (MS) is a common progressive inflammatory and neurodegenerative
disease of the central nervous system (CNS), affecting approximately 2.3 million people
worldwide (Browne et al., 2014). Typically, MS starts between the second and fourth
life decade, progressing over time. Autoimmune in its nature, it begins with
inflammatory chain reaction, when peripheral autoreactive immune cells migrate into
the CNS and attack the myelin structures, forming focal inflammatory lesions.
Development of sclerotic lesions in brain, spinal cord, optic nerves, and attributed to it
chronic neuroinflammation and neurodegeneration, therefore leading to the

accumulation of physical and cognitive impairment.
1.1.1 Epidemiology

The aetiology of MS is not yet fully understood, but multiple genetic (Baranzini and
Oksenberg, 2017) and environmental risk factors (O’Gorman et al., 2012) i.e. hereditary
predisposition, immunological and hormonal changes and their interactions are believed
to contribute to the disease development. Geographical location and incidence rate also
display a link: regions farther from the equator are in a high-risk group for disease
onset. Low sun exposure at higher latitudes is likely to cause vitamin D deficiency, that
is a one of the risk factors for MS (Kocovska et al., 2017). Other risk factors include
smoking, viral infections (EBV, human herpes virus) and microbiome composition

(Olsson et al., 2016; Tremlett and Waubant, 2017).
1.1.2 Diagnosis and course of the disease

There is no single diagnostic test for MS today, therefore clinical assessment, including
magnetic resonance imaging (MRI) and spinal fluid analysis used to support the
diagnosis. MRI visualize brain white matter abnormalities and mainly employed for
diagnosis and follow-up of the disease. Cerebral fluid analysis investigates the
immunoglobulin (IgG) level and is an additional diagnostic test used to support the
demyelinating nature of the neurological condition. Nevertheless, clinical symptoms

and course of the disease are heterogeneous among the MS patients, thus standardized
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guideline for diagnosis have been proposed. The gold standard for MS is the revised
McDonald criteria (Thompson et al., 2018), based on the concept that lesions appear in
different CNS parts, i.e. disseminate in space (DIS), and accumulate within years i.e.
disseminate in time (DIT). The first clinical episode with neurological symptoms and
sign of demyelination referred to as clinically isolated syndrome (CIS). It is usually
isolated in time and space (i.e. monophasic and monofocal). Long-term risk of transition
from CIS to clinically definite MS (CDMS) is very high, with 60-80% for subjects with
abnormal MRI onset, and about 20% for subjects without present lesions (Miller et al.,
2012). Several prognostic factors were named that predict the transition: number,
volume and site of lesions, notably contrast-enhancing, brain atrophy, serum anti-MOG

and anti-MBP antibodies and evoked potential test findings (Bergamaschi, 2007).

As the disease progresses, patient with more than two relapses and clinical evidence of
newly formed lesions meet diagnostic criteria for relapsing-remitting MS form. RRMS
form is the most common among the patients and associated with repeating attacks or
periodic neurological symptoms with partial or complete recovery. Symptoms may
include weakness of the lower or upper limbs, numbness or tingling, bowel and urinary
disturbance, loss of coordination, blurred vision. Most of the RRMS patients (50-60%)
eventually enter a secondary progressive phase (SPMS), when worsening of clinical

condition of the patient, independent of relapses, lead to permanent disability.

Disability

Figure 1. Schematic representation of MS progression.
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It has been shown that disease advance associates with age: median age of MS patients

with risk of converting to the secondary progressive phase of the disease is at 40-55

years, with median time to a secondary progression of 20 years (Koch et al., 2010).

The SPMS diagnosis cannot be defined at once, as the accumulation of neurological

deficit is often slow and ambiguous. Therefore, evaluation of the neurological

impairment of the patient is done according Kurtzke Expanded Disability Status Scale

(EDSS) (John F.Kurtzke, 1983). This method provides a scale from 0 to 10 with 0.5

steps, where 0 correspond to no disability and 10 - to death of the patient due to MS.

EDSS include Functional Systems (FS), graded separately (Table 1).

Table 1. Expanded disability status scale in the evaluation of clinical disability in MS
(modified from Kurtzke et al 1983).

EDSS | Definition

0.0
1.0
1.5
2.0
2.5
3.0

3.5

4.0

4.5

5.0

5.5

6.0

Normal neurologic exam (all grade 0 in FS)

No disability, minimal signs in one FS (one FS grade 1)

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

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

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

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

Fully ambulatory without aid or rest for walk > 500 meters; self-sufficient, up
and about some 12 hours a day despite relatively severe disability consisting of
one FS grade 4 (others 0 or 1), or combinations of lesser grades exceeding
limits of previous steps

Fully ambulatory without aid or rest for walk > 300 meters; up and about much
of the day, able to work a full day, may otherwise have some limitation of full
activity or require minimal assistance; characterized by relatively severe
disability, usually consisting of one FS grade 4 (others 0 or 1) or combinations
of lesser grades exceeding limits of previous steps

Ambulatory without aid or rest for walk > 200 meters; disability severe enough
to impair full daily activities. Usual FS equivalents are one grade 5 alone,
others 0 or 1; or combinations of lesser grades usually exceeding specifications
for step 4.0.)

Ambulatory without aid or rest for walk > 100 meters; disability severe enough
to preclude full daily activities

Intermittent or unilateral constant assistance (cane, crutch, or brace) required to
walk about 100 meters with or without resting
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6.5 Constant bilateral assistance (canes, crutches, or braces) required to walk about
20 meters without resting
7.0 Unable to walk beyond about 5 meters even with aid, essentially restricted to

wheelchair; wheels self in standard wheelchair and transfers alone; up and
about in w/c some 12 hours a day

7.5 Unable to take more than a few steps; restricted to wheelchair; may need aid in
transfer; wheels self but cannot carry on in standard wheelchair a full day; may
require motorized wheelchair

8.0 Essentially restricted to bed or chair or perambulated in wheelchair but may be
out of bed itself much of the day; retains many self-care functions

8.5 Essentially restricted to bed much of the day; has some effective use of arm(s);
retains some self-care functions

9.0 Helpless bed patient; can communicate and eat

9.5 Totally helpless bed patient; unable to communicate effectively or eat/swallow

10.0 Death due to MS

1.1.3 Disease mechanisms

Neuroinflammation and neurodegeneration are both attributed to MS pathology, but it is
still remained unknown what is the driving force of the disease progression. Animal and
immunological studies showed that the early stage of the disease is mainly associated
with peripheral immune activity, whereas progressive stage is manifested by immune
reaction within CNS (reviewed in Friese et al., 2014; Baecher-Allan et al., 2018).
Chronic inflammation, myelin loss, neuronal and axonal degeneration lead to the
formation of sclerotic scar or plaque, that is the hallmark of MS pathology. The
consequence of myelin loss is in disruption of axon saltatory conduction and electric
signal propagation, resulting in physiological symptoms as numbness, tingling,

paraesthesia and dysfunction of organ systems.

Multiple sclerosis is considered as an autoimmune disease caused by a breakdown of
control mechanisms, regulating self-reactive lymphocytes. Current model of disease
mechanism suggests that initial activation of peripheral lymphocytes is the first step in
pathological MS cascade, followed by proliferation of T-cells and their migration across
the blood brain barrier (BBB) into the CNS. By secretion of pro-inflammatory
cytokines (TNFa, IFNy) and chemokines, activated T-cells contribute to BBB
disruption and entering into CNS. Invading across the barrier, they auto-react on
presented in the CNS self-antigens e.g. myelin, therefore promoting the recruitment of

other inflammatory cells: macrophages, cytotoxic T-cells and B-cells. Consequently,
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accumulation of T- and B lymphocytes driving the immune response further, through
recruitment of microglia and macrophages in the brain parenchyma (Hemmer et al.,

2015).

Activated microglia and macrophages attribute to chronic inflammation through
secretion of neurotoxins — reactive oxygen and nitrogen species, glutamate and
chemotactic cytokines, that evokes an oxidative stress and leads to mitochondrial
dysfunction and oligodendrocyte damage (Correale, 2014). In turn, imbalance of
glutamate leads to increase of Ca®" and Na?" concentration, causing neuronal apoptosis
and necrosis, resulting in neuroaxonal injury (Paling et al., 2013). Beside activated
microglia, reactive astrocytes have been also considered to play role in a progression
mechanism. Like microglia, activated astrocytes have been suspected in secretion of
pro-inflammatory cytokines, chemokines, reactive oxygen and nitrogen species,
therefore causing oxidative stress and contributing to neural tissue damage (Ponath et

al., 2018).

B cells are another potential candidate in MS progression, playing its role by antigen
representation, antibodies secretion and production of abnormal pro-inflammatory
interleukin ratios (Amit et al., 2010). All aforementioned factors, together with
excessive secretion of tumour necrosis factor (TNFa), unequivocally contribute to
injury of neuronal structures. Lymphoid structures containing B-, T- and plasma cells
are often found in the close proximity to meningeal space of majority SPMS patients
(Barbara et al., 2006), forming a complex of cell population within CNS, independent
from peripheral immune activity (Magliozzi et al., 2007). It has been shown that the
presence of ectopic follicle-like structure associated with increased cortical atrophy and
cortical demyelination, lower median age at disease onset, time to disease progression
and increased clinical disability in SPMS patients (Magliozzi et al., 2007; Howell et al.,
2011).

1.1.4 Role of microglia in MS

This study is focused on the event of chronic microglial activation during the CNS
neuroinflammation, that is considered to be a key-factor in MS progression. Microglia
are the resident immune cells of the CNS, present at a low level in a healthy brain and
responsible for its homeostatic regulation. Together with macrophages, microglia have a

number of functions, important for CNS maintenance, for example involvement in
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synaptic plasticity in the adult brain, innate immunity, neuronal programmed cell death

(Bogie et al., 2014).

Homeostatic microglia cells survey the brain parenchyma, detecting the pathogens or
the signaling from the apoptotic cells. Dependent on a molecular signaling factors from
injury or pathogen invasion, ramified microglia can either proliferate into reactive pro-
inflammatory (M1) phagocytic phenotype, or to an alternatively activated (or M2) anti-
inflammatory type (Boche et al., 2013).

M1-like
microglia //‘{

I

e — -
i Inflemmatory NEUROTOXICITY
4{ Y g Factors

. {
I
h—
Homeostatic J.P;,:’ I
microglia M2-like 7|

microglia/ * "'-.//,___-:_/_'Z-e
(& Vgl ’ Neurotrophic

e
B O Factors

Figure 2. Microglia activation patterns. Th1/Th2/Th17 stands for the T helper cells, T

» NEUROPROTECTION

reg is the regulatory T cell (Modified from Pacheco et al., 2012).

The pro-inflammatory “activated” microglia accumulate at the site of injury,
phagocytosing cellular debris of the damaged cells, or killing the potential pathogens.
Beside the phagocytosis, activated microglia secrete and release inflammatory factors,
such as cytokines and cytotoxic substances, therefore promoting oxidative stress, that
can cause the collateral damage to the adjacent cells. During the episode (or attack), the
activated microglia stimulate the recruitment of monocytes from the peripheral
bloodstream and their infiltration into the CNS. The inflammatory monocytes and
activated microglia at the lesion site in turn reactivate the infiltration of autoagressive T-
cells into the CNS, that considered to sustain the chronic inflammatory reaction in MS.
On the other hand, the protective M2 cells phenotype contribute to potential tissue
repair, by expressing anti-inflammatory and immune-regulatory mediators. Animal

studies of experimental autoimmune encephalomyelitis (EAE) model of multiple
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sclerosis showed, that imbalance towards pro-inflammatory (M1-like) macrophages
and microglia activation patterns induce relapse occurrence (Mikita et al., 2011). This
finding suggests that imbalance in M1/M2 macrophages/microglia equilibrium might be

a key element in the chronic inflammatory process in progressive MS.

In early MS, monocyte-derived macrophages, microglia and anti-inflammatory myelin-
laden foamy macrophages are often abundantly present in the active demyelinating
lesions and may play a neuroprotective role by stimulating remyelination. However, in
chronic active lesions the microglia and macrophages are concentrated around the
sclerotic tissue, at the edge of the lesion site (Frischer et al., 2015). These lesions are
called “the smoldering” plaques, and often found during the progressive MS phase (Dal-
Bianco et al., 2017). Activated microglia is also found in the absence of the lesions,
throughout the normal appearing white and grey matter (Seewann et al., 2009; Haider et
al., 2014). The presence of diffused activated microglia in non-lesional brain matter
may precede the new lesions formation and have been considered as progression
predictor (Kutzelnigg et al., 2005). In fact, activated microglia can be detected with
TSPO-PET imaging (Banati, 2002) or quantitative susceptibility mapping (QSM)
modality (Gillen et al., 2018).

1.1.5 MS treatment

There are several defined types of MS today: 85% of people with MS has a relapsing-
remitting form of the disease onset, following with transitioning to a secondary
progressive form. About 10% are diagnosed with primary-progressive (PPMS) form
onset, characterized with insidious worsening symptoms without relapses (Goldenberg,
2012). All forms have different underlying pathophysiology and hence need to be

treated in appropriate to disease type way.

Current MS therapies only provide modulation of the immune system or immune
suppression for patients in the early stage of the disease, reducing the inflammatory
activity and delaying the disease progression. Disease modifying treatment (DMT) is
believed to be the most effective during the early, inflammatory MS phase, when EDSS
has not yet reached the score of 3. This EDSS status has been considered as the starting
point of accumulation of irreversible neurodegeneration (Leray et al., 2010).

Unfortunately, there is no curative treatment available for MS today and no treatment
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available to slow down the disease at its secondary-progressive stage (Costello et al.,

2014).

Two longitudinal sub-studies in this thesis investigated disease modifying treatment
effect on MS, including fingolimod (Gilenya®) and natalizumab (Tysabri®).
Fingolimod, or FTY720, is the oral immunomodulatory drug, which targets
sphingosine-1-phospate (S1P) receptors, that results in suppression of T cells migration
into the CNS, promotes oligodendrocyte survival, causes astrocytes migration and plays
role in neurogenesis (Chun and Hartung, 2010; Dev et al., 2008). Fingolimod treatment
resulted in a lower relapses rate, reduction in brain volume loss and favourable brain
MRI outcome in RRMS patients in Phase III clinical trials (De Stefano et al., 2017,
2016), however only 25% of progression rate reduction was shown in FREEDOMS-II
trial (Gajofatto et al., 2015).

Natalizumab is a humanized monoclonal antibody, a4-integrin antagonist, considered
as a second-line treatment against highly-active RRMS form. The action mechanism of
natalizumab is in the inhibition of lymphocyte migration into the CNS, by binding to
a4Bl-integrin and blocking vascular-cell adhesion molecules interaction. Several
studies, including Phase III trials (Polman et al., 2006; McCormack, 2013) showed
significantly reduced relapse rate and risk of progression in RRMS patients, compared
with placebo group. Moreover, treatment resulted in reduced number of new T2-
hyperintense and T1-hypointense lesions, and also reduced the volume of both T2 and
T1-lesions (Miller et al., 2003; Piehl et al., 2011). Despite positive outcomes,
natalizumab treatment resulted in adverse events such as headache, fatigue, urinary tract
infection among the most common, and showed the risk of developing progressive
multifocal leukoencephalopathy (PML), when exposure to drug lasted longer than 2
years (Bloomgren et al., 2012).

Since natalizumab prevents lymphocytes trafficking into the CNS, it has been
hypothesized whether natalizumab treatment might be beneficial for progressive MS by
reducing the chronic intrathecal inflammation and number of pro-inflammatory
cytokines (Sellebjerg et al., 2016). According Christensen and Cadavid (Romme
Christensen et al., 2014; Cadavid et al., 2013), short-term natalizumab studies showed a
promising potential in SPMS treatment, with improvement in Timed 25-Foot Walk
(T25FW) and magnetization transfer ratios in NAWM and cerebral cortex of

progressive MS patients. Natalizumab efficacy in reduction of disability progression in
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advanced SPMS had been under 2 years investigation in ASCEND trial, but
controversially with previous short-term studies, it did not show delay in disease
progression, but showed the improved 9-Hole Peg test (9HPT) results (Hartung et al.,
2017).

1.2 Imaging of multiple sclerosis

Imaging of multiple sclerosis in the clinical setting is often restricted to a conventional
MRI (cMRI) modality, that only capable to identify the sclerotic plaques and brain
atrophy, allowing to monitor the disease evolution. Contrast enhancement (e.g.
gadolinium) allows to detect the acute lesions in T1-weighted images (Filippi, 2000).
However, the gadolinium uptake is restricted only to an active MS phase, when the
BBB is not intact (Soon et al., 2007), moreover, the gadolinium itself may cause the
potential adverse effects (Dillman et al., 2007). Unfortunately, cMRI not able to detect
the diffuse pathological changes or the metabolic changes of the brain.

To overcome the limitations of cMRI, the combination of both PET and DTI imaging
modalities may enable a better understanding of hidden MS pathology, not visible using
conventional MRI. Diffusion tensor imaging is a sensitive marker for assessment of
pathology related structural alterations in the brain (Alexander et al., 2007). On the
other hand, quantification of microglial activation with translocator protein binding
radioligand [''C](R)-PK11195 positron emission tomography (PET) allows the
measurement of neuroinflammation in vivo (Debruyne et al., 2003; Vivash and O'Brien,

2016).
1.2.1 Conventional magnetic resonance imaging (MRI)

Conventional MRI has become a powerful tool in the clinical routine of MS diagnosis
and disease activity follow up (Filippi and Rocca, 2007). In the clinical setting, T1- and
T2- weighted imaging with a contrast agent application and fluid-attenuated inversion
recovery (FLAIR) are generally included in MR imaging protocol. T1-weighted brain
imaging is mainly used to identify the pathological changes, while T2-weighted
sequence has shown a better differentiation between grey matter (GM) and white matter
(WM), and considerably improved structural tissue resolution. FLAIR sequence allows
to detect pathological changes in the areas, affected by cerebrospinal fluid (CSF)

artifacts (periventricular region), or by partial volume effects (gray/white matter
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junction, brain stem) (De Coene et al., 1992). Despite being a cornerstone in detecting
brain structural abnormality, conventional MRI imaging protocol is not able to access

the brain’s complex axonal architecture.

Several MRI-based techniques, including magnetization transfer ratio (MTR) imaging,
quantitative susceptibility mapping (QSM), proton 1H-MR spectroscopy and diffusion
weighted imaging (DWI) has sufficiently improved the ability to evaluate the disease
burden. This study is focused on diffusion weighted imaging, and consequently
diffusion tensor imaging, that is a sensitive tool for a non-invasive visualization of

axonal organization of the brain.

1.2.2 Diffusion tensor imaging (DTI)

Diffusion tensor imaging has become a powerful MR imaging tool in diagnostic
applications in the last decade. It has been widely used in surgical interventions of brain
tumours (Pujol et al., 2015), detection of ischemia (Fragata et al., 2017) and traumatic
brain injury (Hulkower et al., 2013). Pathological processes and ageing can affect the
brain tissue integrity, at the same time the diffusion of water molecules is highly
sensitive to changes in the cells microstructure. With implementation of DTI technique,
it is possible to interpret the measured diffusivities and diffusion anisotropy, thereby

revealing the brain matter alterations at the cellular level.

1.2.2.1 Physical basis and the principle of DTI

Diffusion weighted imaging is an MR based technique. Measurement of the MR signal
attenuation, caused by the movement of water molecules is the principal application of

DTI (Alexander et al., 2007).

DTI uses magnetic properties of the most abundant (55-75%) (Popkin and Rosenberg,
2011) in the human body water molecules, that consist of two hydrogen and oxygen
atoms. The hydrogen nuclei, consisting from protons and neutrons, have a net positive
charge and a characteristic motion, producing a small angular momentum. When human
body is placed inside of the magnet and high magnetic field (BO) is applied, the nuclear
spins are aligned parallel (low-energy state) and anti-parallel (high-energy state) to the
external field, creating a net magnetic moment M. When a radio frequency (RF) is
shortly applied, perpendicular to the magnetic field BO, it causes the absorption of

energy by low-energy state nuclei, so the net magnetic momentum is changed. The
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hydrogen nuclei best absorb energy with a specific “resonance frequency”, that
dependent on the magnetic field strength. The resonance frequency (or Larmor

frequency ) can be derived from the Larmor equation (1):

o =7 * BO, (1)
where y is the gyromagnetic ratio constant;
v (*H) =2.675 x 10® rad/s/T or 42.58 MHz/T

Switching off the RF signal causing the anti-parallel nuclei to realign back, parallel to
B0, by the relaxation process. The energy, emitted during the relaxation, induce a
voltage, that can be detected by a conductive receiver coil, placed around the object.
The signal intensity is then reconstructed by Fourier transform to obtain a three-

dimensional grey-scale magnetic resonance image (Guy and Ffytche, 2005).

Localizing the MR signal at the specific region of the interest require using the gradient
coils, that produce the linear magnetic field inhomogeneities. Gradients can be applied
in three dimensions Gx, Gy, Gz by controlling the strength and polarity. Different brain
areas have various proton density, that define the slower/faster rate of the relaxation,
therefore producing higher or lower MR signal intensity. To detect the movement of
water molecules within the cellular structures and reconstruct this, as a signal within the
voxel of diffusion-weighted images, several gradient directions have to be applied. The
diffusion-encoding gradient can be represented as 3D vector q, oriented in the direction

of diffusion and having a length, proportional to the gradient strength:
q=7* 06 * Guiff, (2)

where 9§ is the duration of the diffusion-encoding gradient, Gaitris the diffusion gradient

strength, v is the gyromagnetic ratio constant;

The diffusion weighting can be expressed as a b value (b ~ g° * AT), that proportional to
the diffusion time interval, multiplied to the squared strength of the gradient (Hagmann

et al., 2006).

Mathematical model, called “tensor”, which defines the shape of the 3D ellipsoid, is
used to measure the diffusion anisotropy. At least 6 gradient directions of linear

inhomogeneous magnetic fields are required to obtain the signal, needed for the tensor
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reconstruction. The six parameters, such as the length of the longest (A1), middle (A2)
and shortest (A3) axes or “eigenvalues”, and three-unit vectors or “eigenvectors” v1, v2,
and v3, describe the axes orientation in space (Figure 3). The “diffusion ellipsoid”
represents directions of the diffusivities: parallel to the white matter tracts, or axial
diffusivity (AD), and perpendicular to the fibers, or radial diffusivity, RD = (A2+A3)/2.
The mean diffusivity (MD) is an average value of all three eigenvalues, that defines the
mean-squared displacement of water molecules within the voxel, reflecting the
magnitude of diffusion independent of anisotropy, MD = (A1+A2+A3)/3 (Le Bihan et al.,
2001). Another important parameter widely used in DTI is the fractional anisotropy
(FA), enable to quantify the preferential diffusion directionality along WM tracts.

Figure 3. Parameters defining the tensor model A) eigenvalues, B) eigenvectors.

(Modified from Mori, 2007).

The isotropic diffusion model represents an ideal sphere shape with FA value of 0,
whilst FA value of 1 stands for anisotropic diffusion and can be visualized as an
ellipsoid (Figure 4). At least 20 gradient directions are necessary for FA estimation, and
minimum 30 sampling orientations are required for robust tensor reconstruction and

calculation of mean diffusivity (Jones, 2004).
1.2.2.2 Biological basis of diffusion in the brain

Anatomical regions of the brain are defined by different microstructural organization,
that in turn interpret the movement of water molecules. The biological sources of the
anisotropy are the axonal membranes and the cytoskeleton, containing the
neurofilaments and microtubules. The myelin sheath can prevent the diffusion in the
direction, perpendicular to the axon (Winston, 2012). In the brain, CSF diffusion within

the ventricles is not restricted by the presence of the cells, therefore it is high and
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isotropic, i.e. directionally independent. On the contrary, the grey matter region,
represented by the cell bodies, has slow and isotropic diffusion, while axonal

organization of white matter determine the anisotropic and high diffusivity (Figure 4).

CSF
White matter
Isotropic
P Anisotropic
High diffusivity High diffusivity

Grey matter

Isotropic

Low diffusivity

Figure 4. Water diffusion within the brain regions.

Demyelination and axonal injury are the pathological features of multiple sclerosis,
resulting in loss of highly organized fibers structure and myelin integrity (Lassmann et
al., 2001). As a result, water molecules diffusion in the damaged area is no more
hindered in the parallel and perpendicular directions to the tracts. Several studies have
demonstrated the FA reduction and increase in MD in white matter, NAWM and
lesions, visible in T2-weighted MRI in MS, compared to healthy controls (Symms et al.,
2004; Werring, 2000; Castriota-Scanderbeg et al., 2003; Kim et al., 2017; Roosendaal et
al., 2009). The greater increase in diffusivity often indicating disorganization of the
fibers, correlated with disease duration and was more prominent in the advanced phase
of the disease (Scanderbeg et al., 2000). RD change suggested the demyelination
patterns within the lesions and in non-lesional tissue (Klistorner et al., 2016, 2015;
Roosendaal et al., 2009). Altered AD is attributed to axonal loss, that takes place in
acute MS lesion and progresses over time. Associations between reduced tract integrity
and EDSS have also been found (Harrison et al., 2013; Onu et al., 2012; Ciccarelli et
al., 2001).

13



Svetlana Bezukladova

However, the interpretation of change in diffusion should be done carefully, as the
diffusion tensor is an oversimplified model of the diffusion in the biological tissues. The
acquisition artifacts and low SNR, issues with fiber crossing/merging, and the presence
of more than one fiber in a voxel may produce the misleading results (Wheeler-
Kingshott and Cercignani, 2009). To overcome the limitations of the ellipsoid diffusion
tensor model, several advanced DTI techniques with complex models CHARMED
(Assaf and Basser, 2005) and NODDI (Zhang et al., 2012) have been developed.

1.2.3 Positron emission tomography

Positron emission tomography is a non-invasive, specific and highly sensitive nuclear
medicine imaging, that can be used for evaluation of metabolic changes within the
body. PET imaging has been utilized in the preclinical research and human studies,
related to oncology, cardiology, neurodegenerative and psychiatric diseases (Salata and
Singh, 2017; Nandu et al., 2018; Slifstein and Abi-Dargham, 2017; Cerami et al., 2017).
Subsequently, it has become an important tool in the detecting of brain
neuroinflammation in the last decade (Dupont et al., 2017; Airas et al., 2018). This
imaging technique is able to visualize the hidden pathological changes in vivo,

contributing to the understanding of disease pathogenesis.
1.2.3.1 Physical basis of PET imaging

Positron emission tomography utilize the detection of radioactivity from the
radiopharmaceutical, administered intravenously into the human body, where it binds
and interacts with specific targets in a tissue, therefore providing quantitative measure

of metabolic and cellular activity.

Principally, the PET tracer is composed of radioactive isotope, produced by the proton
accelerator, or cyclotron. The radionuclides of interest ('!C, ®F, O, ’N) are
biologically presented elements, that makes them directly applicable to animal and
human studies. The forementioned radioisotopes have a short half-life (Miller et al.,
2008), corresponding to the timescale of the studied biological event, thus reducing the
long-term risks, caused by the ionizing radiation and providing quick biodistribution
from the target. The next step of the compound synthesis is the internalization of the
radionuclide into a specific molecular structure (vehicle, ligand), that binds to a
corresponding target within the tissue. The radiotracer is required to have a

pharmaceutical quality, before being administered to a patient, thus the compound is

14



Svetlana Bezukladova

purified, formulated, sterilized and undergo quality assurance control. Following
intravenous administration, the unstable radioisotope decays with positron (")
radiation, colliding with surrounded electrons in the tissue. Consequently, PET is based
on detection of the annihilation coincidence (ACD) of the two opposed 511 keV y-rays,

emitted in a result of positron-electron annihilation in the medium (human body).

! Gamma-ray

511 keV —
gamma-ray _J/ ‘\\__
\\ ) | Positron-emitting
\\ / radionuclide

. A
Electron (=) %/
(=) x\ —

D g o
& Positron (+)
. / "\S\ y ‘ositron I. / \

-,

\\_ - ,/ \\\ I\\\___ _/ II

X
// ™ 511 keV
{ ) ': gamma-ray

Figure 5. Schematic ~ representation  of  PET signal acquisition.

(https://www.hamamatsu.com/jp/en/technology/innovation/pet/index.html)

The ionizing radiation is detected and measured by the highly sensitive gamma camera,
placed around the subject. Gamma camera imaging is often performed in two types -
static or dynamic, with dynamic imaging involves the acquisition of series of planar
images with varying distribution activity of radiopharmaceutical. Upon acquisition, the
raw data is reconstructed with Fourier transform and filtered-back projection, followed
by correction for scattering and attenuation (Zanzonico, 2012). The radioligand binding
count per voxel is proportional to activity concentration and quantified in terms of SUV

(standardized uptake value):

MBq /cm3oftissue

SUV =

)

MBgq injected/gm body mass
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However, the SUV measurement does not allow the pharmacokinetic modelling of
neuroreceptor binding, therefore the kinetic modelling, such as Logan plot, have been
utilized. The Logan plot calculates the neuroreceptor binding in a target tissue as the
distribution volume ratio (DVR), that is the proportion of the distribution volume (DV)
in target region to the DV in a reference region (free of specific binding). Therefore,
radioligand kinetics can be measured with a 2-tissue compartments model, utilizing the

calculation of non-metabolized tracer in the plasma as the function of time, or time

activity curve (TAC).
TARGET REGION
Ki > ks |
FREE + NS SPECIFIC
ko - Ka
Ki REFERENCE REGION
k; | FREE + NS

Figure 6. Two tissue compartmental model for TSPO imaging. K1 and k2 represent rate
constants for radioligand transport from plasma to tissue and vice versa; k3 and k4 are
the constant rates between the free and specific binding compartments. Modified from

(Turkheimer et al., 2007)

To reconstruct the TAC, repeated arterial blood samples are taken during the dynamic

PET imaging. DVR can be calculated with the equation (Logan et al., 1990):

_ k2 k4’ k3 _ Bmax _ 1
DVR= *pgro= 14 S =1+ =% = 1+ BP.KUR=K'1K2  (4)
kr2

where BP is the binding potential , Bmax is the receptor availability, Kq1is the equilibrium

dissociation constant, K1, k2, k3, k4, K’1, k’2 are the rate constants between the

compartments of target and reference tissues.

In order to avoid the unpleasant for the patient blood sampling during the imaging, the

reference-based Logan plot methodology have been developed (Logan et al., 1996). In
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reference region modelling, the curve is derived from the ROI (region of interest) with a
low radioligand binding (e.g. HC gray matter). The supervised clustering algorithm
(Turkheimer et al., 2007) have been implemented for automated creation of the
reference region and combined with a reference region modelling for robust quantitative

assessment of PET imaging.
1.2.3.2 Imaging microglia with PET

PET represents a unique tool for molecular imaging of neuroinflammation, contributing
to in vivo investigation of the brain pathological processes. Microglia activation have
been linked to a several neurodegenerative diseases, including multiple sclerosis (Bogie
et al., 2014), Alzheimer’s disease (AD) (Mosher and Wyss-Coray, 2014) and
Parkinson’s disease (PD) (Moehle and West, 2015). Consequently, PET imaging allows
for in vivo detection of microglial and macrophages activation (Banati et al., 2002),
reactive astrocytosis (Gulyas et al., 2011; Tronel et al., 2017) and can potentially be
translated from animal to human studies for myelin content detection (Stankoff et al.,

2006; Wang et al., 2009).

Various radioligands have been developed for the imaging of neuroinflammation in
humans, but translocator protein binding radioactive tracers have been stated as the
most prominent ones (Vivash and OBrien, 2016). [''C](R)-PK11195 or ([N-methyl-
1C]-1-(2-chlorophenyl)-N-(1-methylpropyl)-3-isoquinolinecarboxamide is the most
used highly selective TSPO radioligand up to date (Liu et al., 2014), although numerous
2" generation TSPO radioligands have been developed and studied (Colasanti et al.,
2014; Takano et al., 2013; Poutiainen et al., 2016). TSPO is the 18 kDa translocator
protein, formerly called as the peripheral benzodiazepine receptor (BPR) (Papadopoulos
et al., 2006), located primarily in the outer mitochondrial membrane and present in a
low level of glial cells of the heathy brain. In response to neuronal injury, TSPO is over-
expressed in microglia and astrocytes (Chen and Guilarte, 2006; Lavisse et al., 2012),

thus being a sensitive probe to target neuroinflammation (Rupprecht et al., 2010).

In vivo and post-mortem immunohistochemical human studies showed that TSPO is
upregulated in brain pathological conditions in MS, AD, PD and ALS (amyotrophic
lateral sclerosis), Huntington disease (HD), frontotemporal dementia, ischemic stroke
and encephalitis (reviewed in Cerami et al., 2017; Cosenza-nashat et al., 2009; Kannan

et al.,, 2009). Increased specific [!!{C]PK11195 binding, quantitatively evaluated as
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binding potential (BP) or distribution volume ratio (DVR), has been detected in NAWM
and perilesional WM areas in SPMS patients, compared to RRMS or HC, and was
associated with a high concentration of activated microglia at the lesions periphery

(Politis et al., 2012; Rissanen et al., 2014; Debruyne et al., 2003).

["C)-TSPO lligand
o Annhilation
y-photons

* V ¥
= PET Scanner

Activated microglia/macrophage
labeled with ["'C]-TSPO ligand

Mitochondria

Figure 7. Imaging microglia with ['!C]PK11195 PET radioligand. (Modified from
Venneti et al., 2013).

Despite being considered as a gold standard among TSPO-ligands, ['C]PK11195 have
several limitations: high lipophilicity causing a non-specific binding (Shah et al., 1994),
low signal-to-noise ratio (Kobayashi et al., 2018), low bioavailability and binding to

blood cells and plasma proteins (Turkheimer et al., 2015).

A previous study in our research group was performed on MS patients in early RRMS
(n = 10) and late SPMS disease stage (n = 10), with comparison to a healthy control
group (n = 17). The MS cohort showed a significant association of reduced FA in
NAWM with disability and age. Also, increased [!!C]PK11195 binding in NAWM
showed a correlation with brain atrophy, reduced FA in NAWM and increased lesion

volume (Rissanen et al., 2018).
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2 AIMS OF THE STUDY

To further substantiate previously acquired results, a larger group size was studied (n =
55), covering the full spectrum of disease progression (RRMS: n = 15, RRMS close to
progressive stage conversion: n = 25, SPMS: n = 15), with comparison to a sex and age-
matched control group. In addition, four DTI parameters were investigated in the whole

and segmented NAWM, compared to PET findings.

Hypothesis: Microglial activation associates with normal appearing white matter

structural damage in multiple sclerosis.

The main aim of the study was to evaluate structural and molecular brain changes in the
pooled MS patients’ cohort, using combined DT-MR and PET imaging with

comparison to healthy controls, and:

1) Perform DTI analysis in the whole NAWM and segmented NAWM of MS
cohort, to evaluate differences in DTI abnormalities between MS subtypes
compared to HC;

2) Evaluate the possible correlations of [''C]PK 11195 PET binding to white matter
tracts integrity in MS;

3) Evaluate the possibility of treatment response assessment with DTI analysis in

MS.
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3 METHODS

3.1 Participants

The imaging data was acquired from the “KADEPET-RRMS” and “KADEPET-SPMS”
substudies, already carried out as part of the “Imaging CNS adenosine receptor
expression in patients with Multiple sclerosis, Huntington’s disease and Parkinson’s
disease using positron emission tomography (KADEPET) research project. In addition,
baseline data from the ongoing study named “Role of microglia in the pathogenesis of
progressive multiple sclerosis (PROMS)” was utilised. All of the forementioned studies
have previously been approved by the Ethics Committee of the Hospital District of
Southwest Finland. All study subjects had given their written, informed consent before

entering the study.

The KADEPET-RRMS project has provided data for 10 RRMS patients, 28-53 years
old. DTI with 64 gradient directions have been acquired at baseline, 2 and 6 months
from the initiation of fingolimod treatment. The TSPO-PET imaging results of this
cohort have already been reported earlier (Sucksdorff et al., 2017).

KADEPET-SPMS study included 20 patients, 29-64 years old, with both SPMS (n =
15) and RRMS (n = 5) types of MS. 6 SPMS patients and 4 RRMS patients were
initiated on natalizumab treatment after the baseline imaging, whereas 10 patients (9
SPMS and 1 RRMS) without any disease modifying treatment served as a negative
control group. [''C]PK11195 PET and 33 directions DTI imaging were performed at
baseline and after one year for all patients. A separate manuscript describing the TSPO-

PET imaging data in this project is being prepared.

PROMS is an ongoing project evaluating disease progression, that include baseline
imaging with TSPO-PET, MRI with DTI and clinical evaluation, and yearly follow-up
with MR-imaging and clinical evaluation up to 5 years. All patients have been on
different DMTs at the baseline imaging. Three patients were taking Tecfidera (dimethyl
fumarate), 5 patients were on Gilenya treatment (fingolimod), 4 patients had Rebif 44
mikrog treatment (interferon beta 1-a s.c.), 4 patients received Copaxone (glatiramer
acetate), 2 were on Aubagio (teriflunomide) and other 2 on Avonex (interferon beta 1-a,

i.m.) treatment, while the rest of the patients (n = 5) had no treatment. PROMS study

20



Svetlana Bezukladova

imaging protocol included [''C]PK 11195 imaging and 64 gradient directions DTI for 25
RRMS patients, aged 40-60 years and 10 healthy controls, 21-52 years old. It is worth
noting that MS patients in this age group are in the risk of converting to the secondary
progressive phase of the disease, since the average age for the onset of the disease

progression is at the age of 50 years (Koch et al., 2010).

In addition, to complement the age matching of the control group to the fore mentioned
MS subgroups, four healthy controls, 48-58 years old were also included from NIMS-
PET project and one healthy subject, 52 years old, from VAMI project.

Pooled treated cohort (total n = 45) i.e. KADEPET-RRMS (n = 10) at 6 months,
KADEPET-SPMS (n = 10) at 1 year, PROMS (n = 25) at baseline (immunomodulatory
treatment in use at the time of imaging) and pooled untreated cohort (total n = 30) e.g.
KADEPET-RRMS (n = 10) at baseline, KADEPET-SPMS (n = 20) at baseline
(immunomodulatory treatment not in use at the time of imaging), were used to evaluate
potential DTI parameter changes in the normal appearing white matter, in comparison to

healthy controls, and in comparison to microglial activation evaluated with TSPO-PET.

Pooled cohort, including 55 MS patients, i.e. KADEPET-RRMS (n = 10) and
KADEPET-SPMS (n = 20) at baseline imaging, plus PROMS (n = 25), was used to

evaluate association between structural integrity and microglial activation in NAWM.
3.2 MRI/DTI data acquisition

Magnetic resonance imaging in all substudies was performed with 3T MRI Phillips
Ingenuity (Philips Healthcare, Cleveland, OH) scanner using a SENSE head coil.

Acquisition parameters of all substudies are shown in Table 2.

Table 2. MRI acquisition parameters used in KADEPET-RRMS, KADEPET-SPMS,
PROMS, NIMS and VAMI substudies.
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3.2.1 Pre-processing of the data

The raw MRI and DWI data was downloaded in DICOM format and converted to
NIFTI format with dcm2nii converter tool (Li et al., 2016). The lesions at the each time
point were identified with Lesion Segmentation Toolbox in SPM8 (The Wellcome Trust
Centre for Neuroimaging, Institute of Neurology, University College London) (Schmidt
et al., 2012), and then manually corrected slice by slice in FLAIR and T1-weighted
images. The T1 image was filled with the resulting lesion masks, following with

segmentation of grey and white matter with Freesurfer 6.0 software

(http://surfer.nmr.mgh.harvard.edu/). The segmentation processing consisted of

intensity normalization, skull-stripping, transformation into Talairach space and
cortical/subcortical structure segmentation. T1 and segmented WM and GM volumes
were then co-registered to MNI (Montreal Neurologic Institute) ICBM152 TlI
stereotaxic space template (Mazziotta et al., 2001). To create a NAWM mask, T2
hyperintense lesions were excluded from WM mask by segmentation with Lesion
Segmentation Tool (Figure 8). The binary NAWM mask also excluded the deep GM,

temporomedial regions, and cerebellum.

Sagittal Coronal

Figure 8. NAWM mask (blue) with excluded T2 lesions (yellow) overlapped with T1-
weighted image (slice coordinates X =77, Y =109, Z=77).

Six NAWM regions (deep WM, cingulate, frontal, temporal, occipital, parietal) were
derived with Freesurfer atlas-based method, by parcellation of the subcortical WM

(Salat et al., 2009) and excluded corresponding T2 hyperintense lesions (Figure 9).
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Coronal

Figure 9. WM parcellation identified six ROIls: frontal WM (yellow), parietal WM
(blue), temporal WM (red), occipital WM (dark blue), cingulate WM (green), deep WM

(purple). Segmented lesions are shown in white.

The T2 lesion load was measured in the whole NAWM and segmented NAWM of the
three study groups. It was investigated whether the lesion burden affects the diffusion in
the white matter. Normalized lesion burden was calculated in each of the segmented
WM region by dividing the lesion volume in each segmented WM to the volume of the

associated region i.e. normalized lesion burden in segmented WM = lesion volume

within ROI / volume of ROL.

3.2.2 DTI analysis

The raw data was checked for artefacts with ExploreDTI v4.8.6 software

(http://www.exploredti.com) quality assessment tool and DTIPrep 1.2.7 software

(https://www.nitrc.org/projects/dtiprep/) (Oguz et al., 2014). Subjects with a large

number of artefacts (Figure 10) were excluded from further DTI analysis.
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Figure 10. Inter-slice and intra-slice intensity artefact in sagittal and coronal planes of

DWI data. LR (left-right), SI (superior-inferior), AP (anterior-posterior).

DWI data was pre-processed with ExploreDTI for motion, eddy current (EC) and
EPl/susceptibility induced distortion correction (Leemans and Jones, 2009). First, the
headers of T1 and DWI files were adjusted with “Flip/permute dimensions of *nii files”
plugin, then T1 image was masked with plugin “Mask 3D *nii files” with kernel size 3
and threshold of 0.02. To run the non-rigid EPI correction, diffusion tensor tensor
estimation method was set to RESTORE (robust estimation of tensors by outlier
rejection) approach (Chang et al., 2005), for both native and transformed data (T1-
weighted image was specified as a transformation space). The image type for
registration was specified as FA. The number of resolutions was set to 4 and

deformation axes were constrained to the anterior-posterior direction.

Figure 11. Diffusion tensor map with color-coded diffusion directions (right), fused

with T1 sagittal image (left). LR (left-right), SI (superior-inferior), AP (anterior-

posterior).
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After pre-processing, four maps of interest (FA, MD, AD, RD) were reconstructed from
the diffusion tensor map and co-registered in statistical parametric mapping (SPMS) to

corresponding T1-weighted image in MNI152 space.
3.3 PET radioligand production and image acquisition

[''C]COz radioisotope with 20.4 minutes half-life was in-house (PET centre) produced
with 18MeV proton bombardment of *N in cyclotron. The ''C was produced in-situ
into ''CO» via hot atom processes. ['!C]CO> was first converted to ['!C]CH4, directed
through iodine reactor, and then further converted to [''C]CH3l through the gas phase
method. [!'C]CH3l, released by heat and sweep gas, delivered into the reaction solution,
containing precursor for PK11195, and then underwent HPLC (high performance liquid
chromatography) purification and reformulated into ready-to-inject dose. Dynamic 60
minutes [!!C]JPK11195-PET imaging was performed with ECAT HRRT scanner (CTI,
Siemens Medical Solutions, Knoxville, TN, USA) with an intrinsic spatial resolution of
2.5 mm. Restriction of head movements during the scan was achieved by using
individual thermoplastic head mask. Previous to the radioligand injection, the
attenuation correction scan was performed with single photon transmission scanning
using '¥’Cs point source. The radioligand was administered intravenously, the target
dose being 500 MBq. The injected doses were not significantly different between study

groups (data not shown).
3.3.1 Modelling of [''C](R)-PK11195 image data

All of the data from three study cohorts and healthy control group was processed in the
following way. PET images were reconstructed using 17 time frames (total of 3600
seconds) as described previously (Rissanen, 2015). The head movement between the
frames were corrected by realigning the dynamic PET images in SPMS8 software, after
which the PET sum images were calculated from the dynamic PET images. Individual
PET sum images were co-registered to 3D T1 MR images and then all data was resliced
to I mm voxel size. Finally, for each patient, the PET sum images from the subsequent

sessions were co-registered to the first session’s (baseline) PET image.

For evaluating [''C]PK11195 binding, seven regions of interest (ROI) were defined
using Freesurfer software in global NAWM and six WM subregions: deep WM,
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cingulate, frontal, temporal, occipital and parietal WM, excluding lesional WM (i.e. MS
plaques visible in FLAIR and T1 MRI sequences), segmented with LST.

Specific TSPO-PET radioligand binding was quantified as the distribution volume ratio
(DVR), using Logan plot with reference tissue input. The gray matter reference region
devoid of specific binding was extracted with the supervised cluster algorithm (SVCA)
(SuperPK software, King’s College, London, UK) with four predefined kinetic tissue

classes for normal GM, normal WM, vasculature and high specific binding.

The reference tissue—input Logan method, with a 20- to 60-min time interval, was
applied to the regional TACs using the SVCA gray reference input. Additionally, the
modelling was performed in voxel level, where parametric maps of specific binding
(measured as DVR) were calculated from the dynamic PET images, by using simplified

reference tissue model (Gunn et al., 1997) with the clustered reference tissue input.

3.4 Statistical methods

The statistical analyses of DT-MR, PET imaging and clinical parameters were
performed with RStudio software (version 1.1.419). The normality distribution of the
data was evaluated with the Shapiro-Wilk test and checked visually with density and Q-
Q plots. The nonparametric Mann—Whitney U test was chosen to evaluate the group
differences of non-normally distributed data and in groups with low number of the
subjects. Student’s t-test was chosen to test for age difference between groups. Pairwise
repeated measurements (e.g. baseline — follow up) were performed with Wilcoxon
signed-rank test. The correlational analyses between variables of interest were analysed
with Spearman nonparametric correlation test. P value of less than 0.05 was considered

statistically significant for all analyses.

3.4.1 Tract-Based Spatial Statistics

Tract-Based Spatial Statistics (TBSS) analysis was performed using standard TBSS
pipeline (Smith et al., 2006). First, FA/MD/AD/RD maps, generated in ExploreDTI,

were reoriented to the FSL’s standard space using an FSL command “fslreorient2std”.

The TBSS pipeline consisted of 4 steps, including the data pre-processing (e.g.
removing brain-edge artefacts and zeroing the end slices), registering all the data to a

common 1x1x1 mm FMRIB58 FA template using nonlinear registration. The next step
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involved the affine transformation of all subjects’ data to the 1xIxIlmm MNI152
standard space, followed by merging all the images to a single 4D image file.
Thereafter, the average of all registered individual maps generated the mean cross-
subject image (e.g. mean FA), and this was then fed into skeletonization program to
create a mean skeleton (e.g. mean FA skeleton), that represents main fiber tracts. The
mean FA skeleton was thresholded with value of 0.2 to exclude the areas with high
inter-subject variability. The last step in the pipeline included the alignment of each
subject’s FA map onto the mean skeleton, by creating a skeleton “distance map”. This
was done by searching the highest local FA value in the area perpendicular to the
skeleton tract, and then assigning this value to the corresponding skeleton point. As a

result, the pipeline creates a 4D image file, ready for voxel wise statistics analysis.
The same transformations were applied to the MD, AD and RD diffusivity maps.

To identify the DTI parameters differences between the patients and controls at the
voxel level, the voxel wise statistical analysis was performed on skeletonized FA
(MD/AD/RD) data. For all TBSS analyses, permutations-based statistics with 2!° (for
group size n = 10) random permutations, performed by FSL randomize program
(Winkler et al., 2014), and threshold-free cluster enhancement (TFCE) (Smith and
Nichols, 2009) were used to obtain the significant differences between two groups.
TFCE score was thresholded at the value of p < 0.05, correcting for multiple

comparisons by controlling over family-wise error (FWE) rate.
3.4.2 Voxel-wise image analysis

Voxelwise Pearson’s correlations were calculated in MATLAB between normalized FA
and DVR images of 54 MS patients (1 subject was excluded from analysis due to large
number of artifacts in raw DWI image). Parametric images were smoothed with 8mm
FWHM (full width at half maximum) filter for noise and normalization compensation.
The resulting p values were corrected for false discovery rate (FDR) using significance
level p < 0.05, showing statistically significant clusters of voxels in normal appearing

white matter, having negative correlation between FA and TSPO-binding.
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4 RESULTS

4.1 Demographical and clinical characteristics

Description of the demographical and clinical data is summarized in Table 3. The mean
age of the groups at baseline and at follow up imaging sessions was not statistically
significantly different from the mean age of the healthy control group. The patients in
KADEPET-SPMS and PROMS groups were older than patients in KADEPET-RRMS
group, that is expected for SPMS patients (n = 15, mean age 50.3 £ 9.19 years, p =
0.048) and patients who are in the risk group of progression (n = 25, mean age 47.6 +
3.99 years, p = 0.029), as those patients have longer disease duration (15.7 £+ 6.98 years,
p = 0.006 and 13.6 + 6.44 years, p = 0.022 respectively), compared to the RRMS
patients (n = 10, mean age 42.4 + 9.4 years) with disease duration of 8.4 + 3.8 years.
The sex ratio was similar for the four groups. As expected, the EDSS of SPMS patients
(n =15) at the baseline imaging was higher, EDSS = 4.87 + 1.33, than the EDSS of
relapsing-remitting patients (total n = 40) at the baseline, EDSS = 2.8 + 0.94, p =
2.285e-05 (data not shown).

The grey matter cortex volume (p = 0.028), T2 (p = 0.154) and T1 hypointense lesion
load (p = 0.125) showed a trend without statistical significance to decrease after 1 year
of natalizumab treatment of 10 MS patients in KADEPET-SPMS group. However, the
EDSS of treated MS patients in KADEPET-SPMS group increased from 3.5 £ 1.51 to
3.8+ 1.41, p=0.014 (data not shown). Meanwhile, there were no significant changes in
the T2 lesion, NAWM or grey matter volumes during the 6 months after initiation of
fingolimod treatment in KADEPET-RRMS group. Additionally, the EDSS showed a
trend to decrease after 6 months of fingolimod treatment, from EDSS 2.7 £ 0.53 to
EDSS 2.6 £0.72, p = 0.28.

Follow-up data of PROMS group was not available at the moment of conducting this

project.

Table 3. Demographical and clinical MRI parameters of three study cohorts and healthy

controls, expressed as mean values with standard deviation, except stated.
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KADEPET- KADEPET-SPMS PROMS Healthy
RRMS controls
Number of 10 20 25 15
subjects
Gender 9F, IM 12F, 8M 19F, 6M 9F, 6M
Age (years) 424+9.4 48.3+9.8 47.6 £3.99 42.5+11.83
Disease duration 8.4 +3.8 13.75+7.1 13.6+644 ® N/A
(years)
MS subtype 10 RRMS 15 SPMS + 25 RRMS N/A
5 RRMS
EDSS baseline 2.7+ 0.54 43+1.59 29+1.04 N/A
followup 2.6£0.72 45+1.64 N/A N/A
NAWM (cm?)
baseline 4472 +56.4 435.6 +63.8 453.8 £ 66.3 4973 +355*
follow up 444.8 + 56.6 434 +65.1 N/A N/A
GM ctx (cm®)
baseline 423.6 +38.2 438.8 +43.1 433.6 +£35.5 490.2 + 58.5*
follow up 423.9+39.1 429.6 =44.9 N/A N/A
T2 lesion load
(cm3) * %
baseline 4.1 (2.58-46.79) 17.7(3.91-70.12) 6.7 (0.48-35.24) N/A
follow up 4.1(2.57-53.26) 16.2 (2.08-63.33) N/A
T1 hypointense
lesion load (cm?)
ksk
3.2(2.22-33.53) 16.7(3.19-67.89) 3.3(0.23-20.78) N/A

baseline

follow up

3.1 (2.28-40.83)

14.8 (1.65-61.32)

N/A

* Data available for 10 HC only

® Data available for 24 patients only

** Expressed as median (IQR) values

30



Svetlana Bezukladova

Table 3a. Extension to table 3, with additional demographical and clinical MRI

parameters of KADEPET-SPMS substudy, expressed as mean values with standard

deviation.
KADEPET-SPMS

Number of subjects 20
Gender 8F, TM 4F, IM
Age (years) 50.3+9.19 42.0£9.66
Disease  duration 15.7 £6.98 7.9+3.15
(years)
MS subtype 15 SPMS 5 RRMS
EDSS baseline 4.87+1.33 2.5+0.79

follow up 5.1+£1.42 2.7+0.67

Table 4. Demographical and clinical MRI parameters of pooled cohorts, treated (n = 45)

and untreated (n = 30), expressed as mean values with standard deviation.

Pooled treated cohort

Pooled untreated cohort

Number of subjects

45

30

Patients pooled
from subtudies

KADEPET-RRMS (n=10) at 6

months follow up

KADEPET-SPMS (n=10) at 1

KADEPET-RRMS (n =10)

at baseline

KADEPET-SPMS (n =10) at

year follow up baseline
PROMS (n =25)
Gender 34F, 11M 21F, 9M
Age (years) 47.1+£7.10 46.4 £991
Disease  duration 12.6 £ 6.87 11.4+£6.96

(years)

MS subtype

6 SPMS, 39 RRMS

15 SPMS, 15 RRMS

EDSS

3.0+1.14

3.75+1.52
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4.2 DTI in MS patients and healthy controls

DTTI analysis in the whole NAWM and segmented NAWM was done for each of the
study groups and for two pooled cohorts, the pooled treated cohort (n = 45) and pooled

non-treated cohort (n = 30), compared to healthy control group.
4.2.1 DTI abnormalities more pronounced in SPMS

Diffusion parameters were significantly altered in NAWM and segmented WM
(temporal, occipital and cingulate WM) of SPMS patients (n = 15), compared to RRMS
patients (data available only for n = 4), and healthy controls (n = 15) in KADEPET-
SPMS group. Fractional anisotropy was significantly reduced (p = 0.02), while radial
diffusivity had a trend to increase (p = 0.06) in NAWM of SPMS patients at baseline
imaging, compared to healthy controls (Figure 12).

FA MD
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Figure 12. DTI parameters alteration in NAWM of SPMS (n =15) and RRMS (n =4)
patients at baseline imaging in the KADEPET-SPMS cohort compared to HC (n =15).
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DTI analysis of segmented NAWM in KADEPET-SPMS group showed significant
abnormalities in temporal, occipital and cingulate WM areas of progressive patients at

baseline imaging, compared to healthy controls (Figure 13).

Fractional anisotropy was significantly decreased in temporal (p = 0.03), occipital and
cingulate WM areas (p = 0.001 and p = 0.004 respectively), whereas significant increase
was seen in occipital (p = 0.054) and cingulate (p = 0.002) WM for mean diffusivity
(MD), in cingulate WM (p = 0.053) for diffusion along the tracts (AD), and in occipital
and cingulate WM regions (p = 0.008 and p = 0.003 respectively) for radial diffusivity.
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Figure 13. FA, MD, AD and RD diffusion parameters of SPMS patients (n = 15) of the
KADEPET-SPMS cohort were more abnormal in temporal (TMP), occipital (OCC) and
cingulate (CIN) white matter areas at baseline imaging, compared to healthy controls (n
= 15). FRO = frontal, PAR = parietal, TPM = temporal, OCC = occipital, CIN =
cingulate, DWM = deep white matter.
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4.2.2 Diffuse abnormalities in segmented NAWM of patients at the age of risk

for progression

DTT analysis in PROMS study showed significant alterations of diffusion in segmented
NAWM, but not in the whole NAWM. Occipital, cingulate and deep WM areas were
the most affected (Figure 14).
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Figure 14. Diffusion parameters abnormalities in segmented NAWM of MS patients (n
= 25) in PROMS study compared to healthy controls (n = 15).

All diffusivities (MD/AD/RD) were significantly higher in cingulate (p < 0.05 for
MD/AD and p < 0.01 for RD) and deep WM (p < 0.01), while FA was significantly
decreased in occipital and cingulate WM area (p = 0.012 and p = 0.014 respectively),
compared to HC. Additionally, radial diffusivity showed a higher mean value close to

significance (p = 0.09) in occipital WM, compared to HC.

Similar to PROMS, DTI analysis in KADEPET-RRMS study showed significant
alterations of diffusion in segmented cingulate NAWM of 10 RRMS patients at the
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baseline imaging, compared to healthy controls, but not in the whole NAWM (Figure
15).

Figure 15. Altered diffusion parameters (FA/MD/RD) in cingulate white matter of
RRMS patients (n = 10) in KADEPET-RRMS substudy at baseline imaging, compared
to healthy controls (n = 15).
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Even though the patients in this group are in the earlier disease stage with mean disease
duration of 8.4 + 3.8 years, the normal appearing cingulate white matter showed
significant structural alterations. Fractional anisotropy was significantly decreased (p =
0.03), while mean and radial diffusivities were increased in cingulate WM (p = 0.057

and p = 0.045 respectively), compared to healthy group.

Additionally, DTI analyses were performed in the whole NAWM and in segmented
NAWM of pooled cohorts, untreated (n = 30), shown in Figure 16, and treated (n = 45),
compared to healthy control group (n = 15).
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Figure 16. Diffusion parameter abnormalities in segmented NAWM of MS patients in
the pooled untreated MS-cohort (n = 30) compared to healthy controls (n = 15).

No significant differences in diffusion parameters (FA/MD/AD/RD) were found in the
whole NAWM of pooled untreated cohort, compared to HC. In segmented NAWM, FA
was decreased in occipital and cingulate areas (p = 0.02 and p = 0.006 respectively),
MD was increased in cingulate area (p = 0.009), while RD was increased in cingulate
WM (p = 0.01). Additionally, radial diffusivity showed a higher mean value, close to
significance in occipital WM (p = 0.07), compared to HC.

Similarly, to untreated cohort, treated pooled cohort (n = 45) did not show significant
differences in diffusion parameters in the whole NAWM, compared to HC (n = 15),
data not shown. However, in segmented NAWM, FA was significantly decreased in
cingulate WM (p = 0.03) and in occipital WM at the level of p = 0.057, while MD and
mean RD were significantly increased in cingulate WM (p = 0.03 and p = 0.025

respectively).
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4.2.3 Diffusion tensor imaging in treatment response assessment

Diffusion analysis was performed in the longitudinal KADEPET-RRMS (n =10) study
using fingolimod treatment. As shown in previous section, the diffusion parameters
(FA, MD and RD) were significantly altered in cingulate WM of 10 RRMS subjects in
KADEPET RRMS study at the baseline imaging, compared to healthy controls. At
follow up imaging after 6 months of fingolimod initiation no significant differences
were anymore found in the cingulate WM of MS patients, compared to HC. In addition,
significant increase in FA (p = 0.02) and decrease in RD (p = 0.04) were found in
cingulate WM at the follow up imaging, compared to baseline among the RRMS
patients. Fractional anisotropy showed a trend to increase in the deep white matter (p =
0.08), while the mean axial diffusivity was slightly, but not significantly, higher in
temporal and deep white matter (p = 0.08 and p = 0.07 respectively) at the follow up

imaging, compared to baseline.
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Figure 17. Diffusion parameters change in segmented NAWM of RRMS patients after 6

months fingolimod treatment.
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TBSS analysis, using TFCE approach and n = 2!° random permutations and FWE
correction, showed that 17.8 % of NAWM skeleton voxels of RRMS subjects had
significantly decreased FA (p < 0.05) at baseline imaging, compared to HC (Figure 18
a). This number decreased to 3.15 % of voxels (p < 0.05) after 6 months of fingolimod
treatment, compared to HC (Figure 18 b). TBSS analysis was also performed for
repeated measurements BL - FU, using paired t-test with TFCE approach and n = 1024
random permutations, uncorrected for FWE. Extent of 11.7% voxels, placed mainly in
cingulum, genu and splenium of corpus callosum (CC) showed increased FA (p < 0.05)

at the follow up imaging, compared to the baseline imaging (Figure 18 c).

Figure 18. TBSS analysis shows a significant reduction (p < 0.05, FWE) in voxels
extent with decreased FA after 6 months of fingolimod treatment, compared to HC,
where a) baseline imaging, b) imaging at 6 months. Red arrows show voxels with
significantly decreased FA at follow up imaging, compared to HC. Repeated measures
(image c) show the extent of voxels with significantly increased FA (p < 0.05, FWE
uncorrected) at follow up. The background image is a standard MNI152 T1 Imm

template, the mean FA skeleton is shown in green. a, b: coronal slice is at X = 77,
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sagittal slice at Y = 109, axial slice at Z = 77; ¢: X =98, Y = 109, Z = 8I.

Abbreviations: R, right; L, left; I, inferior; S, superior; A, anterior; P, posterior.

The extent of voxels with significantly increased RD was 23.7 % at baseline and 12.9 %
at 6 months imaging respectively (Figure 19 a, b). The significant voxels were placed in
anterior and superior corona radiata, body and splenium of CC, anterior/posterior

thalamic radiation, thalamus and superior longitudinal fasciculus.

Figure 19. TBSS analysis shows a significant reduction (p < 0.05, FWE) in voxels

extent with increased RD after 6 months of fingolimod treatment, compared to HC,
where a) baseline imaging, b) imaging at 6 months. Repeated measures (image c) show
the extent of voxels with significantly increased RD (p < 0.05, FWE uncorrected) at
baseline imaging. The background image is a standard MNI152 T1 Imm template, the
mean FA skeleton is shown in green. a, b: coronal slice is at X = 77, sagittal slice at Y =
109, axial slice at Z="77; c: X =98, Y =109, Z = 81. Abbreviations: R, right; L, left; I,

inferior; S, superior; A, anterior; P, posterior.
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The repeated measures between baseline and follow up showed the 7.57 % extent of
voxels with significantly increased RD (p < 0.05, FWE uncorrected) at baseline

imaging, mainly located in cingulum, thalamus, genu and splenium of CC (Figure 19 c).

In addition, extent of voxels with increased MD lowered moderately from 24.6% to
20.7% (p < 0.05, FWE corrected) at baseline and follow up imaging respectively.
Voxels with significantly increased MD, compared to HC were placed in splenium,
genu, body of CC, superior longitudinal fasciculus, anterior and posterior thalamic
radiation, superior corona radiata, corticospinal tract, thalamus, cingulum
(hippocampus) and sagittal stratum (data not shown). Furthermore, axial diffusivity was
increased in 16.8% of voxels (p < 0.05, FWE corrected) at baseline imaging, compared
to healthy subjects. This number slightly increased to 19.1% at follow up imaging (p <
0.05, FWE corrected), with voxels placed in body, genu, splenium of CC, cingulum,
anterior thalamic radiation, superior longitudinal fasciculus, sagittal stratum and all

parts of corona radiata (data not shown).

Diffusion tensor imaging analysis was also performed in KADEPET-SPMS group,
treated with natalizumab (n = 10). Six SPMS and four RRMS patients were imaged at
the baseline and after 1 year of treatment initiation. No statistically significant
differences for all DTI parameters (FA/MD/AD/RD) in the whole NAWM and
segmented NAWM were found.

4.2.4 Lesion load affects DTI

Correlational analyses were performed between FA/MD/AD/RD values in each

segmented WM and normalized lesion burden in corresponding WM region.

Lesion load (visible in T2 MRI sequence) in KADEPET-RRMS substudy was measured
for 10 RRMS patients at baseline, normalized lesion burden was calculated according
the method stated in chapter 3.2.1. Significant correlations between the normalized
lesion burden and DTI parameters in the surrounding NAWM were found in three WM
regions: temporal, cingulate and deep WM (Table 5).

Table 5. Correlations between lesion burden and DTI parameters in WM ROIs of 10
RRMS patients in KADEPET-RRMS group at baseline imaging, (expressed as p-

values, Spearman rho). Statistically significant at the level p < 0.05.
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Lesion burden in segmented WM of RRMS patients (n = 10) at baseline imaging
DTI Frontal Parietal Temporal Occipital Cingulate Deep WM
parameter
FA p=0.31 p =0.58 p=0.03 p=0.104 p =0.002 p=0.63
rho=-0.35 | rho=-0.2 rho=-0.70 | rho=-0.55 | rho=-0.86 | rho=-0.17
MD p=0.47 p=0.279 p=0.01 p=0.279 p =0.002 p=0.01
rho =0.26 rho=0.38 | rho=0.73 rho=0.38 | rho=0.86 |rho=0.75
AD p=0.01 p=0.20 p=0.6 p=0.76 p=0.29 p =0.049
rho =0.75 rho=0.44 |rho=0.18 rho=0.11 | rho=0.37 | rho=0.65
RD p=0.22 p=0.24 p =0.01 p=0.16 p=0.004 |p=0.01
rho =0.42 rho =0.41 rho = 0.77 rho=0.48 | rho=0.84 |rho=0.75

T2 lesion load in KADEPET-SPMS substudy was measured at baseline imaging for 15

SPMS patients. Normalized lesion burden was correlated to corresponding DTI

parameters in segmented WM regions. DTI parameters in the NAWM of all segmented

WM regions showed association to lesion burden in the corresponding WM segments

(Table 6).

Table 6. Correlations between lesion burden and DTI parameters in WM ROIs of SPMS

patients (n = 15) in KADEPET-SPMS group at baseline imaging, (expressed as p-

values, Spearman rho). Statistically significant at the level p < 0.05.

Lesion burden in segmented WM of SPMS patients (n=15) at baseline imaging

DTI Frontal Parietal Temporal Occipital Cingulate Deep WM

parameter

FA p =0.004 p =0.004 p = 0.0005 p =0.001 p<2.2e-16 p=0.01
rho =-0.7 rho =-0.71 rho =-0.8 rho =-0.76 | rho=-0.88 rho = -0.65

MD p=0.0095 | p=0.052 p =0.003 p =0.004 p =0.001 p = 0.0006
rho =0.78 rho =0.51 rho = 0.72 rho =0.70 rho =0.77 rho =0.79

AD p=0.0001 | p=0.11 p =0.052 p=0.25 p=0.10 p =0.037
rho =0.83 rho =0.43 rho =0.51 rho =0.32 rho = 0.44 rho = 0.54

RD p=0.0005 | p=0.02 p =0.002 p =0.0005 | p=0.0002 p = 0.0006
rho =0.78 rho =0.6 rho =0.72 rho =0.78 rho = 0.82 rho =0.79
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PROMS study also showed significant correlations between lesion burden in each of the

segmented WM and NAWM diffusion parameters (Table 7).

Table 7. Correlations between lesion burden and DTI parameters in WM ROlIs in
PROMS group (n = 25) at baseline imaging, (expressed as p-values, Spearman rho).
Statistically significant at the level p < 0.05.

Lesion burden in segmented WM of RRMS patients, close to progression (n=25)
DTI Frontal Parietal Temporal Occipital Cingulate Deep WM
parameter
FA p=0.12 p =0.06 p = 0.002 p =0.02 p =0.003 p=0.01
rho=-0.31 | rho=-0.37 | rho=-0.59 rho=-0.45 | rho=-0.56 | rho=-0.48
MD p=0.01 p = 0.045 p = 0.002 p =0.07 p =0.003 p =0.003
rho=0.46 | rho=0.40 rho = 0.58 rho =0.36 rho = 0.56 rho = 0.56
AD p =0.02 p =0.048 p = 0.004 p=0.11 p =0.003 p =0.003
rho = 0.45 rho =0.40 rho = 0.56 rho =0.33 rho = 0.57 rho = 0.57
RD p=0.03 p =0.026 p =0.001 p=0.04 p = 0.006 p =0.006
rho = 0.42 rho = 0.44 rho = 0.61 rho =0.41 rho =0.53 rho =0.53

4.3 PET/DTI correlational analyses

Correlational analyses of DTI parameters to TSPO radioligand binding were performed
to evaluate structural and molecular brain changes and their relation to clinical disability
in MS, using combined in vivo magnetic resonance (MR) and PET imaging in MS

patients compared to healthy controls (HC).

4.3.1 Decreased tract integrity and increased microglial activation in NAWM is

associated with disability

Correlational analyses of DTI parameters in NAWM to disability status, evaluated with
EDSS, were done for the pooled cohort from three study groups (n = 55). The analysis
showed association of decreased WM integrity to disability, more pronounced in SPMS

patients (Figure 20).
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Figure 20. Correlation of diffusion parameters to disability in MS patients (n = 55). The

correlations are visualized with linear regression lines and Spearman’s rho.
Corresponding Pearson coefficients are R = - 0.44 (p = 0.0007) for FA, R =0.38 (p =
0.004) for MD, R = 0.28 (p = 0.03) for AD, R = 0.41 (p = 0.0002) for RD, statistically

significant at the level of p < 0.05.

TSPO radioligand binding in NAWM was measured for 55 MS patients, with

correlational analysis to evaluated with EDSS physical impairment. As a result,

increased microglial activation in NAWM associated with higher clinical disability

status in MS (Figure 21).
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Figure 21. Correlation of TSPO radioligand binding in NAWM, expressed as DVR, to
disability status scale of 55 MS patients. The correlation is visualized with linear
regression line and Spearman’s rho. Corresponding Pearson correlation is 0.36 (p =

0.007), statistically significant at the level of p < 0.01.

4.3.2 Increased microglial activation in NAWM is associated with structural

white matter changes

Based on results from the previous section it was of interest to investigate the relation
between the microglial activation and white matter integrity in MS patients. DTI
analysis and TSPO-PET binding evaluation was performed in NAWM and segmented
NAWM of 55 MS patients. Patients from KADEPET-RRMS and KADEPET-SPMS
were included for the analysis at baseline imaging in absence of any treatment, while

patients from PROMS study had different treatment at the baseline imaging.

Correlational analyses showed an association between microglial activation and
structural abnormalities in NAWM of 55 MS patients (Figure 22). The correlational
analyses were also performed in segmented NAWM (data not shown). The associations
were found between all diffusion parameters (decreased FA and increased MD/AD/RD)
and increased microglial activation in temporal WM (p < 0.01 for all Spearman
correlations), and between decreased FA and increased TSPO-binding in deep WM (p =
0.017, Spearman’s rho = - 0.32).
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Figure 22. Reduced WM tract integrity is associated with increased TSPO binding in
NAWM of 55 MS patients. TSPO radioligand binding expressed as DVR. The

correlations are visualized with linear regression lines and Spearman’s rho.
Corresponding Pearson coefficients are R = - 0.36 (p = 0.007) for FA, R = 0.38 (p =
0.004) for MD, R =0.34 (p = 0.01) for AD, R = 0.39 (p = 0.002) for RD, statistically

significant at the level of p <0.05.

45



Mean FA

Svetlana Bezukladova

The correlational analyses between DTI parameters and TSPO binding in segmented
NAWM were also performed separately for groups with treatment at imaging (n = 45)
and without treatment (n = 30). Correlational analyses between FA and TSPO binding

in both treated and untreated pooled cohorts are shown in Figures 23, 25.
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Figure 23. Increased microglial activation is associated with decreased fractional
anisotropy in temporal (TMP) and deep WM (dWM) regions in MS patients without
treatment at imaging (n = 30). The correlations are visualized with linear regression
lines and Spearman’s rho. Corresponding Pearson coefficients are R = - 0.33 (p = 0.07)

for temporal WM, R = - 0.32 (p = 0.08) for deep WM.

Additionally, associations between increased mean and radial diffusivities and increased
microglial activation were found in temporal WM in non-treated pooled cohort (p =
0.058, Spearman’s rho = 0.35 for MD; p = 0.039, Spearman’s rho = 0.38 for RD), data

not shown.

SPMS patients (n = 15) showed higher microglial activation in four segmented WM
regions: frontal, parietal, temporal and cingulate, compared to RRMS patients (n = 15),

Figure 24.
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Figure 24. TSPO-binding increased in frontal, parietal, temporal and cingulate WM
regions in SPMS (n = 15), compared to RRMS patients (n = 15) in pooled untreated
cohort. Boxplots visualized with median values and Wilcoxon rank sum test,

statistically significant at the level of p < 0.05.

The correlational analyses for patients with treatment at imaging showed significant
negative correlation between FA and TSPO binding in parietal (PAR), temporal (TMP),
occipital (OCC) and deep (AWM) WM regions (Figure 25).

In addition, positive correlations were found between increased MD/RD and TSPO
binding in temporal and occipital WM regions in pooled cohort with treatment at
imaging (data not shown). For mean diffusivity associations were found in temporal
WM, (p = 0.049, r = 0.29), and in deep WM (p = 0.052, r = 0.29). Similarly, positive
correlations were found for radial diffusivity in temporal and deep WM (p = 0.052, r =
0.29 and p = 0.037, r = 0.31 respectively). Correlations are expressed as p-values,

Spearman rho and statistically significant at the level p < 0.05.
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Figure 25. Increased microglial activation is associated with decreased fractional
anisotropy in parietal, temporal, occipital and deep WM regions in MS patients with
treatment at imaging (n = 45). The correlations are visualized with linear regression
lines and Spearman’s rho. Corresponding Pearson coefficients are R = - 0.27 (p = 0.07)
for parietal WM, R = - 0.37 (p = 0.01) for temporal WM, R = - 0.33 (p = 0.02) for
occipital WM and R =- 0.3 (p = 0.05) for deep WM.

4.3.3 Voxel-wise image analysis of PET/DTI data

Correlational groupwise analysis between FA values and TSPO binding in NAWM was
performed at voxel level with FDR correction for multiple comparisons for pooled data

of MS cohort (n = 54), one patient was excluded due to DTI data artifacts (Figure 26).

The voxel wise analysis showed wide spread focal areas of white matter, where
decreased FA correlated significantly with increased TSPO binding as a sign of
increased microglial activity. However, it was not feasible to perform corresponding
correlational analyses among healthy controls for comparison due to low number of

subjects in the control group (n =15).
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Figure 26. Decreased fractional anisotropy is associated with increased microglial
activation in NAWM of pooled MS cohort (n = 54). Correlational voxel-wise analysis
FDR corrected for multiple comparisons. Significant clusters were found within
superior longitudinal fasciculus, corticospinal tract, cingulate gyrus, corona radiata and

forceps minor, and also within thalamic radiation and thalamus, L = left, R = right.
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S DISCUSSION

5.1 Summary of the main findings

This study evaluated structural and molecular brain changes using combined MR and
PET in vivo imaging techniques in 55 MS patients with both RRMS (n = 40) and SPMS
(n = 15) disease types, compared to 15 healthy controls. Altered DTI parameters
(decreased FA and increased MD, AD, RD) in NAWM and segmented NAWM
(temporal, occipital, cingulate WM), with the most affected region being cingulate
white matter, indicate on microstructural damage without visible changes in
conventional MRI. Microstructural changes were more pronounced in SPMS than in
RRMS patients. White matter disintegrity was also found in segmented WM (occipital,

cingulate and deep WM) of patients at the age of risk for progression of the disease.

It was also investigated, whether the lesion load affects diffusion in regional NAWM.
The cohort of SPMS patients showed the highest lesion burden with significant
correlations to altered DTI parameters in all segmented WM regions. Lesion load extent
was smaller in patients from PROMS study, compared to SPMS patients. RRMS
patients, that are in the earlier disease stage (KADEPET-RRMS study), had the smallest

lesion load extent.

Additionally, DTI showed a sensitivity to detect microstructural changes and change in
diffusion within tracts after treatment initiation. The acquired diffusion parameters
suggest structural improvement (increase in mean FA and decrease in mean RD values)
in cingulate WM after 6 months of fingolimod treatment. TBSS voxel-wise analysis
results also indicated on improvement of microstructural integrity after 6 months of

Fingolimod treatment.

PET/DTI correlational analyses showed an association between decreased tract integrity
and increased microglial activation in NAWM, which also associated with clinical

disability.
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5.2 Methodological considerations and data interpretation

The main methodological consideration for DTI analysis is in MRI sequence design,
that ought to be suitable for each individual project. The MR imaging should be
performed on same MRI scanner with identical protocol, with design optimization and
MR imaging time does not exceed 1 hour. Short acquisition time helps to reduce
possible head motion artifacts and contributes to patient’s comfort. To reduce the scan
and readout time, EPI and SENSE approaches can be utilized. The good compromise
between acquisition time and image quality is DTI sequence with 30 - 64 gradients
(Jones, 2004) and one b = 0 image acquired for each 5-10 high b-images (e.g.
1000s/mm?). The spatial resolution is also important for DTI image quality, therefore 2-

2.5 mm isotropic voxels are recommended (Soares et al., 2013).

Quality control and data preprocessing are another important steps in DTI analysis.
Eddy current induced distortions and EPI susceptibility distortions, together with
motion artefacts, signal dropouts and geometric deformations are potential artefacts in
acquired DWI images. Thus, raw data have to be examined for potential artefacts and
exclude the corrupted data or problematic gradients prior to tensor estimation. Several
approaches e.g. Explore DTT RESTORE, or 3D Slicer software can be used for outliers’

detection.

Diffusion tensor imaging showed sensitivity to detect microstructural changes in white
matter of MS patients, appearing normal on conventional MRI. This methodology has
been utilized in several MS studies (Kim et al., 2017; Roosendaal et al., 2009; Onu et
al., 2012; Harrison et al., 2013; Ontaneda et al., 2017). DTI is an advantageous MRI
technique: it can be a part of MRI imaging protocol, widely utilized in clinical routine,
it is a non-radiative and safe imaging modality. Despite all positive aspects, DTI is
rather an approximate technique, therefore the analysis results have to be interpreted
carefully. DW-MRI measurements reflect the amount of water molecules diffusion
within white matter tracts, that might be hindered by cell membrane, myelin sheath and
cell cytoskeleton. The detection of water molecules movement is averaged over the
voxel and restricted to movement along the axis of the applied gradient, therefore the
interpretation of change in signal by tensor-derived measures can be ambiguous. It is
known that water molecules movement along the main fiber orientation is reflected by
axial diffusivity and represented by the principal eigenvalue of the tensor. Similarly,

radial diffusivity describes the movement perpendicular to the fiber. The relation
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between these two measures can be expressed as fractional anisotropy, therefore change
in one of them e.g. decrease in myelination, that lead to increase in RD, should also
reflect the change in FA (decrease in anisotropy in that case). All four parameters of the
tensor are related to each other; therefore, it is inaccurate to draw conclusions about
microstructural changes based only on one parameter change. All four tensor-derived
parameters (FA/MD/AD/RD) should be used for precise interpretation of fiber
microstructural architecture. Yet the complex axonal organization e.g. crossing fibers,
fiber diameter and density might complicate the explication of DTI-derived metrics

(Jones et al., 2013).

One of the diffusion tensor model drawbacks is in Gaussian assumption of anisotropic
diffusion, that do not consider diffusion’s directional dependence and axonal
compartmentalization. To overcome the limitations of this model, other robust
approaches have been proposed: high angular resolution diffusion imaging (HARDI),
including diffusion kurtosis imaging (DKI) (Steven et al., 2014) and Q-ball imaging
(Tuch, 2004), or previously mentioned NODDI and CHARMED models. These
advanced DTI methods might improve the output of informative DTI metrics, precisely

reflecting changes in axonal microstructure and underlying processes.

Methodological consideration of TBSS analysis is in failure of family-wise error
correction for repeated measures. Direct comparison between baseline and follow up for
all DTI parameters did not survive family-wise error correction for multiple
comparisons. By applying a stringent p-value < 0.001, as recommended by (Woo et al.,
2014), almost all significant voxels (p < 0.05, FWE uncorrected) were lost.
Consequently, the repeated measures results obtained by TBSS have to be interpreted

carefully.

Another main consideration of this study is in pooled cohort, included both 35 patients
in absence of immunomodulatory treatment at the time of imaging (KADEPET-RRMS,
n = 10, KADEPET-SPMS, n = 20, PROMS, n = 5) and also 20 patients who were on
various DMTs (PROMS substudy). Because the patients from PROMS study are in the
risk to SPMS conversion, disease modifying treatment at that stage of the disease can
only suppress inflammatory cells migration into CNS, and reduce annualized relapse
late, but likely not be able to significantly influence on WM structural integrity.
Currently only three longitudinal studies, investigating fingolimod and natalizumab

treatment effect on white matter structural changes with DTI analysis approach have
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been published (Wiebenga et al., 2016; Senda et al., 2016; Gurevich et al., 2018). Since
this study was a retrospectively performed pooling of existing data from different
substudies with both DTI and TSPO imaging, carried out over the years, therefore the
imaging data was a little heterogenous in DTI sequences (i.e. 33 gradient directions in
KADEPET-SPMS study, compared to 64 gradient directions in other studies).
However, the study by Lebel et al., 2012 did not observe statistically significant
differences in FA and MD diffusion parameters in DTI data, performed with 30 and 60
gradient directions protocols. Unfortunately, it was not possible to make the study
design beforehand, but this aspect would be taken into consideration for the future

projects.

In addition, the main methodological consideration of TSPO-PET imaging is the
inability to distinguish between M1 and M2 activated microglia phenotypes. Together
with microglia, TSPO can be expressed by activated astrocytes and infiltrating
mononuclear phagocytes. As an alternative to TSPO targeting radioligands, imaging
with novel [''C]SMW139 radioligand targeting P2X7 receptor, expressed by pro-

inflammatory M1-type microglia, has been proposed (Janssen et al., 2018).
5.3 DTI in Multiple Sclerosis

The hypothesis on MS evolution states that progression results from chronic
inflammation trapped within CNS, associated with spread demyelination and axonal
injury, as a consequence of mitochondrial dysfunction, chronic microglial activation,
extensive production of ROS and iron accumulation (Lassmann, 2018). Inflammation is
seen in all stages of the disease in chronic active MS lesions and adjacent areas e.g.
normal appearing white matter, with correlation between inflammation and axonal
injury (Frischer et al., 2009). Therefore, it is of importance to reveal diffuse
neuroinflammation and associated axonal damage in MS prior its progression phase.
The technical ability of detecting hidden white matter changes will contribute to

appropriate treatment planning and eventual prediction of disease progression.

Diffusion tensor imaging has been implemented in several MS studies, including in vivo
(Natarajan et al., 2013; Harrison et al., 2011; Rashid et al., 2008; Rissanen et al., 2018;
Harrison et al., 2013; Scanderbeg et al., 2000; Onu et al., 2012; Werring et al., 2001;
Kim et al., 2017; Klistorner et al., 2015; Olsson et al., 2016; Ge et al., 2004), post

mortem (Moll et al., 2011; Seewann et al., 2009) and longitudinal treatment studies
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(Ontaneda et al., 2017; Fox et al., 2011; Wiebenga et al., 2016; Gurevich et al., 2018). It
has been shown that MS patients have reduced FA in white matter appearing normal on
cMRI, and increased radial diffusivity in the same regions (Roosendaal et al., 2009;
Ciccarelli et al., 2001). Findings of these studies suggest structural WM damage and
demyelination in several WM regions, including corpus callosum, inferior longitudinal
fasciculus, left corona radiata and optic radiation, with relation to disability and
cognitive impairment. This study agrees with previously reported findings, with TBSS
analysis identified white matter damage (decreased FA and increased RD) in identical

brain regions of MS patients.

Increased averaged water diffusion coefficient has been found in secondary-progressive
lesions, compared to lesions in RRMS phase in study by Scanderbeg et al., 2000, that
correlated with EDSS and disease duration. Additionally, increased ADC was found in
lesions and perilesional NAWM in study by Werring, 2000, therefore supporting the
hypothesis of lesions cause structural damage to adjacent normal appearing white
matter. Similarly, this study showed an association between lesion load and DTI
parameters alteration (increased diffusivities and decreased fractional anisotropy), that
may potentially explain that lesions can produce damage and axonal disintegration to

contralateral NAWM regions, that agrees with previously published literature.

Two previously published studies, involving 1 year fingolimod and natalizumab
longitudinal treatment (Gurevich et al., 2018; Wiebenga et al., 2016), showed a
sensitivity of DTI analysis to detect improvement in tracts’ microstructural integrity.
Similarly, diffusion tensor imaging analysis implemented in this study demonstrated an
ability to detect the changes in diffusion within tracts after 6 months Fingolimod
treatment. Despite the complexity in interpretation of TBSS repeated measures analysis,
results obtained by quantitative ROI analyses and voxel-wise analysis with comparison
to HC may indicate on improvement in microstructural white matter integrity in RRMS
patients after 6 months of fingolimod treatment with concomitantly unchanged cMRI
parameters. This indicates, that DTI could be used as a sensitive imaging biomarker in

longitudinal studies to evaluate treatment response in NAWM of MS patients in vivo.

In addition, DTI analysis showed sensitivity in detection of white matter structural
alterations in progressive MS patients and in patients with risk of progression, therefore

it can be used as a sensitive tool in predicting disease progression.
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5.3.1 Cingulum bundle and WM structural alteration

DTI analysis in each study group showed significant change in DTI parameters in
cingulate WM region. The cingulum bundle situated in the brain midline, on the
peripheral surface of the CC and runs from the frontal lobe around the rostrum and genu
of the corpus callosum, envelops ventrally around the splenium, continuing to the

parahippocampal gyrus (Figure 27).

Figure 27. Tractography of the right cingulum bundle, sagittal view.

However, the parcellation method used was not very precise anatomically, as it assigned
the rostral part of the corpus callosum, including rostrum, genu, splenium and isthmus

of CC (Figure 28, white arrow) to cingulate WM area (Figure 28, shown in green).

8 Aok

Sagittal Coronal Axial
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Figure 28. WM segmentation: frontal WM (yellow), parietal WM (blue), temporal WM
(red), occipital WM (dark blue), cingulate WM (green), deep WM (purple).

Therefore, when interpreting mean values change in cingulate WM, we might have to
consider that this area partially includes CC. It is important to note, TBSS analysis

showed most of the voxels with significantly altered DTI metrics placed in callosal area.

Another reason of cingulate WM being the most affected is the high lesion burden
within and around corpus callosum and adjacent to it periventricular area. The majority
of the lesions in pooled MS patients’ cohort located in the deep WM area (Figure 28,
shown in purple), including the lateral part of the corpus callosum (Figure 28, white
arrow) and periventricular area. Several studies showed correlation between regional
lesion load and DTI metrics of the corresponding regions in corpus callosum (Simon et
al., 2000; Ciccarelli et al., 2003). The propagation of structural changes can be
potentially explained by fiber connectivity and spreading of smouldering plaques with
activated microglia along the tracts. Callosal fibers connect frontal, parietal and
occipital cerebral lobes, while cingulum bundle has connections with frontal, parietal
and medial temporal lobe, including anterior and lateral dorsal thalamic nuclei (Bubb et
al., 2018). The evidence of MS pathology involvement in the limbic system, that
include the cingulum bundle, and high frequency of lesions throughout the limbic tracts
has been reported previously (Sahin et al., 2016). It supports the hypothesis that focal
lesions can cause the transection of axons and lead to Wallerian degeneration, resulting

in axonal injury and loss in CC and adjacent WM areas.

Additionally, few studies demonstrated thalamic involvement in MS, with evidence of
FA reduction in thalamus (Mesaros et al., 2011; Deppe et al., 2016) that may predict
disease evolution and may contribute to cognitive decline and disability in MS. The
common hypothesis is that focal lesions in thalamocortical projections can damage
surrounding WM, therefore leading to thalamus atrophy and neuronal loss (Minagar et
al., 2013; Vercellino et al., 2009). Results of the voxel-wise correlational analysis in this
study demonstrated DTI pathology (reduced FA) in thalami and thalamic radiation of 55
MS patients, associated with increased microglial activation, and therefore support the

results in previously published literature on thalamic involvement in MS.

In chapters 4.2.1- 4.2.2 we can follow the disease evolution in the different substudies,

starting from the KADEPET-RRMS study patients with average disease duration of 8
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years, who have been detected with structural changes in cingulate WM and callosal
area, whereas RRMS patients with more advanced disease from PROMS substudy with
mean disease duration of 13.6 years showed structural alterations in three WM regions:
deep, cingulate and occipital WM. SPMS patients from KADEPET-SPMS study with
mean time from disease onset of 15 years showed significantly decreased white matter
integrity in the whole NAWM and in segmented temporal, occipital, and cingulate WM,
compared to healthy controls. As expected, the lesion load in RRMS patients was
smaller, than in patients at progressive stage of the disease. It has been speculated,
whether the spread diffuse WM pathology, appearing normal in conventional MRI,
associates with increased lesion load (Werring, 2000; Vrenken et al., 2006). The
acquired results may indicate on relation between lesions extent and degree of
widespread diffuse pathology, that in turn disrupt the diffusion within white matter
tracts. Results in chapter 4.2.4 corroborate the hypothesis of influence of distant lesions
to cause Wallerian degeneration and contribute to microstructural changes throughout

MS evolution (Ciccarelli et al., 2003; Klistorner et al., 2015).

5.4 Increased microglial activation and axonal disintegrity in NAWM as

a disease predictor

Previous study from our research group showed correlation between increased
['!C]PK11195 binding and reduced FA in NAWM and in the perilesional area of
gadolinium-negative black holes of MS cohort included 9 SPMS and 10 RRMS patients
(Rissanen, 2015). This study showed positive correlation between increased microglial
activation and reduced FA in non-lesional WM, and negative correlations between high
TSPO-binding and increased diffusivities in NAWM of MS cohort, included 40 RRMS
and 15 SPMS subjects. This finding supports the hypothesis of association between
chronic microglial activation and diffuse axonal inflammation and damage of brain

white matter, appearing normal on cMRI.

In 4.3.2 the correlational analyses showed association between increased microglial
activation and decreased FA in segmented NAWM in pooled cohorts with and without
treatment at imaging. Analysis in the treated group showed four WM regions with
significant negative correlations between FA and NAWM DVR, that can be explained
by the bigger group size (n = 45), compared to the size of untreated group (n = 30).

Moreover, there was only 6 SPMS patients in the first group, therefore less variability in
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FA and DVR values, compared to quite heterogenous FA/DVR values in untreated
group, included 15 SPMS patients.

Several studies, performed with in vivo TSPO-PET imaging, have revealed significantly
increased TSPO uptake in NAWM of SPMS patients, compared to HC. RRMS patients
have demonstrated moderate TSPO radioligand binding, compared to patients who are
in progressive disease stage (Rissanen et al., 2014; Debruyne et al., 2003; Giannetti et
al., 2015). TSPO-binding was significantly increased (results are shown in chapter
4.3.2) in segmented NAWM of SPMS patients (n = 15), compared to RRMS patients (n
= 15), that supports the hypothesis of widespread microglial activation in NAWM

during progressive MS phase, and agrees with the previously published literature.

Additionally, TSPO-PET imaging has been proposed as a prognostic marker for MS
progression, with several studies demonstrated an association between high TSPO-
uptake and faster disease progression, brain atrophy and disability (Rissanen et al.,
2018; Politis et al., 2012; reviewed in Airas et al., 2018). Similarly, this study found the
correlation between microglial activation and axonal disintegrity in NAWM of MS
patients, with association to disability. This finding supports the potential of PET
imaging to visualize hidden neuroinflammation in MS patients in vivo to monitor

disease progression.
5.5 Combination of complementary techniques in MS imaging

To my best knowledge, this is the first study evaluating diffuse structural and biological
(or pathological) changes in MS, utilizing DTI and PET complimentary imaging
modalities, and performed in a large pooled cohort (n = 55) with comparison to healthy

subjects (n = 15).

Multimodal brain imaging from the same individual has recently become a prospective
candidate in the neuroimaging field, and certainly has a great potential in the future.
Combination of complementary neuroimaging modalities allows a comprehensive
examination of brain structure and its function in vivo. Application of DTI and PET
imaging modalities for imaging of hidden neuroinflammation has revealed new insights

on the complexity of the MS disease.

The consolidation of advanced multimodal imaging techniques and increasing

understanding of the MS mechanism allows to follow-up thoroughly the disease
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evolution and outcome of treatment methods, as well as to discover novel therapeutic
targets and imaging probes. In addition to PET molecular probes targeting
mitochondrial translocator protein for detection and monitoring of microglial and
astrocyte activation, novel PET imaging probes targeting myelin, nitric oxide synthase
(INOS), cannabinoid (CB2), adenosine 2A and P2X7 receptors have been proposed
(reviewed in Hogel et al., 2018). As an additional example of novel molecular probe,
detection of excessive iron accumulation in MS brain tissue, as a direct sign of
neurodegeneration is possible with application of MRI and quantitative susceptibility
mapping (Stiiber et al., 2016), while biomarkers associated with neuroinflammation,
neurofilament light (Nfl) and glial fibrillary acidic protein (GFAP) can be detected in
blood serum of MS patients using the single molecule array (Simoa) technology
(Housley et al., 2015). Novel drug validation tool as a “disease-in-a-dish” using iPSC
(induced pluripotent stem cells) of MS patients will contribute to development of
personalised medicine therapeutic approach (Sayed et al., 2016). By accelerating the
neuroimaging solutions and application of multimodal imaging probes, researchers can

find a full concept of brain in disease and pave the path to effective MS treatment.

6 CONCLUSIONS

This study provides data on associations of DTI findings and measurement of microglia
activation in the NAWM of MS patients, and their dependence on the disease subtype.
These results help to gain access to further investigations of WM diffuse pathological
patterns revealing more accurate MS pathogenesis. It was evaluated whether diffusion
tensor imaging can be an extension to conventional MRI protocol in assessing MS

disease activity, applied in combination with TSPO PET imaging.

Future implementations of the study might be beneficial in revealing associations
between fiber connectivity and the spreading of smoldering lesions with activated
microglia. Combination of complimentary techniques such as DTI and PET imaging

might be used as a tool for predicting disease progression in MS patients.
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